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ABSTRACT 

 Malaria is a debilitating and often fatal disease caused by infection with 

Plasmodium parasites. In addition to parasites infecting billions of people annually, 

malaria poses a significant social and economic burden on some of the most 

impoverished regions of the world. There are currently no effective vaccines and drug 

resistance has emerged to all clinically available drugs for malaria treatment. The World 

Health Organization’s (WHO) objective is to eliminate malaria as a global health burden 

by 2030. There are two distinctive, but vital areas of research needed to achieve the 

WHO’s goal: discovery of new diagnostics and identification of drug targets. This 

dissertation covers three areas of research that touch on each of those needs. The first 

manuscript is the field assessment of a malaria molecular diagnostic compared to 

standard microscopy in Roraima, Brazil. The second is a methods paper on the 

development of molecular tools to study the parasite. The third manuscript covers my 

main thesis work in which I utilized molecular tools to investigate an ER chaperone, 

PfGRP170, during P. falciparum asexual development. Overall, this thesis provides 

research that will assist the malaria community in our fight against this disease. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1  Malaria is a major global health burden 

Malaria is a potentially fatal disease caused by an infection with parasites from the 

genus Plasmodium. While several species infect humans, the vast majority of malaria-

associated mortality and morbidity can be attributed to two species, Plasmodium 

falciparum and Plasmodium vivax. In 2017, there were 219 million cases of malaria and 

435,000 deaths—mostly in children under the age of five1. The major populations most 

burdened by malaria are in some of the most impoverished regions of the world, making 

effective diagnosis and treatment of this disease extremely challenging. Moreover, 

resistance has emerged to all clinically available drugs, highlighting an important need 

for malaria research2-8   

Plasmodium has an intricate life cycle that involves a mosquito vector and a 

vertebrate host9,10. Sporozoites are transmitted from an Anopheles mosquito to a 

human host during a blood meal. The parasites invade liver cells, where they form 

thousands of haploid merozoites. After approximately 10-14 days these merozoites are 

release into the blood stream, where they invade erythrocytes. As the parasite invades 

the red blood cell (RBC) it cocoons itself within a parasitophorous vacuole (PV), forming 

the ring stage of the parasite. Over the next 48 hours the parasite transitions from the 

ring stage to the metabolically active trophozoite stage, and lastly the parasite will 

undergo schizogony to form 16-32 new daughter merozoites that will egress and invade 
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new RBCs. A small portion of the parasites will develop into sexual stage gametocytes 

that can be ingested by another mosquito, allowing for transmission to a new host. 

During early malaria infections, the symptoms consist of high fever, chills, nausea and 

headache.  If left untreated, the disease can cause severe complications such as 

respiratory distress, renal failure, cerebral damage, and placental damage11. All clinical 

symptoms of malaria arise from the parasite’s asexual replication in the erythrocyte. 

The World Health Organization’s (WHO) global technical strategy for malaria aims to 

eliminate the disease as a global health issue by 203012. While significant 

advancements have been made in the last decade, progress toward malaria elimination 

has plateaued. Several factors contribute to this hindrance of progress, including the 

circulation of drug resistant parasites and the lack of sensitive, cost effective diagnostics 

to detect low-density infections12. The establishment of affordable and sensitive 

molecular diagnostics, the advancement of tools used to study the biology of the 

parasite, and a better understanding of the proteins that drive the parasitic life cycle of 

Plasmodium will all be imperative to combat this deadly parasitic disease. The work 

presented in this dissertation will focus on each of these aspects of malaria research.  

1.2  Malachite Green Loop Mediated Isothermal Amplification as a Malaria 

Molecular Diagnostic 

A substantial proportion of the mortality and morbidity associated with human 

malaria infections are caused by infection with either P. falciparum or P. vivax 1,13,14. In 

endemic areas, patients are predominantly diagnosed with malaria using light 

microscopy. This method of diagnosis is extremely time consuming and is limited in its 

ability to detect low-density infections. The sensitivity of microscopy typically ranges 
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between 30-100 parasites/μL and the accuracy of the diagnosis is contingent upon the 

training of the microscopist15-17. Furthermore, occasional misdiagnosis of mixed-species 

infections occurs using microscopy, which is detrimental to patient outcomes as 

treatment regimens differ for each Plasmodium species18. The introduction of rapid 

diagnostic tests (RDT’s) for malaria diagnosis circumvented some of these issues with 

microscopy, as they are less subjective, user-friendly, and don’t require expensive 

equipment. However, most RDTs have the same level of sensitivity as microscopy and 

are specific for P. falciparum infection15,19.  Additionally, infections can be missed using 

current RDTs due to circulating parasites which have deleted the antigen that is being 

used for detection20-23.   

Molecular diagnostics offer increased sensitivity and specificity for the detection of 

Plasmodium parasites. However, implementation of these diagnostics in resource-

limited laboratories in the field may be difficult due to the requirement of expensive 

equipment and trained personnel. The ideal molecular diagnostic tool would be user 

friendly and adaptable to field settings, while maintaining sensitivity and specificity. 

Several studies have reported on the use of loop-mediated isothermal amplification 

(LAMP) as a promising molecular diagnostic for malaria24-30.  Unlike polymerase chain 

reaction (PCR), which requires temperature cycling to amplify DNA, LAMP reactions are 

performed at a single temperature (~63°C). If amplification of DNA occurs during the 

LAMP reaction, magnesium pyrophosphates are released which results in a change in 

the turbidity of the sample. However, this readout method can be subjective. 

Turbidimeters have been used with malaria LAMP assays but the need for this 

equipment decreases the versatility of LAMP in the field26,28.   
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Recently, a colorimetric malaria LAMP assay using malachite green (MG-LAMP) 

was reported31.  LAMP reactions containing malachite green turn a blue/green color 

after DNA amplification and appear colorless if DNA is not amplified. This colorimetric 

readout makes diagnosis extremely straightforward. The sensitivity of MG-LAMP, which 

depended on the species being tested, ranged from 1-8 parasites/μL31. The high 

sensitivity of MG-LAMP, coupled with the fact that multiple reactions can be performed 

in a 40-well mini heat block at a single temperature, demonstrated that MG-LAMP is a 

significant improvement over both microscopy and RDTs for malaria diagnosis. 

However, the data and conclusion made in this paper were based on MG-LAMP 

reactions performed in a laboratory in the United States, not in malaria endemic 

regions31. The data presented in Chapter 2 of this thesis evaluates MG-LAMP as a 

malaria diagnostic in the field in three municipalities of Roraima State, Brazil.  

1.3  Advancements in genetic tools to study P. falciparum biology   

Uncovering the factors which drive the life cycle of this deadly parasite is vital for the 

development of new drug targets, a requirement for combatting the disease and 

advancing the WHO’s goal of malaria elimination. Genetic manipulation of P. falciparum 

allows researchers to investigate proteins and processes that are required for parasite 

survival. The recent introduction of CRISPR/Cas9 gene editing in P. falciparum has 

substantially expanded the molecular toolbox for establishing transgenic malaria 

parasites32. Prior to CRISPR/Cas9-mediated editing, the generation of mutants in 

Plasmodium was a 6 to 9 month process with an exceptionally low success rate. This 

technique involved multiple rounds of drugs selection, hinged on random double 
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stranded breaks in the genome, and relied on the ability of the parasite to utilize 

homologous directed repair to insert a repair template33-37. 

CRISPR/Cas9 gene editing works by expressing both a guide RNA (gRNA), that is 

complementary to the DNA region of interest, and the endonuclease Cas9 The gRNA 

directs Cas9 to the target DNA where it will introduce a double stranded break38. The 

DNA is usually repaired in one of two ways, either by non-homologous enjoining or 

homology directed repair38. Plasmodium lacks the machinery to facilitate non-

homologous end joining39-41. Therefore, the malaria parasite relies solely on 

homologous recombination to insert DNA and repair the genome following a double 

stranded break induced by Cas9. Typically, the parasite requires approximately 500-

800bp of homologous template to mend the genome32,35. Attempts to use smaller 

homology regions significantly decrease efficiency as shown in the manuscript 

presented in Chapter 3 of this dissertation.  

Chapter 3 of this thesis is a published manuscript on the method our lab uses to 

generate CRISPR/Cas9 mutants in Plasmodium falciparum. The methods paper 

outlines the procedure for tagging an exported chaperone, PfHSP70x, with the glmS 

ribozyme42,43. The glmS ribozyme allows for knockdown of a protein when glucosamine 

is added to the culture medium. Glucosamine, which is covered to glucosamine-6-

phosphate in the parasite, binds to and activates the glmS ribozyme. The active 

ribozyme cleaves the mRNA of the tagged protein of interest and targets it for 

degradation, thus allowing for a decrease in protein levels. Our lab has adopted this 

same transfection protocol to generate mutants using the TetR-DOZI system and to 

create gene knockouts43,44.  
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1.4  The P. falciparum Endoplasmic Reticulum 

The Plasmodium ER plays an essential role in parasite biology, serving as the point 

of origin for a complex protein trafficking network and an understudied stress response 

pathway. There are many outstanding questions about the molecular mechanisms that 

drive these cellular processes in the parasite. Understanding the basic biology of the 

Plasmodium ER may uncover potential drug targets, which would further progress the 

goal of malaria elimination. Chapter 4 of this dissertation is a manuscript on the first 

characterization of an ER chaperone, PfGRP170, and its role in this critical organelle.  

 Once the parasite invades the RBC, it manipulates its surface, so it will bind and 

sequester in the blood capillaries in order to avoid clearance in the spleen9,11,45. The 

accumulation and adhesion of infected RBCs in the microvasculature obstruct blood 

flow, induce hypoxia, and lead to organ damage. To be able to adhere to the capillaries 

and cause disease the parasite must drastically remodel the host RBC. These 

modifications are accomplished through protein transport into the host cell46. The 

majority of trafficked proteins begin their journey in the ER. While some export motifs 

have been characterized, such as the Plasmodium Export Element (PEXEL) and the 

apicoplast transit peptide, the mechanisms of recognition, sorting, and targeting of 

proteins in the ER are unknown47-52. Additionally, there are subsets of transported RBC 

proteins which lack any particular signal, adding yet another layer of complexity53,54. In 

model eukaryotes, such as yeast and mammalian cells, molecular chaperones play 

central roles in protein trafficking55. In Plasmodium, it has been suggested that 

PfGRP78 (BiP) plays a role in protein export due to its ability to interact with Plasmepsin 

V, the PEXEL-cleaving protease56.  
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Protein trafficking from the ER to the apicoplast is also essential for parasite 

survival. In the blood stages, this organelle is primarily required for isoprenoid 

biosynthesis57. Proteins targeted to the apicoplast contain an N-terminal transit peptide 

that is revealed upon signal peptide cleavage in the ER51. These signal motifs vary in 

sequence length and typically contain a surplus of basic amino acids52. Once these 

proteins reach the apicoplast, the transit peptide is cleaved58.  

Interestingly, apicoplast transit peptides also have been shown to interact with HSP70s, 

suggesting HSP70s play a role in the targeting of apicoplast proteins52. To further 

support this claim, treatment of parasites with an HSP70 inhibitor blocked trafficking to 

the apicoplast59,60.  

In addition to being a hub for protein trafficking, the ER plays a critical role in the 

management of cellular stress61. In other eukaryotic organisms, ER chaperones and 

other proteins will attempt to fold substrates multiple times. If the protein cannot be 

folded, a process called ER associated degradation (ERAD) takes place62. This results 

in the transfer of the unfolded proteins out of the ER and into the cytosol, where they 

are degraded via the proteasome. When the rate of unfolded proteins in the ER 

increases to a certain level, Unfolded Protein Response (UPR) signaling pathways are 

activated63. These pathways, many of which are regulated by ER chaperones, lead to 

transcriptional and translational changes which aid in reducing cell stress. Several 

proteins involved in ERAD and UPR are missing from the Plasmodium genome64,65. The 

only conserved UPR pathway in P. falciparum is the pancreatic endoplasmic reticulum 

kinase (PERK) signaling pathway65-67.  
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 The ER chaperone BiP maintains PERK, a transmembrane protein in the ER, in 

an inactive state until there is ER stress63,68,69. When ER stress occurs, BiP is released 

from PERK, and PERK oligomerizes, leading to trans-autophosphorylation of the 

kinase68. This leads to the phosphorylation the cytoplasmic eukaryotic initiation factor 2 

alpha (EIF2α), which in turns decreases translation and flux through the ER. The 

Plasmodium PERK homolog PK4 appears to operate in a similar mechanism66,67. PK4 

has been shown to be essential for asexual development of Plasmodium parasites and 

the pathway is activated in artemisinin resistant parasites66,67. Inhibition of this pathway 

either pharmacologically or by the overexpression of a dominant-negative PK4 renders 

artemisinin resistant parasites sensitive to drug treatment66. Interestingly, it was also 

demonstrated that artemisinin treatment displaced the ER chaperone BiP from PK4, 

which is also important for PERK activation in other eukaryotes66.  

 A key interest of my research was to better understand the function ER 

chaperones play in Plasmodium biology. The Plasmodium genome encodes a relatively 

reduced repertoire of predicted ER chaperones, but it does contain two members of the 

HSP70 ER chaperone complex, BiP and PfGRP170. BiP is documented in the other 

eukaryotic organisms as a multipurpose chaperone that is essential for the import of 

proteins into the ER, proper protein folding, prevention of protein aggregation, and 

several ER stress response mechanisms55,70,71. GRP78 interacts with client proteins 

through its C-terminal binding domain, which recognizes and binds peptides containing 

7-11 hydrophobic amino acids72,73. The interaction of BiP with client proteins is 

regulated by whether it is bound to ATP or ADP74. When bound to ADP, the chaperone 

can bind proteins; when it is exchanged to ATP, the substrate is released55,71,74. Studies 
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in yeast have shown that the exchange of ADP to ATP is facilitated by the ER 

chaperone GRP17075.  

GRP170, or glucose-regulated protein 170, was first described in Chinese 

hamster ovary cells in the 1980s76. GRP170, along with two other chaperones, were 

shown to have increased expression during glucose starvation76. While GRP170 is most 

often documented as a nucleotide exchange factor for BiP, it has been reported that 

GRP170 can serve as a holdase and bind unfolded substrates, independent of ATP or 

BiP77-79. GRP170 in mammalian cells interacts directly with PERK and thus could be 

regulating the UPR pathway in some capacity80-82. It was shown that the yeast GRP170 

homolog, Lhs1, is dispensable for growth83. Yeast null for Lhs1 were shown to 

constitutively activate the unfolded protein response via the IRE1 pathway83. The 

activation of this UPR pathway is essential, as yeast null for IRE1 and Lhs1 are 

nonviable. Overexpression of another nucleotide exchange factor, SIL1, rescues the 

IRE1/Lhs1 death phenotype83. Furthermore, double knockout mutants for Lhs1 and 

SIL1 are not viable83. SIL1 is missing from the Plasmodium genome and the role and 

essentiality of GRP170 in the malaria parasite has yet to be ascertained. The 

manuscript presented in Chapter 4 demonstrates for the first time that PfGRP170 is 

essential for parasite growth and that knockdown of this protein results in the activation 

of the only defined UPR pathway in Plasmodium.  
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ABSTRACT 

Background 

Microscopic detection of malaria parasites is the standard method for clinical 

diagnosis of malaria in Brazil. However, malaria epidemiological surveillance studies 

specifically aimed at the detection of low-density infection and asymptomatic cases will 

require more sensitive and field usable tools. We evaluated the diagnostic accuracy of 

the colorimetric malachite green loop-mediated isothermal amplification (MG-LAMP) 

assay remote health posts in Roraima state, Brazil.  

Methods 

Study participants were prospectively enrolled from health posts (health care 

seeking patients) and from nearby villages (healthy participants) in three different study 

sites. The MG-LAMP assay and microscopy were performed in the health posts. Two 

independent readers scored the MG-LAMP tests as positive (blue/green) or negative 

(clear). Sensitivity and specificity of local microscopy and MG-LAMP were calculated 

using results of PET-PCR as a reference.  

Results 

A total of 91 participants were enrolled. There was 100% agreement between the 

two MG-LAMP readers (Kappa=1). The overall sensitivity and specificity of MG-LAMP 

were 90.0% (95% confidence interval 1: 76.34%- 97.21%) and 94% (95% CI: 83.76%- 

98.77%), respectively. The sensitivity and specificity of local microscopy were 83% 

(95% CI: 67.22%- 92.66% and 100% (95% CI: 93.02%- 100.00%), respectively. PET-

PCR detected six mixed infections (infection with both P. falciparum and P. vivax); two 

of these were also detected by MG-LAMP and one by microscopy. Microscopy did not 
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detect any Plasmodium infection in the 26 healthy participants; MG-LAMP detected 

Plasmodium in five of these and PET-PCR assay detected infection in three. Overall, 

implementation of the MG-LAMP in this setting was 

Conclusion 

MG-LAMP is a sensitive and specific assay that may be useful for the detection 

of malaria parasites in remote health care settings.  

INTRODUCTION 

Malaria is a devastating disease that remains a major global health burden. The 

illness arises from infection with parasites of the genus Plasmodium. Cases of the most 

significant morbidity and mortality in humans are caused by the most prevalent species, 

P. vivax and P. falciparum. P. ovale and P. malariae also cause human malaria, but the 

infections are typically associated with milder symptoms. In 2017, an estimated 219 

million cases of malaria occurred worldwide 2. Most malaria cases in 2017 were 

reported in sub-Saharan Africa (200 million, 92%). The WHO Region of the Americas 

recorded a rise, largely due to increases in malaria transmission in Brazil, Nicaragua 

and Venezuela2. In Brazil, the vast majority of malaria cases are concentrated in the 

Brazilian Amazon Region. The state of Roraima in Brazil is located in the Amazon 

region in the far north on the border with Venezuela and Guyana. In 2017, Roraima 

reported 11,966 cases of malaria which was a 44% increase compared to 2016 

(8,307)3. Based on data from the Brazilian Secretariat of Health Surveillance, 50% of 

patients seen in the State of Roraima were residents of Venezuela and Guyana. There 

is frequent movement of the population and vectors in the border region, and access to 

preventive health care in Venezuela and Guyana is limited.  Thus, control of malaria in 
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Roraima is endangered and the border area is vulnerable to malaria outbreaks and 

epidemics.  

One of the challenges for malaria surveillance and control programs is the timely 

identification of low-density infections not detected by the routine diagnostic tests: 

microscopy and standard rapid diagnostic tests (RDTs). Currently, the primary method 

used in Brazil for the diagnosis of malaria is microscopy of a Giemsa-stained thick or 

thin blood smear, but there are limitations of microscopy, including inability to detect 

very low density (sub-microscopic) parasitemia, occasional misdiagnosis of mixed-

species infection, and the fact that it is time consuming1,4-7.  A majority of 

submicroscopic infections are asymptomatic. Individuals who are asymptomatic do not 

seek treatment resulting in a population of individuals with persistent infections, capable 

of transmitting malaria in the population, (reviewed in8). It is important to identify and 

treat persons with these low-level parasitemia’s during malaria epidemiological surveys.  

Furthermore, the elimination of malaria will require active case detection in low 

transmission areas as well as the ability to detect sub-microscopic infections9. Thus, 

there is a need to develop and validate sensitive diagnostic tools.  Molecular-based 

diagnostic tools provide more sensitive and specific methods for detecting Plasmodium 

infections than microscopy and RDTs. To be a "significant improvement" over expert 

microscopy, it is recommended that molecular tests be at least one log more sensitive 

than microscopy; preferably have a detection limit of 2 parasites/μl or less 10. The use of 

molecular-based diagnostic tools in research and in epidemiological surveys has 

expanded in recent years. However, their use is still limited to laboratories with more 

sophisticated facilities due to the requirement of specialized equipment and technical 
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expertise. Simpler molecular tests, such as the loop-mediated isothermal amplification 

(LAMP) assays, promise to facilitate the use of molecular tests even in facilities with 

limited resources11-15.  

As recently reviewed 16, several malaria LAMP-based assays have been 

described to date. Many of these have excellent diagnostic performances, e.g. detecting 

as few as 1 parasite/l (illumigene LAMP), or 1-5 parasites/l (EIKEN LAMP), however, 

they are not without limitations. These include the requirement for additional equipment 

for the read-out, the limited number of samples tested per run, and the fact that some 

are capable of detecting the malaria parasites at the genus level only. Recently, we 

reported on the development of a malaria malachite green loop-mediated isothermal 

amplification (MG-LAMP) as a LAMP method for diagnosing Plasmodium infection17. 

Three factors make the MG-LAMP assay appealing: 1) performance of the MG-LAMP 

assay requires only a small portable heat block and mini-centrifuge, 2) it is a 

colorimetric assay that does not require any special read-out equipment, and 3) the heat 

block used has a 38-sample capacity allowing for the testing of many samples at once 

therefore has the potential for use in large scale studies. To date, only two other high 

throughput (HTP) colorimetric malaria LAMP assays have been described18,19.  

In this study, we field-tested the performance of the MG-LAMP assay in health 

posts in three municipalities of Roraima, Brazil using freshly isolated patient samples. 

The MG-LAMP diagnosis was compared to results provided by the local microscopists 

at the sites of study. The sensitivity and specificity of MG-LAMP performed in these 

remote health posts with limited laboratory infrastructure was compared to that of a real-

time PCR (PET-PCR) 20 assay.    
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MATERIALS AND METHODS 

Ethical considerations 

This study was part of a larger study approved by the Federal University of 

Roraima Ethical Committee (CAAE: 44055315.0.0000.5302). Written informed consent 

was obtained from all participants. The Centers for Disease Control and Prevention 

(CDC) investigators provided technical advice but did not have direct contact with study 

participants or access to any personally identifiable information and were considered 

not to be engaged in the research (protocol 2017-105).  

Collection of clinical samples 

This prospective study was carried out between July and August 2017 in malaria 

heath posts in three municipalities of Roraima, Brazil (Boa Vista, Pacaraima, and 

Rorainopolis). Patients attending the health posts for malaria screening and treatment 

were eligible to be enrolled in the study. In addition, healthy controls were enrolled from 

houses near the health posts. Blood samples were obtained from all enrolled patients 

by venipuncture. Enrolled patients were tested for malaria by a trained local 

microscopist using 10% Giemsa-stained thick blood smear, and the diagnosis and 

parasitemia level were recorded for each patient. Additionally, all consenting patients 

filled out a clinical questionnaire that addressed whether patient had symptoms, their 

age and sex, their residence and whether they had prior Plasmodium infections.   

LAMP logistics 

Blood sample collection and processing, microscopy, DNA extraction and MG-

LAMP assays were all performed in the malaria health posts in Roraima by a US-based 
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graduate student with some training in molecular biology but with no field experience. 

Two laboratory technicians with no previous experience with LAMP were trained to read 

the MG-LAMP results.  To simplify the MG-LAMP procedure, a three-component ready-

to-use kit was used: component I contained all the necessary reaction components for 

the assay (LAMP buffer: 40 mM Tris-HCL pH 8.8, 20 mM KCl, 16 mM MgSO4, 20 mM 

(NH4)SO4, 0.2% Tween-20, 0.8 M Betaine, and 2.8 mM of dNTPs and the primers 

(stored in a 4oC refrigerator); component II contained the Bst polymerase (stored at -

20oC) and component III contained 0.2% malachite green dye. To perform the assay, 

13.8µL of Component I was mixed with 0.8µL of the Bst polymerase and 0.4uL of the 

malachite green dye for a final concentration of malachite green of 0.008%. Five µL of 

DNA template was added and tubes place in the preheated heat-block.  

DNA Extraction 

The DNA extraction was performed in small rooms within health posts. DNA was 

extracted from 200μL of whole blood using the QIAamp DNA Mini Kit (Qiagen). The 

manufacturer’s provided DNA extraction protocol was slightly modified in that all of the 

spins were performed at 2,000g using a mini-centrifuge (MyfugeTM) that was easily 

transported in the field setting. 

LAMP method 

All samples were screened for Plasmodium using the genus assay as described 

previously17 in a final reaction volume of 20μL. Samples were incubated for 1 hour at 

63ºC in a mini heat block (GeneMate, Bioexpress) to amplify the DNA. Following the 1-

hour incubation, samples were removed from the heat block and allowed to cool for 15 
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minutes, the results were then scored by two independent readers as being positive 

(light blue/green) or negative (clear/colorless). Positive and negative controls were 

included during each run using P. falciparum 3D7 DNA or nuclease free water, 

respectively. P. falciparum and P. vivax species-specific MG-LAMP assays were carried 

out on all samples that were positive by the genus assay. These assays were 

performed using the 3-component ready-to-use in-house kits prepared using previously 

published P. falciparum and P. vivax primers21,22. Each reaction contained 5μL of 

isolated DNA in a final reaction volume of 20μL. Positive controls included a P. 

falciparum positive sample and a P. vivax positive sample. Nuclease free water was 

included as a negative control.   

PET-PCR method 

DNA samples were shipped to the malaria branch laboratory at the CDC using 

cold-packs. Plasmodium genus-specific PET-PCR was performed in duplicate as 

described previously except that 5L of DNA was used instead of 2l20. The reactions 

contained 2X TaqMan Environmental Master Mix 2.0 (Applied Biosystems, Foster City, 

CA, USA), 250nM of Genus forward Primer and FAM-Genus reverse primer, and 5μL of 

isolated DNA for a final volume of 20μL. The PET-PCR reaction was run using an 

Agilent Mx3005pro thermocycler (Agilent Technologies, Santa Clara, CA, USA) using 

the following cycling parameters ed: 15 minutes initial hot-start at 95ºC followed by 45 

cycles of denaturing at 95ºC for 20 seconds, annealing at 63ºC for 40 seconds, and an 

extension of 30 seconds at 72ºC. A positive and negative control, 3D7 and nuclease 

free water respectively, were included in each run. Samples were designated as 

positive if they had a threshold cycle (Ct) value below 40.0 and negative if they had No 
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Ct value or Ct values above 40.0. Species-specific PET-PCR was performed in 

duplicate on all samples that were positive by the genus specific PET-PCR, using 

species-specific primers (Table 2.1). Two duplex reactions were set up to detect P. 

ovale together with P. falciparum and P. malariae together with P. vivax. The duplexed 

reactions were 20μL containing 2X TaqMan Environmental Master Mix 2.0 (Applied 

Biosystems), 250nM of FAM-P. ovale forward primer, 250nM P. ovale reverse primer, 

250nM of P. falciparum forward primer, 125nM of HEX-P. falciparum reverse primer, 

250nM P. malariae forward primer, 250nM FAM-P. malariae, 125nM P. vivax forward 

primer, 125nM HEX-P. vivax reverse primer and 5μL of isolated DNA. Reactions were 

run using the same cycling conditions as the Genus PET-PCR. Positive controls 

consisting of samples with known Plasmodium species and nuclease free water as a 

negative control were included in each run.   

Statistical analyses  

The percentage specificity and sensitivity were calculated as follows: 

Sensitivity = true positives/(true positives+false negatives) × 100. Specificity = true 

negatives/(true negatives+false positives) × 100. In addition, 95% Confidence Intervals 

(95% CI) for both sensitivity and specificity were calculated. The agreement between 

the human readers and diagnostic tests was assessed by calculating the kappa 

coefficients. 95% confidence intervals were calculated using MEDCALC® and 

GraphPad.  
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RESULTS 

Patient enrollment 

A total of 91 participants were enrolled during the two months of the study: 65 

patients presenting with malaria symptoms (axillary temperature ≥ 37.5°C) at the health 

posts and 26 healthy participants from nearby villages, Figure 2.1. None of the 26 

healthy participants exhibited any symptoms of malaria. Of the 91 enrolled participants, 

86 (94.5%) reported having had previous malaria infections while 4 (4.4%) had no 

previous malaria and 1 (1.1%) did not provide this information.  

Agreement between human readers for the MG-LAMP assay 

Two independent human readers scored the MG-LAMP tests as positive or 

negative. There was 100% agreement between the two readers (Kappa=1).  

Overall results of microscopy, MG-LAMP, and PET-PCR  

Of the 91 samples, 33 (36%) were malaria positive by microscopy, 39 (43%) 

were positive by MG-LAMP, and 40 (44%) were positive by PET-PCR, Figure 2.2.  All 

samples were negative for P. malariae and P. ovale.   

Specificity and sensitivity of MG-LAMP and microscopy compared to PET-PCR  

The sensitivity and specificity of the MG-LAMP assays and microscopy were 

calculated using PET-PCR as a reference test, Table 2.2.   

Agreement of MG-LAMP with PET-PCR 

We found that Plasmodium genus assay for MG-LAMP and PET-PCR agreed 

92.3% of the time (Kappa=0.84, 95% CI: 0.732 to 0.955). When comparing the P. 

falciparum and P. vivax MG-LAMP and PET-PCR assays we found 97.8% 
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(Kappa=0.89, 95% CI: 0.735 to 1.000) and 96.7% (Kappa=0.92, 95% CI: 0.839 to 

1.000) agreement between the two tests, respectively.  

Detection of mixed infections 

Microscopy detected one mixed P. falciparum and P. vivax infection. This 

infection was detected to be a P. falciparum only infection by both the MG-LAMP and 

PET-PCR assays. There were two mixed infections detected by MG-LAMP and six 

detected by PET-PCR (Table 2.3).  In the four cases where the MG-LAMP did not 

detect the mixed infections identified by the PET-PCR, the Ct values were high, 

suggesting low parasite density infections, Table 2.3. 

Detection of parasitemia in asymptomatic patients  

Of the twenty-six enrolled healthy participants, five were positive for Plasmodium 

by MG-LAMP and three were positive for Plasmodium by PET-PCR assay. None of 

these were positive by microscopy (Table 2.4). Four of the five cases that were positive 

by MG-LAMP were only positive at the genus level and the infecting species could not 

be determined, Table 2.4. Two of these samples were positive by both MG-LAMP and 

PET-PCR, one only at the genus level. 

Discordant Results 

Seven samples were found to have discordant results among the three tests, 

Table 2.5. Four of these samples were negative by microscopy and MG-LAMP but 

positive by PET-PCR. Three of these samples were positive by PET-PCR genus test 

and negative by species tests, while one was positive by PET-PCR P. vivax (Table 2.5). 

In these four cases, the Ct values by PET-PCR were all above 35.0 Three samples 
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yielded a positive MG-LAMP genus test but were negative for the MG-LAMP P. 

falciparum and P. vivax tests and by both microscopy and PET-PCR (Table 2.5). 

DISCUSSION 

The findings presented in this study demonstrate the accuracy of the MG-LAMP 

as a malaria diagnostic test in remote health posts in a malaria endemic country.  

Importantly our data demonstrate that the MG-LAMP is sensitive at identifying infections 

not detectable by microscopy. Additionally, we demonstrate that this assay, like the 

PET-PCR assay used as a reference test in this study, is capable of detecting mixed 

infections that microscopy missed. However, the MG-LAMP assay missed four positive 

samples and four mixed infections detected by PET-PCR. These missed infections were 

all shown to be of much lower parasite densities (based on the high Ct values (between 

35 and 39) in the PET-PCR assay. Extrapolation using our previously obtained PET-

PCR data shows that a Ct value of 35.0 corresponds to about 16 parasites/l20 

therefore, the missed samples likely had parasite densities of about 16 parasites/l (3 

samples) and below (5 samples). While a detection limit of 16 parasites/l is much 

better than that for routine microscopy, it is within the detection limits of many PCR-

based assays and some previously published LAMP-based assays. Previously, the 

malaria MG-LAMP assay was shown to have a limit of detection of 1-8 parasites/l 17 

using quantified standard curves, however, this limit of detection did not hold when the 

assay was performed in a field setting. More sensitive MG-LAMP primers or a change in 

assay conditions may be required to achieve the same level of diagnostic accuracy as 

the PET-PCR assay. In addition, there were three cases where MG-LAMP yielded a 

positive genus result, while microscopy and PET-PCR were negative. It is likely that 
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these are false positives by the MG-LAMP assay, however, we cannot rule out that 

these are indeed true positives missed by PET-PCR, a phenomenon that has been 

observed before in evaluation studies using low-density infection samples 11,12.  

However, while PCR-based assays such as PET-PCR have superior sensitivity 

for diagnosing low-density infections, they are far more complicated procedurally 

compared to the MG-LAMP, as they require costly equipment and supplies. The MG-

LAMP assay evaluated in this study can be performed using a small portable heat block 

and mini-centrifuge and does not require any special read-out equipment since it is a 

colorimetric assay.  Thus, it is an appealing test for use in resource-limited facilities. In 

addition, it has a 38-sample capacity allowing for high-throughput (HTP) testing 

therefore has the potential for use in large-scale studies. Further investment in refining 

simple molecular tests to increase sensitivity would allow them to be used in resource-

limited settings for the detection of low-density infections.  

A limitation of the current format of the MG-LAMP is the fact that the LAMP 

buffers and polymerase require cold chain, which is not ideal in more resource-limited 

settings. Currently, there are two available malaria LAMP assays that do not require a 

cold chain: the EIKEN LAMP and illumigene LAMP, but each of these have limitations, 

reviewed in 16. For example, the illumigene LAMP assay is only a genus-specific test 

and is only capable of testing 10 samples per run. Elimination of the need for a cold 

chain will be required if the MG-LAMP assay is to be used in the settings without a 

laboratory.  However, in facilities similar to the health post used in this study, the current 

format of MG-LAMP assay can be performed. The use of DNA extracted using 

commercially available blood kits should be avoided as this adds extra steps and cost to 
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the test; the use of boil-and-spin DNA isolation should be further explored in future field 

studies.  

Although we enrolled healthy participants in an effort to estimate the ability of the 

MG-LAMP to detect asymptomatic parasitemia, the number of healthy participants was 

too low to draw firm conclusions 

Overall, MG-LAMP evaluated in this study provided a portable, sensitive and 

specific assay for the detection of malaria parasites in a remote health clinic in Brazil 

when compared to microscopy. However, the current format of the assay was not 

sensitive enough to be recommended for detection of low-density infections and 

improvements will be required to enhance its sensitivity and if possible, to make it a 

more field usable tool that does not require a cold-chain. 
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Table 2.1: PET-PCR Primers utilized in the evaluation 

Primer Sequence 

P. vivax Forward 5’- ACT GAC ACT GAT GAT TTA GAA CCC ATT T -3’ 
 

HEX-P. vivax 
Reverse 

5’-agg cgc ata gcg cct ggT GGA GAG ATC TTT CCA TCC TAA ACC T-3’ 
 

(HEX-labeled: based on the plasmepsin gene) 

Primer Sequence 

P. malariae 
Forward 

5’-AAGGCAGTAACACCAGCAGTA-3’ 

FAM-P. malariae 
Reverse 

5’-agg cgc ata gcg cct ggTCCCATGAAGTTATATTCCCGCTC-3’ 

(FAM-labeled: based on dihydofolate reductase-thymidylate synthase (DHFR-TS) gene) 
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Table 2.2: Sensitivity and specificity of MG-LAMP and microscopy using PET-PCR as a 

reference.  

 Method Sensitivity Specificity 

Genus 

Microscopy 
 

83% (95% CI:67.22%- 
92.66% 

100% (95% CI: 93.02%- 
100.00%) 

MG-LAMP 
 

90% (95% CI: 76.34%- 
97.21%) 

94% (95% CI: 83.76%- 
98.77%) 

P. falciparum 

Microscopy 
 

64% (95% CI: 93.02%- 
100.00%) 

99% (95% CI: 93.23%- 
99.97%) 

MG-Lamp 
 

82% (95% CI: 48.22%-
97.72%) 

100% (95% CI: 95.49%-
100.00%) 

P. vivax 

Microscopy 
 

83% (95% CI: 65.28% -
94.36%) 

98% (95% CI: 91.20%- 
99.96%) 

MG-LAMP 
 

90% (95% CI: 73.47%- 
97.89%) 

100% (95% CI: 94.13% -
100.00%) 
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Table 2.3: Detection of mixed infections by microscopy, MG-LAMP and PET-PCR 

Sample Microscopy 

diagnosis 

MG-LAMP 

diagnosis 

PET-PCR 

diagnosis 

PET-PCR CT 

value for P. 

falciparum 

PET-PCR CT 

value for P. 

vivax 

PC121 P. vivax Mixed Mixed 22.68 28.5 

PC123 P. falciparum Mixed Mixed 26.56 39.9 

BV237 P. vivax P. vivax Mixed 35.1 29.12 

BV217 P. vivax P. vivax Mixed 36.24 32.23 

BV239 P. vivax P. falciparum Mixed 31.37 35.38 

BV241 P. falciparum P. falciparum Mixed 29.43 39.92 

BV240 Mixed* P. falciparum P. falciparum 37.82 No Ct 

*Only one P. vivax parasite was seen under the microscopy  
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Table 2.4: Asymptomatic patients detected by MG-LAMP and PET-PCR.  

Sample Microscopy 

Diagnosis 

MG-LAMP 

diagnosis 

PET-PCR 

Genus 

(Ct value) 

PET-PCR 

P. vivax 

(Ct value) 

PET-PCR P. 

falciparum 

(Ct value) 

RR09 Negative Genus only Negative 

(40.7) 

Negative 

(No Ct) 

Negative  

(No Ct) 

RR10 Negative Genus only Negative 

(41.76) 

Negative 

(No Ct) 

Negative 

 (No Ct) 

RR37* Negative P. vivax Positive 

(32.74) 

Positive 

(35.96) 

Negative 

 (No Ct) 

RR41 Negative Genus only Positive 

(38.76) 

Negative 

(41.99) 

Negative  

(No Ct) 

RR42 Negative Genus only Negative 

(40.74) 

Negative 

(41.69) 

Negative  

(No Ct) 

RR53 Negative Negative Positive 

(34.99) 

Positive 

(39.09) 

Negative  

(No Ct) 

* The only sample shown to be positive by both MG-LAMP and PET-PCR. 
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Table 2.5: Summary of discordant results.  

 

 

 

 

 

 

 

 

Sample Microscopy 

diagnosis 

MG-

LAMP 

Genus 

diagnosis 

PET-PCR 

Genus (Ct 

value) 

PET-PCR  

P. vivax (Ct 

value) 

PET-PCR P. 

falciparum (Ct 

value) 

RR53 Negative Negative Positive 

(34.99) 

Positive (39.09) Negative (No 

Ct) 

BV235 Negative Negative Positive 

(35.78) 

Negative (No 

Ct) 

Negative (No 

Ct) 

RR01 Negative Negative Positive 

(37.96) 

Negative (No 

Ct) 

Negative (No 

Ct) 

BV236 Negative Negative Positive 

(39.34) 

Negative (No 

Ct) 

Negative (No 

Ct) 

RR09 Negative Positive Negative 

(40.7) 

Negative (No 

Ct) 

Negative (No 

Ct) 

RR10 Negative Positive Negative 

(41.76) 

Negative (No 

Ct) 

Negative (No 

Ct) 

RR42 Negative Positive Negative 

(40.74) 

Negative 

(41.69) 

Negative (No 

Ct) 
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Figure 2.1: Summary of enrolled patients  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

91 enrolled 
participants

• 65 with symptoms for 
malaria

• 26 healthy participants 

All tested for malaria 
by:

- Microscopy

-MG-LAMP

-PET-PCR

• Microscopy and MG-
LAMP performed in 
Roraima health clinics

• PET-PCR performed in a 
reference lab at the CDC
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Figure 2.2: Summary of results for microscopy, MG-LAMP, and PET-PCR.  
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CHAPTER 3 

CRISPR/Cas9 Gene Editing to Make Conditional Mutants of the Human Malaria 

Parasite Plasmodium Falciparum 
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Short Abstract 

We describe here a method for generating glmS-based conditional knockdown 

mutants in P. falciparum using CRISPR/Cas9 genome editing. 

Long Abstract:  

Malaria is a significant cause of morbidity and mortality worldwide. This disease, 

which primarily affects those living in tropical and subtropical regions, is caused by 

infection with Plasmodium parasites. The development of better drugs to combat 

malaria can be accelerated by improving our understanding of the biology of this 

complex parasite. Genetic manipulation of these parasites is key to understanding their 

biology, but historically, the genome of P. falciparum has been difficult to manipulate. 

Recently, CRISPR/Cas9 genome editing has been utilized in malaria parasites, allowing 

for easier protein tagging, generation of conditional protein knockdowns, and deletion of 

genes. CRISPR/Cas9 genome editing has proven to be a powerful tool for advancing 

the field of malaria research. Here, we describe a CRISPR/Cas9 method for generating 

glmS-based conditional knockdown mutants in P. falciparum. The method is highly 

adaptable to other types of genetic manipulations, including protein tagging and gene 

knockouts. 
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Introduction  

Malaria is a devastating disease caused by protozoan parasites of the genus 

Plasmodium. P. falciparum, the most deadly human malaria parasite, causes 

approximately 445,000 deaths per year, mostly in children under the age of five1. 

Plasmodium has an intricate life cycle involving a mosquito vector and a vertebrate 

host. Humans become infected when an infected mosquito takes a blood meal. The 

parasite first invades the liver where they grow, develop, and divide for approximately 

one week. After this time, the parasites are released in the bloodstream where they 

undergo asexual replication in red blood cells (RBC). Growth of the parasites within the 

red blood cells are directly responsible for all of the clinical symptoms associated with 

malaria2. 

Until recently, production of transgenic P. falciparum was a laborious process, 

involving several rounds of drug selection that took many months and had a high rate of 

failure. This time-consuming procedure relies on the generation of random DNA breaks 

in the region of interest and the endogenous ability of the parasite to mend its genome 

though homologous repair3-6. Recently, Clustered Regularly Interspaced Palindromic 

Repeat/Cas9 (CRISPR/Cas9) genome editing has been successfully utilized in P. 

falciparum7,8. The introduction of this new technology in malaria research has been 

critical for advancing understanding of the biology of these deadly Plasmodium 

parasites. CRISPR/Cas9 allows for specific targeting of genes through the use of guide 

RNAs (gRNAs) that are homologous to the gene of interest. The gRNA/Cas9 complex 

recognizes the gene through the gRNA and Cas9 introduces a double-strand break, 

forcing the organism to initiate repair mechanisms9,10. Because P. falciparum lacks the 
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machinery to repair DNA breaks via non-homologous end joining, it utilizes homologous 

recombination mechanisms and integrates transfected homologous DNA templates to 

repair the Cas9/gRNA induced double-strand break11,12.  

Here we present a protocol for the generation of conditional knockdown mutants 

in P. falciparum using CRISPR/Cas9 genome editing. The protocol demonstrates usage 

of the glmS ribozyme to conditionally knockdown protein level of PfHsp70x 

(PF3D7_0831700), a chaperone exported by P. falciparum into the host red blood cell 

(RBC)13,14. The glmS ribozyme is activated by treatment with glucosamine (which is 

converted to glucosamine-6-phosphate within cells) to cleave its associated mRNA, 

leading to reduction in protein14. This protocol is easily adapted to utilize other 

conditional knockdown tools such as destabilization domains or RNA aptamers4,5,15. Our 

protocol details the generation of a repair plasmid consisting of a hemagglutinin (HA) 

tag and glmS ribozyme coding sequence flanked by sequences homologous to the 

PfHsp70x open reading frame (ORF) and 3’UTR. We also describe the generation of a 

second plasmid to drive expression of the gRNA. These two plasmids, along with a third 

plasmid that drives expression of Cas9, are transfected into RBCs and used to modify 

the genome of P. falciparum parasites. Finally, we describe a polymerase chain reaction 

(PCR)-based technique to verify integration of the tag and glmS ribozyme. This protocol 

is highly adaptable for the modification or complete knockout of any P. falciparum 

genes, enhancing our ability to generate new insights into the biology of the malaria 

parasite. 
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Protocol:  

1. Choose gRNA sequence 

1.1. Go to CHOP CHOP (http://chopchop.cbu.uib.no/) and select FASTA target. Under 

“Target”, paste the 200 base pairs from the 3’ end of the open reading frame (ORF) of a 

gene and 200 base pairs from the start of the gene’s 3’UTR. Under “In”, select the 

species to be P. falciparum (3D7 v3.0) and select CRISPR/Cas9 under “Using”. Next, 

click “Find Target Sites”.  

 

1.2. Select a gRNA sequence from the options presented, giving preference to the most 

efficient gRNA that is closest to your site of modification and that has the fewest off-

target sites.  

Note: Potential gRNA sequences are identified because they are immediately upstream 

of a Protospacer Adjacent Motif (PAM), which is required for recruitment of Cas9 to 

DNA. The sequence that is cloned into pMK-U6, the vector that drives gRNA 

expression, is the 20 bases immediately upstream of the PAM. The PAM specific for S. 

pyogenes Cas9 is the nucleotide sequence NGG and should not be included in the 

sequence that is cloned into pMK-U6.  

 

CHOP CHOP visually ranks the gRNA sequences, displaying the best options in green, 

the less ideal options in amber, and the worst options in red. CHOP CHOP gives each 

gRNA sequence an efficiency score that is calculated using the most up-to-date 

parameters found in the literature, and they predict off-target sites that could be 
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recognized by the gRNA. Two or three gRNA sequences may need to be tried to find 

the gRNA best suited to a particular gene.  

 

1.3. Purchase the gRNA sequence and its reverse-complement as Polyacrylamide Gel 

Electrophoresis-purified oligos; the gRNA sequence used to target PfHSP70x can be 

found in Figure 3.1B. 

Note: This oligo should include 15 base pairs homologous to the gRNA-expressing 

plasmid, which are necessary for sequence and ligation-independent cloning (SLIC) into 

the pMK-U6 vector16.  

 

2. Clone gRNA sequence into pMK-U6 
2.1. Digest pMK-U6 with BtgZI. 

 

2.1.1. Digest 10 μg of pMK-U6 with 5 μL of BtgZI enzyme (5000 units/mL) for 3 h at 60 

°C. Follow the enzyme manufacturer’s protocol for reaction conditions.  

 

2.1.2. After the 3 h incubation, add an additional 3 μL BtgZI to the reaction to ensure 

complete digestion of the plasmid. Digest for an additional 3 h, again following 

manufacturer’s instructions for ensuring the correct reaction condition. 

 

2.1.3. To purify the digested pMK-U6 from the reaction, use a column-based PCR 

cleanup kit according to manufacturer’s instructions. 
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2.1.4. Separate the digested DNA using a 0.7% agarose gel and extract the 4,200 base 

pair band. 

 

2.2. Anneal the oligos containing the gRNA sequence. 

 

2.2.1. Reconstitute the PAGE-purified oligos to a concentration of 100 μM using 

nuclease free water.  

 

2.2.2. Combine 10 μL of each oligo with 2.2 μL 10x buffer 2 (see Table of Materials, 

Table 3.1); the total reaction volume will be 22.2 μL. 

 

2.2.3. Run the gRNA annealing program in a thermocycler: Step 1- 95 °C, 10 min; step 

2- 95 °C, 1 s, with a reduction in temperature of 0.6 °C/cycle; step 3- Go to step 2, 16 

times; step 4- 85 °C, 1 min; step 5- 85 °C, 1 s, with a reduction in temperature of 

0.6°C/cycle; step 6- Go to step 5, 16 times; step 7- 75 °C, 1 min; step 8- 75 °C, 1 s, with 

a reduction in temperature of 0.6 °C/cycle; step 9- Go to step 8, 16 times. Steps 10-21- 

Repeat the procedure used in Steps 4-9 until the temperature reaches 25 °C; step 22- 

25 °C, 1 min. 

 

2.3. Insert the annealed gRNA oligos into the BtgZI-digested and gel-purified pMK-U6 

plasmid. 
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2.3.1. Combine 100 ng digested pMK-U6 with 1 μL 10x buffer 2.1 and 3 μL annealed 

gRNA oligos. Bring the volume up to 9.5 μL with nuclease-free water.  

 

2.3.2. Add 0.5 μL T4 polymerase and incubate reaction at room temperature for 2 min 

30 s. 

 

2.3.3. Move the reaction to ice and incubate for 10 min. 

 

2.3.4. Immediately transform 5 μL of the reaction into competent E. coli according to 

manufacturer’s instructions and plate bacteria on Lysogeny Broth (LB) agar plates 

containing 100 μg/mL Ampicillin.  

 

2.3.5. Allow transformed bacteria to grow at 37 °C overnight, then select colonies for 

DNA extraction with a commercially available plasmid miniprep kit. 

 

3. Design homology regions of the repair template 

3.1. Design shield mutations within the homology repair template to prevent re-cutting of 

DNA that is integrated into the genome.  

Note: The shield mutation typically consists of introducing a silent mutation to alter the 

protospacer adjacent motif (PAM) so that Cas9 will not induce a break in the repair 

template. The PAM required for the Cas9 used here is the nucleotide sequence NGG, 

where N is any nucleotide. If possible, change one of the G nucleotides to an A, C, or T. 
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3.1.1. If the PAM cannot be silently mutated, introduce at least two silent mutations into 

the six base pairs directly adjacent to the PAM7,8.  

Note: These mutations will prevent recognition of the repair template by the gRNA and 

prevent re-cutting of the repaired locus by the Cas9/gRNA complex. The shield 

mutations can be introduced into the homology region by amplifying the DNA with 

primers that contain the mutation. 

 

3.2. Amplify the ORF homology region for the repair template. 

 

3.2.1. Using PCR, amplify 800 base pairs from the 3’ end of the target gene’s ORF. 

Design the primers to be used to exclude the stop codon from this amplicon.  

 

3.2.2. Additionally, design the primers to insert this amplicon into pHA-glmS that has 

been digested with SacII and AfeI, either through a DNA ligation reaction or SLIC16 

 

3.3. Amplify the 3’UTR homology region for the repair template. 

 

3.3.1. Using PCR, amplify the 800 base pairs immediately following the stop codon of 

the target gene. The primers used should be designed to insert this amplicon into pHA-

glmS that has been digested with HindIII and NheI, either through a DNA ligation 

reaction or SLIC16. 
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Note: The high AT content of the P. falciparum genome often makes amplification of 

regions such as UTRs difficult. An alternative approach to using PCR is to synthesize 

the homology regions. 

 

4. Clone homology regions into the repair plasmid 

4.1. Insert ORF homology region into pHA-glmS. 

 

4.1.1. Digest pHA-glmS with SacII and AfeI, according to enzyme manufacturer’s 

instructions, and insert the ORF homology region PCR product into the digested 

plasmid using SLIC 16. 

 

4.1.2. Transform into competent E. coli.  

 

4.2. Insert 3’UTR homology region into pHA-glmS plasmid that already contains the 

ORF homology region (see 4.1).  

 

4.2.1. Digest the plasmid with HindIII and NheI according to enzyme manufacturer’s 

instructions, and then insert the 3’UTR homology region amplicon into the digested 

plasmid using SLIC16. 

 

4.2.2. Transform into competent E. coli. See steps 2.3.4 and 2.3.5 above. 
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5. Precipitate DNA for transfection 

5.1. Add 40 μg each of pMK-U6, pUF1-Cas9, and pHA-glmS DNA (for a total of 120 μg 

of DNA) into a sterile 1.5 mL microcentrifuge tube. 

 

5.2. Add 1/10th the volume of DNA of 3M sodium acetate in water (pH 5.2) to the tube 

and mix well using a vortex. For example, if the volume in step 5.1 was 100 μL, add 10 

μL sodium acetate. 

 

5.3. Add 2.5 volumes of 100% ethanol to the tube and mix well using a vortex for at 

least 30 s. For example, if the volume in 5.1 was 100 μL, add 250 μL 100% ethanol. 

 

5.4. Place the tube on ice or at -20 °C for 30 min. 

 

5.5. Centrifuge the tube at 18,300g for 30 min at 4 °C. 

 

5.6. Carefully remove the supernatant from the tube. Do not disturb the pellet. 

 

5.7. Add 3 volumes of 70% ethanol to the tube and mix briefly using a vortex. For 

example, if the volume in 5.1 was 100 μL, add 300 μL 70% ethanol. 

 

5.8. Centrifuge the tube at 18,300g for 30 min at 4 °C. 

Note: This step should be performed under sterile conditions in a biological safety 

cabinet.  
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5.9. Carefully remove the supernatant from the tube. Do not disturb the pellet. Leave the 

tube open and allow the pellet to air dry for 15 min.  

 

5.10. Store the precipitated DNA at -20 °C until it is needed for transfection.  

 

6. Isolate RBCs from whole blood in preparation for transfection. 

6.1. Aliquot fresh blood into sterile 50 mL conical tubes (approximately 25 mL per tube). 

 

6.2. Centrifuge tubes at 1088g for 12 min, with centrifuge brakes set to 4. 

 

6.3. Aspirate off supernatant and buffy coat. 

 

6.4. Resuspend RBC pellet with equal volume incomplete RPMI. 

Note: Incomplete RPMI is prepared by supplementing RPMI 1640 with 10.32 μM 

thymidine, 110.2 μM hypoxanthine, 1 mM sodium pyruvate, 30 mM sodium bicarbonate, 

5 mM HEPES, 11.1 mM glucose, and 0.02% (v/v) gentamicin.  

 

6.5. Repeat steps 6.2-6.4 twice. 

 

6.6. After the last wash, resuspend RBCs in equal volume incomplete RPMI and store 

at 4 °C. 
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7. Transfect RBCs with the CRISPR/Cas9 plasmids (to be done aseptically)  

Note: Plasmodium falciparum cultures are maintained as described17. Whenever blood 

is used in the protocol, it is referring to pure red blood cells prepared in Step 6. Blood 

used should not be older than 6 weeks, as we see a decrease in parasite proliferation in 

older blood. We describe here a protocol for pre-loading RBCs with DNA and then 

adding parasite culture to the transfected cells. Other established transfection protocols 

would be compatible with transfecting these constructs18,19. 

 

7.1. Prepare 1x cytomix buffer in water (120 mM KCl, 0.15 mM CaCl2, 2mM EGTA, 

5mM MgCl2, 10mM K2HPO4, 25mM HEPES, pH 7.6). Filter-sterilize the buffer using a 

0.22 μM filter.  

 

7.2. Add 380 μL of 1x cytomix to the DNA precipitated in step 5 and vortex to dissolve. 

Allow the DNA to dissolve in 1x cytomix for 10 minutes, vortexing every 3 minutes for 10 

seconds. 

 

7.3. In a sterile 15 mL conical tube, combine 300 μL of red blood cells (RBCs, 50% 

hematocrit, from Step 6) in incomplete RPMI with 4 mL of 1x cytomix.  

 

7.4. Centrifuge the RBCs from 7.3 at 870g for 3 min, then remove the supernatant from 

the RBC pellet. 
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7.5. Resuspend the RBC pellet with DNA/cytomix mixture from step 6.2 and transfer to 

a 0.2 cm electroporation cuvette.  

7.6. Electroporate the RBCs using the following conditions: 0.32kV, 925 μF, capacitance 

set to “High Cap”, and resistance set to “infinite”.  

 

7.7. Following electroporation, transfer the contents from the cuvette to a 15 mL conical 

containing 5 mL of complete RPMI (cRPMI). Centrifuge the tube at 870g for 3 min at 20 

°C, then decant the supernatant.  

 

Note: cRPMI is prepared as described for incomplete RPMI in 7.4 with the addition of 

0.25% (w/v) lipid-rich bovine serum albumin. 

 

7.8. Resuspend the pellet in 4 mL cRPMI and transfer to a well of a 6-well tissue culture 

plate. Add 400 μL of a high-schizont culture (7-10% schizont parasitemia is ideal) to the 

transfected RBCs.  

Note: Parasitemia is defined as the percentage of parasite-infected RBCs. 

 

7.9. The next day, wash the culture with 4 mL of cRPMI. 

 

7.9.1. Centrifuge the culture at 870g for 3 min and aspirate the supernatant. Resuspend 

the culture in 4 mL cRPMI. 
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7.10. 48 h after step 7.6, wash the culture with 4 mL of cRPMI, then resuspend the 

culture in cRPMI containing 1 μM DSM1 to select for the Cas9 plasmid.  

 

7.11. Continue washing the cultures each day with cRPMI until parasites are no longer 

visible by blood smear. After this point, the culture medium should be replaced with 

fresh cRPMI + 1 μM DSM1 every 48 h. 

 

7.11.1. To make a blood smear, pipette 150 μL of culture into an 0.6 mL eppendorf 

tube. Pellet the cells by centrifugation at 1700g for 30 s.  

 

7.11.2. Aspirate off the supernatant. Use a pipette to transfer the pelleted cells to a 

glass slide. Using a second glass slide, held at a 45° angle to the first slide, smear the 

blood droplet. Stain the slide using a commercially available staining kit according to the 

manufacturer’s protocol.  

 

7.11.3. View parasites using a 100x oil immersion objective.  

 

7.12. Beginning 5 days post-transfection (Step 7.6), remove 2 mL of the culture, with 

RBCs resuspended in the culture medium, and add back 2 mL fresh medium (cRPMI + 

1 μM DSM1) and blood at 2% hematocrit. Add fresh blood in this manner once a week 

until parasites reappear, as determined by thin blood smear. 

Note: If integration is successful, parasites generally reappear in culture by one-month 

post-transfection. 
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7.13. Once parasites reemerge, remove drug pressure. Alternatively, remove drug 

pressure after parasites have been cloned out. 

 

8. Check parasites for integration of the repair template 

8.1. When parasites are visible again by thin blood smear, isolate DNA from the culture. 

 

8.2. Use PCR to amplify the modified region of the genome to determine whether the 

targeted locus has been successfully altered and whether the unmodified wild-type 

locus (indicative of wild-type parasites) is detectable. 

 

8.2.1. To detect parasites that have integrated the repair template, use a forward primer 

that sits at the beginning of the ORF, outside of the cloned homology region. Use a 

reverse primer that sits in the 3’UTR.  

Note: As this amplification includes the sequences of the HA tags and glmS ribozyme, 

amplicons from integrated parasites will be longer than the same region amplified in 

wild-type parasites.  

 

9. Clone parasites by limiting dilution 

9.1 Perform serial dilutions of the parasite culture from step 7.13 to achieve a final 

concentration of 0.5 parasites/200 μL. 

 

9.1.1. Prepare 1 mL culture in cRPMI at 5% parasitemia and 2% hematocrit; at this 

parasitemia and hematocrit, the culture contains 1x107 parasites/mL. 
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9.1.2. Dilute this culture 1:100 with cRPMI. Dilute again 1:100 with cRPMI. 

 

9.1.3. Dilute 1:400. Perform this dilution by adding 62.5 μL culture to 25 mL cRPMI and 

1 mL blood. This dilution results in the desired concentration of 0.5 parasites/200 μL. 

 

9.1.5. Add 200 μL of the diluted culture to the wells of a 96-well tissue culture plate. 

 

9.2. Maintain the cloning plate until parasites are detectable in the wells. 

 

9.2.1. Every 48 h replace the medium in the 96-well plate with fresh medium.  

 

9.2.2. Once a week, starting 5 days after beginning the cloning plate (Step 8.1.5), 

remove 100 μL from each well and add back 100 μL of fresh medium + blood (2% 

hematocrit). 

 

9.3. Identify wells containing parasites. 

 

9.3.1. Place the 96-well plate at a 45° angle for approximately 20 min, allowing the 

blood to settle at an angle within the plate. 
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9.3.2. Place the 96-well plate on a light box. Observe that the wells containing parasites 

will contain medium that is yellow in color, compared to the pink medium of parasite-free 

wells, due to acidification of the medium by the parasites. 

 

9.3.3. Using a serological pipette, move the contents of the parasite-containing wells to 

a 24-well tissue culture plate to allow expansion of parasitemia.  

 

9.3.4. Using PCR analysis as described in Step 8, check these clonal parasite lines for 

correct integration.  

 

10. Knockdown protein by treating parasites with GlcN and confirm knockdown 

by Western blot analysis. 

10.1. Prepare 0.5 M GlcN stock solution; the stock can be stored at -20° C. 

 

10.2. Add GlcN to glmS parasite cultures and allow to grow in the presence of GlcN.  

Note: The final concentration and timing of GlcN treatment to be used is dependent 

upon the experiment and parasite line. GlcN can impact parasite growth, so the parental 

parasite strain should be exposed to a range of GlcN concentrations to determine 

sensitivity to the compound. Often, a concentration of 2.0-7.5 mM GlcN is used13,14,20. 

 

10.3. Isolate protein samples from GlcN-treated parasites13.  

 

10.4. Use protein samples for Western blot analysis to detect reduction in protein13. 
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10.4.1. Use an anti-HA antibody according to manufacturer’s instructions to detect the 

HA-glmS-tagged protein, and compare the HA band to a loading control, such as 

PfEF1α. 

 

Representative Results:  

A schematic of the plasmids used in this method as well as an example of a shield 

mutation are shown in Figure 3.1. As an example of how to identify mutant parasites 

after transfection, results from PCRs to check integration of the HA-glmS construct is 

shown in Figure 3.2. A representative image of a cloning plate is shown in Figure 3.3 to 

demonstrate the color change of the medium in the presence of parasites. Results from 

an immunofluorescence assay and Western blotting experiments are shown in Figure 

3.4 to demonstrate the functionality of the HA tag and glmS-based reduction of protein 

in the parasites. Figure 3.5 demonstrates the inability of short homology arms on PCR 

products to modify the parasites genome and obtain viable mutants. 

Discussion 

The implementation of CRISPR/Cas9 in P. falciparum has both increased the 

efficiency of and decreased the amount of time needed for modifying the parasite’s 

genome, in comparison to previous methods of genetic manipulation. The 

comprehensive protocol described in this manuscript outlines the steps taken to 

generate conditional mutants using CRISPR/Cas9 in Plasmodium falciparum. While the 

method here is written specifically for the generation of HA-glmS mutants, this strategy 

can be adapted for a variety of purposes, including the tagging of genes, gene 

knockouts, and introduction of point mutations. 
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A critical early step in this protocol is the selection of a gRNA sequence. When 

selecting a gRNA, there are several considerations to keep in mind in regards to where 

the gRNA sits, how efficient it is, and whether it has the potential for off-target effects. 

Typically, the gRNA sequence should be as close as possible to the site of modification, 

ideally within 200 bp. This will decrease the likelihood of the parasites using the repair 

template to fix their genome without integrating the tag. The tool used here to locate a 

gRNA was a free online service called CHOP CHOP22. Another online tool, Eukaryotic 

Pathogen CRISPR guide RNA/DNA Design Tool (EuPaGDT, 

http://grna.ctegd.uga.edu/), can also be used23. EuPaGDT provides additional 

characterization of gRNA sequences, including prediction of off-target hits and potential 

issues that may prevent transcription of the gRNA. EuPaGDT also has tools for batch 

processing of gRNAs to target multiple genes or whole genomes. The gRNA chosen 

should be one that sits closest to the site of modification with the highest efficiency and 

minimal off-target hits. An important limitation to CRISPR/Cas9 gene editing that may 

arise is the inability to design a suitable gRNA to target the gene of interest. In such 

cases, a trial-and-error approach may be needed, using multiple sub-optimal gRNA 

sequences until the best one is found and successful gene editing has occurred. 

Another important consideration for generating P. falciparum mutants using 

CRISPR/Cas9 is the length of the homology regions used in the repair template. The 

protocol here states that the homology regions should be approximately 800 base pairs 

each, but we have also been successful in using smaller regions (500 base pairs)3. 

Successful genome modification using CRISPR/Cas9 and short homology arms on 

PCR products have been used in other protozoan parasites such as Toxoplasma gondii 
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and Trichomonas vaginalis24,25. We tested the feasibility of using smaller homology 

arms on PCR products (50, 75, or 100 base pairs) by attempting to knockout GFP in B7 

parasites using a blasticidin resistance cassette21. We saw some integration of the 

blasticidin resistance cassette at five days post transfection; however, these parasites 

never recovered from transfection. For these transfections, we selected for the Cas9-

expressing plasmid using DSM1. A different selection method, such as treating 

transfected cultures with blasticidin S alone or in combination with DSM1, may improve 

the chances of parasites reappearing when using shorter homology regions for repairing 

the Cas9/gRNA induced break. We did not select with blasticidin S in this case because 

we wanted to test whether short homology arms could be used in instances where a 

drug resistance cassette is not being integrated into the genome, such as when a 

protein is being tagged. 

The core components of CRISPR/Cas9 gene editing discussed here are the 

Cas9 endonuclease, the gRNA, and the repair template. We describe a three-plasmid 

approach to introduce these components into the parasites, where Cas9, the gRNA, 

and the repair template are found in separate plasmids. In addition to this approach, our 

lab has been successful in using a two-plasmid approach where Cas9 and gRNA 

expression are driven by a single plasmid and the repair template is found in a second 

plasmid3. Similar two-plasmid approaches have been successfully employed by other 

labs to generate mutants7,8,26-29. Furthermore, a few labs are using a strain of 

Plasmodium (NF54attB) which constitutively expresses Cas9 and a T7 RNA polymerase 

to drive expression of gRNA’s30. In this case, a single plasmid containing the repair 

template and the gRNA are transfected into NF54attB parasites31,32. A plasmid-free 
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approach, utilizing a purified Cas9-gRNA ribonucleoprotein complex, has been used to 

insert mutations into the genome as well33. The success of these different approaches 

demonstrates flexibility in how researchers can introduce the Cas9/gRNA components 

into the parasite. 

Finally, the choice of drug pressure to apply to transfected parasites can be 

altered depending on constructs used. Here, we show successful generation of mutants 

by transiently selecting for the Cas9 expressing plasmid using DSM1 until parasites 

reappear. To generate PfHsp70x knockout parasites, pfhsp70x was replaced with the 

human dihydrofolate reductase gene, and parasites were selected using 

WR9921013.The recently described TetR-PfDOZI knockdown system relies on 

integration of a plasmid containing a blasticidin S resistance gene, allowing for selection 

of parasites using blasticidin S15,31.  

CRISPR/Cas9 gene editing of P. falciparum has proven to be a powerful tool in 

malaria research, and we have detailed here a method for generating conditional 

knockdown mutants3,7,8,13,20,28. The protocol is highly adaptable to individual research 

interests.  
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Table 3.1: Summary of materials 

Name of Material/ Equipment Company Catalog Number 

Gene Pulser Xcell Electroporator Bio-Rad 1652660 

 

Gene Pulser®/MicroPulser 

Electroporation Cuvettes, 0.2 cm gap Bio-Rad 165-2086 

Sodium Acetate Sigma-Aldrich S2889-250g 

DSM1 

Gift from Akhil Vaidya 

lab 

Ganesan et al. Mol. 

Biochem. Parasitol. 

2011 177:29-34 

TPP Tissue Culture 6 Well Plates MIDSCI TP92006 

TPP 100mm Tissue Culture Dishes (12 

mL Plate) MIDSCI TP93100 

TPP Tissue Culture 96 Well Plates MIDSCI TP92096 

TPP Tissue Culture 24 Well Plates MIDSCI TP92024 

NEBuffer 2 New England Biolabs #B7002S 

NEBuffer 2.1 New England Biolabs #B7202S 

BtgZI New England Biolabs #R0703L 

SacII New England Biolabs #R0157L 

HindIII-HF New England Biolabs #R3104S 

Afe1 New England Biolabs #R0652S 

Nhe1-HF New England Biolabs #R3131L 
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T4 DNA Polymerase New England Biolabs #M0203S 

500 mL Steritop bottle top filter unit Millipore SCGPU10RE 

EGTA Sigma E4378-100G 

KCl Sigma-Aldrich P9333-500g 

CaCl2 Sigma-Aldrich C7902-500g 

MgCl2 Sigma-Aldrich M8266-100g 

K2HPO4 Fisher P288-500 

HEPES Sigma-Aldrich H4034-500g 

pMK-U6 

Generated by the 

Muralidharan Lab n/a 

pHA-glmS 

Generated by the 

Muralidharan Lab n/a 

pUF1-Cas9 

Gift from the Jose-

Juan Lopez-Rubio 

Lab 

Ghorbal et al. Nature 

Biotech 2014 

Glucose Sigma-Aldrich G7021-1KG 

Sodium bicarbonate Sigma-Aldrich S5761-500G 

Sodium pyruvate Sigma-Aldrich P5280-100G 

Hypoxanthine Sigma-Aldrich H9636-25g 

Gentamicin Reagent Gibco 15710-064 

Thymidine Sigma-Aldrich T1895-1G 

PL6-eGFP BSD 

Generated by the 

Muralidharan Lab N/A 
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Puf1-cas9 eGFP gRNA 

Generated by the 

Muralidharan Lab N/A 

NucleoSpin Gel and PCR Clean-up Macherey-Nagel 740609.250 

Albumax I Life Technologies N/A 

Human Red Blood Cells 

Interstate Blood Bank, 

Inc 

Email or call them 

directly for ordering 

3D7 parasite line 

Available upon 

request N/A 

Lysogeny Broth (LB) Fisher BP1426-2 

Ampicilin Fisher BP1760-25 

 

PrimeSTAR® GXL DNA Polymerase Clonetech R050A 

Anti-EF1alpha 

Dr. Daniel Goldberg's 

Lab 

Washington 

University in St. Louis 

Rat Anti-HA Clone 3F10, monoclonal 

Made by Roche, sold 

by Sigma 11867423001 

0.6 mL tubes Fisher AB0350 

Fisher HealthCare* PROTOCOL* 

Hema 3* Manual Staining System 

(Fixative+Solution I and II) Fisher 22-122-911 

Fisherfinest™ Premium Frosted 

Microscope Slides - Size: 3 x 1 in. Fisher 12-544-3 
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Figure 3.1: Summary of our three-plasmid approach to CRISPR/Cas9 and 

examples of a gRNA oligo and shield mutation. A) Schematics of empty pHA-glmS 

and pMK-U6 are shown with the restriction enzyme sites used for cloning. Also shown 

are pHA-glmS and pMK-U6 after the homology arms and gRNA sequences have been 

cloned into them, respectively. Finally, pUF1-Cas9 is shown. yDHOD: yeast 

dihydrofolate reductase, the resistance marker to DSM1. B) The forward oligo used for 

cloning the PfHsp70x gRNA sequence into pMK-U6 is shown, with the gRNA sequence 

in capital letters and the pMK-U6 homology arms necessary for cloning shown in lower 

case (Top). The genomic target of the PfHsp70x gRNA is shown as well as the 

downstream PAM, in red (Middle). The shield mutation in the PfHsp70x gRNA PAM is 

shown in red (Bottom). 
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Figure 3.2: Schematic of CRISPR/Cas9 genome modification using pHA-glmS and 

strategy for confirming integration. A) Cas9, guided to a genomic locus by a gRNA, 

induces a double strand break in the DNA. The parasite repairs the damage through 

double crossover homologous repair, using the pHA-glmS plasmid as a template and 

introducing the HA-glmS sequence into the genome. B) A PCR test to identify correct 

integration of the HA-glmS sequence. Using primers P1 and P2, the 3’ ORF of wild-type 

PfHsp70x and PfHsp70x-glmS mutants are amplified13. The amplicon from PfHsp70x-

glmS is longer than wild-type due to insertion of the HA-glmS sequence. 
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Figure 3.3: Identification of wells containing parasites in a 96-well cloning plate. 

A) The 96-well plate is set at a 45° angle for approximately 20 minutes to allow the 

blood to settle at an angle in the plate. B) The well on the left contains a parasite 

culture, indicated by the yellow color of the medium in comparison to the pink medium 

of the parasite-free well on the right. 
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Figure 3.4: An immunofluorescence assay shows the correct HA-tagging of 

PfHsp70x and Western blotting shows reduction of PfHsp70x protein levels 

during treatment with glucosamine. A) PfHsp70x-glmS parasites were fixed and 

stained with DAPI (nucleus marker) and antibodies to HA and MAHRP1 (Membrane 

Associated Histidine Rich Protein 1, a marker of protein export to the host RBC)13.B) 

PfHsp70x-glmS parasites were treated with 7.5 mM glucosamine and whole-parasite 

lysates were used for Western blotting analysis13. The membrane was probed with 

antibodies for HA and PfEF1α as a loading control13. As expected, glucosamine 

treatment results in a reduction of the protein.  
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Figure 3.5: Using short homology sequences for repair. A) Schematic 

representation showing knockout of GFP in B7 parasites21. B7 parasites are a derivative 

of 3D7 where Plasmepsin II has been tagged with GFP. PCR products containing 50, 

75, or 100 base pairs of GFP homology regions flanking a blasticidin S resistance 

cassette (labeled “marker”), along with pUF1-Cas9-eGFP-gRNA, a plasmid expressing 

Cas9 and a GFP gRNA, were transfected into B7 parasites. Each transfection was 

carried out twice. Drug pressure (DSM1) was applied 2-day post transfection. B) PCR 

test on DNA isolated from transfected parasites five days post-transfection and two 

months post-transfection. Primers used to test integration of the BSD resistance 

cassette will yield a 584 base pair product for B7 parental parasites and a 2020 base 

pair product for parasites that have integrated the marker.  



   
 

   
 

79 

 

 

CHAPTER 4 

The ER chaperone PfGRP170 is essential for asexual development and is linked to 

stress response in malaria parasites. 
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ABSTRACT 
 

The vast majority of malaria mortality is attributed to one parasite species: 

Plasmodium falciparum. Asexual replication of the parasite within the red blood cell is 

responsible for the pathology of the disease. In Plasmodium, the endoplasmic reticulum 

(ER) is a central hub for protein folding and trafficking as well as stress response 

pathways. In this study, we tested the role of an uncharacterized ER protein, 

PfGRP170, in regulating these key functions by generating conditional mutants. Our 

data show that PfGRP170 localizes to the ER and is essential for asexual growth, 

specifically required for proper development of schizonts. PfGRP170 is essential for 

surviving heat shock, suggesting a critical role in cellular stress response. The data 

demonstrate that PfGRP170 interacts with the Plasmodium orthologue of the ER 

chaperone, BiP. Finally, we found that loss of PfGRP170 function leads to the activation 

of the Plasmodium eIF2α kinase, PK4, suggesting a specific role for this protein in this 

parasite stress response pathway.  
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INTRODUCTION 

Malaria is a deadly parasitic disease that causes over 212 million cases and 

nearly 430,000 deaths each year, primarily in children under the age of five1. The 

deadliest human malaria parasite, P. falciparum, infects individuals inhabiting 

subtropical and tropical regions. These are some of the most impoverished regions of 

the world, making diagnosis and treatment challenging. Moreover, the parasite has 

evolved resistance to all clinically available drugs, highlighting an important need for 

uncovering proteins that are essential to the biology of this parasite2-6. Malaria is 

associated with a wide array of clinical symptoms, such as fever, chills, nausea, renal 

failure, pulmonary distress, cerebral malaria, and cardiac complications. It is the asexual 

replication of the parasite within the red blood cell (RBC) that is responsible for the 

pathology of the disease7. 

In P. falciparum, the endoplasmic reticulum (ER) is a uniquely complex, poorly 

understood organelle. In fact, recent data suggest that ER proteins play a major role in 

resistance to the frontline antimalarial, artemisinin8-10. It is in this organelle that a variety 

of essential cellular functions occur, including protein trafficking, cellular signaling, and 

activation of stress response pathways11-17. Compared to other eukaryotes, the 

molecular mechanisms involved in these essential processes in Plasmodium remain 

poorly understood. Therefore, it is imperative to uncover proteins that regulate and 

maintain ER biology. One group of proteins likely governing many of these processes 

are ER chaperones18-23.Very little is known about the roles that ER chaperones play in 

Plasmodium, many of them defined merely based on sequence homology to other 

organisms. The Plasmodium genome encodes a relatively reduced repertoire of 
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predicted ER chaperones, but it is predicted to contain two members of the conserved 

ER HSP70 chaperone complex, GRP78 (or BiP) and a putative HSP110 (PfGRP170 or 

PfHSP70-y)24,25. GRP170, in other eukaryotes, serves as nucleotide exchange factor for 

BiP26,27. Additionally, GRP170 has been reported to have holdase activity and can bind 

unfolded substrates independent of ATP or BiP28-30. 

In this study, we used a conditional auto-inhibition strategy to generate conditional 

mutants for the putative ER chaperone, PfGRP170 (PF3D7_1344200)31-33. Using these 

conditional mutants, we localized PfGRP170 to the parasite ER, and show that unlike its 

orthologs in other eukaryotes, it is essential for cell survival. Detailed life cycle analysis 

revealed that inhibition of PfGRP170 results in parasite death in early schizogony. The 

protein is required for surviving a brief heat shock, suggesting that PfGRP170 is 

essential during febrile episodes in the host. We show that despite a predicted transit 

peptide, PfGRP170 is not essential for protein trafficking to the apicoplast nor is it 

required for protein export into the host RBC. Using combined mass spectroscopy 

approaches we identified potential interactors. Moreover, we demonstrate here that 

PfGRP170 interacts with the Plasmodium homolog of BiP suggesting a conserved 

HSP70 ER chaperone complex. Finally, we show that conditional inhibition of 

PfGRP170 leads to the activation of the only known ER stress response pathway in 

Plasmodium, the PK4 pathway10,16.  
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RESULTS 

PF3D7_1344200 is a putative GRP170 in P. falciparum  

A blast search to identify ER localized Hsp70 proteins in P. falciparum revealed 

two proteins, HSP70-2 (PfGRP78/BiP) and a putative HSP110 (PF3D7_1344200). 

HSP110 proteins are considered large HSP70 chaperones, having sequence homology 

to both the nucleotide and substrate binding domains of other HSP70 members34. The 

increased size of HSP110 family members is the result of an extended α-helical domain 

at the C-terminus as well as an unstructured loop inserted in the substrate-binding 

domain28,34 (Figure 4.1A). In other eukaryotic organisms, the ER localized HSP110 

(referred to as GRP170) is a chaperone with four primary protein domains: a signal 

peptide, a nucleotide binding domain, a substrate binding domain, and an extended C-

terminus26,34. A protein sequence alignment using the yeast GRP170 (Lhs1) was used 

to predict the boundaries of these domains in PF3D7_1344200 (PfGRP170) (Figure 

4.1A and Supplemental Figure 4.1). Most of the sequence conservation between Lhs1 

and PfGRP170 was found to be in the nucleotide-binding domain (Supplemental Figure 

4.1). PfGRP170 is well conserved across multiple Plasmodium species, including other 

human malaria-causing species (Supplemental Figure 4.2). This level of conservation 

decreases in another apicomplexan (T. gondii) and even more so in yeast and humans 

(Supplemental Figure 4.2).  

Generating PfGRP170-GFP-DDD conditional mutants 

Conditional mutants for PfGRP170 (termed PfGRP170-GFP-DDD) were 

generated by tagging the endogenous PfGRP170 locus at the 3’ end, using single 

homologous crossover, with a GFP reporter, the E. coli DHFR destabilization domain 
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(DDD), and an ER retention signal (SDEL) (Figure 4.1B). The endogenous PfGRP170 

gene encodes a C-terminus SDEL sequence, a potential ER retention signal, and 

therefore we added an SDEL sequence after the DDD domain in order to avoid 

mislocalization of the tagged protein. In the presence of the small ligand Trimethoprim 

(TMP), the DDD is maintained in a folded state. However, if TMP is removed from the 

culture medium, the DDD unfolds and becomes unstable31-33,35,36. Intramolecular 

binding of the chaperone to the unfolded domain inhibits normal chaperone function 

(Figure 4.1B)31-33. Two independent transfections were carried out, and integrated 

parasites were selected via several rounds of drug cycling. PCR integration tests 

following drug selection indicated that the percentage of integrated parasites in both 

transfections were extremely low (Figure 4.1C). Consequently, standard limiting dilution 

could not be used to clone out integrated parasites. To circumvent this issue, flow 

cytometry was used to enrich and sort extremely rare GFP positive parasites. Despite 

low enrichments and sorting rates (GFP positive population =~1.13E-3), we successfully 

obtained two clones, termed 1B2 and 1B11, using flow sorting (Figure 4.1 C and D). 

Proper integration into the pfgrp170 locus was confirmed by a Southern blot analysis 

(Figure 4.1E). Western blot analysis revealed that the PfGRP170-GFP-DDD protein was 

expressed at the expected size (Figure 4.1F). Immunofluorescence assays (IFA) and 

western blot analysis showed that the PfGRP170-GFP-DDD fusion protein was 

expressed and localized to the parasite ER during all stages of the asexual life cycle 

(Figure 4.1G and Supplemental Figure 4.3).  
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PfGRP170 is essential for asexual growth and surviving febrile episodes 

To investigate the essentiality of PfGRP170, PfGRP170-GFP-DDD 

asynchronous parasites were cultured in the absence of TMP, and parasitemia was 

observed using flow cytometry. A growth defect was seen within 24 hours after the 

removal of TMP, resulting in parasite death (Figure 4.2A). Furthermore, the two clonal 

parasite lines exhibited a dose-dependent growth response to TMP (Figure 4.2B). 

Consistent with data from other chaperones tagged with the DDD31-33, TMP removal did 

not result in degradation of PfGRP170-GFP-DDD (Figure 4.2C). Conditional inhibition of 

Plasmodium proteins that does not involve their degradation, has also been observed 

for other non-chaperone proteins 37,38. Moreover, the removal of TMP did not affect the 

ER localization of PfGRP170 (Supplemental Figure 4.4). 

Using a nucleic acid stain, acridine orange, we used flow cytometry to specifically 

observe each stage of the asexual life cycle (ring, trophozoite, and schizont) in 

PfGRP170-GFP-DDD parasites incubated with and without TMP (Figure 4.2D). The 

amounts of RNA and DNA increase over the asexual life cycle as the parasite 

transitions from a ring to trophozoite to a multi-nucleated schizont. We observed that 

upon TMP removal, mutant parasites arrested in a relatively late developmental stage 

(Figure 4.2D). To identify the stage in the asexual life cycle where the mutant parasites 

died, TMP was removed from tightly synchronized ring stage cultures and parasite 

growth and morphology was assessed over the 48-hour life cycle. We observed 

morphologically abnormal parasites late in the lifecycle, when control parasites had 

undergone schizogony (Figure 4.2E). The PfGRP170-GFP-DDD parasites grown 
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without TMP ultimately failed to progress through schizogony and did not reinvade new 

RBCs (Figure 4.2E).  

The cytoplasmic ortholog of PfGRP170, PfHSP110, was previously shown to be 

essential for surviving heat stress33. Therefore, we tested whether PfGRP170 mutants 

were sensitive to a brief heat shock. Asynchronous parasites were incubated in the 

absence of TMP for 6 hours at either 37°C or 40°C. Following the 6-hour incubation, 

TMP was added back to all cultures, which were then grown at 37°C for two growth 

cycles, while measuring parasitemia every 24 hours. The growth of parasites at 37°C 

was not significantly affected by the brief removal of TMP (Figure 4.2F). In contrast, 

incubating parasites at 40°C without TMP resulted in reduced parasite viability 

compared to parasites grown at 40°C with TMP (Figure 4.2F).  

PfGRP170 is not required for trafficking of apicoplast proteins     

Protein trafficking to the apicoplast is essential for parasite survival. Proteins targeted to 

the apicoplast contain an N-terminal transit peptide that is revealed upon signal peptide 

cleavage in the ER15,39. It remains unclear whether apicoplast targeted proteins go 

through the Golgi before reaching their final destination. It has been shown that 

disruption of ER to Golgi trafficking, using Brefeldin A (BFA), does not reduce apicoplast 

transport15,40. One of these studies further demonstrated that the addition of an ER 

retention sequence (SDEL), to a GFP with a transit peptide, did not reduce apicoplast 

trafficking or transit peptide cleavage40. However, a separate but similar analysis came 

to the opposite conclusion41. Thus, the identification, packaging, and transport of 

apicoplast-targeted proteins from the ER remain unanswered questions. 
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Two software analysis tools (Prediction of Apicoplast-Targeted Sequences 

(PATS) and PlasmoAP) predicted a strong apicoplast transit peptide for PfGRP170, 

despite our observation of a definite ER localization (Figure 4.1G and Figure 4.3A). We 

were therefore interested to find out whether PfGRP170 plays a role in apicoplast 

trafficking. We tested whether the putative PfGRP170 transit peptide (amino acids: 1 to 

150) could be trafficked to the apicoplast by episomally expressing the predicted 

PfGRP170-transit peptide fused to a GFP reporter without an ER retention signal 

(Figure 4.3B). We performed co-localization assays using ER, apicoplast, and Golgi 

markers and determined that the putative transit peptide localized to the ER due to 

colocalization with ER marker Plasmepsin V (Figure 4.3B).  

To determine the role of PfGRP170 in trafficking proteins to the apicoplast, we 

removed TMP from PfGRP170-GFP-DDD parasites and examined the localization of 

the apicoplast-localized cpn6032,42,43. No defects in apicoplast localization of cpn60 were 

observed (Figure 4.3C). Additionally, incubation with the essential apicoplast metabolite 

IPP44, failed to rescue or have any positive effect on TMP removal in PfGRP170-GFP-

DDD parasites (Figure 4.3D).  

Interactions of PfGRP170  

Two independent approaches were taken to identify the interacting proteins of 

PfGRP170 (Figure 4.4A). The first was an anti-GFP Immunoprecipitation (IP) followed 

by mass spectroscopy. In the second approach we generated a parasite line episomally 

expressing PfGRP170 tagged with an HA, the promiscuous Biotin Ligase (BirA), and an 

ER retention signal (KDEL). When exogenous biotin is added to the PfGRP170-HA-BirA 

parasites, the BirA tagged protein will biotinylate interacting proteins or those that are in 
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close proximity45. These biotinylated proteins can be identified by performing pull down 

assays using streptavidin coated magnetic beads. A western blot analysis confirmed 

expression of the PfGRP170-HA-BirA fusion protein (Supplementary Figure 4.5A). 

Colocalization IFA’s confirmed that the PfGRP170-HA-BirA protein localizes to the 

parasite ER (Supplementary Figure 4.5B). Additionally, western blot analysis 

demonstrates that proteins are biotinylated in the PfGRP170-HA-BirA parasite lines 

when biotin is added (Supplementary Figure 4.5C).  

Mass spectroscopy data were obtained from two independent anti-GFP IP’s of 

PfGRP170-GFP-DDD parasites and two biological replicates of streptavidin pulldowns 

from PfGRP170-HA-BirA parasites following an incubation with biotin (Table 4.2 and 

Table 4.4). In addition, mass spectroscopy data were obtained from two independent 

anti-GFP IP’s of the PM1 parental control and one streptavidin pull down from 3D7 

parasites incubated with biotin to filter out non-specific interactions (Table 4.1 and Table 

4.3). Both BiP and PfGRP170 were found in the control IP’s, albeit in lower peptide 

counts (Table 4.1 and table 4.3). This is not surprising as chaperones are common 

contaminants in mass spectroscopy.  However, due to the documentation of PfGRP170 

being an interactor and regulator of BiP function, we opted to keep BiP in our analysis26. 

In order to obtain a list of proteins specific to the ER and parasite secretory pathway, 

proteins identified by mass spectroscopy in each IP were filtered to include only those, 

which had a signal peptide or transmembrane domain. Thirty common proteins were 

found in both the 1B2 and 1B11 in the anti-GFP IP’s and 37 common proteins were 

found in the two replicates of the PfGRP170-HA-BirA streptavidin pull down (Figure 

4.4A). A high-confidence list of 11 proteins common between the two IP methods was 
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then generated (Figure 4.4B). Using recently published real-time transcriptional 

abundance data, we plotted the normalized transcriptional abundance values for all 11 

proteins. We excluded 4 proteins which were expressed earlier in the life cycle, and 

kept proteins which were highly expressed in late stage development, the same time 

when the PfGRP170-GFP-DDD-KDEL parasites die (Figure 4.4C)46.  

PfGRP170 is not required for trafficking to the RBC 

In order for the parasite to grow, develop, and divide, it must drastically remodel 

the host RBC12. These modifications are accomplished through the export of proteins 

from the ER to the RBC. In model eukaryotes, such as yeast and mammalian cells, 

molecular chaperones, and specifically those that are ER-localized, play central roles in 

protein trafficking18,19. Therefore, we tested whether conditional inhibition of PfGRP170 

would prevent trafficking of several exported proteins (PfHSP70x, PfMAHRP1, and 

FIKK4.2). Our results demonstrate that loss of PfGRP170 function did not affect the 

localization of these proteins to the host RBC (Supplemental Figure 4.6A-C).  

PfGRP170 and BiP interact 

One of the most abundant proteins identified in our mass spectroscopy data was 

PfBiP (Figure 4.4B). Therefore, we were tested whether PfGRP170 and PfBiP interact 

in P. falciparum. We performed an anti-GFP Co-IP and probed the lysate for PfBiP. We 

observed that PfGRP170 and PfBiP interact and this interaction is not lost upon TMP 

removal (Figure 4.5A). As a control, we probed the GFP Co-IP lysates for a different ER 

protein, Plasmepsin V (PMV), and found that it did not pull down with PfGRP170 (Figure 

4.5B).  
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To visualize the PfGRP170-PfBiP interaction within the cellular context of the infected 

RBC, we utilized a Proximity Ligation Assay (PLA)47-49. The PLA positive signal 

indicates that two proteins are within 40nm of each other, suggesting a close interaction 

within the cell. This approach has been used successfully in Plasmodium to 

demonstrate interaction of exported proteins50. We performed this assay using anti-GFP 

and anti-BiP antibodies and observed a positive signal at all life cycle stages (Figure 

4.5C). As a negative control we also probed with an antibody against the ER localized 

protease PMV and despite the co-localization of these two proteins in the ER, we did 

not see a positive PLA signal, suggesting distinct sub-organellar localizations (Figure 

4.5D). Together, these results demonstrate that PfGRP170 and PfBiP interact during all 

stages of the asexual life cycle of P. falciparum.  

The function of BiP is critical for ER biology and in other eukaryotes, its function 

is regulated by GRP17026,27, we tested whether the death phenotype observed in the 

PfGRP170-GFP-DDD mutants could be rescued by overexpression of PfBiP. We did 

this by episomally expressing PfBiP with a Ty1 tag and an ER retention signal (KDEL) in 

the PfGRP170-GFP-DDD mutants. Colocalization assays using IFA demonstrate that 

the PfBiP-Ty1 fusion protein is targeted to the ER and we observe that the protein is 

expressed at the correct size by western blot (Figure 4.5E and 4.5F). To determine if 

the overexpression of PfBiP could rescue parasite growth during TMP removal, the 

PfGRP170-GFP-DDD parasites expressing the PfBiP-Ty1 protein were incubated with 

and without TMP and the parasitemia was monitored using flow cytometry. We 

demonstrate that the overexpression of PfBiP in the PfGRP170-GFP-DDD parasites 

could not rescue parasite growth (Figure 4.5G).  
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Loss of PfGRP170 function activates the PK4 stress response pathway 

In addition to their function in the secretory pathway, molecular chaperones 

perform a vital role in the management of cellular stress. Plasmodium lack much of the 

ER machinery used to activate stress response pathways16,51,52. The only identified ER 

stress response pathway in Plasmodium is the PERK/PK4 pathway10,16. Signaling 

through this pathway has been shown to occur in the parasite following artemisinin 

treatment10. Under normal conditions, PK4 exists as a transmembrane monomeric 

protein in the ER. When the ER is stressed, PK4 oligomerizes and becomes active, 

phosphorylating the cytoplasmic translation initiation factor EIF2-α to halt translation and 

flux through the ER10,16. To determine whether this pathway was activated during 

conditional inhibition of PfGRP170, PfGRP170-GFP-DDD parasites were tightly 

synchronized to the ring stage and grown without TMP for 24 hours, after which parasite 

lysate was collected and the phosphorylation state of EIF2-α determined by western 

blot. We observed that PfGRP170 auto-inhibition resulted in the phosphorylation of 

EIF2-α, indicating that this pathway was activated (Figure 4.6A).  

Since conditional inhibition of PfGRP170 resulted in EIF2-α phosphorylation, 

which has been shown to be required for resistance to artemisinin resistance, we tested 

if PfGRP170 plays a role in drug resistance. For this purpose, we utilized PfGRP170-

BirA parasites, which have an extra copy of PfGRP170. Using the ring-stage survival 

assay, we compared the growth of the parental parasite line (3D7) with that of 

PfGRP170-BirA parasites after brief exposure to artemisinin. Our data show that 

overexpression of PfGRP170 did not result in artemisinin resistance (Supplementary 

Figure 4.7A-B). 
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Several Plasmodium kinases have been shown to phosphorylate EIF2-α in late 

developmental stages or in response to other cellular stress or artemisinin 

treatment16,53-55. We were therefore interested in identifying the specific kinase that is 

responsible for the phosphorylation of EIF2-α during conditional inhibition of PfGRP170. 

The ER kinase, PK4, has been shown to be activated by ER stress in Plasmodium52. 

Therefore, we incubated synchronized PfGRP170-GFP-DDD parasites without TMP for 

24 hours, in the presence or absence of a specific PK4 inhibitor GSK260641410. 

Parasite lysates were used to determine the phosphorylation state of EIF2-α. We 

observed that in the presence of the PK4 inhibitor, EIF2-α phosphorylation was blocked, 

demonstrating that conditional inhibition of PfGRP170 specifically results in PK4 

activation, which leads to phosphorylation of EF2-α (Figure 4.6B). As a control, we used 

the parental strain, PM1, and incubated these parasites with and without TMP or the 

PK4 inhibitor (Figure 4.6C). This experiment showed no changes in levels of EIF2-α 

regardless of the presence of TMP or the PK4 inhibitor.  

DISCUSSION 

We present in this work the first characterization of PfGRP170 in the asexual life 

cycle of P. falciparum. We have generated conditional mutants that allow us to probe 

the role of this protein using the DDD conditional auto-inhibition system32,33,35-38. 

Additionally, taking advantage of the GFP fused to PfGRP170, we were able to isolate 

an exceptionally rare clonal population using flow cytometry (Figure 4.1C-F). This 

technique achieved what a traditional limiting dilution method could not. Moreover, this 

type of flow sorting can be implemented not only for rare events but also to significantly 

cut down the time from transfection to a clonal cell population.  
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We demonstrate here that PfGRP170 is an ER resident protein that is essential 

for asexual growth in P. falciparum (Figure 4.1G and Figure 4.2A). Loss of PfGRP170 

function leads to a growth arrest of parasites late in development and their subsequent 

death (Figure 4.2D and E). In yeast and mammals, GRP170 functions in a complex with 

the ER chaperone BiP, serving as the nucleotide exchange factor to regulate BiP 

activity26,27. Unlike Plasmodium falciparum, Yeast null for GRP170 are viable due to the 

upregulation of Sil1, another nucleotide exchange factor, that usually plays a role in the 

IRE1 stress response pathway56. The Plasmodium genome does not encode Sil1 and 

IRE1, which aligns with the observed essentiality of PfGRP170 during the blood stages. 

Additionally, research in mammalian systems suggests that GRP170 also has BiP-

independent functions, such as binding unfolded substrates28. Our data show, via 

immunoprecipitation, mass spectroscopy, and proximity ligation assays (Figure 4.4 and 

Figure 4.5), that PfGRP170 interacts with BiP in P. falciparum suggesting that it 

regulates BiP function. Further, overexpression of PfBiP was unable to rescue loss of 

PfGRP170 function and the conditional inhibition of PfGRP170 does not reduce its 

interaction with PfBiP (Figure 4.5A and 4.5G). These data suggest that a PfBiP 

independent function of PfGRP170 is essential for parasite survival. 

Previously it was shown that apicoplast transit peptides are predicted to bind the 

ER chaperone BiP, and when these predicted binding sites were mutated, targeting to 

the apicoplast was disrupted57. Moreover, an Hsp70 inhibitor with an antimalarial activity 

was shown to inhibit apicoplast targeting58,59. These data, combined with the predicted 

transit peptide of PfGRP170, led us to investigate the role of this chaperone in 

apicoplast trafficking (Figure 4.3A). Interestingly, when the putative transit peptide was 
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tagged with a GFP reporter and without an ER retention signal, the fusion protein was 

retained in the ER (Figure 4.3B). It was previously reported that proteins with a signal 

peptide and no ER retention signal are secreted to the parasitophorous vacuole60-63. 

However, it was also shown that some proteins with a signal peptide and GFP (lacking 

an ER retention or trafficking signals) remain in the parasite ER61. Regardless, this 

reporter was not sent to the apicoplast indicating that it is not a functional apicoplast 

transit peptide (Figure 4.3B). A manuscript published in 2012 demonstrated that 

appending the first 137 amino acids of PfGRP170 to a GFP reporter (without a retention 

signal) resulted in this chimeric protein localizing partially to the apicoplast and to the 

parasitophorous vacuole64. Our chimeric protein includes the first 150 amino acids of 

PfGRP170 which may account for some of the differences in the two studies. In 

addition, PfGRP170 auto-inhibition did not lead to any defects in trafficking to the 

apicoplast, nor could it be rescued with the essential apicoplast metabolite IPP (Figure 

4.3C-D). This suggests that the primary function of PfGRP170 is not related to the 

apicoplast.  

Protein trafficking to the host RBC originates in the parasite ER and is essential 

for parasite viability, and therefore could potentially account for the observed death 

phenotype during conditional inhibition of PfGRP17011,12. PfGRP170 was shown to 

associate with exported proteins in another study that identified proteins that bind to the 

antigenic variant surface protein, PfEMP165. However, our data show that there is no 

significant difference in the trafficking of some exported proteins upon conditional 

inhibition of PfGRP170, suggesting that protein export is not blocked (Supplemental 

Figure 4.6).  
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ER chaperones are known in other eukaryotes to be vital to managing cellular 

stress17,21. However, several ER localized stress response pathways present in other 

eukaryotes are absent in P. falciparum and few molecular players in the parasite ER 

stress response pathway are known. Our data demonstrate that PfGRP170 is important 

for coping with a specific form of cellular stress, namely heat shock (Figure 4.2F). This 

finding highlights a potential critical role for PfGRP170 in vivo, as high febrile episodes 

are one of the main symptoms of clinical malaria and are considered a defense 

mechanism against parasites. GRP170 in mammalian systems has been shown to bind 

to the transmembrane proteins in the ER that are involved in the unfolded protein 

response (UPR), suggesting it may regulate these pathways66,67. The Plasmodium 

genome does not encode many of the UPR orthologues, but a single ER stress pathway 

(PK4 signaling) has been previously described and was shown to be activated following 

artemisinin treatment10,16. Here, we demonstrate that loss of PfGRP170 function results 

in the activation of PK4 stress pathway (Figure 4.6), providing the first link between an 

endogenous ER resident protein and the activation of the PK4 pathway in P. falciparum.  

Our data suggest that unlike its homologs in other eukaryotes, the essential 

function of PfGRP170 is not entirely linked to its role in regulating BiP, since PfGRP170 

binds to BiP upon removal of TMP and overexpression of PfBiP does not rescue the 

growth defect seen in the conditional mutants of PfGRP170 (Figure 4.5A and Figure 

4.5G). Two separate IP/mass spectroscopy approaches generated a list of 11 high-

confidence interacting partners of PfGRP170 (Figure 4.4B). Seven of the proteins 

(including PfBiP) have a peak expression pattern around the time PfGRP170-GFP-DDD 

parasites begin to die (Figure 4.2E and Figure 4.4C). SERA5 and SERA6 have been 
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shown to be required for egress from the RBC, which would be after the PfGRP170-

GFP-DDD parasites die68-70. RON3 has been shown to been suggested to be a protein 

important for RBC invasion, which implies this protein interaction is also not why 

PfGRP170-GFP-DDD parasites are dying71. CLAG9, another identified protein, has 

been proposed to play a role in cytoadherence to CD36 and remodeling the host RBC 

after invasion by a merozoite72,73. PDI-11 was predicted to be non-essential in a 

piggyBac mutagenesis conducted in Plasmodium74. The remaining protein was 

parasite-infected erythrocyte surface protein 1 (PIESP1) (Figure 4.4B). This protein was 

published in the literature as an exported protein75. However, the last four amino acids 

of this protein are TDEL, which could potentially serve as an ER retention signal. These 

last four amino acids were left off of the GFP fusion protein that was expressed in the 

parasite as the authors predicted this protein was a transmembrane protein and thus 

leaving off these amino acids would have no effect on protein localization75. Further 

studies will be needed to determine its precise subcellular localization and its role if any 

with PfGRP170. Our data suggest that given the divergence between mammalian and 

parasite GRP170 and their divergent biological roles, PfGRP170 could be a viable 

antimalarial drug target. 
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METHODS 

Primers and Plasmid construction 

All primer sequences used in this study can be found in Table 4.5. 

Generation of pGDB-SDEL plasmid was done using the QuikChange II Site-Directed 

Mutagenesis Kit (Agilent Technologies) on the pGDB plasmid with primers P1 and P2 

per the manufacturer’s protocol36.  

Genomic DNA was isolated using the QIAamp DNA blood kit (Qiagen). gDNA 

used in this study was isolated from either 3D7 or Plasmepsin I knockout parasites 

(PM1KO)36. The pPfGRP170-GFP-DDD plasmid used to generate the PfGRP170-GFP-

DDD mutants was made by amplifying via PCR an approximately 1-kb region 

homologous to the 3’end of the PfGRP170 gene (stop codon not included) using 

primers P3 and P4. The amplified product was inserted into pGDB-SDEL plasmid using 

restriction sites Xho1 and AvrII (New England Biolabs) and transformed into bacteria. 

The construct was sequenced prior to transfection.  

The pGRP170-HA-BirA-KDEL plasmid was prepared by amplifying PfGRP170 

(without the stop codon) from 3D7 gDNA using primers P5 and P6 and 3xHA-BirA from 

the pTYEOE-3XHA-BirA plasmid (From D. Goldberg) using primers P7 and P8. Both 
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PCR products generated included homologous regions used for Sequence and Ligation 

Independent Cloning (SLIC)76 .The primers to amplify the 3xHA-BirA included the 

sequence of an ER retention signal (KDEL). These PCR products were fused together 

using PCR sewing as described previously and subsequently PCR amplified using 

primers P5 and P835. The resulting product was then inserted into pCEN-DHFR77 that 

was digested with Nhe1 and BglII (New England Biolabs) using SLIC and transformed 

into bacteria as described previously32,35.   

The pPfGRP170TP-GFP plasmid was prepared by amplifying the first 450 bp 

(includes the signal peptide and putative transit peptide sequence) of PfGRP170 from 

PM1 gDNA using primers P5 and P9. The GFP sequence used was amplified from 

pGDB using primers P10 and P11. The PfGRP170 transit peptide PCR was digested 

with Nhe1 and AatII (New England Biolabs) and the GFP PCR was digested with AatII 

and BglII (New England Biolabs). The two fragments were then ligated together (via the 

AatII digest site) using a T4 ligase (kit from New England Biolabs) and subsequently 

PCR amplified using primers P5 and P11. The resulting product was then digested with 

Nhe1 and BglII and inserted into pCEN-DHFR77 that was digested with Nhe1 and BglII 

(New England Biolabs) using a T4 ligase and transformed into bacteria as described 

previously32,35.  

The pPfBiP-Ty1overexpression plasmid was prepared first by generating cDNA 

using the SuperScript III reverse transcriptase kit (Invitrogen) using primer P14. PfBiP 

was then amplified from the cDNA using primers P14 and P15. The resultant PCR 

product included PfBiP, a single Ty1 tag, and an ER retention signal (KDEL). The pCEN 

vector was modified to contain the DHOD resistance gene instead of the DHFR for 
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parasite selection. The PfBiP-Ty1-KDEL-KDEL PCR was cloned into the pCEN-DHOD 

vector cut with Nhe1 and BglII (New England Biolabs) using the IN-Fusion HD EcoDry 

Cloning Kit (Clontech).  

Cell Culture, transfections, and isolation of clonal cell lines 

Parasites were grown in RPMI 1640 media supplemented with Albumax 1 

(Gibco) and transfected as described previously31-33,35,36.  

To generate PfGRP170-GFP-DDD mutants, PM1KO parasites were transfected 

with the pPfGRP170-GFP-DDD plasmid in duplicate. PM1KO parasites contain the 

human dihydrofolate reductase (hDHFR) expression cassette which gives the parasites 

resistance to Trimethoprim (TMP)36. Drug selection and cycling were performed as 

described previously using 10μM TMP (Sigma) and 2.5μg/ml Blasticidin (Sigma)32,33,36. 

Following drug cycling, GFP positive cells were enriched using an S3 Cell Sorter 

(BioRad). Individual GFP positive cells from a single transfection were cloned into 96 

well plates using a MoFlo XDP flow cytometer. After the EC50 of TMP was determined 

for clones 1B2 and 1B11, parasites were shifted into media containing 2.5μg/ml BSD 

and 20μM TMP to facilitate optimal growth.  

The PfGRP170-BirA and PfGRP170TP-GFP parasites were generated by 

transfecting 3D7 parasites with plasmids pGRP170-HA-BirA-KDEL or pPfGRP170TP-

GFP, respectively. Parasites expressing these episomal constructs were selected using 

2.5nM WR99210.  

To generate the PfGRP170-GFP-DDD parasites episomally expressing PfBiP-

Ty1-KDEL-KDEL, PfGRP170-GFP-DDD clones 1B2 and 1B11 were each transfected 
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with pPfBiP-Ty1-KDEL. Parasites expressing this episomal construct were selected 

using 250nM of DSM178.  

Integration tests for PfGRP170-GFP-DDD mutants 

Genomic DNA was isolated from parasites using the QIAamp DNA blood kit 

(Qiagen). Control primers to amplify the genome were P4 and P12 and primers used to 

amplify integrated DNA were P12 and P13.  

Southern blot analysis was performed on DNA isolated from PfGRP170-GFP-

DDD parasites (1B2 and 1B11) as described previously32,35. The assay was also 

performed on PM1KO parental DNA and the pGRP170-DDD plasmid as a control. DNA 

was isolated from parasites using the QIAamp DNA blood kit (Qiagen). 10μg of 

precipitated PM1KO DNA, 1B2, and 1B11 DNA and 10ng of pGRP170-DDD plasmid 

was digested overnight with Mfe1 (New England Biolabs). The biotinylated probe used 

was generated by PCR using biotinylated-16-UTP (Sigma) and primers P3 and P4. The 

biotinylated probe on the southern blot was detected using IRDye 800CW streptavidin-

conjugated dye (LICOR Biosciences) and imaged using the Odyssey infrared imaging 

system (LICOR Biosciences).  

Growth assays using flow cytometry 

TMP was removed from asynchronous PfGRP170-GFP-DDD cultures for growth 

assays by washing the culture in equal volume of complete RPMI three times. The 

culture was then resuspended in complete RMPI media containing either 2.5μg/ml 

Blasticidin (Sigma) for conditional inhibition (Sigma) or 2.5μg/ml Blasticidin (Sigma) and 

20μM TMP (Sigma) for the control. Parasitemia was monitored using a flow cytometer, 

either a CyAn ADP (Beckman Coulter) or CytoFLEX (Beckman Coulter) instrument, 
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using either 1.5μg/ml acridine orange (Molecular Probes) as described previously35 or 

similarly using 8μM Hoechst in filtered 1X phosphate-buffered saline (PBS).  Flow 

cytometry data were analyzed using FlowJo software (Treestar Inc.). If the parasitemia 

was too high, parasites were subcultured during the experiment and the relative 

parasitemia was then calculated by multiplying the calculated parasitemia by the dilution 

factor. Parasitemia was normalized by using the highest parasitemia as one hundred 

percent. Using Prism software (GraphPad Software Inc), the parasitemia data were fit to 

an exponential growth curve equation.  

To determine the EC50 of TMP for PfGRP170-GFP-DDD cell lines, parasites 

were washed as described above and seeded into a 96 well plate with 2.5μg/ml 

Blasticidin and varying TMP concentrations. Parasitemia was measured after 48 hours 

using flow cytometry as described above. The parasitemia data were fit to a dose-

response equation using Prism.  

For the IPP rescue experiment, asynchronous PfGRP170-GFP-DDD parasites 

were washed as described above and resuspended in media either with 2.5μg/ml 

Blasticidin or 2.5μg/ml Blasticidin and 20μM TMP with or without 200μM Isopentenyl 

pyrophosphate (Isoprenoids LC). Parasitemia were monitored using flow cytometry as 

described above and the data were fit to an exponential growth curve equation using 

Prism.  

For the heat shock experiment, asynchronous PfGRP170-GFP-DDD parasites 

were washed as described above and resuspended in media either with 2.5μg/ml 

Blasticidin or 2.5μg/ml Blasticidin and 20μM TMP. Parasites were then incubated at 

either 37°C or 40°C for 6 hours. After 6 hours, 20μM TMP was added to cultures that 
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were incubated without it and all parasites were shifted back to 37ºC. Parasitemia was 

monitored using flow cytometry as described above and the data were fit to an 

exponential growth curve equation (GraphPad Software Inc).  

For growth assays done with PfGRP170-GFP-DDD-GFP cell lines 

overexpressing PfBiP, asynchronous parasites were washed as described above and 

resuspended in media either with 2.5μg/ml Blasticidin and 250nM of DSM1 or 2.5μg/ml 

Blasticidin, 250nM of DSM1, and 20μM TMP. Parasitemia were monitored using flow 

cytometry as described above and the data were fit to an exponential growth curve 

equation using Prism.  

Synchronized growth assay 

PfGRP170-GFP-DDD Parasites were synchronized as described previously by 

sorbitol (VWR), followed by percoll (Genesee Scientific) the next day and then sorbitol 

four hours later to obtain 0-4 hour rings32,36.  Parasites were washed as described 

above to remove TMP from the media and incubated in media either with 2.5μg/ml 

Blasticidin or 2.5μg/ml Blasticidin and 20μM TMP. Thin blood smears using the Hema 3 

Staining Kit (PROTOCOL/Fisher) were prepared every few hours to monitor parasite 

growth and morphology. Slides were imaged using a Nikon Eclipse E400 microscope 

with a Nikon DS-L1-5M imaging camera.  

Western blot 

Western blotting was performed as described previously32. Parasite pellets were 

isolated using cold 0.04% Saponin (Sigma) in 1X PBS for 10 minutes as described 

previously32,36. Antibodies used for this study were: mouse anti-GFP JL-8 (Clontech, 

1:3000), rabbit anti-PfEF1α (from D. Goldberg, 1:2,000), mouse anti-plasmepsin V (from 
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D. Goldberg, 1:400), rabbit anti-PfBiP MRA-1246 (BEI resources, 1:500), rabbit anti-

GFP A-6455 (Invitrogen, 1:2,000), mouse anti-eIF2α L57A5 (Cell Signaling, 1:1,000), 

rabbit anti- Phospho-eIF2α 119A11 (Cell Signaling, 1:1,000), rat anti-HA (Roche 3F10, 

1:3000), mouse anti-Ty1 (Sigma Clone BB2, 1:1000), and mouse anti-Ub P4D1 (Santa 

Cruz Biotechnology, 1:1,000). Secondary antibodies used were IRDye 680CW goat 

anti-rabbit IgG and IRDye 800CW goat anti-mouse IgG (LICOR Biosciences, 1:20,000). 

The western blots were imaged using the Odyssey infrared imaging system. 

Polyacrylamide gels used in this study were either prepared using 10% EZ-Run protein 

gel solution (Fisher) or precast gradient gels (4-20%, from Biorad).  

PK4 Inhibitor Experiments 

Synchronized ring stage PfGRP170-GFP-DDD parasites were incubated in 

media with either 2.5μg/ml Blasticidin or 2.5μg/ml Blasticidin and 20μM TMP in the 

presence or absence of a PK4 inhibitor GSK2606414 (Millipore Sigma) at 2μM for 24 

hours. After 24 hours, the parasites were lysed for western blot analysis using 0.04% 

saponin in 1X PBS as described above. PM1 (parental control parasites) were 

incubated in media with either complete RPM1 (no drug) or media containing 20μM 

TMP in the presence or absence of PK4 inhibitor GSK2606414 (Millipore Sigma) at 2μM 

for 24 hours. After 24 hours, the parasites were lysed for western blot analysis using 

0.04% saponin in 1X PBS as described above 

Live Fluorescence Microscopy  

To visualize PfGRP170-GFP-DDD live parasites, 100μL of parasite culture was 

pelleted. The supernatant was removed, and the parasites were resuspended in 100μL 

medium with 2.5μg/ml Blasticidin and 20μM TMP and 5μM Hoechst. The parasites were 
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incubated at 37°C for 20 minutes. The parasites were then pelleted again and 90% of 

the medium was removed. Parasites were resuspended in the remaining medium and 

8μL of this culture was placed on a glass slide and covered with a coverslip. The edges 

were sealed with nail polish and the cells were imaged using a DeltaVision II 

Microscope.  

Immunofluorescence trafficking assays and imaging processing 

Immunofluorescence assays (IFA) were performed as described previously using 

a combination of 4% Paraformaldehyde and 0.015% glutaraldehyde for fixation and 

permeabilization using 0.1% Triton-X10032,35 or by smearing cells on a slide and fixing 

them with acetone. For apicoplast and red blood cell trafficking assays, cells were 

synchronized and TMP was removed as described above. Cells were then fixed as 

described above, 24 hours after the removal of TMP.  

Primary antibodies used for IFAs in this study were: rabbit anti-GFP A-6455 

(Invitrogen, 1:200), rat anti-PfBiP MRA-1247 (BEI resources, 1:125), rabbit anti-PfBiP 

MRA-1246 (BEI resources (1:100), mouse anti-plasmepsin V (From D. Goldberg, 1:1), 

mouse anti-GFP clones 7.1 and 13.1 (Roche 11814460001, 1:500), rabbit anti-Cpn60 

(From. B. Striepen, 1:1,000), rabbit anti-PfERD2 (MR4, 1:2,000), rabbit anti-HA 9110 

(Abcam, 1:200), rabbit anti-PfMAHRP1C (From. Hans-Peter Beck, 1:500), mouse anti-

PfFIKK4.2 (From David Cavanagh/EMRR, 1:1,000), mouse anti-Ty1 (Sigma Clone BB2, 

1:200), and rabbit anti-PfHSP70X (From Jude Przyborski, 1:500). Secondary antibodies 

used in this study are Alexa Fluor goat anti-rabbit 488, Alexa Fluor goat anti-rabbit 546, 

Alexa Fluor goat anti-mouse 488, Alexa Fluor goat anti-mouse 546, and Alexa Fluor 
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goat anti-rat 546 (Life Technologies, 1:100). The mouse anti-PfFIKK4.2, rabbit anti-

PfHSP70X, and anti-PfMAHRP1C require acetone fixation.  

All fixed cells were mounted using ProLong Diamond with DAPI (Invitrogen) and 

imaged using the DeltaVision II microscope system or Zeiss ELYRA S1 (SR-SIM) Super 

Resolution Microscope using a 100X objective. Images taken using the DeltaVision II 

were collected as a Z-stack and were deconvolved using the DeltaVision II software 

(SoftWorx). The deconvolved Z-stacks were then displayed as a maximum intensity 

projection using SoftWorx. Images taken using the Super Resolution Microscope were 

taken as a Z-stack. The Z-stacks were analyzed using Zen Software (Zeiss, version 

from 2011) for SIM processing and obtaining the maximum intensity projection. Any 

adjustments made to the brightness and/or contrast of the images were made using 

either Softworx, Zen Software, or Adobe Photoshop and were done for display purposes 

only. Any quantification performed for microscopy images was done using ImageJ 

software as described previously35. The quantification data were analyzed using Prism 

(GraphPad Software, Inc.).  

Co-immunoprecipitation assays and Mass Spectroscopy  

Parasites pellets were isolated from 48 mL of asynchronous culture at high 

parasitemia (10% or higher) using cold 0.04% saponin in 1X PBS as described above. 

Parasite pellets were lysed by resuspending the pellet in 150μL of Extraction Buffer 

(40mM Tris HCL pH 7.6, 150mM KCL, and 1mM EDTA) with 0.5% NP-40 (VWR) and 

1X HALT protease inhibitor (Thermo). The resuspended parasites were then incubated 

on ice for 15 minutes and then sonicated three times (10% amplitude, 5 second pulses). 

In between each sonication, the lysate was placed on ice for 1 minute. The lysate was 
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then centrifuged at 21,100g for 15 minutes at 4ºC. The supernatant was collected in a 

fresh tube and placed on ice. The remaining pellet was subjected to a second lysis step 

using 150μL of Extraction buffer as above without NP-40. The lysate was sonicated and 

centrifuged as above (no 15-minute incubation on ice). The supernatant was collected 

and combined with the lysate from the first lysis step (INPUT sample). 20μL of the input 

sample was collected into a fresh tube and stored in the -80ºC. The remaining input 

sample was combined with 2μL of rabbit anti-GFP monoclonal G10362 (Thermo) and 

incubated rocking for two hours at 4°C.  

After the two-hour incubation, the lysate with antibody was added to 50μL of 

prepared protein G Dynabeads (Invitrogen). Dynabeads were prepared by washing 

50μL of beads three times with 100μL of IgG binding buffer (20mM Tris HCL pH 7.6, 

150mM KCL, 1mM EDTA, and 0.1% NP-40). The IgG binding buffer was removed from 

the beads each time using a magnetic rack (Life technologies). The beads, antibody, 

and lysate were incubated rocking for two hours at 4°C. After the two-hour incubation, 

the unbound fraction of protein was collected using the magnetic rack into a fresh tube 

and stored at -80°C until needed for western blot analysis. The beads were then 

washed two times in 300μL of IgG binding buffer with 1X HALT and one time in IgG 

binding buffer with 1X HALT without NP-40. Each wash was done for 10 minutes 

rocking at 4°C.  

For Co-IP’s to show PfGRP170-GFP-DDD/BiP interaction 0-4 hour ring stage 

parasites were obtained and TMP was removed as described under the synchronized 

growth assay section. Parasites were lysed and an anti-GFP IP was performed as 

described above, approximately 24 hours after the removal of TMP. Protein was eluted 
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off the beads for western blot using 1X Protein Loading Dye (LICOR) with 2.5% beta-

Mercaptoethanol (Fisher) and boiled for 5 minutes. This was followed by a 

centrifugation at 16,200 g for 5 minutes. The eluted proteins are collected by placing the 

tube on a magnetic rack. The isolated proteins on magnetic beads were digested with 

trypsin and analyzed at the Emory University Integrated Proteomics Core using a 

Fusion Orbitrap Mass Spectrometer.   

PfGRP170-BirA biotinylation and mass spectrometry 

To confirm that proteins were biotinylated when biotin was added to the 

PfGRP170-BirA parasites, parasites were incubated 24 hours in media containing 

2.5nM WR + 150μg of biotin (Sigma). Parasites were isolated using 0.04% saponin in 

1X PBS and the lysates were analyzed via western blot as described above. Secondary 

antibodies used were IRDye 680CW goat anti-rabbit IgG and IRDye 800CW 

Streptavidin (LICOR). 3D7 parasites incubated with media containing 150μg of biotin for 

24 hours was used as a control.  

For PfGRP170-HA-BirA streptavidin IP’s, cultures were incubated for 24 hours in 

media containing 2.5nM WR + 150μg of biotin (Sigma). 48 mL of asynchronous culture 

at high parasitemia (10% or higher) were harvested for IP as described above with the 

following modifications. Streptavidin MagneSphere Paramagnetic Particle beads 

(Promega) were used to isolated biotinylated proteins. To prepare the Streptavidin 

beads for IP, beads were washed three times in 1 mL of 1X PBS. Incubations of lysate 

with the magnetic beads were performed at room temperature for 30 minutes. After the 

unbound fraction was removed, beads were washed twice in 8M Urea (150mM NaCL, 

50mM Tris HCL pH 7.4) and once in 1X PBS. The biotinylated proteins on magnetic 
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beads were digested with trypsin and analyzed at the Emory University Integrated 

Proteomics Core using a Fusion Orbitrap Mass Spectrometer.  3D7 control streptavidin 

IP’s were conducted as above but without the addition of 2.5nM WR to the media.  

Proximity Ligation Assays  

Asynchronous PfGRP170-GFP-DDD parasites were fixed as described above, 

approximately 24 hours after the removal of TMP. The proximity ligation assay was 

performed using the Duolink PLA Fluorescence kit (Sigma) per the manufacturers 

protocol. For the BiP/PfGRP170 PLA assay, primary antibodies mouse anti-GFP 

(Roche 11814460001, 1:500) and rabbit anti-BiP MRA-1246 (BEI resources (1:100) 

were used. For the negative control primary antibodies mouse anti-plasmepsin V (From 

D. Goldberg, 1:1) and rabbit anti-GFP A-6455 (Invitrogen, 1:200) were used.  

Ring Stage Survival Assay  

The ring-stage survival assay method was performed on 3D7 (control) and 

PfGRP170-BirA parasites as described previously, with a slight adjustment79. Cultures 

were synchronized using 5% sorbitol (Sigma-Aldrich, St. Louis, MO, USA), pre-warmed 

to 37°C, to obtain the highest proportion of rings, >50%.  The cultures were placed back 

under previously described conditions for 24 hours and followed-up the next morning.  

Thin blood smears were methanol fixed and stained with 10% Giemsa for 15 minutes 

and evaluated for mature schizonts with visible nuclei (10-12). The parasites were 

independently suspended in PRMI-1640 supplemented with 15U/ml of sodium heparin 

(Sigma-Aldrich, St. Louis, MO, USA) to disrupt spontaneous rosettes formation for 15 

minutes at 37 °C.  After incubation, each parasite culture was layered onto a 75/25% 

percoll (GE Healthcare Life Sciences, Pittsburgh, PA, USA) gradient, and centrifuged at 
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3000rpm for 15 minutes. The intermediate phases containing the mature schizonts of 

each culture, were independently collected, gently washed in RPMI and transferred into 

two new T25 flasks with fresh cRPMI and erythrocytes for 3-hour incubation at 

previously described conditions.  Thin blood smears were prepared as previously 

described, to ensure >10% schizonts count.  

At the 3-hour mark, the parasites were taken-out of incubation and treated with 

5% sorbitol to remove the remaining mature schizonts, which had not invaded 

erythrocytes yet.  Parasitemia was adjusted to 1% at 2% hematocrit by adding 

uninfected erythrocytes and cPRMI, after the evaluation of quick stained Giemsa 

smears.  The parasites were exposed to 700nM DHA or 1% dimethyl sulfoxide (DMSO) 

for 6 hours. After the 6-hour incubation period, the parasites were washed to remove 

the drug or DMSO and re-suspended in 1ml of cRPMI. The parasites were then 

transferred into two new well in the 48-well culture plate, incubated at 37 °C under a 

90 % N2, 5 % CO2, and 5 % O2 gas mixture for 66 hours, after which thin blood smears 

were prepared, methanol fixed, stained with 10% Giemsa for 15 minutes and read by 

three operators.  Growth rate and percent survival was calculated by counting the 

number of parasitized cells in an estimated 2000 erythrocytes. 
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Table 4.1:  The gene ID, gene product, and unique peptides found in the PM1 anti-GFP 

IP/mass spectroscopy experiments. Data is shown only for proteins found in both 

replicates. The data has been filtered to remove proteins that do not contain a signal 

peptide or transmembrane domain.  

 

Gene ID Gene Product Unique Peptides 
(replicate 1, replicate 2) 

PF3D7_0930300 Merozoite surface protein 
1 

31, 69 
 

PF3D7_0917900 Heat shock protein 70 23, 27 

PF3D7_0707300 Rhoptry-associated 
membrane antigen 

6, 7 

PF3D7_1344200 Heat shock protein 110, 
putative 

5, 3 

PF3D7_1410400  
 

Rhoptry-associated 
protein 1 

5, 7 

PF3D7_1364100 6-cysteine protein 2, 10 

PF3D7_0508000 6-cysteine protein 2, 3 

PF3D7_1335100 Merozoite surface protein 
7 

1, 10 
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Table 4.2: The gene ID, gene product, and unique peptides found for proteins identified 

in anti-GFP IP/Mass spectroscopy experiments for B2 and B11. Data is shown only for 

proteins found in both the B2 and B11 IP/mass spectroscopy experiments. The data has 

been filtered to remove proteins that do not contain a signal peptide or transmembrane 

domain. 

Gene ID Gene Product 
Unique Peptides  

(B2, B11) 

PF3D7_1344200 
Heat shock protein 110, 

putative 132, 141 

PF3D7_0917900 Heat shock protein 70 83, 80 

PF3D7_0505700 

Conserved Plasmodium 
membrane protein, unknown 

function 32, 31 

PF3D7_1222300 Endoplasmin, putative 31, 26 

PF3D7_0929400 
High molecular weight 

rhoptry protein 2 28, 20 

PF3D7_1252100 Rhoptry neck protein 3 22, 16 

PF3D7_0827900 Protein disulfide isomerase 21, 16 

PF3D7_1108700 Heat shock protein J2 14, 10 

PF3D7_0207600 Serine repeat antigen 5 14, 7 

PF3D7_0310400 
Parasite-infected erythrocyte 

surface protein 13, 12 

PF3D7_0905400 
High molecular weight 

rhoptry protein 3 11, 4 

PF3D7_0722200 
Rhoptry-associated leucine 

zipper-like protein 1 11, 15 

PF3D7_1116800 Heat shock protein 101 10, 14 

PF3D7_0935800 
Cytoadherence linked 

asexual protein 9 9, 8 

PF3D7_1462300 
GTP-binding protein, 

putative 9, 10 

PF3D7_0629200 Dnaj protein, putative 8, 3 

PF3D7_0501600 Rhoptry-associated protein 2 7, 5 

PF3D7_0716300 
Conserved Plasmodium 

protein, unknown function 6, 5 

PF3D7_1129100 
Parasitophorous vacuolar 

protein 1 5, 6 
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PF3D7_1134100 Protein disulfide isomerase 4, 3 

PF3D7_1352500 
Thioredoxin-related protein, 

putative 4, 4 
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Table 4.3: The gene ID, gene product, and number of unique peptides found using 

mass spectroscopy of 3D7 parasites incubated with biotin for 24 hours followed by IP 

with streptavidin coated magnetic beads. The data has been filtered to remove proteins 

that do not contain a signal peptide or transmembrane domain. 

Gene ID Gene product Unique Peptides 

PF3D7_0930300 Merozoite Surface Protein 1 56 

PF3D7_1420700 Surface Protein P113 19 

PF3D7_1364100 6-Cysteine Protein 14 

PF3D7_0917900 Heat Shock Protein 70 11 

PF3D7_1324900 L-Lactate Dehydrogenase 10 

PF3D7_1222300 Endoplasmin, Putative 9 

PF3D7_1121600 Exported Protein 1 8 

PF3D7_1335100 Merozoite Surface Protein 7 8 

PF3D7_1228600 Merozoite Surface Protein 9 8 

PF3D7_0831400 
Plasmodium Exported Protein, 

Unknown Function 7 

PF3D7_1410400 Rhoptry-Associated Protein 1 7 

PF3D7_1149400 
Plasmodium Exported Protein, 

Unknown Function 6 

PF3D7_1033200 
Early Transcribed Membrane Protein 

10.2 6 

PF3D7_0707300 
Rhoptry-Associated Membrane 

Antigen 5 

PF3D7_0929400 
High Molecular Weight Rhoptry 

Protein 2 5 

PF3D7_1104400 Thioredoxin, Putative 5 

PF3D7_1471100 Exported Protein 2 4 

PF3D7_0606800 VFT Protein 4 

PF3D7_1352500 
Thioredoxin-Related Protein, 

Putative 4 

PF3D7_0501600 Rhoptry-Associated Protein 2 4 

PF3D7_1108700 Heat Shock Protein J2 4 

PF3D7_1038000 Antigen UB05 3 

PF3D7_1117300 
Conserved Plasmodium Protein, 

Unknown Function 3 

PF3D7_0501200 
Parasite-Infected Erythrocyte 

Surface Protein 3 

PF3D7_1464600 
Serine/Threonine Protein 

Phosphatase UIS2, Putative 3 
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PF3D7_0725400 
Conserved Plasmodium Protein, 

Unknown Function 2 

PF3D7_0508000 6-cysteine protein 2 

PF3D7_0905400 
High Molecular Weight Rhoptry 

Protein 3 2 

PF3D7_1306200 
Conserved Plasmodium Protein, 

Unknown Function 2 

PF3D7_1401200 
Plasmodium Exported Protein, 

Unknown Function 2 

PF3D7_1456800 
V-Type H(+)-Translocating 
Pyrophosphatase, Putative 2 

PF3D7_1344200 Heat Shock Protein 110, Putative 2 

PF3D7_0913900 Arginine--Trna Ligase, Putative 1 

PF3D7_1330200 
Conserved Plasmodium Protein, 

Unknown Function 1 

PF3D7_1411400 Plastid Replication-Repair Enzyme 1 

PF3D7_0827900 Protein Disulfide Isomerase 1 
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Table 4.4: The gene ID, gene product, and number of unique peptides found using 

mass spectroscopy of PfGRP170-HA-BirA-KDEL parasites incubated with biotin for 24 

hours followed by IP with streptavidin coated magnetic beads. Data is shown only for 

proteins found in both replicates. The data has been filtered to remove proteins that do 

not contain a signal peptide or transmembrane domain. 

Gene ID Gene Product 

Unique Peptides 
(Replicate 1, 
Replicate 2) 

PF3D7_1344200 Heat Shock Protein 110, Putative 55, 53 

PF3D7_0917900 Heat Shock Protein 70 27, 30 

PF3D7_0505700 
Conserved Plasmodium Membrane 

Protein, Unknown Function 41, 39 

PF3D7_1436300 Translocon Component PTEX150 34, 30 

PF3D7_1462300 GTP-Binding Protein, Putative 26, 21 

PF3D7_1024800 Exported Protein 3 23, 15 

PF3D7_1252100 Rhoptry Neck Protein 3 23, 14 

PF3D7_1108600 
Endoplasmic Reticulum-Resident 

Calcium Binding Protein 18, 19 

PF3D7_0310400 
Parasite-Infected Erythrocyte 

Surface Protein 17, 13 

PF3D7_1035300 Glutamate-Rich Protein GLURP 16, 14 

PF3D7_1404900 
Conserved Plasmodium Protein, 

Unknown Function 11, 13 

PF3D7_0207600 Serine Repeat Antigen 5 11, 5 

PF3D7_1123500 
Conserved Plasmodium Protein, 

Unknown Function 10, 11 

PF3D7_0302500 
Cytoadherence Linked Asexual 

Protein 3.1 9, 5 

PF3D7_0935800 
Cytoadherence Linked Asexual 

Protein 9 8, 5 

PF3D7_1226900 Parasitophorous Vacuolar Protein 2 8, 7 

PF3D7_0918000 Glideosome-Associated Protein 50 6, 4 

PF3D7_0103900 
Parasite-Infected Erythrocyte 

Surface Protein 6, 6 

PF3D7_1134100 Protein Disulfide Isomerase 6, 3 

PF3D7_0314000 Hsp20-Like Chaperone, Putative 6, 3 

PF3D7_1129100 Parasitophorous Vacuolar Protein 1 5, 3 

PF3D7_1105600 Translocon Component PTEX88 5, 6 

PF3D7_1116800 Heat Shock Protein 101 4, 9 

PF3D7_1463900 
EF-Hand Calcium-Binding Domain-

Containing Protein, Putative 3, 2 
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PF3D7_1334800 Msp7-Like Protein 3, 2 

PF3D7_1135400 
Conserved Plasmodium Protein, 

Unknown Function 3, 3 

PF3D7_1323500 Plasmepsin V 3, 4 

PF3D7_0919100 Dnaj Protein, Putative 3, 3 

PF3D7_0207500 Serine Repeat Antigen 6 2,1 

PF3D7_1212000 
Glutathione Peroxidase-Like 

Thioredoxin Peroxidase 2,2 

PF3D7_0108700 Secreted Ookinete Protein, Putative 2,3 

PF3D7_0625400 
Conserved Plasmodium Protein, 

Unknown Function 2,1 

PF3D7_0406200 
Sexual Stage-Specific Protein 

Precursor 1,1 

PF3D7_0103200 Nucleoside Transporter 4 1,2 

PF3D7_0830400 
CRA Domain-Containing Protein, 

Putative 1,2 

PF3D7_1143200 Dnaj Protein, Putative 1,1 

PF3D7_0811600 
Conserved Plasmodium Protein, 

Unknown Function 1,1 

PF3D7_1201000 
Plasmodium Exported Protein 
(Phistb), Unknown Function 1,1 
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Table 4.5: Primers used in this study 

Primer Sequence 

P1 cataaatatattatataactcgacgcggccgtcaaagttcatcactagcgtaatctggaacatcgtatggg 

P2 cccatacgatgttccagattacgctagtgatgaactttgacggccgcgtcgagttatataatatatttatg 

P3 CACTATAGAACTCGAGGATAAAGTTCTTGTTGTTTATGAAGAACAAAAAG

ATGGAGCTGG 

P4 CTGCACCTGGCCTAGGTTGATCTGATGCTCCATCATTTTTATTTTGCTCA

TCGTTGG 

P5 AAAAACTCACGCTAGCATGAGACCTCGTTTTTTTTTGTTCCTACTTTTTAT

AATATATATATATAATAG 

P6 GACGTCGTACGGGTACCTAGGTTGATCTGATGCTCCATCATTTTTATTTT

GCTCATCGTTG 

P7 GGAGCATCAGATCAACCTAGGTACCCGTACGACGTCCCGGACTACGCT

GGCTATCCCTATG 

P8 GAACAATAATAGATCTttataattcatctttCTTCTCTGCGCTTCTCAGGGAGATTT

CTCCGCCCATCCAG 

P9 TCTTCTCCTTTACTGACGTCACCTCTTTTATGATCTACTACATAATCATAT

GAATAATAC 

P10 TAAAAGAGGTGACGTCAGTAAAGGAGAAGAATTATTTACTGGAGTTGTC

CCAATTCTTG 

P11 GAACAATAATAGATCTTTATTTGTATAGTTCATCCATGCCATGTGTAATCC

CAGCAGCTG 

P12 ATGAGACCTCGTTTTTTTTTGTTCCTACTTTTTATAATATATATATATAATA
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GTTTAAG 

P13 gtgcccattaacatcaccatctaattcaacaagaattggg 
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Figure 4.1: Generation of PfGRP170-GFP-DDD Parasites  

(A). Schematic detailing the putative domain boundaries of PfGRP170 

(PF3D7_1344200) based on the yeast homolog, Lhs1: Signal Peptide (SP), Nucleotide 

Binding Domain (NBD), Substrate Binding Domain (SBD), Extended C-terminus region 

(783-928), and an ER retention signal (KDEL).   

(B). Schematic diagram demonstrating the conditional inhibition of PfGRP170. 

Conditional inhibition of PfGRP170 is achieved by the removal of Trimethoprim (TMP), 

which results in the unfolding of the destabilization (DDD). The chaperone recognizes 

and binds the unfolded DDD and is inhibited from interacting with client proteins.  

(C). (Top) Schematic diagram of the PfGRP170 locus in the parental line (PM1KO) and 

the modified locus where PfGRP170 is endogenously tagged with GFP and DDD. 

Primers used for integration test and control PCR are indicated by arrows. The relative 

positions of Primer 1 (blue) and Primer 2 (Gray) on the PfGRP170 locus are shown. 

These two primers will amplify PfGRP170 in parental and transfected parasites. Primer 

3 (Red) recognizes the GFP sequence. Primers 1 and 3 were used to screen for proper 

integration into the PfGRP170 locus. (Bottom) PCR integration test and control PCRs 

on gDNA isolated from the PM1KO (parental), the original transfection of the 

pPfGRP170-GFP-DDD plasmid after three rounds of Blasticidin (BSD) drug selection 

(Transfection), the PfGRP170-GFP-DDD transfected parasite lines after two rounds of 

enrichment for GFP positive cells (S3 enrichment), and PfGRP170-GFP-DDD clones 

1B2 and 1B11 after MoFlo XDP flow sorting. The first 5 lanes are control PCRs using 

primers to amplify the PfGRP170 locus. The last 5 lanes are integration PCRs that only 

amplify if the GFP-DDD has been integrated into the genome. 
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(D). (Left) MoFlo XDP flow data demonstrating the percentage of GFP positive 

parasites in transfected PfGRP170-GFP-DDD parasites following three rounds of drug 

selection with Blasticidin (BSD) and two rounds of enrichment with an S3 cell sorter. 

Using the MoFlo, single GFP positive cells were cloned into a 96 well plate. Two clones, 

1B2 and 1B11, were isolated using this method. (Right) 1B2 and 1B11 parasites, were 

observed using live fluorescence microscopy. 

(E). Southern blot analysis of PfGRP170-GFP-DDD clones 1B2 and 1B11, PM1KO 

(parental control), and the PfGRP170-GDB plasmid is shown. Mfe1 restriction sites, the 

probe used to detect the DNA fragments, and the expected sizes are denoted in the 

schematic (Left). Expected sizes for PfGRP170-GFP-DDD clones (blue), parental DNA 

(red), and plasmid (gray) were observed (Right). Parental and plasmid bands were 

absent from the PfGRP170-GFP-DDD clonal cell lines. 

(F). Western blot analysis of protein lysates from PM1KO (parental) and PfGRP170-

GFP-DDD clonal cell lines 1B2 and 1B11 is shown. Lysates were probed with anti-GFP 

to visualize PfGRP170 and anti-PfEF1α as a loading control. 

(G). Asynchronous PfGRP170-GFP-DDD parasites were paraformaldehyde fixed and 

stained with anti-GFP, anti-PfGRP78 (BiP), and DAPI to visualize the nucleus. Images 

were taken as a Z-stack using super resolution microscopy and SIM processing was 

performed on the Z-stacks. Images are displayed as a maximum intensity projection. 

The scale bar is 2µm.  
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Figure 4.2: PfGRP170 is Essential and Required for Surviving a Heat Shock 

(A). Parasitemia of asynchronous PfGRP170-GFP-DDD clonal cell lines 1B2 and 1B11, 

in the presence or absence of 20μM TMP, was observed using flow cytometry over 4 

days. One hundred percent growth is defined as the highest parasitemia on the final day 

of the experiment.  Data was fit to an exponential growth curve equation. Each data 

point is representative of the mean of 3 replicates ± S.E.M.  

(B). Asynchronous PfGRP170-GFP-DDD clonal cell lines 1B2 and 1B11 were grown in 

a range of TMP concentrations for 48 hours. After 48 hours, parasitemia was observed 

using flow cytometry. One hundred percent growth is defined as the highest parasitemia 

on the final day of the experiment.   Data was fit to a dose-response equation.  Each 

data point is representative of the mean of 3 replicates ± S.E.M. 

(C). Western blot analysis of PfGRP170-GFP-DDD lysates at 0, 8, and 24 hours 

following the removal of TMP is shown. Lysates were probed with anti-GFP to visualize 

PfGRP170 and anti-PfEF1α as a loading control. 

(D). Flow cytometric analysis of asynchronous PfGRP170-GFP-DDD parasites, 

incubated with (Blue) and without TMP (Red), and stained with acridine orange. Data at 

0, 24, and 48 hours after the removal of TMP are shown.  

(E). TMP was removed from tightly synchronized PfGRP170-GFP-DDD ring stage 

parasites and their growth and development through the life cycle was monitored by 

Hema 3 stained thin blood smears. Representative images are shown from the parasite 

culture at the designated times. 

(F). PfGRP170-GFP-DDD clones 1B2 and 1B11 were incubated with and without TMP 

for 6 hours at either 37°C or 40°C. Following the incubation, TMP was added back to all 
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cultures and parasites were shifted back to 37°C. Parasitemia was then observed over 

96 hours via flow cytometry. Data was fit to an exponential growth curve equation. Each 

data point shows the mean of 3 replicates ± S.E.M.  

 

 

 

 

 

 



   
 

   
 

136 

 

Figure 4.3: Putative PfGRP170 apicoplast transit peptide localizes to the ER and 

conditional inhibition of PfGRP170 does not affect trafficking of apicoplast 

proteins. 

(A). Analysis of PfGRP170’s protein sequence using two apicoplast transit peptide 

prediction programs: Prediction of Apicoplast-Targeted Sequences (PATS) and 

PlasmoAP.  
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(B). PfGRP170’s putative apicoplast transit peptide was fused to GFP and transfected 

into 3D7 parasites. Parasites were fixed with acetone and stained with DAPI, anti-GFP 

(to label the PfGRP170 putative transit peptide) and either anti-PfPMV (ER), anti-

PfERD2 (Golgi), or anti-Cpn60 (Apicoplast) to determine subcellular localization. The 

images were taken with Delta Vision II, deconvolved, and are displayed as a maximum 

intensity projection. The scale bar is 5µm. 

(C). Synchronized ring stage PfGRP170 parasites were incubated for 24 hours with and 

without TMP. Following the incubation, the parasites were fixed with paraformaldehyde 

and stained with DAPI, anti-GFP (PfGRP170) and anti-Cpn60 (Apicoplast).  Images 

were taken as a Z-stack using super resolution microscopy and SIM processing was 

performed on the Z-stacks. Images are displayed as a maximum intensity projection. 

The scale bar is 2µm.  

(D). Asynchronous PfGRP170-GFP-DDD parasites were incubated with and without 

TMP and in the presence or absence of 200µM IPP. Parasitemia was monitored using 

flow cytometry for 144 hours.  One hundred percent growth is defined as the highest 

parasitemia on the final day of the experiment.  Data was fit to an exponential growth 

curve equation. Each data point is representative of the mean of 3 replicates ± S.E.M. 
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Figure 4.4: PfGRP170 interacting partners  

(A). Schematic diagram illustrating the two independent methods were taken to identify 

potential interacting partners of PfGRP170: anti-GFP Immunoprecipitation (IP) using 

lysates from PfGRP170-GFP-DDD parasites and streptavidin IP of PfGRP170-BirA 

parasites incubated with biotin for 24 hours followed by mass spectroscopy. The 

proteins identified from each IP were filtered to include only proteins that had a signal 
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peptide and/or transmembrane domain using PlasmoDB. Proteins found in the 

respective control IP’s (excluding PfBiP) were also removed from the analysis (data in 

Table 4.1 and 4.4).  

(B). A table including the 11 proteins common proteins identified using two independent 

mass spectroscopy approaches (See Figure 4A). The PlasmoDB gene ID, gene 

product, and number of unique peptides identified for each protein in each independent 

experiment are listed.  

(C). The relative transcript abundance of proteins, with peak expression around the time 

the PfGRP170-GFP-DDD parasites die, are plotted using genome-wide real-time 

transcript data previously published 46.   
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Figure 4.5: PfGRP170 Interacts with BiP 

(A) Synchronized ring stage PfGRP170-GFP-DDD parasites were incubated with and 

without TMP for 24 hours. Following this incubation, an anti-GFP IP was performed and 

input, IP, and unbound fractions were analyzed using a western blot. The blot was 

probed using anti-GFP and anti-BiP.  

(B). Western blot analysis of an anti-GFP IP performed on asynchronous PfGRP170-

GFP-DDD parasites. Input, IP, and unbound fractions are shown. The blot was probed 

using anti-GFP and anti-PfPMV. 

(C). In vivo interaction of PfGRP170 and BiP. PfGRP170-GFP-DDD parasites were 

paraformaldehyde fixed and stained with anti-GFP and anti-BiP. A Proximity Ligation 

Assay (PLA) was then performed. The scale bar is 5µm. A negative control using anti-

GFP and anti-PfPMV is shown in (D).  

(E). Asynchronous PfGRP170-GFP-DDD parasites overexpressing PfBiP-Ty1were 

paraformaldehyde fixed and stained with anti-GFP (PfGRP170), anti-Ty1 (PfBiP-Ty1-

KDEL), and DAPI to visualize the nucleus. The images were taken with Delta Vision II, 

deconvolved, and are displayed as a maximum intensity projection. The scale bar is 

5µm. 

(F). Western blot analysis of protein lysates from parental 1B2 and 1B11 parasites as 

well as 1B2 and 1B11 parasites overexpressing the PfBiP-Ty1fusion protein. Lysates 

were probed with anti-GFP to visualize PfGRP170 and anti-Ty1 to visualize PfBiP-Ty1-

KDEL.  

(G). Parasitemia of asynchronous PfGRP170-GFP-DDD parasites expressing PfBiP-

Ty1-KDEL, in the presence or absence of 20μM TMP, was observed using flow 



   
 

   
 

142 

cytometry over 3 days. One hundred percent growth is defined as the highest 

parasitemia on the final day of the experiment.  Data was fit to an exponential growth 

curve equation. Each data point is representative of the mean of 3 replicates ± S.E.M.  
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Figure 4.6: Loss of PfGRP170 function activates the PK4 stress pathway  

(A). Synchronized ring stage PfGRP170-GFP-DDD parasites were incubated with and 

without TMP for 24 hours. Protein was isolated from these samples and analyzed via 

western blot, probing for anti-eIF2α and anti-Phospho-eIF2α.  

(B). Synchronized ring stage PfGRP170-GFP-DDD parasites were incubated with and 

without TMP and in the presence and absence of 2μM PK4 inhibitor GSK2606414 for 

24 hours. Protein was isolated from these samples and analyzed via western blot by 
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probing for anti-eIF2a and anti-Phospho-eIF2α. An identical experiment using PM1 

(parental cell line) parasites was also conducted an is shown in Figure 6C.  
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Supplemental Figure 4.1: Sequence Alignment of Lhs1 and PfGRP170 

Sequence alignment of S. cerevisiae GRP170 (Lhs1) and PfGRP170. The alignment 

was performed using EMBOSS Needle which creates a global alignment of two 

sequences using the Needleman-Wunsch algorithm. The software used to do this is 

provided by the European Bioinformatics Institute, which is a part of the European 

Molecular Biology Laboratory (EMBL). Identical residues are indicated by a “I”, strongly 

similar residues are indicated by a “:”, and weakly similar residues are indicated by a “.”.  
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Organism % Identity % Similarity  

P. vivax 62.6 78.6 

P. malariae 65.5 81.7 

P. ovale 61.7 77.5 

P. berghei 59.6 77.5 

T. gondii 26.2 45.5 

S. cerevisiae 22.4 40.1 

H. sapiens 23.6 42.1 

 

Supplemental Figure 4.2: Sequence homology of PfGRP170 

Sequence identify and homology of P. falciparum GRP170 compared to GRP170 

homologs from other Plasmodium Species (P. vivax (PVX_083105), P. malariae 

(PmUG01_12020700), P. ovale (PocGH01_12018900), and P. berghei 

(PBANKA_1357200)), T. gondii GRP170 (TGGT1_226830), yeast GRP170 (S. 

cerevisiae), and human GRP170 (H. sapiens). Alignments to determine sequence 

identify and homology were performed using EMBOSS Needle which creates a global 

alignment of two sequences using the Needleman-Wunsch algorithm. The software to 

do this is provided by the European Bioinformatics Institute, which is a part of the 

European Molecular Biology Laboratory (EMBL).  

 



   
 

   
 

148 

 

Supplemental Figure 4.3: PfGRP170 is Expressed Throughout the Asexual Life 

Cycle 

TMP was removed from tightly synchronized ring stage PfGRP170-GFP-DDD parasites 

and protein was isolated throughout the asexual life cycle. Lysates were separated on a 

Western blot and probed with anti-GFP to visualize PfGRP170-GFP-DDD and anti-

PfEF1α as a loading control. 
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Supplemental Figure 4.4: Conditional mutants of PfGRP170 localize to the ER 

Synchronized PfGRP170-GFP-DDD ring stage parasites were incubated with and 

without TMP for 24 hours. Parasites were then fixed with paraformaldehyde and stained 

with either DAPI, anti-GFP, and anti-BiP (ER) (A) or DAPI, anti-GFP, and anti-ERD2 

(Golgi) (B). Images were taken as a Z-stack using super resolution microscopy and SIM 

processing was performed on the Z-stacks. Images are displayed as a maximum 

intensity projection. The scale bar is 2µm. 
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Supplemental Figure 4.5: PfGRP170-BirA localizes to the parasite ER and 

biotinylates proteins.  

(A). Western blot of 3D7 (parental) and PfGRP170-BirA expressing parasites probed 

with anti-HA and anti-EF1α.   

(B). Paraformaldehyde fixed PfGRP170-BirA parasites stained with anti-HA 

(PfGRP170-BirA), anti-PfPMV (ER), and DAPI. The images were taken with Delta 

Vision II, deconvolved and are displayed as a maximum intensity projection. The scale 

bar is 5µm.  

(C). A western blot analysis of 3D7 (parental) and PfGRP170-BirA parasites following a 

24-hour incubation with biotin is shown. A fluorophore-labeled streptavidin secondary 

antibody was used to visualize biotinylated proteins. A control with PfGRP170-BirA 

parasites incubated without biotin is also shown. Anti-EF1α is used as a loading control.  
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Supplemental Figure 4.6: PfGRP170 is not Required for Trafficking to the Host 

RBC.  

Tightly synchronized ring stage PfGRP170-GFP-DDD parasites were incubated with 

and without TMP for 24 hours. Following this incubation, parasites were fixed with 

acetone and stained with DAPI, anti-GFP (PfGRP170) and either anti-PfFIKK4.2 (A), 

anti-PfMAHRP1C (B), or anti-PfHSP70X (C). The images were taken with Delta Vision 

II, deconvolved, and are displayed as a maximum intensity projection. The scale bar is 

5µM. Mean Fluorescent Intensity (M.F.I) was calculated for the exported fraction 
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(PfFIKK4.2, PfMAHRP1C, and PfHSP70x) from individual cells. Data is from two 

independent experiments and is displayed as box-and-whiskers plots (whiskers 

represent the maximum and minimum M.F.I). The significance was calculated using an 

unpaired t test (NS= not significant).  
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Supplemental Figure 4.7: Overexpression of PfGRP170 does not Confer 

Artemisinin Resistance  

Tightly synchronized ring stage 3D7 and PfGRP170-BirA parasites were incubated with 

either 1% DMSO (Control) or Dihydroartemsinin (DHA) for 6 hours. After 6 hours the 

drug is removed by washing the culture with complete RPMI. Parasitemia was 

calculated using Giemsa stained thin blood smears at 0 hours (to calculate starting 

parasitemia) and 72 hours after either DMSO or DHA exposure. Four independent 

replicates of the experiment were completed for 3D7 and three for PfGRP170-BirA. The 

growth rate of the 3D7 and PfGRP170-BirA parasites, incubated only with DMSO, was 

calculated after 72 hours (A). The percent survival of parasites was calculated for 3D7 

and PfGRP170-BirA after DHA exposure was calculated after 72 hours (B).  
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CHAPTER 5 

Conclusions and Discussion 

This dissertation presents three separate manuscripts on research pertaining to human 

malaria. The first focuses on the field evaluation of a malaria molecular diagnostic, the 

second demonstrates the use of CRISPR/Cas9 gene editing tools for rapid generation 

of mutant parasites, and the third utilizes molecular genetics to study the role of an ER 

protein in the asexual growth of P. falciparum. These three manuscripts show the 

development and use of novel molecular tools to answer key questions in malaria 

research.  

 Chapter 2 of this thesis demonstrated that the molecular assay, malachite green 

loop-mediated isothermal amplification (MG-LAMP), is a valuable method for the 

diagnosis of malaria patients with P. falciparum and P. vivax. The study was completed 

in outpatient clinics in Roraima, Brazil, and our data validated that MG-LAMP is a 

feasible diagnostic to perform in a resource-limited field setting.  We also concluded that 

MG-LAMP is more sensitive in detecting low-density malaria infections in patients than 

standard light microscopy. Our data indicated that MG-LAMP was able to identify mixed 

species infections with P. falciparum and P. vivax that were missed during microscopic 

analysis. The ability to detect low-density and mixed infections is critical for both the 

elimination of malaria and the effective treatment of patients1,2. In addition, this study 

revealed several limitations of this diagnostic in a field setting. The DNA isolated from 

patients in Brazil was brought back to the Center for Disease Control (CDC) to undergo 
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an extremely sensitive malaria molecular test, Photo-induced Electron Transfer PCR 

(PET-PCR)3. The PET-PCR analysis revealed four positive samples and four mixed 

species infections that were missed by both microscopy and MG-LAMP. The missed 

infections that were revealed during PET-PCR were shown to have high Ct values (35 

to 39). The PET-PCR method published by Lucchi et al. showed that a Ct value of 35 

corresponds to approximately 16 parasites/μL3. The original MG-LAMP study completed 

by Lucchi et al. indicated that the range of detection was 1-8 parasites/μL4. However, 

this study was performed in a laboratory at the CDC not in a field setting. In addition, the 

WHO insists that new diagnostic tests have a sensitivity of 2 parasites/μL5. It is possible 

that the decreased sensitivity of MG-LAMP in the field could be improved by the 

development of more sensitive primers. Another limitation of the study was the use of 

DNA extraction kit, which decreases the adaptability of MG-LAMP in a field setting. The 

MG-LAMP study completed at CDC reported on the successful use of a boil and spin 

method using whole blood for DNA extraction4. This was not possible for this study as 

the DNA extracted needed to be stable for transport back to CDC for the PET-PCR 

reference test. In the future studies the specificity and sensitivity of MG-LAMP using the 

boil and spin method should be calculated in the field.  Lastly, the polymerase and 

LAMP buffers used for MG-LAMP require a cold chain. This is not ideal for use in 

resource-limited areas. There are two commercially available LAMP assays that do not 

require a cold chain (EIKEN LAMP and illumigene) but they also have limitations in 

regards to the amount of samples that can be assessed and sensitivity of the assay6. In 

conclusion, we have shown in Chapter 2 that MG-LAMP is a portable, user-friendly, 
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timesaving diagnostic that is more sensitive than microscopy as well as proposed new 

ways to improve the MG-LAMP assay.  

 The introduction of CRISPR/Cas9 in malaria significantly improved the efficiency 

and time required to edit the parasite genome. Chapter 3 focuses on the advancements 

of genetic tools to study P. falciparum and a specific protocol that our lab currently 

utilizes to generate HA-glmS mutants. The strategy that we have presented here can be 

adapted for use with other knockdown systems, the tagging of genes, gene knockouts, 

and insertion of point mutations. While the length of the homology regions our lab 

utilizes for homology directed repair is between 500-800 base pairs, in this study we 

evaluated the use of smaller homology regions (50, 75, and 100bp). This method was 

found to be unsuccessful but we have suggested in Chapter 3 ways to optimize the use 

of smaller homology arms such as the use of drug pressure to select for integrated 

parasites. The procedure to generate mutants in Chapter 3 utilizes a three-plasmid 

approach where the gRNA, Cas9, and repair template are on three separate plasmids. 

However, our lab and others have published using a two-plasmid approach where the 

gRNA and Cas9 are on a single plasmid and the repair template on a second7-11. 

Having Cas9 and the gRNA on a single plasmid is advantageous as both components 

are segregated into dividing cells together. In summary, CRISPR/Cas9 is an extremely 

effective tool to study P. falciparum biology in our field and we presented a 

comprehensive and adaptable protocol for conditional mutagenesis of malaria 

parasites7,10,12-15.  

  Chapter 4 of this thesis constitutes a study of an ER chaperone, PfGRP170, 

during asexual development of P. falciparum parasites. Conditional mutants for 
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PfGRP170, using the destabilization domain system, were generated using single 

homologous crossover7,16,17. The use of single homologous crossover, a technique used 

prior to the establishment of CRISPR/Cas9 in Plasmodium, yields very few integrated 

parasites after three rounds of drug selection. Taking advantage of the GFP reporter 

appended to PfGRP170, I created a flow sorting protocol to isolate rare fluorescent 

parasites, thus establishing a PfGRP170-GFP-DDD parasite line. Using these mutants 

we have shown that this protein localizes to the parasite ER and is essential for asexual 

growth of P. falciparum, specifically required for late stage development. Since ER 

chaperones have been shown to be involved in the trafficking of proteins, we originally 

hypothesized that PfGRP170 played a role in protein transport in Plasmodium. 

However, I detected no observable defects in protein trafficking to the apicoplast or the 

red blood cell during PfGRP170 knockdown. However, I have revealed that PfGRP170 

is linked to parasite stress response as a brief heat shock during knockdown decreases 

parasite viability. Additionally, I have concluded that PfGRP170 knockdown activates 

the ER stress response pathway, PK4, indicating that the ER is in distress without this 

essential chaperone18,19. Using several methods, including immunoprecipitation and 

proximity ligation assays, I have confirmed an interaction of PfGRP170 and PfBiP in P. 

falciparum. This suggests that these two proteins may work in a complex as they do in 

higher eukaryotes. Interestingly, knockdown of PfGRP170 does not inhibit this 

interaction with PfBiP and overexpression of BiP fails to rescue the PfGRP170 death 

phenotype. This leads us to believe that death observed during PfGRP170 knockdown 

is not entirely attributable to a loss of functional PfBiP.   
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In order to elucidate the molecular mechanism behind why parasites die without 

functional PfGRP170, we utilized two independent mass spectroscopy methods to 

generate a list of 11 candidate proteins to study further.  Using published 

transcriptomics data to only look at proteins expressed late in the life cycle when the 

PfGRP170-GFP-DDD mutants die, essentiality data generated using a recent piggyBac 

screen in P. falciparum, and elimination of proteins with known functions in egress and 

invasion we further narrowed down this list to one candidate protein: parasite-infected 

erythrocyte surface protein 1 (PIESP). PIESP, using the published piggyBac screen20, is 

predicted to be essential in the asexual stages of P. falciparum. It has been suggested 

that PIESP is exported to the RBC through the overexpression of the protein tagged 

with a GFP reporter21 However, the last four amino acids of this protein are TDEL, 

which is quite possibly an ER retention signal, and were left off of the expressed 

construct. Furthermore, a blast search we conducted suggested that this protein is 

involved in glycosylation in the ER lumen in Plasmodium22. This mammalian PIESP 

homolog we identified, B3GLCT, is an ER enzyme that catalyzes the attachment of 

glucose to O-linked fucose residues on thromospondin type 1 repeats (TSRs)22-24. The 

O-linked fucose is added to TSR domains via another enzyme, POFUT2, an enzyme 

that was previously shown to be nonessential for P. falciparum asexual growth22. In 

mammalian cells, POFUT2 and B3GLCT work together in a non-canonical ER quality 

control pathway that recognizes TSR domain containing proteins and stabilizes their 

folding via glycosylation23. It is intriguing that POFUT2 is nonessential for asexual 

growth and that most TSR domain containing proteins in Plasmodium can be found on 

mosquito stage proteins, yet PIESP is predicted to be essential for asexual growth20,22. 
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It is possible that PIESP has been falsely predicted to be an essential protein or that the 

protein may be functioning in a different mechanism than the eukaryotic homolog. We 

are currently in the process of developing conditional knockdown parasites using the 

TetR-DOZI system for PIESP to study its localization and essentiality in the asexual 

blood stages25. In summary, we have identified and characterized a protein essential for 

asexual growth in P. falciparum that is involved in stress response. Furthermore, we 

have pinpointed future protein candidates to investigate, which will expand our 

knowledge of malaria ER biology.  
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