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ABSTRACT

Malaria remains a global health problem and accounts for many deaths and illnesses in sub­

Saharan Africa. Plasmodium falciparum, the causative agent of the most fatal form of malaria, 

expresses a repertoire of heat shock proteins for cytoprotection, survival and pathogenesis. The 

parasite genome encodes six Hsp70 proteins found in various cell compartments. However, the 

putative parasite mitochondrial Hsp70 (PfHsp70-3) has not been investigated. The J-proteins, 

Pfj1 and PFF1415c, were proposed to function as co-chaperones of PfHsp70-3. The biochemical 

characterization of PfHsp70-3 was initially complicated by the fact that the protein was insoluble 

when expressed in E. coli cells. Various approaches to solubilize it resulted in inactive protein. A 

general characteristic of eukaryotic mitochondrial Hsp70s is their insolubility and their reliance 

on an Hsp70 escort protein (Hep) for solubility and ultimate functions. In this study, a putative 

Hep protein was identified in the genome of P. falciparum that is referred to as PfHep1. Co­

expression of PfHep1 with PfHsp70-3 resulted in soluble and biochemically active PfHsp70-3.

Size exclusion chromatography was employed to separate PfHsp70-3 from PfHep1 after co­

expression. PfHep1 suppressed thermally induced aggregation of PfHsp70-3 but not the 

aggregation of malate dehydrogenase or citrate synthase, thus showing specificity for PfHsp70-3. 

Zinc ions were also found to be essential for maintaining the functions of PfHep1, as EDTA 

chelation abrogated its abilities to suppress the aggregation of PfHsp70-3. Furthermore, PfHep1 

did not stimulate the basal ATPase or increase refoldase activities of PfHsp70-3 hence displaying 

no co-chaperone roles. The full-length putative mitochondrial type I J protein, Pfj1, could not be 

produced in E.coli but a truncated protein containing the J-domain was produced which 

stimulated both the ATPase and refoldase activities of PfHsp70-3.

Further, this study demonstrated that both PfHep1 and PfHsp70-3 localized to the mitochondrion 

in the erythrocytic stage of P. falciparum development thus confirming in silico predictions of 

their localization. Besides, PfHsp70-3 was expressed during all stages of the intraerythrocytic 

cycle of parasite development and was heat inducible. Generally, the data obtained in this study 

will enhance the existing knowledge on the biology of the parasite mitochondrial chaperone 

functions and open the possible avenue of drug targeting considering the specificity of PfHsp70- 

3 and PfHep1 partnerships.
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CHAPTER ONE

Literature review and study background

1.1.Malaria infection

Notwithstanding the great strides made in malaria control for the past decades, it still remains the 

most devastating infectious disease and major cause of morbidity and mortality to mankind 

(Molina et al. 2014; Murray et al. 2012). Approximately 1.2 billion people across the world are 

at risk of malaria with 219 million new infections and more than 0.6 million deaths reported 

annually (WHO 2014; Mendis et al. 2001). More than 90% of the total global malaria cases are 

reported from the African continent especially in sub-Saharan Africa with children (Akachi et al. 

2011), pregnant mothers and the elderly at the highest risk (Rowe et al. 2009; WHO 2012).

Malaria, in many of these affected regions, is aggravated by factors such as the inability of the 

relevant countries to transparently plan and implement public health policies (Fukuyama et al. 

2004), economic status of individuals (Deaton, 2003) and environmental factors such as 

temperature (Garg et al. 2009), rainfall (Martens et al. 2000) and altitude (B0dker, 2003). Other 

factors include HIV infections (Craig et al. 2004), poor housing, lack of sanitation and poor 

drainage of stagnant water from agricultural activities that increase vector breeding (Martens et 

al. 2000; Boussalis et al. 2012). Governments from these endemic regions direct much of their 

resources towards the efforts of combating the disease, resulting in negative economic output 

(Chima et al. 2003) and aggravation of poverty (Sachs and Malaney, 2002). The spread of drug 

resistant parasite strains, the failure of vector control programs, insecticide resistance and lack of 

a vaccine have further worsened the effects of malaria on economic development and human 

health (Foley & Tilley 1998; Alonso, 2011).
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It is estimated that malaria results in global economic losses amounting to 12 billion USA 

dollars every year as well as rising health costs (www.rollbackmalaria.org.keyfacts). The global 

public health burden posed by malaria has galvanized international community organizations 

responsible for donations to prioritize reduction of infection incidences with the ultimate aim of 

reducing additional financial budget expenditures in malaria endemic regions due to it more 

lethal effects (The Global Fund to Fight AIDS, Tuberculosis and Malaria; GFTAM, 2007; Snow 

et al. 2005).

1.1.1 Malaria causing parasites and vectors

Malaria is caused by infection with unicellular protozoan parasites belonging to the genus 

Plasmodium and transmitted by the bite of infected vectors, which are female Anopheles species 

mosquitoes. The parasite belongs to the phylum apicomplexa that constitutes a group of obligate 

intracellular organisms, many of which grow and replicate within the parasitophorous vacuole 

(PV), a membrane bound compartment that is segregated from most cellular trafficking pathways 

(Ward et al. 1993; Morrissette and Sibley, 2002). Apicomplexan parasites are characterized by 

the presence of an apical complex structure, which is a remnant plastid that fulfils important 

metabolic roles (Morrissette and Sibley, 2002). In addition, the phylum possesses unique 

secretory organelles such as micronemes and rhoptries essential for host cell invasion and egress, 

which together constitute the apical complex (Meissner, 2013).

Human malaria is caused by infection of five eukaryotic Plasmodium species that include P. 

falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi (cox et al. 2010). Recently, based on 

molecular techniques, two species of P. ovale (P. ovale wallikeri, and P. ovale curtisi) were 

reported to infect humans (Calderaro et al. 2013). P. falciparum causes the most lethal form of 

malaria known as cerebral malaria (Storm et al. 2014) and accounts for more than 90% of the 

world’s malaria mortality (Wells et al. 2010; Snow, 2015). P. vivax is the most geographically 

widespread of the five human malaria parasites causing nearly half of malaria cases outside sub-
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Saharan Africa (Mueller et al. 2009; Baird, 2013). The parasite has shown the highest resistance 

against malaria drugs such as chloroquine (Melo et al. 2014; Anez et al. 2015).

P.ovale causes benign tertian malaria commonly found in the tropics within Africa and Asia, and 

is easily treatable with conventional antimalarials (Martens et al. 2000; Alemu et al. 2013). 

However, due to its low density, it is often misdiagnosed owing to less sensitivity and 

unspecificity of common diagnostic methods used that show reduced detection of the parasite 

(Bigaillon et al. 2005; Miller et al. 2015). P. malariae is wide spread throughout sub-Saharan 

Africa, Southeast Asia, Indonesia, and in many of the islands of the western Pacific where it 

mostly affects children (Collins et al. 2005). The parasite has low parasitemia due to its tendency 

to develop in older erythrocytes and, unlike other human malaria causing parasites; it persists in 

the blood stage for almost a life time in the human host (Roucher et al. 2014). Malaria caused by 

P. knowlesi is primarily a zoonotic disease and the parasite is often termed as a malaria parasite 

of old world monkeys (Ramasamy, 2014). P. knowlesi infects humans accidentally due to 

trespassing the parasite’s transmission habitats (Singh et al. 2004). Generally, P. falciparum and 

P. vivax parasites remain the major cause of the global burden of malaria and it is believed that it 

would take a much longer time to eradicate the two species (Okie, 2008). Indeed, P. falciparum 

parasite species eradication has proved difficult despite more than a century of research findings 

(Rowe et al. 2009).

There are over five hundred species of Anopheles vector species with over sixty of them 

transmitting malaria-causing parasites (Arrow et al. 2004). The most common species are 

Anopheles gambiae, A. arabiensis, A. obscursus, A. guadrimacutis, A. nili, and A. moucheti. 

Malaria disease distribution and endemicity is determined by the distribution of the vector and 

parasite species (Zofou et al. 2014). For instance, P. falciparum remains entrenched in Africa 

because of optimal environmental conditions for the most efficient Anopheline mosquito vectors. 

The occurrence of P. falciparum parasite and Anopheline vectors in the sub-saharan regions of 

Africa has made malaria endemic in these regions owing to the efficiency of both the parasite 

and the vector (Baird, 2013).
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1.1.2 P. falciparum life cycle & clinical symptoms of malaria.

Malaria parasite life cycle involves two hosts, humans and female Anopheles mosquitoes. In 

humans, the parasites develop and multiply asexually first in the liver cells and then in the 

erythrocytes of the blood (Prudencio et al. 2006). In the blood, the parasites undergo asexual 

multiplication inside the erythrocytes, destroying them and releasing merozoites that continue the 

cycle by invading other erythrocytes. Some parasites that differentiate into gametocytes are 

picked up by a female Anopheles mosquito during a blood meal. These gametocytes initiate the 

sexual phase of developmental cycle in the mosquito (Figure 1.1) (Fujioka & Aikawa, 2000).

Malaria infection in human begins when sporozoites in the infected mosquito vector get injected 

into the blood stream (Vaughanet al. 2013). The sporozoites eventually invade liver hepatocytes 

and undergo asexual reproduction giving rise to merozoites, where each sporozoite gives rise to 

approximately 1000 merozoites that are contained in vesicles called merosomes (Amino et al. 

2006; Duffy et al. 2012). The merozoites get released into the blood and invade the erythrocytes 

to initiate the second phase of asexual reproduction (Figure 1.1) (Baer et al. 2007). In the 

erythrocytes, the parasite goes through several stages, from ring to trophozoite and finally to 

schizont stage. After erythrocyte invasion, the parasite’s metabolic rates slow down and it 

manifests as unfilled cytoplasm, generally referred to as ring stage or early trophozoite stage 

(Figure 1.1) (Tilley et al. 2011).

Ring stage infected erythrocytes freely circulate in the peripheral blood making them easily 

detectable in infected patients (Tilley et al. 2011). The parasite increases its metabolic rate from 
the 24th to 40th hour post invasion and consequently increases the rate of hemoglobin uptake 

forming late trophozoites. Trophozoites are relatively mature parasites characterized by the 

presence of hemozoin pigments as a result of hemoglobin digestion (Prudencio et al. 2006). 

Parasites at trophozoite stage are rarely observed in the circulation of infected patients because of 

their adherence to endothelial cells and consequent sequestration away from circulation (White et
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al. 2014). After the 40th hour post invasion, the parasite undergoes cytokinesis to form schizonts 

that contain a number of daughter parasites generally referred to as merozoites.

Figure 1.1 : The life cycle of P. falciparum: (I) During a blood meal on humans, Anopheles 
mosquito injects sporozoitse into the body. The sporozoites move to the liver and invade 
hepatocytes where they develop to produce merozoites. (II) The merozoites from the liver get 
released into the blood stream. (III) Merozoites invade erythrocytes and grow into trophozoites 
via ring stage and mature into schizonts. Mature schizonts burst to release merozoites that re­
invade new erythrocytes while some develop into gametocytes. (IV)The gametocytes are taken 
up by a blood feeding mosquito into the gut where they develop into mature male and female 
gametes. (V) The fertilized zygotes develop into ookinetes and oocysts and finally sporozoites 
that migrate to the salivary glands of the mosquito ready to be injected back to the human host 
during mosquito blood meal (Figure prepared by author).
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The schizont bursts and releases the merozoites that will invade new erythrocytes (Duffy et al. 

2012). The process of erythrocyte invasion and infection is indefinitely repeated and it is 

responsible for malaria clinical symptoms characterized by high fever in patients (Cox-Singh and 

Balbir, 2008). A small percentage of merozoites differentiate into gametes (Alano, 2007) that 

circulate in the blood until they are taken up by a female anopheline mosquito when taking a 

blood meal to initiate the sexual phase inside the mosquito gut (Baker, 2010). Gametes mature 

and fertilization occurs to form a motile zygote (ookinete) within the lumen of the mosquito gut 

(Matuschewski, 2006). The ookinete penetrates the gut and develops into oocysts that undergo 

further development to form sporozoites that will migrate to the salivary glands of the mosquito 

ready to be injected into a new host when the mosquito feeds on blood (Figure 1.1) (Cox, 2010; 

Fujioka & Aikawa, 2002). Only a small a number of sporozoites (< 200) are ejected from the 

salivary ducts even though the vector mosquitoes can carry as many as thousands of them in the 

salivary glands (Medica and Sinnis, 2005).

The parasite’s presence in the host system causes inflammatory responses that lead to high fever 

and in some cases life-threatening sickness characterized by severe anemia, unconsciousness, 

breathing difficulties, failure of a number of body organs, coma and death (Dondorp et al. 2008; 

Marsh et al. 1995). The severe clinical manifestations are due to high parasitemia and 

sequestration of mature P. falciparum-infected erythrocytes in micro-vascular areas throughout 

the body (Miller et al. 2002). Intracellular parasites remodel erythrocytes and make them rigid 

and poorly deformable with the tendency to adhere to a variety of cell types, hence facilitating 

cell rosseting and sequestration (Cowman et al. 2012).

Remodeling of erythrocytes is an adaptation believed to help the parasite to evade the host’s 

splenic clearance mechanisms that remove aged or damaged erythrocytes (Mebius and Georg, 

2005). Sequestration can lead to cerebral malaria if it does occur in the brain (Jain et al. 2013) 

and can cause complications in metabolic disturbances such as lactic acidosis (Planche and 

Krishna, 2006) due to general micro-vascular obstruction (Dondorp et al. 2008). Malaria 

symptoms can also manifest as vomiting, joint aches, myalgia and associated metabolic
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complications (Planche and Krishna, 2006). However, the manifestations and severity of the 

disease depends on many other factors, such as transmission intensity, infecting parasite species 

and a myriad of host factors such as the level of natural and acquired immunity, age, genetic 

constitution, general health and nutritional status amongst others (Shelton et al. 2015).

1.2 Malaria prevention, control and management

The control of malaria represents one of the greatest challenges in global public health 

management in the 21st century. The disease has had a major impact on public health and socio­

economic development due to lack of effective control measures. The integrated use of physical, 

biological and standard chemicals to eradicate mosquito vectors together with prophylactic and 

chemotherapeutic agents to control the parasites, have a long and proven track-record of saving 

lives. Despite challenges facing most malaria control strategies, mortality has been reduced by 

48% between 2000 and 2015 as a result of a major scale-up of vector control interventions, 

diagnostic testing, and treatment with artemisinin-based combination therapy (WHO, 2015).

1.2.1 Vector control

The ultimate objective of malaria vector control is to reduce vectorial capacity of vector 

populations below the critical threshold needed to achieve a malaria reproduction rate in a given 

area (malERA, 2011). National Malaria Control Programs (NMCP) throughout Africa have 

embarked on emphasizing vector control as an integral component (Barat et al. 2004). Control 

strategies such as indoor residual insecticide sprays (Eisele et al. 2010) and long-lasting 

insecticide-treated nets have proved effective in reducing vector survival (Lengeler, 2004; 

Enayati et al. 2010). This has in turn reduced mortality rates especially among children less than 

five years of age (Akachi et al. 2011). However, these methods of vector control are not effective 

in areas like sub-Saharan Africa which have higher transmission rates with estimated 

entomological inoculation rates of 1000 infective bites per person annually (Hay et al. 2000; 

Kelly-Hope et al. 2009).
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Dichlorodiphenyltrichloroethane (DDT) is one of the pesticides that is commonly used for the 

control of malaria vectors, however, the vectors have been reported to exhibit resistance against 

it (Mabaso et al. 2004). DDT has also been shown to exhibit deleterious effects such as hepatic 

and central nervous system toxicity, estrogenic and anti-androgenic effects, possible 

carcinogenicity (Loomis et al. 2015) , shortening of lactation period and cause of preterm 

delivery (Kezioset al. 2013). The use of DDT is also thought to have caused mutations in the 

malaria vector leading to cross resistance to conventional insecticides. However, the use of DDT 

as a chemical pesticide remains relatively high due to its low cost in comparison to alternative 

insecticides (Roberts et al. 2000; Van den Berg, 2009).

The current biological control of malaria causing vectors is dependent on pyrethroid-derived 

pesticides (Zaim et al. 2000). However, over-reliance on pyrethroids has led to widespread 

vector resistance, hence calling for more research to identify new pesticides with novel modes of 

actions that can circumvent the emerging resistances (Ranson et al. 2009). Most of the promising 

biological insecticides are unlikely to play any active role in operational control of vectors owing 

to the fact that the formulations have short residue shelf life under operational conditions which 

is a major barrier against commercialization (malERA, 2011). There is a need for economic 

investment in the production of new pesticides to avoid over-reliance on the current ones in the 

market and to curb vector resistance (Ranson et al. 2011).

Malaria vectors can also be eradicated at the larval stage by the use of biological control agents 

such as predators that include aquatic plants, fish, fungal pathogens and bacterial pathogens such 

as Bacillus thuringiensis israelensis and Bacillus sphaericus (Kamareddine 2012). Unlike adult 

vectors, larval immobility makes them readily accessible and hence targeting them will kill 

mosquito vectors collectively before they spread to human habitations (Killeen et al. 2002; 

Fillinger et al. 2011). However, the application of biological control agents, which suppress 

larval populations in the lab settings, often fail to do so under field conditions and are mostly
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vector and habitat specific (Das &Amalraj 1997; Walker, 2002). Generally, the use of combined 

vector control methods has proved life saving but the full benefits of integrating these control 

measures into national health and community mechanisms are lagging behind, especially in sub­

Saharan Africa (Castro et al. 2009; Ichimori et al. 2014). The selection of a correct vector control 

strategy is further hampered by a large number of vector species populations (Guelbeogo et al. 

2009) as well as limited understanding of the ecological behavior and population structure of 

some of the major vectors such as A. gambiae (malERA, 2011).

1.2.2 Parasite Control

The use of chemotherapies remains the mainstay of malaria control and management that has 

proved effective when administered in time (Whitty et al. 2008). A number of chemotherapies 

have been employed for treatment of malaria cases including chloroquine, quinine, sulfadoxine- 

pyrimethamine and artemisinins (Delves et al. 2012). Most of these drugs are active either 

against schizonts at tissue level (schizonticidal) or against gametes (gametocidal) that prevent 

transmission (Chou and Fitch, 1993; Cowman et al. 1994). Chloroquine and sulfadoxine- 

pyrimethamine were the drugs of choice in the 1950s and 1980s respectively (WHO, 1999; 

Bloland et al. 1993; Talisuna et al. 2004). Sulfadoxine-pyrimethamine exerts its anti-parasitic 

activities through inhibition of the formation of hemozoin from reactive heme cofactors leading 

to the accumulation of free toxic heme in the parasite’s cells and eventual death of the parasite 

(Bray et al. 1998). However, the use of drugs was deemphasized in the market due to parasite 

resistance and more use of artemisinin derived chemotherapies was encouraged (Wellems and 

Plowe, 2001). Furthermore, P. falciparum parasite is also resistant against Malarone, a 

combination of atovaquone and proguanil (Nixon et al. 2013).

Artemisinin and its derivatives (collectively referred to as ARTs) have proven successful 

chemotherapies in malaria endemic areas of the world, thereby reducing the parasite burden and 

providing prompt therapy for severe infections (White et al. 2015). The ARTs are used as first- 

line therapy (Sinclair et al. 2009) and are active against the trophozoite ring stage of the parasite
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development (Witkowski et al. 2013; White et al. 2015). The mechanism by which the ARTs 

function is poorly understood but they are believed to cleave the Endoperoxide Bridge by a 

source of Fe2+ or heme. The cleavage results in the formation of oxyradicals that re-arrange into 

primary or secondary carbon-centered radicals that alkylate parasite proteins leading to death of 

the parasite (Eckstein-Ludwig et al. 2003; Ismail et al. 2016).However, the ARTs have a short 

life span and therefore are normally co-administered with longer half-life partner drugs in ART 

combination therapies (ACT) to prevent recrudescence and slow down the emergence of 

resistance (White, 2013). Indeed the continued use of oral artemisinin-based monotherapies is 

considered to be a major contributing factor to the development of resistance to artemisinin 

derivatives, hence calling for the withdrawal of production and marketing of these oral 

monotherapies and promotion of access to quality-assured ACTs (WHO, 2016).The ACT drugs 

in the market include; artesunate-sulfalene-pyrimethamine, artemether-lumefantrine, artesunate- 

sulfadoxine-pyrimethamine, dihydroartemisinin-piperaquine, artesunate-amodiaquine and 

artesunate-mefloquine (Nosten and White, 2007; WHO, 2011b). Regardless of the precautions 

undertaken under ACTs administrations and uses, countries from Asia have reported parasite 

resistance (Ashley et al. 2014). Many efforts are underway to contain the resistance (Dogovski et 

al. 2015) since present antimalarial control is almost entirely dependent on ACTs and any 

emergence of resistance will roll back the gains already made in malaria control efforts (White et 

al. 2015). Besides, there is a challenge of scaling up the use of ACTs and implementing 

sustainability in a cost-effective and equitable manner (White et al. 2011). With the problem of 

drug resistance on the rise, there is an urgent need to explore more drug targets involved in 

important metabolic pathways of the parasite (Schwartz et al. 2012).

1.3 Malaria immunity and vaccine development

Clinical immunity to malaria is slow to develop and short lived because of extensive diversity 

and variations coupled with complex immune-protective mechanisms found in Plasmodium 

parasites (Cowman et al. 2012; Wright et al. 2014). Both adults and children from endemic 

regions can acquire partial immunity to malaria through infective bites but the immunity reduces 

the frequency of clinical attacks but not infection (Cox, et al. 1994; Doolan et al. 2009). It has
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been demonstrated that children who acquire immunity against malaria during the first five years 

show reduced disease symptoms, regardless of high parasitemia (Snow & marsh, 2002). 

However, people who rarely experience infectious bites may not develop naturally acquired 

partial immunity regardless of their age (Doolan et al. 2009). Parasite variations and 

complexities facilitate its escape from host immune detection hence making it difficult for the 

host to develop protective immunity. Further, acquisition of long-lived protective immunity 

would require repeated infection by all variant strains in a given geographical area (Crompton et 

al. 2014). It has been noted that the rate at which people acquire protective immunity depends 

largely on the number of infecting parasites and the genetic diversity of the parasite population 

they are exposed to in a given locality (Krause et al. 2007).

The polymorphic nature of the surface proteins of the malaria parasite has hampered meaningful 

development towards an effective global malaria vaccine (Vaughan et al. 2008). The current 

vaccine candidates that are under trial have less than 30% efficacy (Mata et al. 2013). For this 

reason, there is no effective licensed vaccine that can prevent infections of malaria parasites 

(Geels et al. 2011; Bairwa et al. 2012). The vaccines under development and trial target the 

parasite’s pre-erythrocytic, blood stage and transmission stages of development (Thera and 

Plowe, 2012). The pre-erythrocytic vaccines prevent sporozoites from entering the liver or 

protect hepatocytes in the event of parasite entry (Schwenk and Richie, 2011). The vaccine; 

RTS, S/AS01 also known as Mosquirix™ is an example of pre-erythrocytic vaccine that is under 

phase III clinical trials and is aimed at protection against malaria infection but not transmission 

(White, 2011; Ouattara et al. 2015). The use of Mosquirix™ vaccine against infants aged 6-12 

weeks, showed a reduction of clinical malaria by 26% over a period of 38 months post 

immunization (Kester et al. 2009; Favuzza et al. 2016; Gosling and von Seidlein, 2016). The 

limited efficacy of this vaccine is due to narrow protective capacity of the induced immune 

responses relying mostly on the recognition of a few or perhaps single epitopes (Long and 

Zavala, 2016).
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Blood stage vaccines target merozoite antigens expressed on the surface of infected red blood 

cells and are designed to elicit anti-invasion and anti-disease responses (Gosling, and von 

Seidlein, 2016). The vaccines are based on some protein candidate antigens that include apical 

membrane antigen 1 (AMA1) (Laurens et al. 2013), erythrocyte-binding antigen-175 (EBA-175) 

(El Sahly et. al. 2010), glutamate-rich protein (GLURP) (Ogutu et al. 2009), merozoite surface 

protein 2 (MSP2) (McCarthy et al. 2011), merozoites surface protein 3 (MSP3) (Jepsen et al. 

2013) and serine repeat antigen 5 (SERA5) (Palacpac et al. 2013). Another highly conserved 

protein in P. falciparum isolates known as cysteine rich protective antigen (PfCyRPA) has been 

characterized and identified as a leading blood stage malaria vaccine candidate (Proietti and 

Doolan, 2014). The protein exhibits remarkable properties such as the ability to elicit antibodies 

that inhibit in vitro and in vivo parasite growth (Dreyer et al. 2012). However, the blood stage 

vaccines have not shown effective protection probably due to their highly polymorphic nature 

and antigenic complexity nature of the parasite (Takala and Plowe, 2009; Riley and Stewart, 

2013).

Other vaccines that block transmission, collectively known as transmission blocking vaccines 

(TBV), utilize parasite molecules unique to the sexual or mosquito stages, such as components of 

gametes, zygotes, or ookinetes (Nikolaeva et al. 2015). The designed vaccines are based on 

antibodies against antigens found on the surface of gametocytes and prevent fertilization in 

mosquitoes after a blood meal hence preventing sexual development (Hirai and Mori, 2010; 

Carter, 2001). Major proteins that have been investigated include sexual stage antigens Pfs25 

found primarily on ookinetes; Pfs230 and Pfs48/45 found on gametes and zygotes respectively 

and involved in fertilization (Wu et al. 2015). Human clinical trials of vaccines made from these 

proteins are in early stages, but it has become apparent that in order to reduce transmissions, high 

antibody titers are required in laboratory set up assays (Long and Zavala, 2016). Transmission 

blocking vaccines will have an advantage of contributing to removal of reservoir populations of 

parasites in semi-immune individuals who carry the parasite but do not exhibit malaria 

symptoms (malERA, 2011). Whole sporozoite parasites that are attenuated by use of drugs or 

irradiations (Renia et al. 2013) can also be used as vaccines to offer transient protection for about 

10 months (Hoffman et al. 2002; Vaughan et al. 2013). However, to this end, the production of 

an effective vaccine has remained elusive due to short-lived antimalarial immunity and the
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evasion of the parasite from host immune surveillance through adhesion to vascular tissues (Ho 

and White, 1999; Grau and Craig, 2012).

1.4. Heat shock proteins: molecular chaperones of proteostasis

Molecular chaperones are a ubiquitous and evolutionarily conserved class of proteins that are 

essential for maintaining protein homeostastasis, also called proteostasis (Powers et al. 2009). 

They function in a coordinated manner to prevent protein aggregation and either refold unfolded 

proteins or direct them for degradation through the main proteolytic ubiquitin proteasome system 

or the autophagy lysosome systems (Roth and Balch, 2011; Trougakos, 2013). In particular, 

molecular chaperones assist newly synthesized proteins to reach their native conformational 

structure while protecting them from various types of stress and protein aggregation (Bukau et al. 

2006; Hartl and Hayer-Hartl, 2009). Proper protein folding usually occurs when the hydrophobic 

amino acid side chains are buried at the center of the protein (Dobson, 2003; Kim et al. 2013) 

and any exposure of these hydrophobic stretches can lead to cellular stress through protein 

aggregation and eventual inactivation of essential components of the cellular machinery 

(Bednarska et al. 2013). Molecular chaperones detect and associate with these hydrophobic 

surface areas and block them from interaction with other proteins and biological membranes 

(Walter and Buchner, 2002; Bukau et al. 2006).

A number of molecular chaperones have been identified and characterized as proteins induced 

upon heat stress and were originally classified as heat shock proteins (Hsps) (Craig, 1985; 

Ritossa, 1962). However, many other proteotoxic insults such as heavy metals, oxidative stress, 

hyperthermia, nutrient deficiencies, osmotic pressures, dehydration, UV radiation, toxins of viral 

and bacterial infections and increased protein expressions can induce heat shock protein 

expression in the cell (Akerfelt et al. 2010; Edkins and Boshoff, 2014). Physiological heat shock 

response is a highly conserved mechanism in all organisms implying its importance in the 

survival of organisms in a stressful environment (Feder and Hofmann, 1999; Akerfelt et al. 

2010).The Hsps are among the most highly expressed cellular proteins accounting for 1-2% of
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the total protein under non-stressful conditions (Lencioni et al. 2007; Dhamad et al. 2016). 

Organisms significantly increase the production of Hsps in the event of heat shock cellular stress 

(Morano et al. 2012; van Oosten-Hawle and Morimoto, 2014). However, a number of Hsps are 

constitutively expressed and are known as heat shock cognate (Hsc) proteins that play roles in 

general housekeeping and maintenance of proteostasis (Hartl and Hayer-Hartl, 2002; 

Karagozand Rudiger, 2015).

The Hsps are classified primarily on the basis of their molecular mass (in kilodaltons, kDa) and 

sequence homology. However, due to the increased number of Hsps and discrepancies in their 

nomenclature, human Hsps have been renamed (Kampinga et al. 2009), with the names of the 

human proteins shown in parentheses. The major Hsps include Hsp110 (HSPH), Hsp90 (HSPC), 

Hsp70 (HSPA), Hsp60 (HSPD), Hsp40/J proteins (DNAJ) and small Hsp family (HSPB). The 

functions of many of the heat shock proteins are regulated by co-chaperones and co-factors. 

During their functional activities, Hsps interact with different chaperones, co-chaperones and 

nucleotide exchange factors to form functional complex machinery that recognizes and 

temporarily binds proteins during synthesis and folding (Mayer, 2010). The interaction of Hsps 

with their client proteins and co-chaperones is often regulated through the hydrolysis of 

nucleotides (Dragovic et al. 2006).

1.4.1 Hsps70 chaperone system

The Hsp70 family is the most highly conserved and well characterized family of Hsps (Rohde et 

al. 2005). The proteins are highly ubiquitous in eukaryotic cells and found in several cellular 

compartments where they play essential roles in cell viability (Daugaard et al. 2007). They 

occupy a central role in cellular chaperone networking and protein homeostasis (Meimaridou et 

al. 2009). Hsp70s co-operate with other chaperones and co-chaperones in carrying out a number 

of cellular functions that include protein translocation, folding of nascent polypeptides, protein 

assembly, prevention of protein aggregation and targeting proteins for degradation (Tomala and 

Korona 2008; Frydman, 2001; Mayer and Bukau, 2005). This places Hsp70 at the core of
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proteostasis and therefore one of the most important molecular chaperones for organisms from 

bacteria to humans, with the exception of some archaea (Macario and de Macario, 1999; 

Buchberger et al. 2010). Indeed the over-expression of both stress inducible and constitutively 

expressed Hsp70 homologues help the cell to withstand cellular stresses and maintain general 

cellular physiology (Brodsky and Skach, 2011; Hartl et al. 2011).

All Hsp70 proteins share a common structural architecture comprising of a 45 kDa N-terminal 

ATPase domain or nucleotide binding domain (NBD) that is linked to a 25 kDa C-terminal 

substrate binding domain (SBD) via a linker region (Figure 1.2) (Zhu et al. 1996; Mayer and 

Bukau, 2005). The C-terminal domain is composed of 18-kDa P-sandwich sub-domain forming a 

hydrophobic binding pocket, and a C-terminal 10-kDa a-helical sub-domain that acts as a lid 

over the binding pocket (Zhu et al. 1996; Nicolai et al. 2013). In addition, eukaryotic Hsp70s 

found in the cytosol contain an EEVD-motif at the C-terminal which mediates the binding of 

TPR-containing co-chaperones, such as C-terminus-Hsp70-Interacting Protein (CHIP) and 

Hsp70-Hsp90 Organizing Protein (HOP) (Scheufler et al. 2000; Brinker et al. 2002).

4TPase Domain Substrate Binding C- Terminal
Domain Domain

Figure 1.2 : Schematic representation of the domains present in Hsp70: Hsp70 domain 
organization showing ATPase and substrate binding domains joined together by a linker region. 
The ATPase domain is important for its chaperone activity and interaction with Hsp40 co­
chaperones (Figure prepared by author).

The functions of Hsp70 rely on interdomain allostery where ATP hydrolysis in the NBD controls 

thermodynamics and kinetics of substrate binding and release (Chiappori, 2013). Hsp70s bind
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with low substrate binding affinity and fast exchange rates when the ATPase domain is occupied 

by ATP molecules and with higher substrate affinity and slower exchange rates when the 

chaperone is in the ADP-bound state (Sharma and Masison, 2009). The ATP bound 

conformation “traps” client proteins within the protein binding domain followed by effecting the 

relevant changes on the client protein (Batista et al. 2015). The basal ATP activities of Hsp70 is 

usually low and co-chaperones and co-factors couple with substrates to increase the rate of ATP 

hydrolysis (Mayer, 2010).

There are a number of co-chaperones for Hsp70, with the majority belonging to the 

Hsp40/DnaJ/J protein family (Fan et al. 2003; Kampinga and Craig, 2010). Besides stimulating 

ATP activities of Hsp70s, J proteins deliver client substrates and recruit Hsp70 to the site of 

reaction (Langer et al. 1992; Kampinga and Craig, 2010). The dissociation of ADP is stimulated 

by NEFs which enhances substrate dissociation and subsequent recycling of Hsp70 chaperone 

molecules (Kampinga and Craig, 2010). A number of proteins that serve as NEFs for Hsp70s 

have been identified and GrpE serves as a NEF for bacterial Hsp70 (DnaK).The eukaryotic 

cytosol and endoplasmic reticulum contain HspBP1/Fes1p homologs that function as NEFs 

(Kabani et al. 2002; Kim et al. 2013). Hsp110/Grp170 family proteins also serve as NEFs for 

eukaryotic Hsp70s. The Hsp110 proteins are larger than Hsp70 proteins and have an extended 

substrate binding domain and a longer flexible C-terminus (Schuermann et al. 2008; Cyr et al. 

2008). Some Hsp110s can bind unfolded proteins but will require Hsp70 to fold them (Dragovic 

et al. 2006; Verghese et al. 2012). Furthermore, unlike the canonical Hsp70s, Hsp110s cannot 

employ a nucleotide-dependent, peptide-binding release cycle (Polier at al. 2008). Hsp110s are 

absent from prokaryotes and are the third most abundant Hsps in mammalian tissues (Easton et 

al. 2000). BAG domain proteins also serve as NEFs of eukaryotic Hsp70s and there is a single 

BAG-type NEF (scSnl1) in yeast and six members (hBAG-1, hBAG-2, hBAG-3, hBAG-4, 

hBAG-5, and hBAG-6) in humans (Takayama and Reed, 2002).

1.4.2 Hsp70 escort protein
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Mitochondrial Hsp70s are unique in that they rely on the presence of an Hsp70 escort protein 

(Hep) for structural integrity in the mitochondrial matrix. The function of the mitochondria is 

critically dependent on mitochondrial Hsp70 (mtHsp70) (Craig et al. 1988) and it plays a major 

role in the translocation of nuclear encoded proteins across the mitochondrial membranes and 

folding of proteins in the matrix (Kang et al. 1990; Matouschek et al. 2000). The Hep protein 

was first discovered in yeast mitochondria, where it was shown to prevent aggregation of 

mitochondrial Hsp70s and to maintain them in an active state (Sichting et al. 2005). Yeast cells 

deprived of Hep1 accumulate insoluble mitochondrial Hsp70 (mtHsp70) and generally exhibit 

mitochondrial defects similar to those observed upon mtHsp70 deletion (Sanjuan Szklarz et al. 

2005; Blamowska et al. 2010). Hep orthologues are conserved in many eukaryotic species 

including protozoa, but they are not found in prokaryotes (Sichting et al. 2005). Hep proteins 

were also discovered in chloroplasts with one orthologue identified in Chlamydomonas 

reinhardtii (Willmund et al. 2008), and two in Aradopsis thaliana (Kluth et al 2012). An 

orthologue of Hep has also been reported and characterized in Leishmania braziliensis (Dores 

silver et al. 2015).

Yeast Hep1, also called Zim17/Tim15, possesses an essential zinc finger domain similar to that 

of bacterial DnaJ and mutation of the Hep1 lead to aggregation of yeast mitochondrial Hsp70s 

(Ssc1 and Ssq1) proteins (Sanjuan Szklarz et al. 2005). Despite the fact that the zinc-finger 

motifs in Hep1 resemble those of other J proteins, the overall folding pattern of Hep1 is different 

from the cysteine-rich domain of DnaJ (Martinez-Yamout et al. 2000; Momose et al. 2007). The 

zinc finger contains one tetracysteine motif that binds to the zinc ions which is critical for its 

functions and structure (Yamamoto et al. 2005; Momose et al. 2007; Dores-silva et al. 2015).

The N-terminal ATPase domain of mtHsp70 in association with the interdomain linker is prone 

to aggregation, while the ATPase domain and C-terminal substrate binding domain are both 

soluble when expressed separately (Sanjuan Szklarz et al. 2005; Sichting et al. 2007). The inter­

domain linker attached to the ATPase domain is the minimal binding entity required by Hep1 to 

interact and keep mtHsp70 soluble and active (Blamowska et al. 2012). Furthermore, the proper
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folding of mtHsp70 is independent of other mitochondrial chaperone system suggesting that 

Hep1 is the major, if not only, protein mediating the proper folding of mtHsp70 (Blamowska et 

al. 2012). Hep1 only binds to nucleotide-free mtHsp70 and is released upon nucleotide binding 

(Blamowska et al. 2010). Among the three yeast mitochondrial Hsp70s parologues: Ssc1, Ssq1 

and Ssc3/Ecm10 (Kominek et al. 2013; Baumann et al. 2000), only Ssc1 and Ssq1 produce 

aggregation-prone conformers of the ATPase domain that require Hep1 to maintain solubility 

(Yamamoto et al. 2005). The third member, Ssc3, does not interact with Hep1 and remains 

insoluble upon co-expression with Hep1. More so, non-mitochondrial Hsp70s targeted to a Hep1 

deficient mitochondrial matrix, remain soluble, an indication that the propensity to aggregate is a 

specific feature of mitochondrial Hsp70 proteins rather than a common feature of all Hsp70 

proteins (Blamowska et al. 2010). Both human and L. braziliensis Hep1 proteins have been 

reported to have the ability to stimulate the ATPase activity of mtHsp70 and this was not 

observed in yeast or any other Hep1 orthologue (Claros and Vincens, 1996; Sigrist et al. 2009; 

Zhai et al. 2011; Dores-silver et. al. 2016). Therefore, human and L. braziliensis Hep1 displayed 

the features of a Type I J-protein in stimulating the ATPase activity of their respective mtHsp70. 

Furthermore, the human Hep1 functioned as a holdase by binding unfolded proteins such as 

rhodanese (Zhai et al. 2011).

Nuclear magnetic resonance (NMR) structural elucidations have shown that Zim17 has an L- 

shape with two conserved zinc-finger motifs located at the end of the L sandwiched by two anti­

parallel beta-sheets (Momose et al. 2007). The Zinc ion within the zinc finger domain promote 

Hepl’s stable native functional structure and mediate both local and long range communication 

through the tetracysteine residues (Fraga et al. 2011). Yeast mutants harboring either a C75S or 

C100S mutation in the tetracysteine motif that is part of the zinc finger domain or zf-DNL 

(named after a short C-terminal motif in this domain) of Hep1 were found to be incapable of 

rescuing growth defects in cells lacking Hep1 (Yamamoto et al. 2005; Burri et al. 2004). This 

highlighted the importance of these residues and the entire motif in the overall function of Hep1. 

Yeast Hep1/Zim17 contains a large acidic groove at the convex face of the L where D111 and 

two positively charged residues, R106 and H107, are in close proximity to the zinc-finger motifs 

and these residues have been shown to play a critical role in interactions with mtHsp70 (Momose
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et al. 2007; Fraga et al. 2013). Mutations of the key residues R81, H107, and D111 in human 

Hep1 decreased the binding affinities for HSPA9. Furthermore H107 played a critical role in 

stimulating the ATPase activity of HSPA9 (Sigrist et al. 2009).

Mitochondrial Hsp70 and its co-chaperones play essential roles in the import and folding of 

mitochondrial proteins. The inner and outer mitochondrial membranes possess a translocase of 

the outer membrane (TOM40) and a translocase of the inner membrane (TIM23) respectively, 

which facilitate the entry of precursor proteins into the mitochondrial matrix (Schilke et al. 1996; 

Matouschek et al. 2000). In yeast, the core component of the translocation of proteins into the 

matrix is Ssc1, assisted by the co-chaperones of the PAM complex (Pam 16-Pam18/Tim14) and 

Mge1/Yge1 which facilitates nucleotide exchange (Sanjuan Szklarz et al. 2005; Sichting et al. 

2005; Blamowska et al. 2010). Cycles of ATP hydrolysis by Ssc1 are used to effectively drive 

the translocation of the substrate across the membrane. Tim14, anchored to the inner membrane 

in association with the TIM23 complex, is a type III J-protein that lacks the ability to bind 

substrates but can stimulate the ATPase activity of mtHsp70 during protein import.

Therefore it has been proposed that Zim17 and Tim14 function together as a “fractured” J 

protein, with the J-domain of Tim14 working in trans with the zinc finger domain of Zim17. 

Depletion of Zim17 decreases the rate of protein import into the mitochondria and in vitro assays 

show that Zim17 binds to unfolded proteins (Burri et al. 2004). Furthermore, mitochondria that 

lack Hep1 exhibit a reduced rate of protein import by the TIM23 complex, reduced Fe/S protein 

production, increased instability of nuclear genome, and the eventual death of the cell (Zhai et al. 

2011). Zim17 appears to be replaced by Mdj1, the only Type I J-protein in the mitochondria, 

where it delivers substrate and stimulates the ATPase activity of Ssc1 in the matrix.

1.4.3 Hsp40 (J-proteins) co-chaperones
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Hsp40s are a large family of proteins that are found in both eukaryotes and bacteria and mainly 

function to specify the cellular action of Hsp70 chaperone proteins (Fan et al. 2003). Hsp40s are 

appropriately referred to as J proteins, or DNAJ and DnaJ in humans and prokaryotes 

respectively due to the presence of a canonical J domain in their structure. J-proteins function 

together with both Hsp90 and Hsp70 chaperone cycle in regulating and controlling a number of 

physiological activities that include folding of nascent and damaged proteins, translocation of 

polypeptides across cellular membranes and degradation of misfolded proteins (Goh et al. 2004; 

Rabiller et al. 2010).

HPD

Type I N

J Domain C -  terminal

Type II N 

Type III N

Type IV N

Figure 1.3 : Schematic representations of the structural domains of type I, II, III and IV
Hsp40/J proteins: All Hsp40 types contain the signature J domain. In type I and II Hsp40s, the J 
domain is usually at the N-terminal, while in type III Hsp40s, the J domain can be found at any 
position in the protein. The glycine/ phenylalanine-rich region (G/F) is found in type I and II 
Hsp40s and functions as a hinge and regulates the specificity of Hsp70-Hsp40 interactions. The 
cysteine repeat region (Cys) found only in type I Hsp40, forms a zinc finger-like structure 
involved in substrate binding. The C-terminal regions of type I and II Hsp40 are involved in 
substrate recognition and binding. Type IV Hsp40s have a mutated or corrupted HPD motif in 
the J domain (Figure prepared by author).

The Hsp40s proteins mainly serve as co-chaperones of Hsp70 protein where they deliver non­

native clients and regulate ATPase activities of Hsp70s (Summers et al. 2009). They are more
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diverse in number, structure and functions and some of them exhibit chaperone properties where 

they bind to substrate proteins and prevent their aggregation independent of Hsp70s (Hageman et 

al. 2009; Mansson et al. 2013). Moreover, Hsp40s are often more abundant compared to Hsp70s, 

for instance there are 23 J proteins compared to 14 Hsp70s in yeast (Craig and Marszalek, 

2014). While the J-domain is both the defining domain and essential for functional interaction 

with Hsp70s, many of them bear little structural similarity outside the J- domain (Hageman J, 

Kampinga, 2009; Craig et al. 2006). In addition to the J-domain, members of J-protein families 

possess unique domain architectures that facilitate recognition of different client proteins and 

target particular Hsp70s (Hohfeld et al. 1998; Walsh et al. 2004).

Structurally, Hsp40 proteins possess an approximately 70 amino acid long J domain consisting of 

four a-helices (helices I -  IV) with a highly conserved histidine-proline-aspartate (HPD) motif 

found between helices II and III (Figure 1.3) (Yochem et al. 1978; Cheetham and Caplan, 1998) 

that is essential for stimulation of Hsp70 ATPase activities (Hennessy et al. 2005). Mutation of 

the HPD motif destroys Hsp40’s abilities to stimulate the ATPase activities and impairs their co­

chaperone functions of Hsp70 (Hennessy et al. 2005). Some J-proteins contain additional 

domains like protein disulphide isomerase domain and ubiquitin interacting motifs that impart 

specific functional roles to these diverse protein family members (Kampinga and Craig 2010; 

Sarkar et al. 2013).

The J-proteins are classified into four subtypes based on the domain architecture of the Hsp40 

homologue from Escherichia coli DnaJ (Kampinga et al. 2009) and the naming comes from the 

arrangement of the four a-helices that resemble the letter “J” (Pellecchia et al. 1996). Type I J 

proteins possess an N-terminal J domain, a glycine/phenylalanine (G/F) rich domain and a zinc- 

finger domain containing four cysteine/glycine repeats with a variable C-terminal domain. Type 

II J proteins possess all other domains found in type I but lack the zinc domain with cysteine rich 

region and type IIIs have their J domain located anywhere along the protein (Figure 1.3) 

(Cheetham and Caplan, 1989).

Type IVs constitute a more recently defined group of Hsp40s that contain a compromised 

variation of the canonical HPD motif (Figure 1.3). Even though J proteins have been canonically
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classified as type I, II, III and IV (Cheetham and Caplan, 1998; Botha et al. 2007), some of them 

contain additional domains and possess different biochemical properties within individual classes 

(Hennessy et al. 2005; Kampinga and Craig, 2010). Besides stimulating ATPase activities of 

Hsp70s some type III J proteins carry out more specialized functions that include mRNA splicing 

and protein translation and are unable to function as typical co-chaperones (Cheetham and 

Caplan, 1998; Walsh et al. 2004; Nicoll et al. 2007). Interactions between J proteins and their 

respective partners occur at the HPD motif and since type IVs’ HPD motifs are non functional 

and corrupt, they may use a different mechanism of interaction with their partner Hsp70s (Botha 

et al. 2007). The J-proteins have been shown to occupy a central role in molecular chaperone 

function systems and therefore it is expedient to characterize and analyse them in order to clarify 

more of their regulatory roles on Hsps.

1.4 Hsp70 and J-protein interactions

During the process of protein folding, Hsp70s depend on J-proteins where they form complex 

interacting machinery (Craig et al. 2006). The basal ATP activity of Hsp70 is usually low and in 

order for a functional Hsp70 folding cycle to occur, co-chaperones and nucleotide exchange 

factors (NEFs) must couple with the substrate to increase the rate of Hsp70s ATP hydrolysis 

(Mayer, 2010) (Figure. 1.4). J-proteins stimulate Hsp70 ATPase activity by temporarily 

interacting with them, and a single J-protein can serve more than one Hsp70 (Hennessy et al. 

2005; Kampinga and Craig, 2010). Furthermore, J-proteins deliver client substrates and recruit 

Hsp70 to the site of the reaction (Langer et al. 1992; Kampinga and Craig, 2010). Hsp70 proteins 

have two distinct conformations, an ATP-bound state that temporarily interacts with substrates 

and an ADP-state that binds to the substrate (Misselwitz et al. 1998). Substrates interact with 

Hsp70 in an ATP-bound state where J-proteins place substrates into the peptide-binding cleft of 

an Hsp70 coupled with stimulation of ATP hydrolysis by J-domains of the J-proteins (Craig et al. 

2006). The conversion of Hsp70 to the ADP-bound state due to hydrolysis stabilizes the 

interaction of Hsp70 with the substrate. The nucleotide exchange factors facilitate the release of 

ADP from Hsp70 leading to conformational changes that result in substrate dissociation (Bukau
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et al. 2006). The NEFs also position Hsp70 for the next cycle of substrate binding reaction 

(Dragovic et al. 2006) (Figure. 1.4).

Hsp40

Hsp70 Hsp70

Unfolded
protein

ATP HydrolysisPi +

NEF
5

Folded protein

Figure 1.4 : Figure 1.4: Hsp70-J protein interaction cycle: (1) A J-domain containing Hsp40 
protein interacts with the misfolded or unfolded polypeptide with a domain distinct from its 
Hsp70 binding site. (2)The Hsp40-substrate complex subsequently interacts with Hsp70 in its 
ATP-bound form and the substrate is passed from the J-domain of the Hsp40 to the SBD of 
Hsp70. (3) The J-domain interaction with Hsp70 stimulates hydrolysis of ATP, resulting in a 
conformational change in the SBD that closes the ‘lid’ and prevents substrate release (high 
affinity state) and subsequently releasing the Hsp40.(4,5) A nucleotide exchange factor (NEF) 
interacts with the ATPase domain of Hsp70 and stimulates exchange of ADP for ATP. (6) This 
in turn results in a conformational change in the SBD of Hsp70 that permits the release of the 
bound substrate while returning Hsp70 to its initial low affinity state (Figure prepared by author).
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Newly synthesized polypeptides interact with Hsp70 to acquire a functional conformational 

structure but those proteins that fail to reach a native state in the cycling process by Hsp70 may 

be handed downstream to chaperonins/ Hsp60 for final folding (Frydman et al. 1994).

1.5 Hsp70 and Hsp90 interactions

Hsp70 and Hsp90 are major chaperones involved in protein quality control in regulating the 

functioning, trafficking and turnover of proteins involved in cell signaling (Pratt and Toft, 2003). 

They are also involved in transportation, folding, maturation, degradation (Scheufler et al. 2000; 

Young et al. 2001) and serving as a buffer of genetic variations by keeping mutant proteins in 

wild-type conformations (Lindquist, 1998; Krishna and Gloor, 2001). The Hsp90 proteins are 

conserved across many species alluding to their indispensable functions, however, prokaryotic 

Hsp90 orthologues do not seem to be essential (Johnson, 2012; Karagoz and Rudiger, 2015). 

Hsp90 isoforms found in eukaryotes are located in different cellular organelles with 

interchangeable functions (Krone and Sass 1994). There are three cytosolic isoforms, inducible 

Hsp90K, constitutive Hsp90L (Csermely et al. 1998) and cellular transformation associated 

isoforms Hsp90N (Grammatikakis et al 2002). Additional isoforms include Grp94 in the 

endoplasmic reticulum (Marzec et al. 2012), TRAP1/ Hsp75 in the mitochondria matrix and 

Hsp90C in the chloroplast (Csermely et al. 1998; Altieri et al. 2012) also exist.

Structurally, Hsp90 proteins possess N-terminal and C-terminal domains joined by a variable and 

charged linker that provides a binding site for client proteins (Pearl and Prodromou, 2001). The 

N-terminal provides a site for ATP hydrolysis (Prodromou, 2000; Mayer, 2010) followed by a 35 

kDa middle domain (Nemoto and Sato, 1998), while the C-terminal contains a dimerization 

domain together with the EEVD motive that binds to co-chaperones (Pearl and Prodromou, 

2006). Functionally, Hsp90 couples with Hsp70 to form a crucial cytosolic ATP-driven 

chaperone network partnership (Bukau et al. 2006; Wegele et al. 2004; Clare and Saibil, 2013). 

The Hsp90/Hsp70 partnership is controlled by co-chaperones and their activities are connected 

by the adaptor protein Hop (Hsp90-Hsp70 organizing protein) (Mayer, 2010; Li et al. 2012). 

Both Hsp90 and Hsp70 use their EEVD motifs at the C- terminus to bind to the tetratricopeptide
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repeat (TPR) domains of Hop and facilitate the transfer of client proteins from Hsp70 to Hsp90 

(Johnson et al, 1998; Schmid, 2012). The molecular basis for task distribution between Hsp90 

and Hsp70 is not well known especially in the folding process (Karagoz et al. 2014). However, 

unlike Hsp70 that is thought to interact with client proteins at earlier folding stages (Rudiger et 

al. 1997), Hsp90 acts on clients during late folding stages (Pearl and Prodromou, 2006; Li et al. 

2012; Taipale et al. 2010). In order for substrates to move from Hsp70 to Hsp90, ATP hydrolysis 

of Hsp90 becomes inevitable where Hsp90 acts as a substrate release factor for Hsp70 (Kirschke 

et al. 2014). In addition, Hsp90 does not seem to require specific binding sites on the client 

proteins thus enabling it to recognize a myriad of structurally diverse substrates (Echeverria and 

Picard, 2010; Street et al. 2011).

1.6 P. falciparum heat shock proteins

During developmental stages, malaria parasites experience heat shock episodes when shuttling 

between the cold blooded insect vector (25oC) and warm blooded human host (37oC) (Sherman, 

1998; Bayoh and Lindsay, 2003) (Figure 1.1). Hsps play a major role in the adaptation and 

survival of the parasite in the human host especially during fever episodes that are a clinical 

hallmark of malaria where body temperatures rise sharply (Pavithra et al. 2007). The rise of 

temperature during fever episodes is believed to increase resilience of the parasite following 

physiological stress and the parasite adapts to the stress by increasing the expression of Hsps for 

cytoprotection (Pavithra et al. 2004; Perez-Morales and Espinoza, 2015). The role of Hsps also 

becomes critical for the parasite during cellular stress induced by high protein turnover due to 

rapid multiplication rates in asexual blood stage development where more protein produced at 

this stage would require Hsps to properly fold them and prevent them from aggregation (Rathore 

et al. 2015).

Parasite heat shock proteins have also been shown to play a role in drug resistance by 

suppressing the host immune system and neutralizing oxidative stress often induced by 

antimalarial therapeutics (Akide-Ndunge et al. 2009). Moreover, the asparagine (Asn) rich 

proteome of the parasite is vulnerable to aggregation hence the need for Hsps to prevent probable 

aggregation of its proteins during heat stress (Aravind et al. 2003; Muralidharan et al. 2012).
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Perhaps for these reasons, P. falciparum dedicates 2% of its total genome for encoding molecular 

chaperones (Acharya et al. 2007). Indeed, a number of P. falciparum Hsp70 and Hsp40s have 

been proposed to play a major role in parasite development and survival, particularly within the 

human host. This is based on the fact that Hsp70 chaperones and their Hsp40 co-chaperones are 

critical to the maintenance of cellular proteostasis through their role in the folding, refolding, 

aggregation suppression, translocation and degradation of proteins (Shonhai et al. 2011; Njunge 

et al. 2013; Pesce and Blatch, 2014).

The parasite exports a number of Hsp40 and Hsp70 proteins to the infected erythrocyte as part of 

its adaptation (Marti etal. 2004; Kulzer etal. 2012). Besides its own heat shock proteins, the 

parasite hijacks the host’s chaperone machinery to aid in trafficking its own proteins to the 

erythrocyte (Oakley et al. 2011). Proteins that are trafficked to the host cells enable the parasite 

to remodel the host cell in such a way as to facilitate nutrient absorption and avert the host 

immune system (Maier et al. 2009). There are approximately 8% of proteins encoded in the 

parasite genome which are trafficked to the host cell and the majority of these proteins possess a 

signature export motif called vacuolar transport signal (VTS) (Hiller et al. 2004) or Plasmodium 

export element (PEXEL) (Marti et al. 2004). There are approximately 463 PEXEL containing 

proteins (Boddey et al. 2013), however, some exported proteins generally referred to as PEXEL 

Negative Exported Proteins (PNEPs) do not contain the conserved export motif (Heiber et al. 

2013).

Some Hsp40 proteins have been shown to localize to discrete infected erythrocyte compartments 

consequently known as J-dots in P.falciparum (Kulzer etal. 2010). The J-dots contain a 

specialized family of protein known as Plasmodium falciparum Membrane Protein 1 (PfEMP1), 

restricted to P. falciparum parasite species. PfEMP1 is amongst the proteins transported onto the 

surface of infected erythrocytes that mediates cytoadhesion of infected erythrocytes to human 

endothelium (Rask et al. 2010). The parasite transported proteins localize and remodel the 

infected erythrocyte through formation of raised knob structures mainly associated with 

histidine-rich protein (KAHRP) (Taylor et al.1987; Kulzer et al. 2012). The structures help 

infected erythrocytes to stick and adhere to vascular endothelium, thereby preventing them from 

splenic clearance (Acharya et al. 2007) thus promotes parasite infectivity and pathogenesis
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(Banumathy et al. 2002; Maier et al. 2008). Another Hsp40 protein; Ring erythrocyte surface 

antigen (RESA) (PFA0110w) is similarly localized to the RBC membrane (Morahan et al. 2011). 

The protein binds to spectrin, and is believed to promote cytoadhesion and stabilization of the 

cytoskeleton against heat stress (Cooke et al. 2002; Silva et al. 2005). RESA also increases 

resistance to further parasite invasion (Pei et al. 2007). By preventing secondary erythrocyte 

invasion, RESA is proposed to provide a selective advantage on the parasite by enhancing 

parasite survival (Pei et al. 2007). The role of type IV HSP40; PF10_0381 in the formation of 

knobs has been demonstrated and targeted disruption of the protein resulted in decreased knob 

formations (Maier et al. 2008).

It is generally suggested that the J-proteins are involved in promoting and regulating a number of 

parasite-erythrocyte exported proteins (Banumathy et al. 2002; Lingelbach and Przyborski, 2006) 

due to their canonical functions of regulating the activities of Hsp70 in a manner that facilitates 

the folding of proteins under both normal and stress response conditions (Walsh et al. 2004). 

Generally, Hsp chaperone proteins play a crucial role during parasite developmental stages and 

expression levels of these chaperones during the human intra-erythrocytic imply that heat shock 

proteins could take part during adaptation of the parasite to the human host (Pavithra et al. 2007) 

and by extension promote pathogenesis.

1.6.1 P. falciparum Hsp70 family.

The P. falciparum genome encodes six Hsp70 (PfHsp70) homologues that localize in different 

cellular compartments where they carry out specialized and specific functions (Shonhai et al. 

2011). Both PfHsp70-1 (PF3D7_0818900) and PfHsp70-z (PF3D7_0708800) are cytosolic 

Hsp70 proteins (Raviol et al. 2006; Shonhai et al. 2007). High levels of PfHsp70-1 are present 

throughout the erythrocytic stages of the parasite life cycle (Acharya et al. 2009), with increased 

levels at febrile temperatures (Kumar et al., 1991; Pesce et al. 2008). PfHsp70-1 is also observed 

to localize in the nucleus and PV (Patankar et al. 2001; Nyalwidhe and Lingelbach, 2006). Its
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increased expression during drug induced stress points to its likely role in reversing the effects of 

oxidative damages caused by antimalarials (Akide-Ndunge et al. 2009).

The expression of PfHsp70-z is proposed to inhibit aggregation of malarial asparagine repeat- 

rich proteins (Muralidharan et al. 2012). The chaperone belongs to the HSP110 family and 

directly interacts with PfHsp70-1 in a nucleotide-dependent fashion hence most likely serving as 

a nucleotide exchange factor of PfHsp70-1 (Zininga et al. 2016). PfHsp70-z heat inducible 

properties enable it to play a vital role during the parasite stress response (Patankar et al. 2001). 

The expression of PfHsp70-z at all clinical stages of malaria provides further evidence on its 

involvement in malaria disease development (Pallavi et al. 2010). Further, its occurrence in 

chromosome seven together with var and pfcrt genes for drug resistance, points to its possible 

involvement in parasite drug resistance and virulence (Ecker et al. 2012; Picot et al. 2009). 

Selective inhibition of PfHsp70-1 by small molecule antimalarial inhibitor; malonganenone-A 

and 15-deoxy-spergualin compounds has been demonstrated (Cockburn et al. 2011; Ramya et al. 

2007).Some compounds that selectively target the interaction of Hsp40 with Hsp70 in malaria 

parasites have been shown to exhibit limited cytoxicity to human cells, providing a potential 

avenue for drug target development (Cockburn et al. 2014).

PfHsp70-2/PfBiP (PF3D7_0917900) and PfHsp70-y (PF3D7_1344200) localize in the 

endoplasmic reticulum (Kumar et al. 1991; Shonnai et al. 2007). PfHsp70-2 is expressed in 

parasite blood stages where it plays a role in controlling protein quality and interacts with 

proteins bound for erythrocytes (Saridaki et al.2008). PfHsp70-2 has also been shown to encode 

a predicted apicoplast targeting signal, however, its C-terminal ER retrieval sequence is 

dominant (Heiny et al. 2012) making it more likely to reside in the ER than in the apicoplast 

(Przyborski et al. 2015). The protein has also been shown to possess chaperone properties 

(Ramya et al. 2006).PfHsp70-y belongs to the Grp110/Grp170 (Hsp110) group of chaperone 

proteins and shares structural similarities with PfHsp70-z (Shonhai, 2014), suggesting its 

possible role as a nucleotide exchange factor for the resident PfHsp70-2.

PfHsp70-x (PF3D7_0831700) is the only exported parasite Hsp70 protein. It localizes to the J- 

dots in the host cell cytosol and on the parasite PV (Kulzer et al. 2012). PfHsp70-x associates
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with P. falciparum erythrocyte membrane protein1 (PfEMP1), a major malaria virulence factor 

responsible for cytoadherance (Kulzer et al. 2010) and there is a possibility of exported Hsp40s 

functionally associating with both PfHsp70-x and human Hsp70 (Hatherley et al. 2014). Recent 

studies demonstrated biochemical interactions between PfHsp70-x and the exported PfHsp40 

molecular chaperones PFA0660w (Daniyan et al. 2016). PFA0660w play an important role in the 

trafficking and folding of exported proteins, including malaria pathogenesis factors (Pesce and 

Blatch, 2014).

PfHsp70-3 (PF3D7_113400) is predicted to reside in the mitochondria (Shonhai et al. 2007; 

Njunge et al. 2013). Generally, mitochondrial Hsp70s serve as a motor system which interacts 

with pre-proteins to facilitate their entry into the matrix (Neupert et al. 2002). Mature proteins 

are then expected to be processed and properly folded upon entry into the mitochondrial matrix 

with the aid of P. falciparum chaperonin (Hsp60/Hsp10) (Gyurko et al. 2014). Despite the fact 

that PfHsp70-3 has been proposed to reside in the mitochondria, previous reports proposed it to 

occur in the Maurer’s cleft where it possibly participates in exporting antigens to the erythrocyte 

surface (Shonhai et al. 2007;Vincensini et al. 2005).

1.6.2 P. falciparum PfHsp40 family.

The P. falciparum genome encodes 49 Hsp40 proteins, with 2 type Is, 8 type IIs, 26 type IIIs and 

13 type IVs (Njunge et al. 2013; Botha et al. 2011). PfHsp40 (PF3D7_1437900), a type I J- 

protein, is similar to other eukaryotic Hsp40 co-chaperones and interacts with the parasite 

cytosolic Hsp70 in the usual protein folding process (Botha et al. 2007). The other Type I, Pfj1 

(PF3D7_0409400) possesses structurally different features with an extended C-terminal (Nicoll 

et al. 2007). Eighteen PfHsp40s are predicted to harbor a PEXEL motif (Botha et al. 2007) and 

they are believed to be exported to the cytosol of the infected erythrocytes where they take part 

in host cell remodeling (Pesce et al. 2014). There are three type II PfHsp40s that are exported, 

(PFA0660w, PFB0090c and PFE0055c, where PFA0660w and PFE0055c play a role in J-dot 

formation (Kulzer et al. 2010; Crabb et al. 1999; Miller et al. 2002). PFB0595w (PF3D7
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0213100), a type II J-protein, was recently shown to reside in the cytosol and stimulated the 

ATPase activity of PfHsp70-1 (Njunge et al. 2015).

Type IV PfHsp40 proteins form the largest percentage of exported PfHsp40s where 11 of them 

(PFE0040c, PFL2550w, PF14_0013, PFA0675w, PFA0110w, PF11_0512, PFB0085c, 

PF10_0381, PF11_0035 and PFB0925w) have been identified to be exported (Maier et al. 2008). 

Indeed, half of the PfHsp40 exportome are type IVs (Pesce et al. 2014) and some members in the 

group carry out specific roles. For instance, PFL2550w Also called PfGECOis expressed in 

gametogenesis (Morahan et al. 2011) and PFA0110w protects the infected erythrocytes 

membrane during fever episodes (Silva et al. 2005). A number of type IV Hsp40s could function 

in a different manner from the canonical co-chaperones and most of them could be unlikely to 

interact with Hsp70s of both the parasite and host cell due to their corrupted HPD motif on the J- 

domain (Pesce et al. 2014). Exported Hsp40s are likely to functionally associate with both 

parasite and human exported PfHsp70s.

1.7 Functions of Mitochondria in P.falciparum life cycle

The P. falciparum parasite mitochondrion undergoes various morphological and numerical 

changes between the asexual and sexual developmental stages (MacRae et al. 2013). The parasite 

relies on anaerobic cytosolic glycolysis for energy production during the infective asexual stages 

but retains a single double membrane mitochondrion without a functional TCA cycle and 

oxidative phosphorylation due to lack of pyruvate dehydrogenase complex (Torrentino-Madamet 

et al. 2010). Even though the parasite mitochondrion contains some components of TCA cycle 

and oxidative Phosphorylation, its main function tends to be production of metabolites rather 

than ATP synthesis (Van Dooren et al. 2006; Deponte et al. 2012). The parasite gametes possess 

six similar mitochondrial organelles that appear morphologically different from those in the 

erythrocytic stage due to the change of environment from the mammalian host to the mosquito 

vector where the concentration of free oxygen is higher (Van Dooren et al. 2006). The functions 

of the parasite mitochondrion in the asexual stages are not well known but it could maintain 

respiratory transport chain for transportation of proteins and other metabolites (Krungkrai et al.
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1991; MacRae et al. 2013). The respiratory transport chain process would also be needed for the 

re-oxidation of inner-membrane dehydrogenases, such as the dihydroorotate dehydrogenase 

involved in de novo pyrimidine biosynthesis (Ke et al. 2011; Painter et al. 2007).

The importance of the mitochondrion to the parasite is demonstrated by the use of antimalarial 

drugs, such as atovaquone and arthemeter, which inhibit the functions of the organelle leading to 

death of the parasite (Uyemura et al. 2000; Krungkrai, 2004). The parasite’s erythrocytic 

development makes use of 80% of the host cell hemoglobin which is converted into a chemically 

reactive heme cofactor that can be highly toxic to the parasite if left to accumulate in the cell (Ke 

et al. 2014). To avoid the toxicity of heme accumulation, the parasite converts it into hemozoin 

(Kumar et al. 2007; Clark et al. 2014). The parasite mitochondrion helps in synthesizing three of 

the eight enzymes needed for the pathway of heme biosynthesis (Nagaraj et al. 2010). A recent 

study showed that erythrocytic heme biosynthesis in P. falciparum is dispensable but plays a 

vital role in the sexual stage thus making the mitochondrion organelle indispensable to the 

parasite at this stage of development (Ke et al. 2014).

The vast majority of mitochondrial proteins are synthesized on cytosolic ribosomes and 

subsequently imported into the organelle as precursor proteins (Hutu et al. 2008). This requires 

mitochondrial resident chaperones and co-chaperones to assist in translocating imported protein 

across the membrane and refolding them into their conformational structure while in the matrix 

(Neupert and Brunner, 2002). The ATP-driven pre-sequence translocase-associated motor 

(PAM) is essential for full translocation of preproteins into the matrix (Wiedemann et al. 2004). 

Mitochondrial heat shock protein 70 (mtHsp70) play an integral role as a part of the PAM 

component (Okamoto et al. 2002). PfHsp70-3 is the only proposed mitochondrial Hsp70 protein 

in P. falciparum which would therefore play an essential role in the importation and refolding of 

proteins in the parasite mitochondrial matrix (Seraphim et al. 2014). Furthermore, a number of 

co-chaperones have been predicted to reside in P. falciparum mitochondrion. It has been 

proposed that PfHsp70-3 together with its co-chaperones GrpE (PF3D7_1124700), Tim44 

(PF3D7_1125400), and PfPam18 (PF3D7_0724400), could potentially form the motor system 

that transports preproteins and fold them in the mitochondrial matrix (Dolezal et al. 2005; 

Njunge et al. 2013).
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1.8. Knowledge gap and motivation

The role of heat shock proteins in the survival and general pathogenesis of P. falciparum has 

been demonstrated (Perez-Morales et al. 2015; Shonhai et al. 2011) and a number of these 

proteins have been considered as possible drug targets in the fight against malaria (Kumar et al. 

2003; Bedin et al. 2004; Neckers and Tatu, 2008). The predictions of PfHsp70-3 localization in 

the parasite mitochondria have been challenged by reports of it being in the Maurer’s cleft. There 

is a need for experimental validation on PfHsp70-3 localization and its molecular chaperone 

properties. Most of the characterized mtHsp70s have shown to possess aggregation propensities 

and dependence on an Hsp70 escort protein (Hep) for solubility and functional activities. Even 

though a putative orthologue of Hep has been indentified in P. falciparum (PfHep1) (Seraphim et 

al. 2014), it has not been biochemically characterized. Considering the central role mitochondrial 

Hsp70s play in transporting and folding matrix bound proteins to guarantee mitochondrial 

biogenesis and homeostasis, P. falciparumPfHsp70-3/J chaperone machinery could also prove 

critical to the organelle and hence the survival of the parasite. The predicted mitochondrial 

PfHsp40s/J-proteins that could serve as PfHsp70-3 co-chaperones have not been experimentally 

validated. STRING protein interaction network resources predicts PFF1415c (PF3D7_0629200) 

J-chaperone protein as an interacting partner of PfHsp70-3 (Szklarczyk et al. 2011) but this has 

not been proved experimentally. Pfj1 (PF3D7_0409400) is another J protein predicted to reside 

in the parasite mitochondria (Watanabe et al. 1997), however, the protein has also been reported 

to localize in the apicoplast (Kumar et al. 2010). This calls for validating experiments to 

ascertain Pfj1’s role as a co-chaperone and it localization in the parasite.

1.9 Hypothesis

PfHsp70-3 is a mitochondrial Hsp70 in P. falciparum and both PfHep1 and Pfj1 function as its 

co-chaperones.
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1.10 Broad Objectives

The study will attempt to biochemically and biologically characterize PfHsp70-3 to gain insights 

to its molecular chaperone properties. The study will also incorporate both Pfj1 and PfHep1 as 

possible PfHsp70-3 co-chaperones.

1.10.1 Specific Objectives and Approach

The specific objectives of this study are:

i) Bioinformatics analysis of PfHsp70-3 and PfHep1

The study aimed at conducting comparative sequence and phylogenetic analysis to infer to the 

properties and possible interactions between PfHsp70-3 and PfHep1. Functional domains and 

residues will be identified and cladistic relationship between species in relation to the two 

proteins will be analyzed. Protein models for PfHsp70-3 and PfHep1 will be generated closely 

related templates.

ii) Expression, solubilization and purification of PfHsp70-3, Pfj1 and PfHep1

The study aimed at over-expressing His-tagged PfHsp70-3, Pfj1 and PfHep1 in a bacterial 

system and purifying the proteins. Respective bacterial codon optimized sequences will be 

inserted into pQE30 expression vectors that will be used to express the proteins. Analysis of 

protein expression and solubility profile will be determined by SDS-PAGE and western analyses 

using appropriate antibodies. Various approaches will be used to solubilise and recover 

biochemically active proteins and the oligomeric status of PfHsp70-3 will be determined through 

fast protein liquid chromatography (FPLC).
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iii) In vitro biochemical characterization of PfHsp70-3

To better understand the biochemical properties of PfHsp70-3, a number of functional assays 

will be conducted against PfHsp70-3 alone and with PfHep1 and Pfj1. The ability of PfHep1 and 

Pfj1 to function as co-chaperones of PfHsp70-3 will be analyzed. To achieve this, PfHsp70-3 

chaperone activities in suppressing aggregation of model proteins such as MDH and citrate 

synthase in combination with Pfj1 and PfHep1 will be assessed. The aggregation properties of 

PfHsp70-3 will be analyzed and the role of PfHep1 in suppressing the aggregation will also be 

investigated. Furthermore, the ability of PfHsp70-3 to refold P-galactosidase will be determined. 

The role of Zn found in the structure of PfHep1 will be investigated to establish the role it 

plays in PfHepl’s functions in relation to PfHs70-3. The ability of PfHep1 and Pfj1 to stimulate 

the ATPase activity of PfHsp70-3 will be investigated.

iv) Cell biological characterization of PfHsp70-3 and PfHep1

Intra-erythrocytic properties of PfHsp70-3 and PfHep1 will be investigated in this study. Peptide 

specific antibodies will be raised against PfHsp70-3 and the cultured parasite lysates will be used 

to determine the expression profile, heat induciibility, localization and solubility profile of the 

protein in P. falciparum. Constructs of PfHep1 will be made where the genomic sequence for 

PfHep1 will be inserted into GFP-pARL2 plasmid for transfection of P. falciparum parasites. 

GFP-tagged PfHep1 will be used for localization studies.
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CHAPTER TWO

Bioinformatics analysis of PfHsp70-3 and PfHep1

2.0 Introduction

The current sequencing technology has generated a colossal amount of biological data organized 

in various databases that can be easily accessible (Soon et al. 2013) making it possible to 

characterize organisms and their biological components (Hugenholtz et al. 2002). Bioinformatics 

makes the vast, diverse, and complex life sciences data easy to acquire, store, archive, analyze 

and visualize (Manichaikul et al. 2010; Zhang et al. 2010). A number of databases with 

biologically related information on Plasmodium species have been developed which include 

NCBI malaria genetics and genomics site, Tropical Disease Research fTDR), Malaria Research 

and Reference Reagents Resource center (MR4) and PlasmoDB (Aurrecoechea et al. 2008). 

These databases make it possible to analyze and determine orthologues between different species 

facilitating the discovery of shared biological features between lineages (Chen et al. 2006). 

Furthermore, the information contained in such databases can be used for predictions of 

subcellular localization of proteins using signal peptides and transmembrane domains (Krogh et 

al. 2001; Hiller et al. 2004).

An understanding of the nature and biology of P. falciparum has been advanced through the 

completion of sequencing of its entire genome (Gardner et al. 2002; Kissinger et al. 2002)as 

documented in the database PlasmoDB (Bahl et al. 2002). The database contains extensive 

genome, proteome and metabalome information related to P. falciparum and other malaria 

parasites (Aurrecoechea et al. 2009). It provides access to the entire genome sequence of the 3D7 

reference strain of P. falciparum, together with computationally predicted and manually curated 

genes and gene models, protein feature predictions and functional annotations (Aurrecoechea et 

al. 2009). PlasmoDB database facilitates the mining of functional genomic datasets integrated 

with genomic sequences from different Plasmodium species such as P. vivax, P. yoelii and P. 

knowlesi that have been sequenced (Carlton et al. 2008; Pain et al. 2008). Information generated
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from sequencing centers such as Wellcome Trust Sanger Institute and The Institute for Genomic 

Research (TIGR) integrated with functional genomics datasets generated by the malaria research 

communities (Stoeckert et al. 2006) make up the PlasmoDB database.

Broadly, information in PlasmoDB includes automated gene model predictions, predicted 

proteins and protein motifs, DNA sequence data and curated annotations, information on 

population polymorphisms, expression data generated by a variety of complementary strategies 

and proteomics data (Aurrecoechea et al. 2009). This information is applied in areas of research 

such as indentifying gene families in the genome that are responsible for pathogenesis and 

proteins expressed in blood stream parasites that are different from the human ones for drug 

discovery (Cai et al. 2012; Doolan et al. 2003). Furthermore, the information in the database can 

be used to analyze all genes for which clear orthologues are known from other species for 

evolutionary relatedness and many other specialized features (Eisen, 1998; Sharman and Gerloff, 

2013). PlasmoDB integrates data and allows the user to carry out complex queries adapted to 

specific tasks and interest (Aurrecoechea et al. 2009).

TDR (http://tdrtargets.org) database contains specific genomic information that is aimed at 

identifying possible molecular targets for drug discovery (Aguero et al. 2008). It integrates 

information from three dimensional structures (Berman et al. 2007), metabolic pathway 

classifications, expression and essentiality of specific proteins (Aguero et al. 2008). It also 

contains resources and published studies, organism-specific functional information such as 

information on orthologues (Chen et al. 2007). Information curated from literature on chemical 

and genetic validation status of targets, precedence for druggability and assayability are also 

supplemented in TDR database to fast track drug discovery efforts and identification of potential 

vaccine targets (Magarinos et al. 2012; Ludin et al. 2012). The database prioritizes tropical 

disease pathogens that include M. tuberculosis, T. brucei and P. falciparum /Magarinos et al. 

2012).

MR4 (https://www.mr4.org) is another database that provides a central resource for malaria 

reagents, protocols and technical support for the research community. MR4 acquires, 

authenticates, preserves and distributes parasites, mosquito vectors and associated biological and
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molecular reagents. It is currently supported by the National Institute of Allergy and Infectious 

Diseases (NIAID) and is part of NIAID BEI (https://www.beiresources.org/MR4Home.aspx). 

PlasmoDB provides direct links to external data sources and sites that include MR4 and Malaria 

Parasite Metabolic Pathways database (http://sites.huji.ac.il/malaria/) (Limviphuvadh et al. 2003; 

Salinas et al. 2014).

Genes coding for putative P. falciparum mtHsp70 (PfHsp70-3) and Hep1 orthologue (PfHep1) 

proteins are among the fully sequenced and documented gene sequences in PlasmoDB. Besides 

being predicted to reside in the parasite mitochondria, PfHsp70-3 and PfHep1 have not been 

fully characterized. Mitochondrial Hsp70s have been found to aggregate due to interdomain 

communication between the ATPase and linker domains. The Hep1 protein is required to interact 

with both the ATPase and linker domains of mtHsp70s in the absence of a nucleotide to prevent 

aggregation and maintain their functional conformations (Sichting et al. 2005). Studies of the 

three yeast mtHsp70 paralogues have shown that they possess different properties and only Ssq1 

and Ssc1 manifest aggregation propensities that require Hep1. The third member, Ssc3 remains 

partially insoluble even in the presence of Hep1 despite sharing more than 80% sequence 

homology with Ssc1. Further analysis revealed that the propensity to aggregate, and reliance on 

Hep1 for functional activities, is a feature specific to mtHsp70s rather than all proteins targeted 

to the mitochondrial matrix (Blamowska et al. 2012). Indeed non-mitochondrial Hsp70 

homologues containing mitochondrial targeting sequences remain soluble in the mitochondrial 

matrix lacking Hep1 (Blamowska et al. 2012). Specific amino acid residues in the ATPase 

domain of Ssc1 are responsible for its aggregation properties. Mutational studies involving an 

exchange of amino acid residues (236-243) on the ATPase domain of Ssc1 for those from 

bacterial Hsp70 (212-215) increased the solubility of the chimera in the absence of Hep1 and 

abrogated interaction with Hep1 (Blamowska et al. 2010). This indicated that these residues 

could be responsible for ATPase-linker interdomain communications that lead to eventual 

aggregation of Ssc1 and interactions with Hep1.

It has also been further pointed out that minor amino acid residue variations in the ATPase 

domain of Ssc3 contributes to its insolubility in the presence of Hep1 as opposed to Ssc1 and 

Ssq1 (Pareek et al. 2011). Ssc3 mutants carrying corresponding residues of Ssc1 at position 157
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and 159 (A157G, S159P) became soluble in the presence of Hep1.This implies that amino acid 

residues 157 and 159 in the ATPase domain of Ssc3 play a crucial role in its insolubility and 

aggregation, even in the presence of Hep1 (Blamowska et al. 2010; Pareek et al. 2011). 

Mitochondrial Hsp70s interact with Hep1 at the convex face of its L shaped structure and residue 

D111 located at the convex has been shown to play an important role in the interaction of the two 

proteins. Mutations of D111, R106 and H107 on the Hep1 protein abrogate its functions against 

mtHsp70. The three residues, D111, R106 and H107 are located in the zinc finger domain that is 

responsible for the overall structure and function of Hep1. Furthermore, the zinc finger domain 

has been found to be highly conserved across Hep1 orthologues.

An understanding of the properties of an unknown protein can be enhanced by analyzing and 

comparing it to well known and characterized orthologues using bioinformatics tools (Sali et al. 

1995; Geourjon et al. 2001). For instance, homology modeling allows the construction of a three 

dimensional protein model of unknown target protein from either its amino acid sequence or 

from a three dimensional structure of its known homologue that is referred to as a template 

(Fiser, 2010). During modeling, one or more protein structures that are likely to resemble the 

query sequence are identified during alignments where residues from query sequence are 

matched with those on the template sequences for identity (Forrest et al. 2006). Proteins sharing 

more than 20% sequence identity from the alignment of their sequences are likely to have similar 

structure since protein structures are more conserved than protein sequences amongst 

homologues (Chothia and Lesk, 1986; Pearson. 2013). Higher percentage similarities among 

sequences indicate significant structural similarities (Marti -Renom et al. 2000). Bioinformatics 

analysis of PfHsp70-3 and PfHep1 would identify whether the two proteins possess the features 

of their respective characterized orthologues in yeast and other organisms. This would further 

indicate whether PfHsp70-3 and PfHep1 function as typical mtHsp70 and Hep1 proteins 

respectively and whether PfHsp70-3 would rely on PfHep1 for structural and functional 

properties.

2.1. Objectives
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The aim of this study was to utilize bioinformatics tools to infer the properties and possible 

interactions of PfHsp70-3 and PfHep1.

Specific objectives were to:

1) Conduct comparative protein sequence and phylogenetic analyses of PfHsp70-3 and 

PfHep1 along with their characterized orthologues from other eukaryotic species.

2) Identify domains and residues that could be involved in the interaction of PfHsp70-3 with 

PfHep1.

3) Carry out homology modeling of PfHep1 and PfHsp70-3.

2.2. Experimental procedure

2.2.1. Sequence searches and comparison

The primary amino acid sequence of plasmodial mitochondrial Hsp70 and Hep1 orthologues 

were obtained from PlasmoDB v4.4 (http:// plasmodb.org/plasmo/; Aurrecoechea et al. 2009). 

The rest of the sequences from other species were obtained from the national Center for 

Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov) based on a BLAST search 

using PfHsp70-3 and PfHep1 sequences as queries. Sequence alignment and percentage identity 

was done using Clastaw Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) (Fabian et al. 2011) 

and MUSCLE (Edgar et al. 2004). Annotations on the sequences were carried out manually. 

Shading of conserved and identical residues was performed using the BOXSHADE server by K. 

Hofmann and M. Baron (http://www.ch.embnet.org/software/BOX_form.htm1).

2.2.2. Phylogenetic analysis

Phylogenetic analysis was carried out on PfHsp70-3 and PfHep1. Molecular Evolutionary 

Genetics Analysis 6 (mega 6) (Tamura et al. 2013) and Clastaw omega programs were used to
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generate the cladogram/phylogenetic tree for analysis of PfHep1 and its orthologues. The 

primary amino acid sequences of proteins were used as inputs to mega 6, followed by multiple 

sequence alignment (MSA) using the inbuilt alignment program MUSCLE. The MSA was 

subsequently used to construct a phylogenetic tree based on the best evolutionary 

model/substitution method which is calculated based on the Bayesian information criterion (BIC) 

score. Phylogenetic tree construction was carried out using maximum likelihood (Tamura et al. 

2011) with the following parameters: bootstrap consensus tree surmised from 1000 replicates for 

standard representation and any tree partitions replicated in less 75% of the bootstrap analyzes 

were collapsed to maintain species boundaries. Based on the calculations, the unrooted tree was 

generated based on the Poisson substitution model (Fletcher & Yang, 2009). Phylogenetic 

cladogram of neighbor joining unrooted tree without distance corrections for PfHsp70-3 and 

PfHep1 along with their orthologues were also generated using Clastaw omega.

2.2.3. Homology modeling

The protein domain mapping for PfHep1 was conducted using the online programs SMART 7 

(Simple Modular Architecture Research Tool; http://smart.embl-heidelberg.de/; Letunic et al. 

2012) and Prosite (http://prosite.expasy.org/; (Sigrist et al 2009). In order to predict the 

subcellular localization of PfHep1 and PfHsp70-3, a number of online programs that included 

NucPred (http://www.sbc.su.se/- maccallr/nucpred/cgi-bin/single.cgi; (Brameier et al. 2009) 

MitoPROT (http://ihg.gsf.de/ihg/mitoprot.html; (Claros and Vincens, 1996) MultiLoc 

(http://abi.inf.uni-tuebingen.de/Services/MultiLoc; (Hoglund et al 2006) SignalP version 4.1 

(http://www.cbs.dtu.dk/services/SignalP/; (Petersen et al. 2011) and WoLF PSORT 

(http://www.genscript.com/wolf-psort.html.; (Horton et al. 2007) were used. Alignment was 

conducted using MAFFT (http://www.ebi.ac.uk/Tools/msa/mafft/; (Katoh and Toh, 2008). The 

zinc-binding domain structure of PfHep1 was modeled using the online Swiss Model server 

(Biasini et al. 2014). The solution structure of Tim15c (yHep1) solved by NMR (PBD accession 

number 2EZZ) was used as the template (Momose et al. 2007). To predict the model structure of 

PfHsp70-3 protein, the protein sequence was retrieved from PlasmoDB and was used as a query
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sequence that was submitted to Homology detection & structure prediction (HHpred) server to 

generate 3- dimensional protein structure of PfHsp70-3 using the closest homologues among the 

resolved models in modeling database. The template that shared greater than 30% sequence 

identity with the E-values closest to zero was selected for homology modeling of PfHsp70-3. 

MODELLER 9v12 was used for modeling (Sali et al. 1995) and the modeling process was 

achieved through slow refinement. Generated models for PfHep1 and PfHsp70-3 were rendered 

using PyMol (DeLano, 2002).

2.3 Results and Discussion

2.3.1 Sequence alignment and analysis of PfHsp70-3 and other mitochondrial 

Hsp70s

Ssc1, Ssq1 and Ssc3/Ecm10 are the Hsp70 proteins found in the mitochondria of yeast (Craig 

and Marszalek, 2002) and only Ssc1 and Ssq1 produce aggregation-prone conformers which are 

prevented by the presence of Hep1 protein (Baumann et al. 2000; Blamowska et al. 2010). 

Besides Ssc1 and Ssq1, other mtHsp70 that have been characterised have shown the same 

tendency to aggregate and a reliance on Hep1 for solubility and functional activities, these 

include mtHsp70 fromHomo sapiens (Zhai et al. 2011), Chlamydomonas reinhardtii (Willmund 

et al. 2008), Arabidopsis thaliana (Kluth et al. 2012) and Leishmania braziliensis (Dores-silva et 

al. 2015). The purpose of carrying out a sequence alignment of mtHsp70s was to identify the 

conserved domain residues that are functionally important. The conservation of the domain 

residues would be used to infer PfHsp70-3 function, including the tendency to aggregate and the 

requirement of PfHep1 for solubility and functional activities. Despite the fact that the ATPase 

domain is generally conserved among the Hsp70 proteins families (Sarkar et al. 2013), particular 

residues within the domain have been shown to be responsible for specific properties unique to 

mtHsp70s (Blamowska et al. 2010).
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Pf Hs Cr At SSC1 SSC3 Lb SSQ1
Pf 100.00 61.54 64.96 60.97 58.40 55.96 57.03 50.48
Hs 61.54 100.00 68.15 59.79 64.11 62.25 60.65 49.76
Cr 64.96 68.15 100.00 72.98 63.62 61.11 65.23 50.43
At 60.97 59.79 72.98 100.00 60.65 57.77 59.20 48.80
SSC1 58.40 64.11 63.62 60.65 100.00 80.75 56.50 53.00
SSC3 55.96 62.25 61.11 57.77 80.75 100.00 54.72 53.65
Lb 57.03 60.65 65.23 59.20 56.50 54.72 100.00 46.50
SSQ1 50.48 49.76 50.43 48.80 53.00 53.65 46.50 100.00

Figure 2.1 : Sequence percentage identities of PfHs70-3 (Pf) and its orthologues: Hs (Homo 
sapiens, NCBI accession number, P38646.2), Cr (Chlamydomonas reinhardtii, NCBI accession 
number: CAA65356.1), At (Arabidopsis thaliana, NCBI accession number: NP_196521.1), Ssc1 
(Saccharomyces cerevisiae Ssc1, NCBI accession number: P0CS91.1), Ssc3 (Saccharomyces 
cerevisiae Ssc3, NCBI accession number: NP_010884.1), Lb (Leishmania braziliensis, NCBI 
accession number: XP_001566868.1) and Ssq1 (Saccharomyces cerevisiae Ssq1, NCBI 
accession number: NP_013473.1).

The percentage sequence identities of selected mtHsp70 proteins that have been characterised 

were greater than 50% in comparison to PfHsp70-3 (Figure 2.1). The higher percentage identity 

among mtHsp70 could be attributed to their similar bacterial evolutionary origin (Schilke et al. 

2006). The mtHsp70 from C. reinhardtii and A. thaliana showed relatively high sequence 

identity to PfHsp70-3. The close identity of C. reinhardtii and A. thaliana to P. falciparum 

mtHsp70 could be attributed to the close evolutionary relationship between the two organisms as 

evidenced by the presence of the apicoplast and chloroplast in P. falciparum and the organisms. 

The two organelles along with the mitochondria are of secondary endosymbiotic origin and the 

presence of all these organelles in both P. falciparum and C. reinhardtii is an indication of 

further the two organisms evolved together. Since the parasite apicoplast does not contain any 

photosynthetic apparatus, it is often referred to as a relict plastid (Ralph et al. 2004).
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Figure 2.2 : Phylogenetic analysis of PfHs70-3 and its orthologues: The un-rooted 
phylogenetic tree was generated by Clastaw Omega; Hs (Homo sapiens, NCBI accession 
number, P38646.2), Cr (Chlamydomonas reinhardtii, NCBI accession number: CAA65356.1), 
At (Arabidopsis thaliana, NCBI accession number: NP_196521.1), Ssc1 (Saccharomyces 
cerevisiae Ssc1, NCBI accession number: P0CS91.1), Ssc3 (Saccharomyces cerevisiae Ssc3, 
NCBI accession number: NP_010884.1), Lb (Leishmania braziliensis, NCBI accession number: 
XP_001566868.1) and Ssq1 (Saccharomyces cerevisiae Ssq1, NCBI accession number: 
NP_013473.1).

Ssq1 showed the lowest percentage identity to PfHsp70-3 and the other mtHsp70s despite 

sharing some biochemical properties and overlapping functions with its paralogue Ssc1 (Pareek 

et al. 2011). Just like many mtHsp70s, Ssq1 is highly specialized for FeS biogenesis and it 

emerged from the expansion and rearrangement driven by gene duplication (Schilke et al. 2006; 

Yamada and Bork 2009). Even though Ssq1 functions on FeS biogenesis point to its bacterial 

origin similar to other mtHsp70s (Schilke et al. 2006; Pukszta et al. 2010), the gene re­

arrangements has seen it losing some abilities typical to mtHsp70s such as interaction with other 

common J-protein co-chaperones present in yeast mitochondrial matrix, Mdj1 and Pam18 

(D’Silva et al. 2003; Dutkiewicz et al. 2003). The changes that resulted from gene re­

arrangement could attribute to evolutionary differences observed between Ssq1and other 

mtHsp70s.
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Even though all mtHsp70s shared high percentage identity, phylogenetic analysis showed an 

earlier divergence of PfHsp70-3 from the rest of other Hsp70s (Figure 2.2). This could be 

attributed to evolutionary changes within P. falciparum proteins sequences that contain more 

hydrophobic residues as compared to other proteins from other organisms including other 

parasites. Indeed, mtHsp70 from L. braziliensis showed distant phylogenetic relationship with 

PfHsp70-3 (Figure 2.2). Both yeast Ssc1 and Ssc3 shared the same monophyletic clade 

excluding the third member Ssq1 (Figure 2.2). However, even though both Ssc1 and Ssc3 share 

greater sequence identity, Ssc3 has been described as an “atypical” yeast mtHsp70 since it does 

interact with Hep1 proteins. Therefore, unlike its paralogues Ssc1 and Ssq1, Ssc3 often remains 

insoluble even in the presence of Hep1. This is due to sequences divergence within the ATPase 

and SBD domains leading to differences in overall biochemical properties and biological 

functions (Pareek et al. 2011).

Typical to the Hsp70 family, mtHsp70s display a highly conserved ATPase domain compared to 

the SBD and the C-terminal domains (Figure 2.3). The hydrophobic linker that is mostly 

involved in allosteric communication between the ATPase and SBD is highly conserved across 

all mitochondrial Hsp70s. The ATPase domain-linker conformers are aggregation prone and 

responsible for the aggregation propensities observed among mitochondrial Hsp70s. Mutations 

of the linker residues abrogate the aggregation properties by disrupting the interdomain 

communication which is responsible for eventual aggregation of the mtHsp70 proteins 

(Blamowska et al. 2010). The highly conserved leucine rich hydrophobic linker (DLLLLDV) 

not only mediates allosteric communication between NBD and SBD domains but also 

participates in the recruitment of co-chaperones (Aprile et al. 2013).

Residues 233-248 of Ssc1 that correspond to 244-258 on PfHsp70-3 have been implicated in 

mediating ATPase-linker allosteric communication that lead to aggregation of the ATPase 

domain-linker conformer (Figure 2.3). Mutation of any of the residues found in the GVFEV 

motif within the ATPase segment abrogates aggregation of ATPase-linker and insolubility of 

mtHsp70 (Blamowska et al. 2012).
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Figure 2.3 : Sequence alignment of PfHsp70-3 (P.falciparum, PF3D7_1134000) and other 
mtHsp70 orthologues: Ssc1, Ssql, Ssc3 (Saccharomyces cerevisiae paralogues, NCBI 
accession number: P0CS91.1, NP_013473.1 and NP_010884.1 respectively), Cr
(Chlamydomonas reinhardtii, NCBI accession number: CAA65356.1), Lb (Leishmania 
braziliensis, NCBI accession number: XP_001566868.1), At (Arabidopsis thaliana, NCBI 
accession number: NP_196521.1). Highlighted segments: Purple arrow, residues whose 
variations on Ssc3 make it “atypical” mtHsp70 that remain relatively insoluble in the presence of 
Hep1, Red arrow; residues that promote interdomain communication and facilitate ATPase 
insolubility in the absence of Hep1, Blue arrow; linker region required by ATPase domain for 
interaction with Hep1. The red, blue and purple box enclosed regions represent ATPase domain, 
substrate binding domain and the C-terminal sub-domain respectively. The black shade 
represented 100% residue identity with dark gray representing some identity.

These residues are conserved in PfHsp70-3 and other mtHsp70 orthologues except in Ssc3 with 

residues GIFE, the valine residue is substituted for isoleucine (Figure 2.3). Mutation of residues 

A157 and S159 of Ssc3 ATPase domain to G160 and P162 from Ssc1 increases the solubility of 

Ssc3 and its interaction with Hep1 (Pareek et al. 2011). PfHsp70-3 contains the residues G172 

and K174, which are identical to Ssq1 (Figure 2.3)

Since there is no empirical crystallographic or NMR structures available for PfHsp70-3, 

homology modelling was carried out using E.coliHsp70 (2KHO) as a template to generate the3- 

dimensional protein structure of PfHsp70-3. The generated model had greater than 30% identity 

with PfHsp70-3 with the E-values of -0.772 (Figure 2.4 A); which represents the random 

background noise where the lower value represents the significance of the score and the 

alignments. As indicated on the PfHsp70-3 generated model, residues G171 and K173 (Figure 

2.4B) have been shown to play a role in the aggregation of mtHsp70 and in the interaction with 

Hep1. Yeast Hsp70 paralogue Ssc3 which hardly interacts with Hep1 and remains insoluble, 

increase its interaction with Hep1 and become soluble when these residues are exchanged with 

those from Ssc1. Furthermore, the association between the ATPase domain and the linker region 

lead to the aggregation of mtHsp70 and residues GVFEV (Figure 2.4 C) have been implicated 

for the communication between the linker and the ATPase domains that lead to aggregation. The 

conservation of these residues in PfHsp70-3 could most likely make it similar to its orthologues 

especially in terms of aggregation properties in the absence of an escort protein. This could point 

further to the possibility of PfHsp70-3 being a typical mitochondrial protein and therefore most
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likely relying on PfHep1 to remain soluble and functional within the mitochondrial matrix of P. 

falciparum.

Helical I id

Substrate B in d in g  D om ain

G 71

K173

GVFEV

Figure 2.4 : Structural prediction of PfHsp70-3: The model was regenerated by modeller 9 
version 12 (Shen and Sali, 2006) using E.coliHsp70 homolog. (A) The whole protein model 
indicating various domains and regions. (B &C) Highlights of residues proposed to be 
responsible for mtHsp70 aggregation properties and interaction with Hep1 protein.

2.3.2 PfHep1 comparative sequence analysis and modeling

Based on the observation that mitochondrial members of the plant zinc ribbon (ZR) protein 

family show sequence similarities to Hep1 from yeast and humans, ZR and Hep proteins have 

been classified as part of a family consisting of five subgroups: ZR1, ZR2, ZR3, Hep1 and Hep2 

(Kluth et al. 2012). The classification is based on sequence identity and sub-cellular localization
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of individual proteins within the cell (Kluth et al. 2012). The ZR subfamily refers to plant zinc 

finger proteins, ZR1 and ZR2 being plastidic and ZR3 residing within the mitochondria. The Hep 

subfamily refers to non-plant zinc finger proteins with Hep1 being mitochondrial and Hep2 

being plastidic (Kluth et al. 2012). In this study a putative mitochondrial targeting sequence and 

the zinc finger domain (zf-DNL) of the hypothetical zinc finger protein from P. falciparum 

(PF3D7_1420300) were identified and based on its sequence identity and predicted subcellular 

localization, it was denoted as PfHep1.

Hep and ZR proteins have been observed to play roles in suppressing the self-aggregation of 

respective mtHsp70 orthologues in humans (Zhai et al. 2008), yeast (Sichting et al. 2005, 

Momose et al. 2007), Leishmania (Dores-silva et al. 2015), green algae (Willmund et al. 2008) 

and in Arabidopsis thaliana (Kluth et al. 2012). The primary structure of full-length PfHep1 was 

aligned with its orthologues and the putative mitochondrial or chloroplast signal peptides are 

highlighted for each sequence (Figure 2.6). The PfHep1 sequence is asparagine-rich, with a 

continuous stretch of asperagine from residues 128-166 (Figure 2.6). Approximately a quarter of 

all amino residues found in PfHep1 are asparagines. The asparagines repeats are characteristic of 

the P. falciparum proteome and are often absent from heat shock proteins (Singh et al. 2004). 

PfHep1 was also found to be larger than its characterized orthologues with 302 amino acid 

residues.

The highest sequence identity was 38% between PfHep1 and CrHep2 and the two proteins 

showed relatively close phylogenetic relatedness (Figure 2.5 A&B). This is not surprising as P. 

falciparum possess the apicoplast which is non-photosynthetic plastid that is of aligal origin 

(Kohler et al. 1998). PfHep1 also shared a closer phylogenetic relationship with Hep1 

orthologues from A. thaliana that contains photosynthetic plastid; chloroplast (Figure 2.5B). 

Despite relative sequence identity between PfHep1 and HsHep1 (29%), the two proteins showed 

distant phylogenetic relationships as compared to PfHep1 and AtZR3 which was at 26% (Figure 

2.5B) probably due to functional relatedness between the latter. LbHep1 also showed distant 

evolutionary relationship with PfHep1 despite both proteins belonging to parasitic organisms 

(Figure 2.5 B), an indication that the two proteins could possess some functional differences. 

Generally, there was averagely low sequence identity (26%) between PfHep1 and all other Hep1
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protein orthologues considered here (Figure 2.5A). This could be an indication of shared 

evolutionary functions among Hep1 orthologues regardless of low sequence similarity.

Figure 2.5 : Phylogenetic analysis and percentage sequence identities of PfHep1 and its 
orthologues: Leishmania braziliensis (LbHep1;XP_001565573.1), Homo sapiens (HsHep1; 
NM_001080849), Arabidopsis thaliana (AtZR3; AAO64784.1), Chlamydomonas reinhardtii 
(CrHep2; XP_001700157.1) and Saccharomyces cerevisiae (yHep1; NP_014089.2). (A) Shows 
percentage identity of PfHsep1 in reference to its homologues. (B) A cladogram for PfHep1 
homologues generated using Clastaw omega.

Whilst the region upstream of the zf-DNL is longer in PfHep1 than its orthologues, the C- 

terminal region is slightly longer in both the hsHep1 and ScHep1 sequences. There is lack of 

sequence conservation outside of the zf-DNL domain (Figure 2.6). No functional domains, with 

the exception of the zf-DNL, have been identified in the primary sequence of Hep1.

50



B
PfHepl
LbHepl
HsHepl
AtZR3
CrHep2
ScHepl

C/MSP
1 MFQKIGRKLIERRTFSRIILTKDINFKKEK
1 M 
1 -■ 
1 M 
1 -■ 
1 M

m LrTALRGAP
LLALRRALSRRA

IPRTRTLLQSKIPITRYFAR

SLFQRYNIN-------NLSSKNDNHF
DQR------------ LQPALRTRT

LSRVQPR------------- APCLRR—
NQQHRFPLSQVSTEQLSLSNSLFSRS

-CW. Y—

PfHepl
LbHepl
HsHep1
AtZR3
CrHep2
ScHepl

PfHepl
LbHepl
HsHepl
AtZR3
CrHep2
ScHepl

PfHepl
LbHepl
HsHepl
AtZR3
CrHep2
ScHepl

PfHepl
LbHep1
HsHepl
AtZR3
CrHep2
ScHepl

PfHepl
LbHepl
HsHepl
AtZR3
CrHep2
ScHepl

54 CIVPFNSTNNFIIS 
28 CCASFSVSSLVAAS

r
GRGARPEVAGRRR 
GRLFQRQLSVIRE.

SFVTKNERVQNEKIIQDDKFEKSNDKVIYDNKSKHLSDKIICDD
-WCSTGSLSSNA------------------SNPRHSQAKTPSTD

WGWRRSSSE------------------QGP-----------G
lEANEASVTNVCNS------------------SNSATESAKVP —  S

26 -LWGRGARPE 
43 HVYGRLFQRQ 
1
3 0 ----------------------- N CRT-------------------------------- L

114 KIIELNENIITNTINNNNNNNNNNNNNNNNNSNNNNNNSNNNNNNSNNNNNNNEEIINTS
69
57
83
1

36

H-Isa vasts
GRVEAAH- 

JTPSEEMMVKYK

-DATASATSVEEQLKMLS

HTNIIAHN------------------------------------------ EVKK—

NKIIQINNGEESEILDKNLNEDLVDKEIDQKKKEYDLVE
3VMC

174 SNILDI
9 9 PE--- DQEHIIAALNAPENE------KSSVMGGTGIGPANGD
6 9 -------------------------------------------- YQ
9 6 ------SQLKI---------------------------- NPRHDf]
1 ----------------------------------------------m m

5 3 ------DDKKV------------------- HLGSFKVDKPK— MMi]
Zf-DNL

234 
149 
86 

123 
17 
86

289 NNLL------EV
2 05 GDYQV-----VADPAV

17 6 DSLNL-----TPEDLA
73 GLFELSDES-QVRAA 

139 GDLEFEDIPDSL

V SSDG--
QVSQDV--

HT

KF-SYaETE -GE 
GS— M

51



Figure 2.6 : Sequence analysis of PfHep1: (A) Schematic representation of the domain 
organization of PfHepl, highlighting the mitochondrial targeting sequence (TS), and zinc finger 
domain (zf-DNL) within a tetracysteine motifs (CXXC). (B) Alignment of full-length PfHepl 
with selected Hep orthologues from Leishmania braziliensis (LbHepl; XP_001565573.1), Homo 
sapiens (HsHepl; NM_001080849), Arabidopsis thaliana (AtZR3; AAO64784.1), 
Chlamydomonas reinhardtii (CrHep2; XP_001700157.1) and Saccharomyces cerevisiae (yHep1; 
NP_014089.2). The mitochondrial/chloroplast signaling peptide (M/CSP) for proteins is shown 
in dark grey, and the zinc binding domain (zf-DNL) is shown in black. Degree of amino acid 
residue conservation is indicated on black and grey backgrounds, with black indicating absolute 
conservation and grey indicating some conservation. The conserved cysteine residues and those 
implicated in facilitating interaction with respective mtHsp70 chaperone partner with the zf-DNL 
domain are highlighted with red and green boxes respectively. Residues unique to PfHep1 are 
heighted on yellow background along with the long stretch of asperagine residues (indicated with 
purple arrow) that is typical to P. falciparum proteome. The blue box enclosure shows the 
extended residues on the c-terminal end of other orthologues absent from PfHep1 sequence.

However, the generation of truncation mutants in LbHep1 had indicated that the region upstream 

of the zf-DNL contributes to enhancing the solubility of LbmtHsp70 (Dores-silva et al. 2015). 

Despite the low overall sequence identities between Hep proteins, the zinc-finger motifs (CXXC) 

that are part of the zf-DNL were found to be conserved in all of the sequences shown here 

including PfHep1 and are separated by 21 amino acids (Figure 2.6).

In some other organisms, the motif is conserved as zf-DHL, in plants mostly as zf-DRL and in , 

Plasmodium species as zf-DQL, with aspartic acid (D) and leucine (L) residues absolutely 

conserved across all species with differences in the middle residues that remains hydrophilic 

(Appendix P). All Hep1 like proteins considered in this study shared more than 80% similarity 

within the zf-DNL (Appendix P). The functional properties of Hep1 proteins have been shown to 

be limited within the zf-DNL domain that provides both structural integrity of the entire protein 

and the site for interaction with mtHsp70s.

Yeast mutants harbouring either a C75S or C100S mutation in the tetracysteine motifs of Hep1 

were found to be incapable of rescuing growth defects in cells lacking Hep1 (Yamamoto et al. 

2005). It was also observed that mutations of the key residues R81, H107, and D111 in human 

Hep1 decreased the binding affinities for HSPA9 (Zhai et al. 2011). Furthermore H107 played a 

critical role in stimulating the ATPase activity of HSPA9 (Zhai et al. 2011). Interestingly two of
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these residues are conserved in PfHep1 (H255 and D259), while R81 is replaced with K229 

(Figure 2.6). Yeast Hep1/Zim17 residues R106, H107 and D111 have been shown to play a 

critical role in interactions with mtHsp70 (Momose et al. 2007). These residues are highly 

conserved among all other Hep1 othologues across various higher organisms analyzed 

(Appendix P).

Figure 2.7 : PfHep1 and yeast Hep1 comparative protein modeling: (A) Structure of the zf-
DNL of PfHep1 modeled using the yeast Hep1 (Zim17/Tim15) structure (PBD accession no. 
2E2Z) as the template and generated using the online Swiss Model program (B) Structure of the 
zf-DNL of yeast Hep1. The zinc ion is shown in red. (C) Yeast Hep1 and PfHep1 models 
overlaid in aqua blue and green colors respectively.

Nuclear magnetic resonance (NMR) structural elucidations have shown that Zim17/yeast Hep1 

has an L-shape with the two zing-finger motifs located at the end of the L sandwiched by two 

anti-parallel beta-sheets (Momose et al. 2007). In this study, the zf-DNL of yeast Hep1 was used
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as a template to generate a three dimensional structure of PfHep1 (Figure 2.7 A & B). When the 

PfHep1generated model and its template were overlaid they revealed an overall structural 

resemblance with the cysteines residues found at the ends of two anti-parallel beta-sheets (Figure 

2.7C).

2.4. Conclusion

PfHsp70-3 and PfHep1 are likely to be typical mtHsp70 and Hep1 homologues in P. falciparum 

respectively. Similar to other characterized mtHsp70 homologues from S. cerevisiae, C. 

reinhardtii, L. braziliensis, H. sapiens and A. thaliana, PfHsp70-3 is likely to be prone to 

aggregation and require interaction with PfHep1 for structural and functional activities. The 

ATPase domain of mtHsp70s is highly conserved and some residues that have been implicated in 

mediating the ATPase-linker communication leading to aggregation of the conformer are also 

conserved in PfHsp70-3. Furthermore, the conservation of the key residues that have been shown 

to play a crucial role in the structure and functions of Hep1 proteins are equally conserved in 

PfHep1. This could point to the likelihood of PfHep1 being a typical Hep1 protein relying on the 

same residues for its functional interactions with PfHsp70-3. Besides the conservation of 

residues implicated for functional activities of Hep1 proteins, PfHep1 showed overall topological 

features similar to those of yeast L-shaped Hep1.Like other Hep1 proteins, PfHep1 displays little 

sequence similarity outside the zinc finger domain. However, the zinc finger domain and specific 

residues implicated for functional and structural properties of Hep1 proteins are well conserved 

among the homologues across a number of species. This indicates the conservation of functions 

among Hep1 proteins despite minimal sequence similarities. PfHep1 and LbHep1 lacked the 

extended portion of the sequence observed at the C-terminal of other Hep1 homologues and due 

to its larger size, PfHep1 contained unique regions that were absent from other homologues.
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CHAPTER THREE

Biochemical Characterization of PfHsp70-3, PfHep1 and Pfj1-J

3.0 Introduction

Despite the availability of the completed P. falciparum genome sequence (Gardner et al. 2002), 

the majority of proteins in the genome have not been expressed and purified using conventional 

cell-based expression systems (Mudeppa and Rathod, 2013). Traditional E.coli cell-based 

expression systems that over-express recombinant proteins from humans and other parasitic 

sources have only managed to express a few proteins of P. falciparum origin (Mehlin et al. 

2006). There are a number of factors that contribute to the challenges of expressing P. 

falciparum proteins which include codon bias, the presence of internal start and stop sites, 

nonspecific nucleic acid binding regions and the presence of high AT content of the 

Plasmodium genome (Mudeppa and Rathod, 2013; Caro et al. 2014). With the challenges of 

expressing recombinant Plasmodium proteins notwithstanding, there is an urgent need for 

producing these proteins in functional forms to be used in screen of new drugs to fast track 

discovery of new therapeutics and identification of novel drug targets. To circumvent the 

setbacks inherent with use of conventional cell-based expression systems, codon optimization 

and harmonization and alteration of host expression systems have been used with occasional 

success (Mehlin et al. 2006).

Successful production of recombinant protein requires the target protein to be over-expressed in 

a soluble form and purified using an appropriate combination of gene, vector and expression host 

to optimize the quality and amount of the protein (Bernaudat et al. 2011). The choice of the host 

to be used depends on the protein of interest (Demain and Vaishnav, 2009), with E.coli being the 

most widely used host for recombinant protein production (Sahdev et al. 2008). It is 

characterized by fast growth, well known genetics, easy genetic manipulation and culturing on 

inexpensive media components (Baneyx, 1999; Shiloach and Fass, 2005). However, the inability 

E. coli cell system to perform post translational modifications may affect the production of
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properly folded and biologically active target recombinant proteins of eukaryotic origin (Francis 

and Dana, 2010). Furthermore, some eukaryotic membrane-bound proteins are difficult to 

express in E. coli and form insoluble aggregates referred to as inclusion bodies (Wingfield et al. 

2014), often due to improper disulfide bond formation (Kadokura et al. 2003). Moreover, 

sequences of proteins that contain highly hydrophobic amino acids are also likely to form 

insoluble aggregates (Singh and Panda, 2005). Indeed, insolubility has remained the major 

bottleneck in recombinant protein production using E. coli host cells as the expression system 

(Jia and Jeon, 2016; Gopal and Kumar 2013).

Several E. coli strains have been identified and modified to improve the levels of expression and 

eventual production of recombinant proteins (Miroux and Walker, 1996). There are strains that 

are protease deficient that can used to minimize degradation of target protein (Lefebvre et al. 

2009; Zerb et al. 2014). Whenever mRNA of target genes is over-expressed in E. coli, there is a 

likelihood of hindered translation due to lack of tRNAs that may be rare in the expression host 

which result in differences in codon usage (Bass and Yansura, 2000). A replacement of rare 

codons with those that are optimized for E. coli expression machinery can improve the 

expression levels of recombinant proteins in E. coli cells (Makino et al. 2011). This can also be 

achieved through codon harmonization where the codons with usage frequencies in the 

expression host that most closely match the usage frequencies in the native target host are 

selected (Angov et al. 2008). There are commercially available plasmids that encode rare tRNAs 

that prevent early termination (Miroux and Walker, 1996; Zerb et al. 2014). However, due to 

diversities in protein properties, it becomes almost impossible to predict whether the intended 

protein of interest will be expressed in a soluble form, purified and recovered in an active form 

within any given experimental setup (Hartley, 2006; Bernaudat et al. 2011).

Insoluble aggregates have been traditionally solubilized using high concentrations of chaotropic 

reagents or denaturants. The denatured peptides are then restored into native conformations 

through refolding processes (Fink, 1998; Burgess, 2009). However, the use of chaotropes such as 

urea and guanidine hydrochloride (GdnHCl) can denature target proteins and destroy existing 

secondary structures leading to further aggregation and irreversible inactivation of the protein 

during refolding process (Dill and Shortle, 1991; Panda, 2003; Singh et al. 2012).

56



Other approaches that are employed to produce biologically active soluble proteins include 

growth at low temperatures and reduced IPTG concentrations that promote proper folding and 

solubility (Studier, 2005; Vera et al. 2007). Low temperatures lead to slow rates of protein 

production resulting in reduced cellular protein concentrations at a given time which favors 

proper folding and production of bioactive protein (Vera et al. 2007). Furthermore, increased use 

of IPTG inducer increases cell mass and target protein yields (Grabski et al. 2005). Expression of 

proteins can be regulated at different levels with the adjustments of IPTG concentrations and 

lower level expression increases the solubility and activity of some target proteins (Dormiani et 

al. 2007).

There is evidence to indicate that proteins contained in insoluble aggregates do have native 

secondary structures (Ami, et. al. 2006; Ventura and Villaverde, 2006) and any mild 

solubilization conditions would preserve these structures during refolding and facilitate recovery 

of bioactive forms of the proteins (Singh and Panda, 2005; Khan et al. 1998). Alcohols and 

detergents such as N-lauroylsarcosine in combination with low concentrations of urea are often 

used for mild solubilization of protein aggregates (Upadhyay et al. 2014). Organic solvents, such 

as alcohols, interact with proteins and affect their basic structures (Kudou et al. 2011), however, 

many others have a stabilizing effect on protein secondary structures and are known to induce 

helicity even in non-structured peptides (Singh et al. 2012). Indeed, solubilization of insoluble 

aggregates using organic solvents provides a practical alternative to conventional urea/guanidine 

hydrochloride based solubilization that often lead to irreversible denaturation and inactive 

solubilised target proteins (Singh et al. 2015).

Co-expression of recombinant proteins with molecular chaperones, co-factors and folding 

modulators or foldases promote proper disulfide bond formation and increase yield of soluble 

and active proteins (de Marco et al. 2005; de Marco, 2007; Kolaj et al. 2009). Co-expression can 

be achieved through the use of two or more plasmids each carrying one gene and a different 

selection marker with compatible replicons (Kholod and, Mustelin, 2001). The use of vectors 

with multiple cloning sites and different sets of restriction enzymes allow co-expression of more 

than one gene at one time where genes are transcribed either from individual promoters or from a 

single promoter, leading to a long polycistronic mRNA (Scheich et al. 2007).

57



P. falciparum mitochondrial Hsp70-3 chaperone properties have not been investigated neither 

have any mitochondrial J-proteins been identified and characterized as Hsp70-3 co-chaperones. 

Pfj1 is a predicted mitochondria J protein and a possible PfHsp70-3 co-chaperone but no in vitro 

study that has been conducted to characterize and verify their interactions. A number of 

characterized mtHsp70 have shown the propensity to aggregate and require an Hsp70 escort 

protein (Hep) for prevention of aggregation. However, it has not been established whether 

PfHsp70-3 will have similar properties and require PfHep1 for its structural and functional 

activities. The Zn ions play an important role in both structural and functional properties of 

Hep1 proteins (Fraga et al. 2013; Dores-silva et al. 2015). Moreover, human and L. braziliensis 

Hep1 have been reported to have the ability of stimulating ATPase activities of their cognate 

mtHsp70 (Zhai et al. 2011; Dores-silva et al. 2016). It would be important to investigate whether 

PfHep1 will have the same properties of other characterized Hep1 orthologues and whether it 

influences the activity of PfHsp70-3. Therefore this study sought to express, purify and evaluate 

the biochemical properties of PfHsp70-3 and the influence of Pfj1 and PfHep1 on its activity.

3.1 Specific objectives

The specific objectives of this study included:

i) Heterologous expression of PfHsp70-3, Pfj1, Pfj1-J and PfHep1 in E. coli cells.

ii) Co-expression studies of PfHsp70-3 and PfHep1.

iii) Purification of PfHsp70-3, Pfj1 and PfHep1and determination of the effects of PfHep1 on 

the oligomeric status of PfHsp70-3.

iv) Investigation of the ability of PfHep1 to prevent the aggregation of PfHsp70-3.

v) Determination of the ability of PfHsp70-3 and PfHep1 to suppress thermally induced 

aggregation of MDH and citrate synthase.

vi) Analysis of the importance of Zn ions on the functional activities of PfHep1

vii) Investigation of PfHsp70-3 ATPase activities and the possible role of PfHep1 and Pfj1 -J 
as co-chaperones.

viii) Determination of the abilities of PfHsp70-3, PfHep1 and Pfj1 -J to refold denatured P-
galactosidase.
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3.2. Materials and Method

3.2.1. Materials

The genomic and codon optimized sequences of PfHsp70-3, PfJ1, PfJ1-J and PfHep1 that were 

used are given in Appendix A. Expression plasmid vectors pQE30 (Qiagen, Germany) and 

pACYCDuet™-1 (Novagen, USA) were used. Escherichia coli (E. coli) cells used were M15 

[pREP4], BL21 (DE3) and DH5a™ and XL1-Blue (Stratagene, USA). Antibiotics 

ampicillin (Sigma-Aldrich, Germany), kanamycin (Sigma-Aldrich, Germany) and 

chloramphenicol (calbiochem, Germany) were also used. Restriction endonucleases 

enzymes BamHI and HindIII (Thermo Scientific, USA), XPstI DNA marker (BioLabs, New 

England) and precision plus protein marker (BioRad, USA) were also used. Ultracentrifuge 

(Beckman coulter life sciences, USA), Micro centrifuge (BOECO, Germany), 7315 UV-Vis 

spectrophotometer (JENWAY, UK) and Snakeskin® dialysis tubing (Pierce -  MWCO 10,000: 

Thermo Scientific, USA) were also used. ECLTM Western blotting kit (GE Healthcare, UK), 

Chemidoc chemiluminescence imaging system (Bio-Rad, USA), 96 well microplate (Greiner 

bio-one, Germany), UV cuvvets (BrandTech, USA), Single use filters (GVS, USA), P- 

galactosidase (Sigma-Aldrich, Germany), AKTAbasic FPLC system (GE Healthcare, 

Biosciences, UK), Microtitre plate reader (Powerwavex, Biotek Instruments Inc. USA) and 

nanodrop spectophometer (Thermo Scientific, USA) were used in the study. Malate 

dehydrogenase (Roche diagnostic, Germany), citrate synthase (Sigma-Aldrich, USA), 

Glycylglycine (Santa Cruz Biotechnology, USA), BSA (Roche diagnostic, Germany), ATP 

(Roche diagnostic, Germany), Ortho-Nitrophenyl-P-Galactoside (ONPG; Sigma-Aldrich, 

Germany), isopropyl-P-D-1-thiogalactopyranoside (IPTG; Thermo Scientific, Lithuania) 

reagents were used. Statistical analysis was done using Microsoft® office excel statistical 

packages.

3.2.2 Methods

3.2.2.1 Construction of expression plasmids.
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E. coli codon-optimized sequences of PfHsp70-3 (PF3D7_1134000) (41-622aa), PfJ1 

(PF3D7_0409400) (61-673 aa) and PfJ1-J domain (61-269 aa) lacking the N-terminal sequence, 

were synthesized and inserted into a pQE30 expression plasmid vector to create pQE30- 

PfHsp70-3, pQE30-PfJ1 and pQE30-PfJ1-J DNA plasmids respectively. The pQE30-PfHsp70-3 

and pQE30-PfJ1 constructs were kind gifts by Dr. James Njunge and Dr. Melisa Botha 

respectively. PfHep1 coding sequence (PF3D7_1420300) (15-302aa), was also codon 

optimized, synthesized and inserted into a multiple cloning site of pACYCDuet1 expression 

vector to create pACYCDuet1-PfHep1 plasmid. Synthesis of coding sequences and insertion into 

pACYCDuet1 was done using BamHI and HindIII restriction endonuclease sites by GenScript 

Corporation, USA. The pACYCDuet1-PfHep1 was later inserted into pQE30 to create pQE30- 

PfHep1 plasmid according to procedure in (Appendix B). The plasmids were digested with 

respective restriction enzymes followed by agarose gel electrophoresis (Appendix C) to confirm 

the size of the coding protein sequence inserts.

3.2.2.2 Expression of PfHsp70-3, PfJ1, PfJ1-J and PfHep1

The pQE30-PfHep1, pQE30-PfHsp70-3, pQE30-PfJ1, and pQE30-PfJ-J plasmid constructs were 

used to transform competent E. coli M15 (pREP4) cells (Appendix D). The E. coli M15 (pREP4) 

plasmid strains are stringent and tightly control protein expression with minimal or no leaky 

expressions. The cells were grown at 37°C on 2x YT (Appendix E) agar plates supplemented 

with appropriate antibiotics. One colony was inoculated into 25 mL of YT broth supplemented 

with respective antibiotics followed by overnight incubation at 37°C. The overnight culture was 

diluted 10x and incubated at 37°C and grown with shaking to mid-log phase. Protein production 

was induced by addition of IPTG to a final concentration of 1mM. Cells were harvested by 

centrifugation (13000g for 2 min) prior to induction and at hourly intervals post induction for 5 

hours and overnight. The harvested samples were re-suspended in phosphate buffered saline 

(PBS) buffer (137mM NaCl, 2.7 mM KCl, 10.3mM Na2HPO4, 1.8mM KH2PO4, pH 7.4).

In order to analyze protein expression profiles, the protein samples were treated with SDS-PAGE 

sample buffer (10% glycerol, 2% SDS, 5% P-mercaptoethanol, 0.05% bromophenol blue,
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0.0625 M Tris, pH 6.8) (Laemmli, 1970) and boiled for 10 minutes. The boiled samples were 

analyzed using 10% and 12% SDS-PAGE and western blotting onto a nitrocellulose membrane 

(Bio-Rad, Germany) according to proposed protocols (De Blas and Cherwinski, 1983; Gershoni 

and Palade, 1982) (Appendix F &G). For western analysis, the nitrocellulose membrane was 

blocked for one hour at room temperature using 5% (w/v) non-fat powder milk in Tris-buffered 

saline-Tween (TBST: 50mM Tris; pH 7.5, 150mM NaCl, 0.1% (v/v) Tween-20). The 

membranes were further incubated in 5% (w/v) non-fat powder milk in TBST containing anti- 

His primary (1:2500) antibodies (Santa Cruz Biotechnology, USA) in an overnight at 4oC with 

gentle shaking. The membranes were washed three times in 10 minutes interval using TBST 

followed by incubation in 5% (w/v) non-fat powder milk in TBST containing HRP-conjugated 

goat anti-mouse IgG secondary (1:3000) antibody (Santa Cruz Biotechnology, USA) for one 

hour. Washing of the membrane was done as previously described and Chemiluminescence- 

based protein detection was achieved using ClarityTM Western ECL blotting kit (Bio-Rad, USA) 

as per the manufacturer’s instructions, and captured with a Chemidoc chemiluminescence 

imaging system (Bio-Rad, USA).

3.2.2.3 Solubilization of PfHsp70-3, Pfj1-J and PfHep1

The solubilities of PfHsp70-3, Pfj1-J and PfHep1 were analyzed and a number of different 

reagents were used to enhance the solubilization for PfHsp70-3 and PfHep1. Culture samples 

(250 mL) were harvested by centrifugation (10,000g at 4oC for 5 minutes) at the respective 

optimum expression times post IPTG induction. The pellets were re-suspended in native lysis 

buffer (10 mM Tris-HCl, pH 7.5, 300 mM NaCl, 10 mM imidazole, 1 mM PMSF, and 1 mg/mL 

lysozyme) and frozen at -80oC overnight followed by rapid thawing and sonication at 4°C. The 

samples were centrifuged (13,000g for 45 minutes, 4°C) to separate the supernatant from the 

pellet. Both the pellet and supernatant samples were analyzed by SDS-PAGE and western 

analysis as described earlier.

PfHsp70-3 insoluble pellet was treated with 7.5% (w/v) final concentration N-lauroylsarcosine 

prepared in sodium Tris -EDTA (STE) buffer (100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA 

pH 7.5) and also with 8 M urea prepared in lysis buffer. Attempts to solubilise the insoluble
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pellet were also made using 2 M urea (final concentration) in combination with 10% (v/v) 

methanol. Further, 1% (w/v) final concentration N-lauroylsarcosine in combination with 10% 

(v/v) methanol was also used for solubilization of PfHsp70-3. The insoluble pellets were re­

suspended in wash buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM EDTA, 1% Triton 

X-100 and 1 mM PMSF) as described by Singh et al. (2005). The washed pellets were re­

suspended in optimized solubilizing buffer (100 mM Tris pH 7.5, 300 mM NaCl, 5 mM DDT, 

0.5 mM EDTA, 1 mM PMSF, 10% (w/v) sucrose and 10 mM imidazole) containing either a 

combination of 10% (v/v) of methanol and 2 M urea or 10% (v/v) methanol and 1% (w/v) N- 

lauroylsarcosine. Solubilization was allowed to proceed for 30 minutes at room temperature and 

samples were sonicated and centrifuged as described before. The pellet and supernatants were 

analyzed by SDS-PAGE and western blot as described earlier. Various percentages and types of 

alcohols (methanol, propanol, butanol and ethanol) were also used to optimize solubilization of 

PfHsp70-3 pellets. For solubilization of PfHep1, 3% N-lauroylsarcosine was added to the 

thawing cells before sonication. Solubilised and sonicated pellet samples were centrifuged and 

analyzed by SDS-PAGE and Western blot.

3.2.2.4 Co-expression analysis of PfHsp70-3 and PfHep1

Competent E. coli BL21 (DE3) cells were co-transformed with pQE30-PfHsp70-3 and 

pACYCDuet1-PfHep1 plasmid constructs and plated on 2x YT agar plates supplemented with 

100 pg/mL ampicillin and 34 pg/mL chloramphenicol and incubated at 37oC. The colonies were 

inoculated into the broth medium containing the same antibiotics and grown to mid-logarithmic 

phase. Protein production was induced by adding IPTG to a final concentration of 1mM. Cells 

were harvested prior to induction and at hourly intervals post induction for 5 hours and 

overnight. The harvested cells were centrifuged (13000g for 2min) and re-suspended in PBS 

buffer. Co-transformations of pQE30-PfHsp70-3 and pACYCDuet1 were also included as 

controls. Protein production profiles of PfHsp70-3 in the presence and absence of PfHep1were 

evaluated using SDS-PAGE and western blot analysis as described in section 3.3.2.2.
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3.2.2.5 Purifications of PfHsp70-3, PfHep1 and Pfj1-J

E. coli cells expressing PfHsp70-3, PfHep1 and PfJ1-J were harvested at the respective optimum 

expression times post IPTG induction followed by re-suspension in native lysis buffer and 

freezing at -80°C in an overnight. The cells were thawed, sonicated and centrifuged at 4°C. 

Thawing and sonication was done in the presence of 3% N-lauroylsarcosine for PfHep1.The 

supernatant fractions of the samples were mixed with cOmplete His-tag purification resin 

(Roche, Germany) and allowed to bind overnight at 4°C with gentle rocking. The resins were 

then centrifuged (4500g for 3 minutes, 4°C) to remove unbound proteins and washed three times 

using wash buffer (100 mM Tris-HCl, , 300 mM NaCl, 50 mM imidazole, pH 7.5) to remove 

non-specific contaminants. The bound proteins were eluted by re-suspending the resins in elution 

buffer (100 mM Tris-HCl, and 300 mM NaCl, and 750 mM imidazole, pH 7.5) followed by 

extensive dialysis using SnakeSkin dialysis tubing into dialysis buffer (100 mM Tris, 100 mM 

NaCl, 0.5 mM DTT, 10% (v/v) glycerol, 50 mM KCl, 2 mM MgCl2 pH 7.5,) and concentrated 

against PEG 20000 (Merck, Germany). The efficiency of the purification process was assessed 

using SDS-PAGE and western blot analysis using mouse monoclonal anti-His primary antibody 

and HRP-conjugated goat anti-mouse IgG secondary antibody as described before. 

Chemiluminescence-based protein detection was achieved using the Clarity™ Western ECL 

blotting kit as per the manufacturer’s instructions, and captured with a Chemidoc 

chemiluminescence imaging system. Purified proteins were quantified using the Bradford’s 

assay (Sigma-Aldrich, USA) with BSA as the standard.

3.2.2.6 PfHsp70-3 size exclusion chromatography

Size exclusion chromatography was carried out to separate PfHep1 from PfHsp70-3 after co­

expression, and in order to determine the oligomeric nature of PfHsp70-3. The dialyzed co­

purified PfHsp70-3 and PfHep1 protein samples were filtered through 0.2gm filters and loaded 

into HiPrep™ 16/60 Sephacryl™ S-200 HR column driven by an AKTA fast-protein liquid 

chromatography system (GE Healthcare, Biosciences, UK) and monitored using the Unicorn
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software version 4.11. The column was equilibrated with the dialysis buffer (100 mM Tris, 100 

mM NaCl, 50 mM KCl, 2 mM MgCl2, 5% (v/v) glycerol, 1 mM DTT, pH 7.5) which also served 

as a mobile phase. The proteins were injected at a flow rate of 1 mL/min and retention times 

were monitored at 280 nm. The molecular mass of PfHsp70-3 was estimated using elution 

volumes for catalase (250 kDa), BSA (68 kDa), ovalbumin (45 kDa), carbonic anhydrase (29 

kDa) and myoglobin (17 kDa) as standards. Eluted fractions (1 mL) were collected and analyzed 

by SDS-PAGE and western blot using anti-His antibody as described previously. The samples 

containing PfHsp70-3 proteins were combined and concentrated using PEG 20000 where protein 

in the dialysis tube was covered with PEG 20000 to remove water and concentrate the protein by 

osmotic ultrafiltration.

3.2.2.7 Aggregation suppression of PfHsp70-3 by PfHep1

An evaluation of the ability of PfHep1 to suppress thermally-induced aggregation of PfHsp70-3 

was adapted and modified from Dores-Silva et al. (2015). Temperature control was achieved 

using peltier integrated UV spectophometer that allowed preliminary assessment of the 

temperature at which PfHsp70-3 would aggregate in UV cuvette. Aggregation suppression of 

PfHsp70-3 by PfHep1 and E-PfHep1 (EDTA-treated PfHep1) was monitored by light scattering 

at 360 nm for 30 min at 50°C in the assay buffer (50 mM Tris-HCl, 100 mM NaCl; pH 7.5). For 

this assay, 2 |iM PfHsp70-3 was used with (0.25 |iM, 0.5 |iM, 1 |iM and 2 |iM). A separate 

evaluation of PfHep1 and E-PfHep1 to self-aggregate under the assay conditions was also 

conducted. Each assay was conducted in triplicates and three independent experiments on three 

independently purified batches of proteins were used. Absorbance was plotted as percentage of 

PfHsp70-3 aggregation subsequent to normalizing against assay buffer with PfHsp70-3 alone.

3.2.2.8 Suppression of MDH aggregation by PfHsp70-3 and PfHep1.

An evaluation of the ability of PfHsp70-3 and PfHep1 to suppress thermally induced aggregation 

of MDH was adapted from Burger et al. (2014). Varying concentrations of PfHsp70-3 (0.25 |iM
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-1^M) and PfHep1 (0.25^M -1^M) proteins in the assay buffer (50 mM Tris-HCl, 100 mM 

NaCl; pH 7.5) were used separately and in combination against 0.72 |iM MDH. Suppression was 

monitored by light scattering at 360 nm for 30 min at 45°C and temperature control was 

achieved by peltier integrated UV spectophometer that allowed preliminary assessment of the 

temperature at which MDH would aggregate in the path length UV cuvette. Absorbance was 

plotted as percentage MDH aggregation over 30min subsequent to normalizing against the 

assays with MDH alone in the same buffer. Each assay was conducted in triplicate and three 

independently purified batches of proteins were used.

3.2.2.8 Suppression of citrate synthase aggregation by PfHsp70-3 and PfHep1.

To assess the ability of PfHsp70-3 and PfHep1 to suppress the thermally induced aggregation of 

citrate synthase, different concentrations of PfHsp70-3(0.25 |iM and 1^M), PfHep1 (0.25 |iM -1 

|iM) and a combination of the two proteins were mixed in an assay buffer (100 mM HEPES- 

KOH, pH 7.5) together with 0.15 |iM of citrate synthase from porcine heart (Sigma-Aldrich, 

USA). Aggregation suppression was monitored at 320 nm for 30 minutes at 45oC in a 1cm path 

length UV cuvette. Temperature control was achieved by peltier integrated UV spectophometer 

that allowed preliminary assessment of the temperature at which citrate synthase would 

aggregate. Absorbance was plotted as percentage over citrate synthase aggregation subsequent to 

normalizing against assays with citrate synthase alone. Each assay was conducted in triplicate 

and three independently purified batches of proteins were used.

3.2.2.10 Analysis of PfHsp70-3ATPase activity

The ability of PfHep1 and PfJ1-J to stimulate the ATPase activity of PfHsp70-3 was determined 

by colorimetric assay as previously reported (Chifflet et al. 1988; Chamberlain and Burgoyne, 

1997) and modified by Matambo et al. (2004). Proteins were purified as described in section 

(3.3.2.5.) and dialyzed overnight at 4oC in ATPase buffer (25 mM Tris-HCl, pH 7.5, 2 mM 

MgCl2; 50 mM KCl; 0.5 mM DDT). The final concentration of proteins was adjusted to 0.4 ^M
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with the final volume (1 mL) made up with ATPase buffer. The reactions were equilibrated at 

37°C and the initiation of the reaction was done by addition of 10 pM ATP. Samples (50pl) were 

removed from the reaction tubes at regular time intervals and transferred into a 96-well flat 

bottomed microtitre plate which contained 50 pl of 10% SDS to stop the reactions. The samples 

were taken in triplicate ranging from time 0 to 240 minutes in an interval of 30 minutes. 

Samples taken immediately after the initiation of the reaction were considered as at zero time 

point and were used to normalize other samples. For colour development, 1% solution of 

ammonium molybdate (50 pl) dissolved in 1M HCl together with 50 pl of 6% ascorbic acid 

prepared in phosphate free water was added to the reaction. The reaction was left to stand for 30 

minutes at room temperature and 150 pl of 2% (w/v) sodium citrate in 2% (v/v) acetic acid was 

added to the microtitre plate wells to complex the excess molybdate and prevent further increase 

in color formation. The inorganic phosphate generated by the enzymatic reactions and phosphate 

standards were quantified at an absorbance of 850 nm using a microtitre plate reader. Specific 

basal ATPase activity was expressed as nmol Pi released/min/mg by Hsp70-3 protein and 

percent fold increase. Reactions containing PfHsp70-3, PfHep1 and PfJ1-J alone without ATP 

were incorporated to detect any inorganic phosphate contaminations in the reaction. The reaction 

containing ATP alone was also used to estimate the amount of inorganic phosphate released 

through spontaneous ATP hydrolysis which was subsequently subtracted from all time points. 

The boiled samples of PfHsp70-3 were included as controls. A standard curve was prepared 

using potassium hydrogen phosphate and colorimetric detection of phosphate in the reaction 

samples and standard solutions. Assays were conducted in triplicate for each experiment, and at 

least three independent experiments were performed using separately purified batches of 

proteins.

3.2.2.11 Refolding assay using denatured p-galactosidase.

An assessment of the ability of PfHsp70-3 to refold denatured P-galactosidase with the help of 

Pfj1-J and PfHep1 was adapted and modified from Freeman and Morimoto (1996). The assay is 

based on the refolding of denatured P-galactosidase by Hsp70 in the presence of a co-chaperone 

and uses ortho-nitrophenyl-P-galactoside (ONPG) as a chromogenic substrate (Rotman, 1957) to
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determine the activity of refolded P-galactosidase as a measure of activity of Hsp70. Briefly, 10 

|ig/mL of P-galactosidase was diluted nine fold into glycylglycine (pH 7.5). The mixture was 

further diluted 19-fold into glycylglycine (pH 7.5) to make up native P-galactosidase and into 

denaturing buffer (25 mM HEPES pH7.5, 5 mM MgCl2, 50 mM KCl, 5 mM P-mercaptoethanol, 

and 6 M guanidine-HCl) to constitute denatured P-galactosidase. Both the native and denatured 

P-galactosidase samples were incubated for 30 minutes at 30oC. Refolding reactions containing 

372 |il refolding buffer (25 mM HEPES pH 7.5, 5 mM MgCl2, 50 mM KCl, 2 mM ATP, and 10 

mM DTT), 3 |il denatured P-galactosidase and 1.6 |iM of PfHsp70-3 alone or with 3.2 |iM 

PfHep1 and Pfj1 -J were set up. Reactions containing 372 |il of refolding buffer together with 3.2 

|iM of PfHep1 and Pfj1 -J alone without PfHsp70-3 were also set up. Further, reactions 

containing 372 |il of refolding buffer, 3.2 |iM BSA and 3 |il denatured P-galactosidase were used 

as negative controls, while the positive control containing 372 |il of refolding buffer, 3.2 |iM 

BSA and 3 |il native P-galactosidase was also set up. The reaction tubes and controls were 

incubated at 37oC and samples were taken at designated time points to assay the recovery of P- 

galactosidase activities.

To assay the recovery of P-galactosidase activity, 40 |il of refolding reaction samples were mixed 

with 40 |il of refolding buffer supplemented with 0.8 M ONPG in corresponding reactions for 

the chromogenic reaction. The reaction was incubated at 37oC and stopped after 20 minutes by 

the addition of 200 |il of 0.5 M sodium carbonate. The absorbance of each sample was 

determined spectrophotometrically at 412 nm and the percentage activity was calculated relative 

to the activity of native P-galactosidase in the refolding buffer supplemented with BSA.
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3.3 Results

3.3.1 PfHsp70-3 was insoluble.
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Figure 3.1 : Heterologous expression, solubility and purification of PfHsp70-3: (A) Plasmid 
map of pQE30-PfHsp70-3 designed using PlasmaDNA software (Angers-Loustau, et al. 2007). The 
6xHis-tag is upstream of the PfHsp70-3 coding sequence which is inserted between BamHl and Hindlll 
restriction sites. (B) Restriction digests of pQE30-PfHsp70-3 were run on a 1% agarose gel with lanes M: 
DNA marker in Kb, lane 1: uncut, lanes 2 &3: single cuts by BamHl and Hindlll respectively and lane 4: 
double cut by both enzymes). (C) SDS-PAGE (10%) analysis of total protein lysates after induction of E. 
co/iM15(pREP4)[pQE30-PfHsp70-3] cells using coomassie stain: Lane M molecular mass maker in kDa; 
0h non-induced sample, lanes 1-5h; samples taken hourly for five hours post induction; o/n, overnight 
induced sample. (D) SDS-PAGE (10%) analysis of solubility studies of PfHsp70-3: Lane M, molecular 
mass marker in kDa; lane 0h, non-induced samples; lane 3h, expression in the third hour post induction, 
Lanes D1, samples with no solubilizing agent used, lanes D2, 7.5% lauroylsarcosine ; lane D3, 8M urea. 
Sn: supernatant and P: pellet of the analyzed samples. (E) SDS-PAGE (10%) of the fractions collected 
from the purification of PfHsp70-3 protein after solubilization with 7.5% lauroylsarcosine. Lane FT, flow 
through; lanes W1-W3 are the three washes; E1-E3, three samples eluted from the beads. (WB) The 
western analysis for the detection of PfHsp70-3 using anti-His antibody.
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The aim of the study was to express and purify PfHsp70-3 for further biochemical 

characterization. SDS-PAGE analysis of whole cell lysates showed expression of PfHsp70-3 

(70.4 kDa) after the first hour post induction with IPTG and then a slight increase over the 

duration of induction (Figure 3.1C). Western analysis using anti-His antibody confirmed that the 

protein was PfHsp70-3 and was expressed before addition of lPTG, with optimal expression 

occurring at the third hour post-induction (Figure 3.1C). Solubility analysis indicated that the 

protein was insoluble (Figure 3.1D Lane D1). The addition of lauroylsarcosine (7.5%) 

successfully solubilised the protein, with most of it present in the supernatant fraction (Figure 

3.1D Lanes D2). The use of 8M urea also solubilised some PfHsp70-3 protein (Figure 3.1D 

Lanes D3). PfHsp70-3 was purified by nickel affinity chromatography after solubilization with 

lauroylsarcosine (7.5%) (Figure 3.1 E). However, PfHsp70-3 lacked activity as determined by 

ATPase assays, and this necessitated the use of different solubilization approaches to recover 

bioactive protein.

Different alcohols in combination with either urea or N-lauroylsarcosine were used in an attempt 

to solubilise PfHsp70-3 aggregates and produce biologically active protein. A combination of 2 

M urea and 3% methanol led to a higher amount of soluble protein compared to the other 

alcohols (Figure 3.2A, lanesS1). In order to optimize the solubility of the protein, varying 

percentages of methanol in combination with 2 M urea were investigated and the highest amount 

of protein was solubilized with 4% methanol (Figure 3.2 C). The solubility of the protein 

decreased with the increase of methanol percentage and there was no further solubilised protein 

beyond 10% methanol (data not shown).
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Figure 3.2 : Solubilization and purification of PfHsp70-3 from insoluble aggregates: (A)
SDS-PAGE (10%) of the PfHsp70-3 protein aggregates solubilised with 2M urea together with 
3% alcohols. Lane M, protein molecular maker; lane S butanol; S1 methanol; S2 propanol; S3 
ethanol and S4 2M urea alone. (B) SDS-PAGE (10%) of the PfHsp70-3 protein aggregate 
solubilised with 1% N-lauroylsarcosine together with 3% of different alcohols using coomassie 
stain. Lane M, molecular mass maker, lane R1-R5; methanol, propanol, butanol, ethanol and 1% 
N-lauroylsarcosine respectively. (C) SDS-PAGE (10%) analysis of the solubilised PfHsp70-3 
protein aggregates using different percentages of methanol in the presence of 2M urea. Lane M; 
molecular protein marker, 3% - 10% methanol concentrations (D) SDS-PAGE (10%) analysis of 
protein fractions collected from the purification of PfHsp70-3 protein (after solubilization with 
4% methanol and 2M urea). Lane FT, flow through; lanes W1-W3, were three washes and lanes 
E1-E3 were three elutions. (WB) The western analysis for the detection of PfHsp70-3 using anti- 
His antibody.

A combination of 4% methanol and 2 M urea was used for the solubilization and purification of 

PfHsp70-3 (Figure3.2D). However, the purified PfHsp70-3 protein showed no ATPase activity 

(data not shown). Attempts to purify PfHsp70-3 by chemical methods were unsuccessful and the
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next approach was to co-express PfHep1 with PfHsp70-3 and therefore produce soluble and 

functional PfHsp70-3.

Figure 3.3 : PfHsp70-3 and PfHep1 co-expression and purification: (A) SDS-PAGE (10%) 
analysis of PfHsp70-3 and PfHep1 co-expression in E. coli BL21 (DE3) cells. Lane M: protein 
markers in kDa, lane 0h: E. coli total protein sample before IPTG induction, lanes 1h-5h: protein 
samples taken hourly for five hours post IPTG induction, lane o/n: protein samples taken after 
overnight post induction. (B) SDS-PAGE (10%) analysis of the solubility of PfHsp70-3 in the 
presence and absence of PfHep1 using coomassie stain. Lane M: protein markers in kDa, lane 1: 
E. coli BL21 (DE3) [pQE30-PfHsp70-3] 4 hrs post IPTG induction (total protein), lanes 2-3: 
supernatant and pellet fractions of cells harvested and lysed 4 hrs post IPTG induction, lane 4: E. 
coliBL21(DE3) [pQE30-PfHsp70-3; pACYCDuet1-PfHep1] 4 hrs post IPTG induction (total 
protein), lanes 5-6: supernatant and pellet fractions from lysed cells co-transformed with
pQE30-PfHsp70-3 and pACYCDuet-1-PfHep1 4 hrs post IPTG induction. (C) SDS-PAGE 
(10%) analysis of the co-purification of PfHsp70-3 and PfHep1, after co-expression with 
PfHep1, by nickel affinity chromatography. Lane M: protein markers in kDa, lane 3h: E. coli 
BL21 (DE3) [pQE30-PfHsp70-3; pACYCDuet1-PfHep1] 4hrs post IPTG induction, lane FT: 
fraction unbound to the cOmplete His-tag purification resin, lanes W1-W3: washes containing 50 
mM imidazole, lanes E1-E3: elutions of PfHsp70-3 and PfHep1 using 750 mM imidazole, lane 
B: bead fraction. (WB) Western analysis for detection of PfHsp70-3 and PfHep1 using anti-His 
antibodies.
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PfHsp70-3 and PfHep1 were co-expressed to assess the effect of PfHep1 on the solubility and 

functionality of PfHsp70-3 (Figure 3.3 A). Both PfHsp70-3 and PfHep1 co-expressed 

successfully in E. coli BL21 (DE3) cells and PfHsp70-3 protein production was observed after 

induction with IPTG, (Figure 3.3 A). Examining the effect of PfHep1 co-expression with 

PfHsp70-3 revealed that it substantially enhanced the solubility of PfHsp70-3 (Figure 3.3 B lane 

5) when compared to the supernatant fraction obtained without PfHep1 co-expression (Figure 

3.3B lane 2). PfHsp70-3 alone was virtually insoluble, as seen by the prominence of the protein 

in the insoluble pellet compared to the soluble fraction (Figure 3.3B, lanes 2 and 3). The 

solubility of PfHsp70-3 facilitated its native purification using nickel affinity chromatography 

without the need for denaturants. Some PfHsp70-3 was removed during the wash steps (Figure 

3.3C, lanes W1-W3) and a low concentration of PfHep1 (35 kDa) co-eluted with PfHsp70-3 

(70.4 kDa) in elutions E1 and E2, however PfHep1 was not detected in elution 3 (Figure 3.3C, 

lanes E1-E3). Furthermore, PfHsp70-3 was found to be biologically active and this permitted 

further biochemical characterization.

3.3.2 PfHsp70-3 that co-purifies with PfHep1 exists as a monomer.

The size exclusion chromatography was carried out to separate PfHsp70-3 from PfHep1 as the 

two proteins co-eluted during purification and since it was necessary to separate the two proteins 

for biochemical characterization. Size exclusion chromatography was also used to determine the 

oligomeric status of PfHsp70-3. PfHsp70-3 eluted as a monomer and western analysis of the 

eluted fractions confirmed that the observed peak (approximately 70 kDa) was PfHsp70-3 

protein (Figure3.4). The concentration of PfHep1 was too low to be detected by size exclusion 

chromatography.
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Figure 3.4 : Size exclusion chromatography of PfHsp70-3: PfHsp70-3 (0.85 mg/mL) eluted at 
37.9 mLs and its size was approximated from the elutions of standard proteins i.e. catalase (250 
kDa) at 18.5 mLs, BSA (68 kDa) at 40 mLs, ovalbumin (45 kDa) at 56.9 mLs, carbonic 
anhydrase (29 kDa) at 68.6 mls and myoglobin (17 kDa) at 85.2 mLs as shown by the black 
arrowheads. Western blot (WB) analysis of peak elution fractions using anti-His antibodies with 
elution volume (EV) indicated above the western analysis.

3.3.3 PfHep1 was insoluble

In order to independently characterize PfHep1, it was necessary for it to be purified separately. 

Since over-expression was not possible using the pACYC-Duet-1 expression vector (data not 

shown), the PfHep1 coding region within the pACYC-PfHep1 was double restricted by HindIII 

and BamHI and inserted into a pQE30 expression vector. A double restriction of the created
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pQE30-PfHep1 construct showed successful insertion of PfHep1 coding sequence (Figure 3.5B 

lane 1).

Figure 3.5 : PfHep1 expression, solubility and purification: (A) Plasmid map for pQE30- 
PfHep1 designed using PlasmaDNA software (Angers-Loustau, et al., 2007). The 6xHis-tag 
segment is upstream of the PfHep1coding sequence which was inserted between BamHI and 
HindIII restriction sites. (B) Agarose gel analysis of restriction digest of pQE30-PfHep1with 
HindIII and BamHI restriction digest, lanes M (DNA marker), 1 (double cut), 2&3(single cuts) 
and 4 (uncut). (C) SDS-PAGE (10%) analysis of pQE30/PfHep1 expression in M15 (pREP4) E. 
coli cells using coomassie stain. Lane M: protein marker in kDa, lane 0h: samples taken before 
IPTG induction, lanes 2h-5h: protein samples taken hourly for five hours post IPTG induction, 
lane o/n: samples taken after overnight. (D) SDS-PAGE (10%) analysis of the solubility of 
PfHep1 with and without 3% (w/v) lauroylsarcosine. Lane M: protein markers in kDa, lanes 
1&2: respective supernatant and pellet fractions of cells without lauroylsarcosine treatment, lanes 
3&4: supernatant and pellet fraction of cells treated with 3% lauroylsarcosine respectively. E) 
SDS-PAGE (10%) analysis of protein fractions collected from the purification of PfHep1protein 
(after solubilization with 3% lauroylsarcosine). Lane FT, flow through, lanes W1-W3, were the 
three washes; E1-E3, were the three elutions from the beads, B; beads. (WB) Western analysis 
for the detection of PfHep1 using anti-His antibodies.

PfHep1 was successfully over-expressed using E. coli M15 [pREP4] cells with the maximum 

expression occurring at the third hour post IPTG induction (Figure 3.5 C), there was expression
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of the protein throughout the induction but there was no expression observed before induction 

(Figure 3.5 C).

Figure 3.6 : Expression and purification of PfJ1 and PfJ1-J: (A) Plasmid map for pQE30- 
PfJ1-J domain designed using PlasmaDNA software (Angers-Loustau, et al. 2007). The 6xHis- 
tag segment is upstream of the Pfj1-Jcoding sequence inserted between BamHI and HindIII 
restriction sites. (B) Agarose gel analysis of restriction digest of pQE30- PfJ1-J using HindIII 
and BamHI, lanes,M (DNA marker),1(uncut), 2&3 (single cuts) and 4(double cut) (C) SDS- 
PAGE (12%) analysis of PfJ1-J domain expression in E. coliM15 (pREP4) cells using coomassie 
stain. Lane M: protein marker in kDa, lane 0h: samples taken before IPTG induction, lanes 2h- 
5h: protein samples taken hourly for five hours post IPTG induction, lane o/n: samples taken 
after overnight. (D) SDS-PAGE (12%) analysis of protein fractions collected from the 
purification of PfJ1-J; Lane FT, flow through, lanes W1-W3, three washes; E1-E3, three elutions 
of protein from the beads, B, beads. (E) SDS-PAGE (10%) analysis of Pfj1 expression in E. 
coliM15 (pREP4) cells. Lane M: protein marker in kDa, lane 0h: samples taken before IPTG 
induction, lanes 2h-5h: protein samples taken hourly for five hours post IPTG induction, lane 
o/n: samples taken after overnight. (WB) Western analysis for the detection of respective 
proteins using anti-His antibodies.
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Surprisingly, PfHep1 was insoluble as much of it was observed largely in the pellet of the total 

cell lysates (Figure 3.5 D lane 2) and was solubilised by use of the ionic detergent N- 

lauroylsarcosine (Figure 3.5 D lane 3). N-lauroylsarcosine was added to the cell lysate during 

lysis and the solubilised PfHep1 was purified by nickel-affinity chromatography (Figure.3.5 E). 

Some PfHep1 was removed during washing steps (Figure 3E, lanes W1-W3) and the protein was 

successfully eluted (Figure 3E).

3.3.4 Pfj1-J was over-pressed in E. coli cells but not Pfj1

The full length PfJ1 could not be over-expressed in E. coli cells to allow its purification. SDS- 

PAGE and western analysis showed that the protein produced degradation products (Figure 

3.6E). Other expression conditions, such as lowering expression temperatures and IPTG 

concentrations, were used in an attempt to abrogate the degradation products observed and 

produce full-length protein for over-expression and downstream purifications. These approaches 

were not successful and the protein could not be purified (data not shown). The protein appeared 

to be unstable and it is possible that the very long C-terminal region of the protein could play a 

role in its instability. A construct encoding the J-domain, GF region and zinc finger domain 

(referred in here as Pfj1-J) was constructed in order to express, purify and use it for interaction 

studies with PfHsp70-3. Pfj1-J was successfully over-expressed at the expected size of the 

protein (25kDa) (Figure 3.6C). Solubility analysis of Pfj1-J was conducted by analyzing both the 

pellet and supernatant of whole cell protein sample and the protein was soluble (data not shown) 

hence permitting native purification of the protein. Pfj1-J was purified by nickel-affinity 

chromatography after washing and elution from the beads. The eluted protein was observed to be 

relatively free of contaminating proteins (Figure 3.6D lane E1-E3) even though some of the 

protein remained bound to the beads (Figure 3.6D lane B). An increased concentration of 

imidazole may have reduced the amount of protein bound to the beads.

3.3.5 PfHep1 suppressed thermal aggregation of PfHsp70-3 but not EDTA 

treated PfHep1.
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PfHsp70-3 was found to aggregate at 50°C while PfHep1 remained soluble (Figure 3.7) and this 

facilitated the assessment of PfHepl’s ability to suppress the thermal aggregation of PfHsp70-3.

Figure 3.7 : Suppression of thermally induced aggregation of PfHsp70-3 by PfHep1: The
bar graphs indicate the suppression of thermally induced aggregation of PfHsp70-3 (2^M) by 
PfHep1at 50°C for 30 min. Varying concentrations of PfHepl (0.25^M, 0.5^M, 0.1^M, 1.5^M 
and 2^M) were added to PfHsp70-3. The ability of EDTA treated PfHep1 (E_PfHep1-2^M) to 
suppress PfHsp70-3 aggregation was also assessed. Percentage aggregation was calculated 
relative to PfHsp70-3 alone and expressed as mean ± SEM. The assays were performed in 
triplicate for at least three independent experiments using at least three independently purified 
batches of protein for each experiment. The error bars represent standard deviations. A 
statistically significant difference between a reaction and PfHsp70-3 alone is indicated by * 
(p>0.05) above the reaction using a Student’s t-test.

PfHep1 suppressed the aggregation of PfHsp70-3 in a dose dependent manner, with equimolar 

concentrations (2^M) displaying almost complete suppression of PfHsp70-3 aggregation (Figure 

3.7). While PfHep1 alone did not aggregate, EDTA-treated PfHep1 (E-PfHep1), in which zinc 

ions were removed by EDTA, did aggregate under the assay conditions (Figure 3.7).
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Furthermore, E-PfHep1 failed to prevent the thermal aggregation of PfHsp70-3 and showed an 

additive effect as the percentage aggregation was greater than that of PfHsp70-3 alone and E- 

PfHep1 alone. Aggregation percentage was calculated by converting the OD values into 

percentage where the aggregation of PfHsp70-3 was taken as 100%.

3.3.6 PfHsp70-3 suppressed aggregation of malate dehydrogenase

0 .25  p M  P fH ep l -  +  -

0.5 pM  P fH ep l -  -  +

1 p M  P fH ep l -  -  -

0 .25  p M  P fH sp70-3  -  -  -

0 .5  pM  P fH sp70-3  -  -  -

1 pM  P fH sp70-3  -  -  -

Figure 3.8 : Suppression of thermally induced aggregation of MDH by PfHsp70-3 and 
PfHep1: The bar graphs indicate the suppression of thermally induced aggregation of MDH 
(0.72^M) by varying concentrations of PfHepl, PfHsp70-3 (0.25^M, 0.5^M and O.l^M,) and in 
combination of the two proteins at 45oC for 30 minutes. Percentage aggregation was calculated 
relative to MDH alone and expressed as mean ± SEM. The assays were performed in triplicate 
for at least three independent experiments using at least three independent batches of protein for 
each experiment. The error bars represent standard deviations. A statistically significant 
difference between a reaction and MDH alone is indicated by * (p>0.05) above the reaction 
using a Student’s t-test.

78



Chemically or thermally denatured model substrate proteins such as malate dehydrogenase, form 

large aggregates that scatter light which can be measured in vitro (Haslbeck and Buchner, 2015). 

Malate dehydrogenase (MDH) is a ubiquitous protein found in the tissues of both animals and 

plants (Noyes et al. 2011) and is commonly used to demonstrate the ability of molecular 

chaperones to partially bind and prevent formation of protein aggregates (Sanz-Barrio et al. 

2011).The abilities of PfHsp70-3 in suppressing the aggregation of proteins was investigated by 

use of thermally induced aggregation of malate dehydrogenase. MDH was found to aggregate at 

45oC (Figure 3.8) the temperature at which PfHsp70-3 and PfHep1 remained stable (data not 

shown). This permitted assessment of the ability of PfHsp70-3 and PfHep1to suppress the 

aggregation of MDH at this temperature. The addition of PfHsp70-3 at increasing concentrations 

(0.25 ^M, 0.5 ^M and 1 ^M suppressed the aggregation of MDH by 55%, 80% and 95% 

respectively (Figure 3.8).

PfHep1 protein did not have an effect on the aggregation of MDH and the use of increasing 

concentrations of the protein (resulted in approximately 7% suppression of MDH aggregation 

Figure 3.8). Furthermore, the addition of PfHep1 did not increase the ability of PfHsp70-3 to 

suppress the aggregation of MDH. The combination of the two proteins at varying concentrations 

resulted in no significant change of aggregation suppression by PfHsp70-3 (Figure 3.8). 

Aggregation percentage was calculated by converting the OD values into percentage where the 

aggregation of MDH was taken as 100%.

3.3.7. PfHsp70-3 suppressed aggregation of citrate synthase.

The effects of molecular chaperones on aggregation and folding of citrate synthase has been 

demonstrated (Ehrnsperger et al. 1997; Haslbeck et al. 2005).The mechanism of folding and 

unfolding of denatured citrate synthase is well understood hence making it a suitable model of 

studying the mechanisms of chaperone functions (Grallert and Buchner, 1999).
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Figure 3.9 : Suppression of thermally induced aggregation of citrate synthase (CS) by 
PfHsp70-3 and PfHep1: The bar graphs indicate the suppression of thermally induced 
aggregation of citrate synthase (0.15^M) by varying concentrations of PfHepl, PfHsp70-3 
(0.25^M, 0.5^M and l^M,) and in combination of the two proteins at 45oC for 30 minutes. 
Percentage aggregation was calculated relative to citrate synthase alone and expressed as mean ± 
SEM. The assays were performed in triplicate for at least three independent experiments using at 
least three independent batches of protein for each experiment. The error bars represent standard 
deviations. A statistically significant difference between a reaction and MDH alone is indicated 
by * (p>0.05) above the reaction using a Student’s t-test.

Citrate synthase aggregated at 45oC and this allowed the effect of PfHsp70-3 and PfHep1 on its 

thermal aggregation to be assessed as both PfHsp70-3 and PfHep1 remained soluble at this 

temperature. The effect of PfHsp70-3 and PfHep1 on thermally induced aggregation of citrate 

synthase was investigated. Increasing concentrations of PfHsp70-3 (0.25 ^M, 0.5 ^M and 1 ^M) 

suppressed aggregation of citrate synthase by 50%, 70% and 85% respectively (Figure 3.9).
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PfHep1 alone did not show any suppression effects on citrate synthase aggregation as increasing 

concentrations (0.15 ^M, 0.25 ^M and 0.5 ^M) resulted in 3% suppression of aggregation 

(Figure 3.9). Moreover, PfHep1 did not enhance the aggregation suppression activities of 

PfHsp70-3 (Figure 3.9). Aggregation percentage was calculated by converting the OD values 

into percentage where the aggregation of citrate synthase was taken as 100%.

3.3.7 The ATPase activity of PfHsp70-3 was stimulated by Pfj1-J and not

PfHep1
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Figure 3.10 : PfHsp70-3 ATPase activity was stimulated by PfJ1-J and not PfHep1:
Equimolar concentrations (0.8^M) of Pfjl-J and PfHep1 proteins were used to assess the ability 
of any co-chaperone activities against PfHsp70-3 in stimulating its basal ATPase activities. 
Stimulation of ATPase activities of PfHep1and PfJ1-J was also analyzed separately and boiled 
samples of PfHsp70-3, indicated as [B] were included as negative controls. The averaged data 
from three independent experiments done in triplicate using three batches of independently 
purified proteins for each experiment in shown here. Error bars indicated on each bar (SEM) and 
* indicate statistical significance at P<0.05 relative to basal ATPase value for respective 
chaperone using paired Student T-test.
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The conversion of ATP to ADP and inorganic phosphate can be used to assess in vitro ATPase 

activities of molecular chaperones using calorimetric methods (Chifflet et al. 1988; Lanzetta et 

al. 1979). The ability of Pfj1-J and PfHep1 to stimulate the basal ATPase activity of PfHsp70-3 

was examined using a colorimetric assay. Pfj1 -J increased the basal ATPase activity of 

PfHsp70-3 (4 nmol Pi/min/mg) by approximately four-fold (17 nmol Pi/min/mg) (Figure 3.10). 

PfHep1 did not stimulate the basal ATPase activity of PfHsp70-3. Both Pfj1-J and PfHep1 

showed no basal ATPase activities neither did the boiled PfHsp70-3 that was used as a negative 

control (Figure.3.10). PfHsp70-3 manifested typical Hsp70 chaperone properties which normally 

possess low basal ATPase activities which are increased by J-protein co-chaperones (Hennessy 

et al. 2005; Kampinga and Craig, 2010). PfHep1 is unlikely to act as a co-chaperone as it did not 

stimulate the ATPase activity of PfHsp70-3, while Pfj1 resulted in a four-fold stimulation.

3.3.8 The refoldase activity of PfHsp70-3 was enhanced by PfJ1-J and not by 

PfHep1

When Hsp70s interact with substrates, they form Hsp70-substrate complexes where the substrate 

is bound to a conserved nucleotide binding domain (NBD) which exhibits low basal/intrinsic 

ATPase activity (Kampinga and Craig, 2010). The ADP-bound state of the NBD domain 

manifests the highest affinity for substrate, while the ATP-bound state possesses intermediate 

affinity and nucleotide-unbound state demonstrates the least affinity for substrate. The functional 

cycle of Hsp70 is influenced by stimulation of the intrinsic ATPase activities that are regulated 

by a number of factors, including nucleotide exchange factors and J-proteins (Ramsey et al. 

2009). J- Protein interacts with the NBD and the SBD, promoting both ATPase activity and 

substrate binding and hence substrate refolding by Hsp70s (Han and Christen, 2003).
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Figure 3.11 : PfHsp70-3 refolded p-galactosidase: PfHsp70-3 (1.6pM) together with Pfj 1 -J 
(3.2 pM) refolded chemically denatured P-galactosidase by 66% relative to the refoldase activity 
of native P-galactosidase in refolding buffer. P-galactosidase activity was measured using ONPG 
as a chromogenic substrate and the intensity of the yellow color resulting from the hydrolysis of 
ONPG was measured at 412 nm after 240minutes. Denatured P-galactosidase in refolding buffer 
was used as a negative control and the assay was repeated thrice using three independently 
purified batches of proteins. The averaged data from three independent experiments done in 
triplicate is shown.

The ability of PfHsp70-3 to refold denatured proteins was determined by use of P-galactosidase 

enzyme. The protein was chemically denatured using guanidine hydrochloride followed by 

incubation with either PfHsp70-3 alone or in combination with Pfj1-J and PfHepl for refolding. 

The activity of refolded P-galactosidase was determined relative to native P-galactosidase using 

an artificial chromogenic substrate ortho-nitrophenyl-P-D-galactopyranoside (ONPG). The 

ONPG is a colorless lactose analogue that can act as a substrate for theP-galactosidase enzyme. 

Hydrolysis of ONPG by P-galactosidase results in stoichiometric amounts of yellow ortho- 

nitrophenol and colorless galactose products (Juers et al. 2012).
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The produced yellow color by ortho-nitrophenol was measured and determined 

spectrophotometrically. The activity of refolded active P-galactosidase was thus measured by the 

intensity of the yellow colour by measuring the OD of the solution at 412nm.The greater the 

intensity of the color in the solution, the more hydrolyzed ONPG and the higher the absorbance. 

The addition of sodium carbonate makes the reaction too basic for P-galactosidase activities and 

hence stops further hydrolysis of ONPG. To determine the amount of activities of refolded P- 

galactosidase by PfHsp70-3, both native and denatured P-galactosidase samples were included in 

the experimental set up as positive and negative controls respectively. The activity of refolded P- 

galactosidase by PfHsp70-3 was determined relative to the activities of native P-galactosidase.

PfHsp70-3 in co-operation with Pfj1-J refolded denatured P-galactosidase resulting in 

approximately 66% recovery of enzyme activity relative to native P-galactosidase after 240 

minutes (Figure 3.11). PfHsp70-3 alone showed minimal refolding effect on P-galactosidase and 

the enzyme had only 5.1% activity relative to native P-galactosidase (Figure 3.11). Both PfHep1 

and Pfj1-J did not show any significant refolding effect on P-galactosidase and PfHep1 did not 

increase the refoldase activity of PfHsp70-3 hence showing no co-chaperone properties against 

PfHsp70-3.

3.4 Discussion

PfHsp70-3 was successfully expressed, however the protein was insoluble. Purified PfHsp70-3 

produced after solubilization with lauroylsarcosine was found to have no enzymatic activities as 

it did not manifest any ATPase activities perhaps due to incomplete folding. The use of organic 

solvents causes destabilization of protein tertiary structures with retention of secondary 

structures, hence protecting basic existing protein structural organization (Roccatano et al. 2002; 

Singh et al. 2012). Urea has been shown to reduce hydrophobic interactions that are the major 

cause of protein aggregation and a combination of low concentrations of urea and organic 

solvents can functionally solubilize insoluble aggregates of recombinant proteins (Singh et al. 

2012). Based on these observations, PfHsp70-3 was solubilized by use of a combination of 4% 

methanol and 2M urea but it was still found to be inactive.
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The co-expression of PfHsp70-3 and PfHep1 resulted in both soluble and biochemically active 

PfHsp70-3 protein. PfHep1 functioned as a co-factor that ensured proper solubility and folding 

of PfHsp70-3, leading to a functionally active protein. It was evident that PfHep1 needed to be 

co-expressed with PfHsp70-3 in order to obtain a biochemically functional PfHsp70-3. PfHsp70- 

3 behaved like other typical eukaryotic mtHsp70s that depend on their respective Hep1 proteins 

for prevention of aggregation and biochemical activities. PfHep1 and PfHsp70-3 proteins co­

eluted during nickel affinity chromatography since both proteins were His-tagged. The proteins 

were separated using size exclusion chromatography as the influence of PfHep1 on the 

functional activities of PfHsp70-3 was going to be determined. Formation of oligomers by Hsp70 

protein family occurs under different conditions and varies among the proteins. However, 

nucleotide free- and ADP-bound forms of the protein are prone to self-oligomerization in-vitro in 

a concentration and temperature dependent manner which is reversed by the addition of ATP, 

substrate binding, and the presence of some co-chaperones (Benaroudj et al.1996). 

Oligomerization serves as a regulatory mechanism for the availability of the active monomeric 

form of the chaperone cycle (Angelidis et al. 1999). Indeed the presence of PfHep1 resulted in an 

enzymatically active PfHsp70-3 that was in a monomeric form. Previous studies have shown that 

co-expression of hHep1 resulted in active and monomeric human mortalin (Zhai et al. 2008). 

Since ATP and co-chaperones are likely to have the same oligomeric effect on Hsp70s, it would 

be important in the future to investigate the separate roles of ATP and J-proteins on the 

oligomeric status of PfHsp70-3 in relation to its functional activities. The oligomeric state of 

PfHep1 itself should also be investigated as hHep1 was found to oligomerise in a concentration 

dependent manner (Dores-Silva et al. 2013).

Surprisingly PfHep1 was insoluble when over-produced in E. coli cells and this may be due to 

plasmodial proteins being notoriously difficult to express heterologously in a soluble form, even 

after codon-optimization. This may be due to the hydrophobic nature of the majority of the 

amino acid residues found in plasmodial protein sequences (Katti et al. 2000). Indeed, sequences 

of proteins that contain highly hydrophobic amino acids are likely to form insoluble aggregates 

(Singh and Panda, 2005). The use of 3% N-lauroylsarcosine, which is considered a mild 

solubilizing agent (Heikar et al. 2010; Singh et al. 2012), was used to solubilise PfHep1 which 

facilitated its purification for further characterization and interaction studies.
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Characterized PfHep1 orthologues in various eukaryotic organisms that include S. cerevisiae 

(Sichting et al. 2005), H. sapiens (Zhai et al. 2008), L. braziliensis (Dores-silva et al. 2015), C. 

reinhardtii (Willmund et al. 2008) and A. thaliana (Kluth et al. 2012) were found to be soluble 

and could be purified without the addition of denaturants or detergents. It was determined that 

PfHsp70-3 aggregated at 50oC and this facilitated the development of an aggregation suppression 

assay as PfHep1 did not aggregate at 50oC. PfHep1 successfully suppressed aggregation of 

PfHsp70-3 in a dose dependant manner. The functional importance of the Zn was determined by 

removal of Zn ion from PfHep1 by the metal chelating compound EDTA. EDTA was later 

removed by extensive dialysis and the removal of Zn from PfHep1 abrogated its ability to 

suppress the aggregation of PfHsp70-3. Furthermore, the EDTA treated PfHep1 (E-PfHep1) 

aggregated at 50oC, while the native PfHep1 remained stable. The loss of function and stability 

under higher temperature by E-PfHep1could be attributed to disruption of its native structure due 

to the removal of the zinc ions. Indeed, earlier findings had shown the vital role that Zn plays 

in the overall structure of Hep1 proteins (Fraga et al. 2013; Dores-silva et al. 2015; Yamamoto et 

al. 2005; vu et al. 2012). PfHsp70-3 independently suppressed the aggregation of both MDH and 

citrate synthase, while PfHep1 could not suppress the aggregation of these proteins and had no 

effect on the activity of PfHsp70. Therefore, PfHepl’s ability to suppress aggregation of proteins 

was specific for PfHsp70-3. A similar observation had been made with Leishmania braziliensis 

Hep1 (LbHep1) that could suppress the aggregation of LbmtHsp70 but not MDH and luciferase 

(Dores-silva et al. 2015).

Pfj 1 is one of the proposed co-chaperones of PfHsp70-3 which could be involved in protein 

folding in the mitochondrial matrix (Nicoll et al. 2007; Botha et al. 2007; Njunge et al. 2013). 

Pfj 1 protein appeared to be degraded in the E. coli expression system and it could not be over­

expressed to allow purifications. Perhaps this could be attributed to the toxicity of the protein to 

the E. coli cells upon expression which is characteristic of many plasmodial proteins (Seignovert 

et al. 2004; Vedadi et al. 2007) or the action of protease enzymes of the bacterial cells that might 

have caused cleavage of the protein (Gottesman et al. 1997). However, the J-domain of Pfj 1 

protein (Pfj 1 -J) was successfully expressed and used for interaction studies with PfHsp70-3. The 

Pfj1-J construct comprised of the J-domain, GF rich regions and the zinc finger of Pfj1 protein 

(Appendix A).
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Pfj 1-J stimulated the basal ATPase activities of PfHsp70-3 fourfold, while PfHep1 did not 

stimulate the ATPase of PfHsp70-3. Human Hep1 (hHep1) and recently LbHep1 have been 

reported to display the features of a type I J-proteins by stimulating the ATPase activity of their 

respective mtHsp70s and hHep1functioned as a holdase by binding unfolded proteins (Zhai et al. 

2008; Goswami et al. 2010; Dores-Silva et al. 2016). The mechanisms by which hHep1 

andLbHep1 stimulate the basal ATPase activities of their cognate mtHsp70 could be different as 

Hep1 proteins do not possess the HPD motif found in J-proteins that is essential for stimulation 

of ATPase activities. PfHsp70-3 and PfJ1-J refolded chemically denatured P-galactosidase 

resulting in 66% recovery of native activity. PfHep1 did not enhance the refoldase activity of 

PfHsp70-3. However, this result was expected since PfHep1 did not promote ATPase activity of 

PfHsp70-3 which could facilitate the binding of denatured P-galactosidase and eventual refolding 

by PfHsp70-3. Based on the findings in this study, PfHep1 does not appear to function as a co­

chaperone of PfHsp70-3 but rather plays a specialized role of co-factor that prevents the 

aggregation and promotes proper folding of PfHsp70-3 into a native, catalytically active form.
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CHAPTER FOUR

Biological characterization of PfHsp70-3 and PfHep1

4.1 Introduction

P. falciparum parasites asymptomatically multiply in the liver of the human host before they are 

released into the bloodstream to invade erythrocytes. Within the erythrocytes, the parasites 

develop asexually into trophozoites, schizonts and later into invasive merozoite forms. During 

development, parasites encounter changes in temperature, pH and degrading enzymes upon entry 

into the human host leading to up-regulation of some of its heat shock proteins (Pallavi et al. 

2010). Indeed, some Hsps such as PfHsp70-1 have been reported to be up-regulated during the 

clinical phase of malaria (Acharya et al. 2011). The heat inducibility of Hsps leads to the 

cytoprotection of the parasite and the pathology of malaria disease. The parasite depends on heat 

shock proteins to adapt, survive and grow in the human host especially during temperature 

stresses associated with febrile episodes (Pavithra et al. 2004; Njunge et al. 2013). Heat 

inducibility of heat shock proteins and their role in the modification of the structure and 

functions of host erythrocytes have been demonstrated and hence are considered as possible drug 

targets (Cooke et al. 2001; Rao et al. 2010; Neckers and Tatu, 2008).

During its infective asexual developmental cycle in the human host, P. falciparum maintains one 

mitochondrion for respiratory transport chain (Torrentino-Madamet et al. 2010; MacRae et al. 

2013). PfHsp70-3 could play a role in protecting the parasite against heat shock insults in 

addition to promoting protein translocation in the mitochondrial matrix (Njunge et al. 2013). The 

protein has also been predicted to occur in the Maurer’s cleft where it possibly participates in 

exporting antigens to the erythrocyte surface (Vincensini et al. 2005). PfHsp70-3 mitochondrial 

localization prediction is based on the presence of the mitochondrial targeting signal sequence at 

the N-terminal of the protein (Shonhai et al. 2007). However, the localization of the protein in 

the parasite has not been experimentally determined. Similarly, in silico analysis revealed that 

PfHep1 has a mitochondrial targeting signal sequence indicating its mitochondrial localization 

(Seraphim et al. 2014) but this has not been validated experimentally. Since PfHep1 has been
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demonstrated to be essential in maintaining PfHsp70-3 in a soluble and functional form, it is very 

likely that the two proteins will be present in the parasite mitochondrion.

Furthermore, in situ chaperone properties of PfHsp70-3 have not been investigated. PfHsp70-3 

expression is likely to be up-regulated during heat shock in the event of fever that is 

characteristic of malaria infection. In a previous study by Njunge in 2014, constructs were 

designed using a pARL vector for parasite transfection of the N-terminus of PfHsp70-3 with the 

mitochondrial signal peptide only and also full-length PfHsp70-3 both fused to GFP. The 

mitochondrial signal sequence localized GFP to the mitochondria but GFP-tagged to the full 

length protein failed to produce transfectants, possibly due to a lethal phenotype since few 

parasites that could appear few weeks post transfect could die before establishment. In this study 

an alternative approach to determine localization was to design antibodies against PfHsp70-3 for 

immunofluorescence microscopy. The coding sequence of PfHep1 was inserted into the pARL 

vector for parasite transfection and the localization of GFP-tagged PfHep1 was also determined. 

Further, the study investigated the expression profile and heat inducibility of PfHsp70-3 within 

the erythrocytic stages of the parasite development.

4.2. Objectives

This study was aimed at establishing the localization of PfHsp70-3 and PfHep1 using GFP- 

tagged proteins and antibodies. Further, the study sought to determine PfHsp70-3 expression 

profile and its heat shock properties in the intraerythrocytic stages of P. falciparum development.

The specific objectives of the study were to:

i) Design and commercially raise a peptide-directed antibody specific to PfHsp70-3.

ii) Construct a plasmid for GFP-tagged PfHep1 for parasite transfection.

iii) Determine the heat inducibility of PfHsp70-3.

iv) Investigate the expression profile of PfHsp70-3 during various intraerythrocytic 

developmental stages of P. falciparum.
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v) Determine the localization of PfHep1 and PfHsp70-3 in Plasmodium falciparum-infected 

erythrocyte by using GFP-tagged proteins and antibodies using indirect 

immunofluorescence microscopy.

4.3. Material and Methods

4.3.1. Parasite culture

Plasmodium falciparum (strain 3D7) parasites were cultured based on a previously described 

method (Trager and Jensen, 1976). Briefly, the parasites were propagated in human erythrocytes 

at the hematocrit level of 4% in Roswell Park Memorial Institute(RPMI) 1640 liquid medium 

containing 25mM Hepes and L-glutamine (Lonza, USA) and supplemented with 0.5%AlbumaxII 

(Gibco, USA), 20mM glucose (Sigma-Aldrich, Germany), 0.65mM hypoxanthine (Sigma- 

Aldrich, Germany) and 60pg/mL gentamicin (Lonza, USA). Details on the preparation of the 

culture medium are given in (Appendix H).Culturing was done in an incubator at 37°C under an 

atmosphere containing 5% (v/v) carbon dioxide (CO2) and 5% (v/v) oxygen (O2) in sealed T75 

culture flasks. The human blood that was used for culturing was drawn by a nurse at Rhodes 

University health center (Grahamstown, South Africa) following signed consent by the donor 

and ethical clearance and approval by Rhodes University. The blood was processed by 

centrifugation (2500g for 5 minutes) followed by the removal of serum and buffy coat. The 

erythrocytes were then washed several times in RPMI 1640 medium lacking AlbumaxII to 

generate clean erythrocytes. Parasitemia was assessed by light microscopy with Giemsa-stained 

thin blood smears and the life cycles of the cultured parasites were regularly synchronized at the 

ring stage by treatment with 5% sorbitol as previously described (Lambros and Vanderberg, 

1979; Biswas et al. 1979). The culture medium was regularly replaced along with erythrocytes 

on the basis of parasitemia.

4.3.2 Designing of PfHsp70-3 and PfHep1 constructs for transfection
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The pARL-2/PfHsp70-3-GFP construct that was used in this study was a kind gift from Dr. 

James Njunge. The 302 amino acid coding region of PfHep1 (PF3D7_1420300), including the 

mitochondrial signal peptide, was inserted into the pARL-2-GFP vector.

Both forward (5’- CTCGAGATGTTTCAAAAAATAGGAAGGA-3’) and reverse (5’- 

GGTACCTTTGTATGCGTTTAAAAGGTCAT-3’) primers were designed with Kpn1 and 

XhoI restriction sites respectively (underlined). The primers were used to PCR amplify PfHep1 

coding sequence from genomic DNA using the following PCR temperature parameters (initial 

denaturation, 94oC for 2 minutes; cycles of denaturation, annealing and elongation, 25 cycles of 

94oC for 30 seconds, 50oC for 30 seconds and 64oC for 1 minute 30 seconds respectively). 

Successful isolation and amplification of the PCR product was confirmed by agarose gel 

electrophoresis. The PCR product was recovered by gel purification using GeneJET Gel 

Extraction Kit (Thermo scientific, Lithuania) according to the manufacturer’s instructions and 

both the PCR products and pARL-2-GFP vector were restricted with XhoI and Kpn1 enzymes. 

Both digested PCR products and pARL-2-GFP were ligated (Appendix I) to create the pARL-2- 

PfHepLGFP for transfection. Diagnostic restriction digests were conducted to confirm the 

integrity of generated plasmid DNA.

4.3.3 Transfection of malaria parasites

Malaria parasite transfection was achieved by a red blood cell pre-loading electroporation 

protocol. Briefly, the plasmid DNAs (pARL-2-PfHep1-GFP and pARL-2-PfHsp70-3-GFP) that 

were used for transfection was isolated and purified using the Qiagen plasmid maxi kit (Qiagen, 

Germany) according to the manufacturer’s instructions (Appendix J). An aliquot of 100pg of the 

plasmid DNA was constituted according to (Wu et al. 1995) in 200pl of cytomix buffer(240 mM 

KCl, 0.30mM CaCl2, 4mM EGTA, 10mM MgCl2, 20mM K2HPO4, 25 mM HEPES, pH 7.6). 5 

mL of cytomix and 300^l of fresh red blood cells were mixed in a 15mL tube followed by 

centrifugation (2000g, 3 minutes) and the supernatant was discarded. A sample of 200^l of the 

freshly washed red blood cells were mixed with 100^l 2* cytomix together with 100^l of 

plasmid prepared above in 0.2 cm electroporation cuvette (Bio-Rad, USA) and placed on ice for

91



5 minutes. The mixture was thoroughly mixed and electroporated twice with one minute interval 

on a GenePulser XcellTM (Bio-Rad, USA) set to a voltage of 310V and a capacitance of 950^F. 

Electroporated samples were carefully mixed with 5mL complete culture media and red blood 

cells infected with trophozoite/schizont-stage parasites enriched from a malaria culture. 

Enrichment of infected erythrocytes was achieved by percoll density centrifugation 

(Schlichtherle, 2000) that was done as follows: 15mL of infected red blood cell culture was 

centrifuged and up to 300 |il of the red blood cell pellet was carefully layered on top of 1mL 

60% percoll in a sterile microfuge tube, followed by centrifugation (10,000g, 15minutes). A thin 

brown layer of red blood cells containing trophozoite and schizont infected cells on top of the 

percoll cushion was carefully removed followed by mixing with 15mL culture medium and 

centrifugation (2000g, 3 minutes). The pellet of enriched infected red blood cells were recovered 

by resuspension in culture medium and enrichment was confirmed by light microscopy.

The mixture of transfected red blood cells and enriched infected red blood cells in culture 

medium was transferred to a 25 cm culture flask, gassed with 5% CO2/5% O2and incubated at 

37oC overnight without shaking/rocking. The medium was replaced with 5mL fresh medium on 

the second day and on the third day 5mL of fresh medium and 150^l of fresh red blood cells 

were added and supplemented with2.5nM WR99210 (Sigma-Aldrich, Germany)for selection of 

positive transformants. Replacement of medium containing 2.5nM WR99210 was thereafter 

done twice a week along with addition of 50^l of fresh red blood cells once a week until 

parasites appeared, as detected by Giemsa-stained thin blood smears. Imaging of positively 

transfected parasites was carried out.

4.3.4 Live cell imaging of transfectants

Red blood cells containing transfected parasites were harvested from culture by centrifugation 

(12000g, 5 minutes) and washed once with pre-warmed incomplete media. The parasites were 

transferred into incomplete media containing 10p,g/mL Hoechst 33258 (Sigma-Aldrich, 

Germany) for DNA /nuclei staining and 20nM MitoTracker red/ chloromethyl-X-rosamine 

(Molecular Probes, USA), a mitochondrion-selective fluorescent probe (Shindo et al. 2011). The
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parasites were incubated briefly and centrifuged (12000rpm, 3 minutes) followed by imaging at 

room temperature (25oC) within 30 min of mounting under a coverslip on a glass slide, using a 

100x oil-immersion objective. An Olympus BX60 epifluorescence microscope equipped with a 

DP72 camera and cellSens Entry 1.9 software (Olympus, Japan) was used to acquire images. 

Images for trophozoite ring and schizont stages parasites were captured. Live cell imaging was 

carried out with the kind assistance of Prof. Heinrich Hoppe at the Department of Biochemistry 

and Microbiology (Rhodes University, South Africa).

The amino acid sequence for PfHsp70-3 (PF3D7_1134000) was obtained from PlasmoDB v4.4 

(Aurrecoechea et al. 2009) and analyzed using advanced antigen design algorithim GenScript’s 

Optimum Antigen™ Design Program (GenScript, USA) for the identification of appropriate 

antigenic peptide sequences. The designing tool helps to establish and specify desired cross­

reactivity, unexposed epitopes to be avoided, determination of the strength of antigenicity of 

chosen peptide, best conjugation and presentation options for desired assays and guaranteed 

immune response among others.
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Figure 4.1 : Sequence alignments of P. falciparum Hsp70s showing antigenic determinant 
regions in PfHsp70-3:PfHsp70-3(mitochondrial) aligned with PfHsp70-1 (cytosolic), PfHsp70- 
2 (ER), PfHsp70-x (exported) and PfHsp70-y and PfHsp70-z using Clustal omega. Red 
highlight: antigenic determinant regions, blue box: mitochondodrial putative signal pepetide
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sequence, green box: peptide used to raise specific antiserum against PfHsp70-3 in rabbit. The 
black shade represented 100% residue identity with dark gray representing similarity.

Moreover, the designing tool uses a built in tutorial for synthesis and solubility. Sixteen specific 

unique regions across the entire protein, comprising of 14 amino acids were identified as 

possible antigenic determinants (appendix R). To select a suitable peptide antigen for antibody 

development a number of aspects were duly considered that included antigenicity, 

hydrophilicity, hydrophobicity, surface probability, predicted transmembrane domains, 

homology, flexible region, helix region, sheet region, signal peptide and modification (Hofmann 

and Hadge, 1987; Hopp and Woods, 1981; Jameson and Wolf, 1988; Emini et al. 1985). Another 

important factor to consider was to ensure that the peptide sequence was not similar to any of the 

other 5 Hsp70 homologues to avoid cross reactivity and unspecificity. The chosen peptide 

sequence was used as a query in the blast search and the sequence alignment showed that the 

chosen peptide (Figure 4.2 in green box) present in the C-terminus of PfHsp70-3 is unique to 

PfHsp70-3. Peptides that were located within the ATPase domain of the protein were avoided 

due to high conservation of the domain residues among the Hsp70 proteins as compared to the 

highly variable C-terminal domain (Figure 4.2). Based on these factors, the peptide 

CQPNNENKAEENKDN was selected for antibody development in Oryctolagus cuniculus after 

performing local alignments against the P. falciparum proteome. Synthesis of the selected 

peptide, conjugation to KLH and rabbit immunization was performed by GenScript (Hong 

Kong), who provided the resultant rabbit antiserum and pre-immune serum.

4.3.5 Parasite lysate preparation and detection of GFP-PfHep1 and 

PfHsp70-3.

Parasite lysate preparation for the detection of GFP- tagged PfHep1 and PfHsp70-3 with anti- 

GFP antibodies and peptide raised antibodies respectively was done as previously described 

(Alleva and Kirk, 2001; Tonkin et al. 2004; Ansorgea et al. 1997). The method is based on the 

use of saponin, a plant secondary metabolite of glycosidic nature that has biological properties 

and the ability to lyse erythrocytes and parasite parasitophorous membranes, while leaving
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parasite plasma membranes intact (Bruneton, 1995; Rao and Gurfinkel, 2000; Francis et al. 

2002). Erythrocytes infected with parasites synchronized to the trophozoite stage and cultured to 

maximum growth were harvested through centrifugation (12000g, 3min at 4oC). The pellet was 

resuspended in 0.1% (w/v) saponin (Sigma-Aldrich, Germany)/ phosphate-buffered saline (PBS; 

137mM NaCl, 2.7mM KCl, 10.3mM Na2HPO4, 1.8mM KH2PO4, pH 7.4) to lyse the 

erythrocytes. The lysis of erythrocyte membranes was allowed to take place for 8 minutes on ice 

followed by subsequent centrifugation (12000g, 3min at 4oC). The supernatant was discarded 

and the parasite pellet was washed two times with ice cold PBS to remove residues of 

hemoglobin and saponin. The washed parasite pellet was re-suspended in SDS-PAGE sample 

buffer and boiled for 10 minutes followed by centrifugation (12000g for 2 minutes) to remove 

the cell debris and obtain the soluble supernatant of the samples. Proteins were analyzed by 10% 

SDS-PAGE and western blotting onto a nitrocellulose membrane (Dassel, Germany) according 

to standard protocols given (Appendix F) and as described (Gershoni and Palade, 1982; De Blas 

and Cherwinski, 1983). Further processing of the western membranes was carried out as 

described in previous sections with 3% (w/v) non-fat powder milk in TBS-T used instead of 5% 

(w/v). A primary mouse anti-GFP monoclonal antibody (B-2, Santa Cruz Biotechnology) was 

used for the detection of GFP_PfHep1 (1:4000 dilutions) and the rabbit anti-PfHsp70-3 peptide 

antiserum (1:4000) for the detection of endogenous PfHsp70-3. HRP-conjugated goat anti-mouse 

(1:5000 dilution) (GE Healthcare, UK) and goat anti-rabbit (1:4000 dilution) (Cell signaling 

technology, USA) secondary antibodies were used. Rabbit anti-actin antibodies (Sigma-Aldrich, 

Germany) generated from rabbit were used as a loading control.

4.3.6 Determination of heat shock induction of PfHsp70-3

To determine the heat inducibility of PfHsp70-3, P. falciparum parasites (clone 3D7) were 

cultured as described in section (4.3.1) and synchronized at the ring stage. Once parasites had 

developed to trophozoites, the cultures were equally split into three flasks and heat shock was 

applied by incubating subcultures at 37°C (control), 41°C (heat shock) and 43°C (heat shock) for 

2 hours. Parasite pellets collected from the three sub-cultures were prepared by saponin lysis as 

described earlier and subsequent production of PfHsp70-3 was analyzed by SDS-PAGE and
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western blotting as described in the previous sections. Anti-PfHsp70-3 antibody and HRP- 

conjugated goat anti-rabbit secondary antibodies were used. Rabbit anti-actin antibody and 

uninfected erythrocytes were used as loading and negative controls respectively.

4.3.7 Analysis of intraerythrocytic time course expression of PfHsp70-3

Infected P. falciparum parasites (clone 3D7) were cultured as described in section (4.3.1) and 

synchronized at the ring stage with 5% sorbitol. The parasites were then split into six flasks and 

incubated at 37oC for time course expression analysis. Infected erythrocytes were harvested by 

centrifugation at eight hour intervals over the 48 hour intra-erythrocytic parasite developmental 

life cycle, parasite pellets obtained by saponin lysis were frozen at -80°C for further analysis. 

The expression of PfHsp70-3 was analyzed by SDS-PAGE using coomassie stain as described in 

the previous sections. Immunodetection was carried out on the western blots using 

ClarityTMWestern ECL blotting kit (Bio-Rad, USA) as per the manufacturer’s instructions, and 

captured with a Chemidoc chemiluminescence imaging system (Bio-Rad, USA). Anti-PfHsp70-3 

antibody and HRP-conjugated goat anti-rabbit secondary antibodies were used. Rabbit anti-actin 

antibody (1:4000 dilutions) and uninfected erythrocytes were used as loading and negative 

controls respectively

4.3.8 Indirect Immunofluorescence microscopy

Indirect immunofluorescence microscopy to determine the localization of PfHsp70-3 was carried 

out as previously described by Tonkin et al. (2004). Infected erythrocytes were cultured as 

described (section 4.3.1) and harvested at the trophozoite stage by centrifugation (2000g for 3 

minutes). The pellet of infected erythrocytes was resuspended in RPMI (without Albumix) 

medium at room temperature. The mixture was added to the wells of poly-lysine coated chamber 

slides (Ibidi, Germany) followed by incubation at 37oC for 30 minutes to allow the red blood 

cells to settle on to the bottom of the slides. The unattached erythrocytes in the wells were gently
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washed off with RPMI medium and the formation of an attached erythrocyte layer on the bottom 

of the wells was confirmed by microscopy. The attached erythrocytes were rinsed twice in PBS 

containing 0.05% saponin to lyse the cells. Immediately 3% paraformaldehyde and 0.2% 

glutaraldehyde in PBS was added and incubated for 10 minutes. After incubation, the cells were 

washed with PBS followed by the addition of 0.2% Triton X-100 contained in PBS and 

incubation for 2 minutes. 0.15M glycine was added to block free reactive aldehyde groups that 

could react with antibodies followed by rinsing with PBS after incubation for 10 minutes. 

Blocking buffer (1% BSA in PBS) was added to the fixed cells in the wells and incubated for 20 

minutes. Anti-PfHsp70-3 (primary antibody), diluted 1:200 in blocking buffer, was added and 

allowed to bind for a minimum of 40 minutes Cells were washed three times using washing 

buffer (PBS, 0.1% BSA and 0.1% Tween 20) for 10 min each to remove excess primary 

antibody. FITC-conjugated goat anti-rabbit (secondary antibodies; Sigma-Aldrich) was added at 

1:200 dilutions in blocking buffer and allowed to bind for 40 minutes in the dark. The wells were 

washed thrice by the wash buffer followed by the addition of 4,6-Diamidine-2-phenylindole 

dihydrochloride (DAPI) and incubated for 1 minute to bind to the DNA. The wells were rinsed 

with water, mounted under a coverslip in FluorPreserve (Calbiochem) and viewed with an 

Olympus BX60 epifluorescence microscope using 100 x oil-immersion objectives.

4.4. Results

4.4.1. Specificity of anti-PfHsp70-3 antibody and detection of PfHsp70-3 in P. 

falciparum.

The pARL-2-GFP/PfHsp70-3 construct was used several times for transfection of parasites but 

these experiments failed to yield a viable population of transfected parasites and therefore the 

next approach was to produce antibodies against PfHsp70-3 for the determination of localization. 

The aim was to determine if the antibody could detect both parasite-derived as well as His- 

tagged PfHsp70-3 purified from E. coli cells. The specificity of the PfHsp70-3 antibody was 

determined by the use of parasite lysate prepared from the trophozoite stage parasites (Figure
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4.2, lane 1). A protein band of approximately 70 kDa was detected at almost the same size of 

purified His-tagged PfHsp70-3 which was used as a positive control (Figure 4.2, lane 3). There 

was no band detected in the uninfected erythrocytes that was used as a negative control (Figure

4.2, lane 2)

Figure 4.2 : Specificity of anti-PfHsp70-3 peptide directed antibody and detection of 
PfHsp70-3 in parasite lysate: Western blot analysis of PfHsp70-3 using anti-PfHsp70-3 peptide 
directed antibody. M, molecular marker, Lane 1, detection of PfHsp70-3 in trophozoite parasite 
lysate; lane 2, uninfected erythrocytes, lane 3, purified His-tagged PfHsp70-3.

4.4.2 The expression of PfHsp70-3 is induced by heat shock treatment

Protein detection confirmed that PfHsp70-3 was being expressed in the intra-erythrocytic stages 

of parasite development and this facilitated an analysis of its heat inducibility. A number of
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P. falciparum Hsps have been demonstrated to be up-regulated during heat shock. PfHsp70-3 

was analyzed to determine whether it would be up-regulated in response to heat shock as an 

indication of its role in cytoprotection during infectivity.

Figure 4.3 : PfHsp70-3 is up-regulated following heat-shock: (A) SDS-PAGE (10%) protein 
profiles of parasites incubated at 37oC, 41oC, and 43oC for 2 hours. (B) Western analysis: 
detection of PfHsp70-3 and actin from saponin-lysed parasite lysates obtained from 3D7 P. 
falciparum-infected erythrocytes using anti-PfHsp70-3 and anti-actin antibodies respectively. 
Equal amount of infected erythrocytes (RBC) were loaded per lane and three independent 
experiments were carried out and similar results were obtained.

Parasites in the trophozoite stage were heat shocked at 41oC and 43oC, temperatures higher than 

the normal human body temperature (37oC). Approximately equal numbers of infected 

erythrocytes were analyzed using SDS-PAGE (Figure 4.3 A) and western analysis (Figure 4.3 

B). An equal amount of uninfected erythrocytes was loaded as a negative control and detection 

of ubiquitous actin cytoskeletal protein present on cell membranes was used as a loading control 

(Figure. 4.3 B). PfHsp70-3 was up-regulated after heat treatment at 41oC and 43oC relative to the 

loading control (Figure 4.3 B).

101



4.4. 3 Maximum expression of PfHsp70-3 occur during the trophozoite stage

An expression profile of PfHsp70-3 was analyzed over 48 hours of intra-erythrocytic 

development of P. falciparum to determine when the maximum expression of PfHsp70-3 

occurred during developmental stages.

Figure 4.4 : Maximum expression of PfHsp70-3 occurs at trophozoite stage in 
intraerythrocytic cycle of parasite development: A) SDS-PAGE (10%) stained with 
coomassie indicating PfHsp70-3 protein expression profile at different time points with 
corresponding western blot analysis (WB) probed for PfHsp70-3 and actin proteins using 
respective antibodies. Non-infected erythrocyte extract (RBC) was loaded as a negative control. 
(B) Messenger RNA expression profile of PfHsp70-3 during different phases of development of 
the parasite as adapted from PlasmoDB version 4.4 (Aurrecoechea et al. 2009). Equal numbers 
of infected erythrocytes were loaded per lane and three independent experiments were carried 
out and similar results were obtained.
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The parasite lysates were analyzed at eight hour intervals following sorbitol synchronization at 

ring stage. The SDS-PAGE and western analyses of equal numbers of infected erythrocytes 

showed different protein expression profiles at each developmental stage of the parasite (Figure 

4.4). Actin was used as a loading control to confirm that loading was equivalent in each lane. 

The results showed that the protein was being expressed at all stages of P. falciparum 

development. There was least expression of the protein at the ring stage and the expression 

increased gradually with maximum expression occurring at early and late trophozoite stage 

(Figure 4.4A). The observed expression profile of PfHsp70-3 appeared to correlate with mRNA 

expression profiles of the protein as earlier described and documented in PlasmoDB 

(Aurrecoechea et al. 2009) (Figure 4.4 B).

4.4.4 PfHsp70-3 localizes to the P. falciparum mitochondrion

Attempts to localize PfHsp70-3 by transfecting parasites with a PfHsp70-3-GFP fusion construct 

and analyzing them by live cell microscopy failed. Parasites would grow in the transfected 

cultures, but failed to multiply further and displayed abnormal morphologies (data not shown). 

This might be indicative that over-expression of PfHsp70-3 is detrimental to parasite viability. 

Consequently, localization of endogenous PfHsp70-3 using the antibodies was attempted. The 

localization of PfHsp70-3 was determined using indirect immunofluorescence microscopy of 

trophozoite and early schizont-infected erythrocytes immobilized on poly-lysine coated slides. 

The erythrocytes were briefly lysed with saponin to improve antibody access.

Polyclonal antibodies that were raised in rabbit against a C-terminal peptide 

“CQPNNENKAEENKDN” of PfHsp70-3 protein coding sequence were used as primary 

antibodies to investigate the localization of PfHsp70-3. FITC-conjugated goat anti-rabbit 

secondary antibodies were used. After immobilization and saponin lysis, paraformaldehyde/ 

glutaraldehyde fixation was used to fix the parasites before antibody binding. Using the 

secondary green fluorescence signal, an elongated structure was observed at the periphery of the 

parasite believed to be the parasite mitochondrion (Figure4.5).
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Figure 4.5 : PfHsp70-3 localizes to the mitochondrion in P. falciparum: Sample of images 
obtained from localization study with rabbit anti-PfHsp70-3 peptide antibody on 
paraformaldehyde/glutaraldehyde-fixed P. falciparum trophozoites. Rabbit anti-peptide primary 
and anti-rabbit FITC-conjugated secondary antibodies was used to detect PfHsp70-3 protein. The 
parasite nuclei were stained with Hoechst 33258 (in blue) and the bright field (BF) showed the 
bright field images of the fixed parasites. The experiment was repeated at least three times and 
representative images are shown here.

These preliminary findings indicated that PfHsp70-3 could indeed localize to the parasite 

mitochondrial organelle. However, since there was no any signal spotted in the cytoplasm, it 

could indicate that unlike human mitochondrial Hsp70 that is found in the mitochondria and
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cytoplasm, PfHsp70-3 is only located in the parasite mitochondria. This observation would 

suggest the unique role of PfHsp70-3 compared to its orthologues. Due to the delicate nature of 

the method of parasite fixation and lysis, most of the images observed showed broken and 

discontinuous fluorescence signal (data not shown). A fluorescence signal was absent in the 

negative controls where primary or secondary antibody only was used (data not shown).

4.4.5 Construction of pARL-2-GFP-PfHep1

The aim was to insert the coding region of PfHep1 into the pARL-2-GFP construct to determine 

the localization of PfHep1 in the parasite.

Figure 4.6 : Diagnostic analysis of pARL2-GFP-PfHep1 construct: (A) Constructed plasmid- 
protein map designed using the PlasmaDNA software (Angers-Loustau et al. 2007). The plasmid 
confers ampicillin resistance when transformed into E. coli as indicated (Amp ; P-lactamase 
coding sequence) and confers WR99210 resistance (dhfr; dihydrofolate reductase coding 
sequence) when transfected into P. falciparum parasites. (B) Endonuclease restriction digest of 
pARL-2-GFP-PfHep1: lane M, DNA molecular makers; lane R1, single digest with XhoI , lane 
R2, PfHep1 PCR product, lane R3, double restriction digest (XhoI-KpnI) of PfHep1 -pARL2- 
GFP ligated products using XhoI and KpnI.
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The coding sequence of PfHep1 (302 aa) was successfully PCR amplified from the genome of P. 

falciparum 3D7 strain (Figure 4.6 B) and inserted into the pARL2-GFP vector using XhoI and 

Kpn1 restriction sites (Figure 4.6 B, lane R2). Restriction digest analysis of the construct using 

XhoI and Kpn1 enzymes confirmed the presence of PfHep1 insert (Figure 4.6 R2 and R3).

4.4.6 PfHep1 localized to the parasite mitochondrion

Figure 4.7 : PfHep1 showing mitochondrial localization in the parasites: (A) Localization of 
the GFP signal through live cell imaging of pARL2-GFP_PfHep1 transfectants in ring and 
trophozoite stages stained with Hoechst (blue) to visualize the nucleus, MitoTracker (red) to 
visualize the mitochondrion and Merge (combining GFP with Hoechst and MitoTracker. (B) 
Western analysis of the PfHep1-GFP transfectants lysate. M, molecular mass marker; 3D7; 
lysate of P. falciparum3D7 used as a negative control; pARL2-GFP; lysate of control parasites 
transfected with pARL2_GFP plasmid lacking the PfHep1 insert, PfHep1-GFP; lysate of 
parasites transfected with the pARL-2-PfHep1-GFP construct. (C) Localization of the GFP 
signal by live cell imaging of pARL2-GFP_Hep1 transfectants in the schizont stage of the 
parasite.
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Hep1 proteins are known to be specifically involved in the aggregation suppression of 

mitochondrial Hsp70s which indicates the likely presence of PfHep1 in the parasite 

mitochondrial organelle. The images captured from live transfected parasites of late ring and 

trophozoite expressing PfHep1-GFP showed that the protein localized in the mitochondrion of 

the parasite (Figure 4.7A). The images showed the concentration of GFP signal in an elongated 

organelle consistent with mitochondrial localization (Figure 4.7A).

Live images of schizont stage parasites showed the PfHep1-GFP associated with positive 

multiple structures of individual forming daughter merozoites. The MitoTracker did not stain 

mitochondria in schizonts at this stage (Figure. 4.7C). The western blot analysis of the parasite 

lysate using anti-mouse GFP antibodies detected PfHep1-GFP at the expected size of 

approximately 63 kDa with PfHep1 of 36 kDa of and GFP protein of 27 kDa (Figure 4.7B). 

Untransfected 3D7 parasites and those transfected with pARL-2_GFP were used as controls 

(Figure.4.7C). The merging of the mitochondrial red staining dye (MitoTracker) with green 

fluorescence confirmed that the elongated structure was indeed the mitochondrion (Figure 4.7).

4.5. Discussion

In silico analysis revealed that both PfHsp70-3 and PfHep1 proteins contain mitochondrial signal 

peptide sequences which indicate that they localize to the parasite mitochondrion. However, this 

had not been experimentally validated and this study examined the cellular localization of 

PfHsp70-3 and its escort protein PfHep1. The late ring and trophozoite stage parasites showed a 

concentration of green fluorescence from GFP-tagged PfHep1 in transfected parasites within an 

elongated structure just outside the nucleus that was consistent with mitochondrial localization. 

The merging of the mitochondrial red staining dye (mitoTracker) with green fluorescence 

confirmed that the elongated structure was indeed the mitochondrion. Western analysis of the 

transfected parasites indicated that the size of the expressed protein was that of full-length GFP- 

tagged PfHep1. Observation of the schizont stage parasite showed a distribution of the GFP 

signal around the parasite showing six punctate structures that did not stain with mitochondrial
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staining dye (mitoTracker). The distribution of the GFP signal was believed to be associated with 

individual forming merozoites that would soon be released from the erythrocyte to initiate the 

next phase of parasite developmental cycle by invading new erythrocytes. The presence of the 

dispersed green signal could represent the distribution of mitochondria into newly formed 

parasites but since, at this particular stage the parasite mitochondrial electron transport chain 

(mtETC) is inhibited and the mitochondrial membrane potential is collapsed (Painter et al. 2010; 

Pasini et al. 2013), the mitoTracker could not stain the young parasite mitochondria.

Indirect immunofluorescence microscopy studies on the localization of PfHsp70-3 indicated that 

the protein could be localized to the parasite mitochondrion. A fluorescence signal was observed 

around an elongated structure at the exterior parts of the parasite nucleus that was consistent with 

mitochondrial morphology. However, since both the parasite mitochondrion and the apicoplast 

are found lying side by side at this stage of development (Siregar et al. 2015), differential 

staining using markers for the two organelles would be required in order to be conclusive on the 

exact localization of PfHsp70-3. An alternative approach that could have been used is the 

isolation of the mitochondrial fraction from the parasites and subsequent use of the antibodies 

against PfHsp70-3 to confirm localization. The use of PfCytochrome C as a mitochondrial 

marker and PfUROD as an apicoplast marker were used to determine the localization of PfHsp60 

(Priya et al. 2015) and such as approach could be used for PfHsp70-3 localization studies.

Transcription analysis of PfHsp70-3 has revealed the highest PfHsp70-3 mRNA expression 

levels during the late stages of the P. falciparum life cycle, with maximum expression occurring 

during the trophozoite stages of development (Aurrecoechea et al. 2009). This study investigated 

protein expression of PfHsp70-3 to determine whether it correlated with the reported mRNA 

expression pattern. The analysis of parasite lysates at different stages of parasite development 

using anti-PfHsp70-3 antibodies revealed PfHsp70-3 proteomic expressions that correlated with 

the transcriptomic profile. The parasite culture growth was sorbitol synchronized at the ring stage 

and the samples were collected for 48 hours in eight hour interval. PfHsp70-3 protein expression
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progressively increased from the ring stage of the asexual development and attained maximum 

levels during the late trophozoite stage.

P. falciparum parasites encounter stressful environmental changes during their establishment in 

the human host. In order for the parasite to adapt to these conditions, they use a repertoire of 

molecular chaperones whose expression and activities are often increased during stressful 

conditions to counteract the effect of stress (Neckers and Tatu, 2007). Indeed temperature 

variations characterize P. falciparum life cycle raging from the low temperature in the vector, 

anopheles mosquito at 25oC, to 37oC in healthy human hosts and 41oC in patients suffering from 

malaria infection during febrile episodes. Heat shock treatment of P. falciparum parasites at 

41oC and 43oC for two hours, visibly increased the expression of PfHsp70-3 compared to the 

expressions at 37oC. Increased expression of PfHsp70-3 due to heat induction could imply the 

involvement of the protein in the heat-stress response mechanism of the parasite that is aimed at 

cushioning the parasite proteins against stressful conditions to prevent aggregation and inactivity. 

In conclusion, this study observed that both PfHsp70-3 and PfHep1 localize in the mitochondria 

of P. falciparum. PfHsp70-3 protein is expressed during all parasite asexual developmental 

stages with maximum expression occurring at trophozoite stages. The expression pattern of 

PfHsp70-3 at all infective stages could provide further evidence of the protein’s involvement in 

malaria disease development.

CHAPTER FIVE
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Conclusion and future perspective

The fight against malaria requires diverse approaches, which calls for a better understanding of 

the biology of the causative agent P. falciparum (Greenwood et al. 2008). The parasite 

mitochondrion is essential for viability making it a viable drug target. Furthermore, it is 

becoming increasingly evident that heat shock proteins occupy a central role in the development 

of malarial pathogenesis. For this reason Hsps are considered as possible antimalarial 

chemotherapeutic targets (Przyborski et al. 2015). Plasmodium species possess mitochondrial 

DNA that encodes for only three proteins, implying that all other mitochondrial proteins have to 

be encoded in the nucleus, synthesized in the cytosol on the ribosome and transported into the 

mitochondrial matrix (Vaidya and Mather, 2009).Mitochondrial Hsp70s act as motors that 

provide the driving force that pull mitochondrial bound pre-proteins into the mitochondrial 

matrix and promote their proper folding hence ensuring mitochondrial homeostasis (Ran et al. 

2000; Bohnert et al. 2007; Custer et al. 2012). PfHsp70-3 (PF3D7_1134000) is one of the six 

known Hsp70s of P.falciparum predicted to reside in the mitochondria (Shonhai et al. 2007; 

Njunge et al. 2013). The parasite mitochondrial PfHsp70-3 could play a significant role in the 

translocation and proper folding of mitochondrial bound proteins and hence the biogenesis of the 

organelle. However, PfHsp70-3 has not been biochemically characterized, and determining its 

localization is also essential. Indeed, the location of a particular protein molecule can help in 

predicting its likely partners and metabolic pathways (Rost et al. 2003). This study involved 

characterization of PfHsp70-3 and included an investigation of PfHep1 (PF3D7_1420300) and 

Pfj 1 (PF3D7_0409400) proteins as possible PfHsp70-3 co-chaperones.

Structural and functional characterization of mtHsp70 proteins has been hampered due to 

difficulties experienced in heterologous production of the proteins since they are often insoluble. 

A number of characterized mitochondrial Hsp70 proteins have shown the tendency to aggregate 

and reliance on Hep1 proteins for structural and functional activities. Hep1 is a small 

mitochondrial protein that was first described in humans and yeast (Sichting et al. 2005; Sanjuan
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Szklarz et al. 2005) where it was shown to promote correct folding and abrogation of aggregation 

of mtHsp70. Hep proteins are indispensible for the functions of mtHsp70.

Both PfHsp70-3 and PfHep1 showed high levels of conservation of the domains and residues 

implicated in the functional properties of their orthologues. When the ATPase domain of 

mtHsp70 is attached to the linker domain, specific residues in the ATPase domain mediate 

interdomain communication leading to the aggregation of the protein. Sequence analysis 

indicated that PfHsp70-3 was likely to possess properties typical to mtHsp70s and require the 

interaction of PfHep1for structural stability and function. PfHep1 was larger and shared no 

similarity with its orthologues outside the zinc finger domain (zf-DNL). The zinc finger domain 

has been implicated for functional activities of Hep1 proteins. Furthermore, the residues that 

determine Hep1 protein structural and functional activities were found to be well conserved in 

PfHep1, Therefore PfHsp70-3 would likely possess typical properties of mtHsp70s and would 

rely on PfHep1 for functional activities.

The in vitro analysis revealed that similar to many characterized mtHsp70s, PfHsp70-3 was 

indeed insoluble when heterologously expressed in E. coli cells. This study showed for the first 

time that PfHep1 was required for maintaining the solubility and thereby the activity of PfHsp70- 

3. Various approaches that could solubilise PfHsp70-3 were attempted but the successfully 

solubilised and purified PfHsp70-3 displayed no functional activities. Biologically active 

PfHsp70-3 could only be produced through co-expression with PfHep1, an indication that the 

latter facilitates the proper folding of PfHsp70-3. However, since some good amount of inactive 

PfHsp70-3 was produced through various solubilization methods, some future work should 

involve doping of the inactive protein and use of pure PfHep1 to try and restore the activities of 

PfHsp70-3. This will further shade more light on the level of PfHsp70-3 dependability on 

PfHep1; that is to see whether PfHsp70-3 depends on PfHep1 for solubility alone or for 

functional activities as well. The insolubility of PfHsp70-3 and its reliance on PfHep1 for 

solubility and activity pointed further to the fact that PfHsp70-3 could indeed be a typical 

mitochondrial Hsp70 and PfHep1 could be an orthologue of Hep1 in P. falciparum. Indeed, 

sequence analysis of the zinc binding domain of PfHep1 was observed to contain many of the 

conserved amino acid residues implicated in the interactions of Hep1 and mtHsp70 proteins.
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PfHsp70-3 existed as a monomer, an oligomeric state in which Hsp70s exist when bound to 

nucleotides (Palleros et al. 1992). Hep1 protein bind to their cognate mtHsp70s when they are 

nucleotide free and are released upon nucleotide binding (Sanjuan Szklarz et. al. 2005; 

Blamowska et al. 2010; Fraga et al. 2013). The interaction of PfHep1 with PfHsp70-3 made the 

latter soluble and influenced its oligomeric state that led to functional activities.

PfHep1 suppressed the thermal aggregation of PfHsp70-3. However, PfHep1 did not prevent the 

aggregation of other aggregation-prone proteins, such as MDH and citrate synthase. 

Furthermore, PfHep1 did not enhance the aggregation suppression activities of PfHsp70-3.This 

specific interaction of PfHep1 and PfHsp70-3 would be an attractive druggable avenue. Since 

the function of PfHsp70-3 proteins depends on its proper folding that relies on PfHep1, 

inhibition of the interaction of the two proteins offers a promising drug testing prospects. 

Furthermore, PfHep1sequncce analysis revealed lowest percentage identity against its 

orthologues which is likely to represent adequate structural variations that would facilitate 

selective inhibition with minimum effects on its human counterpart, hHep1. Abrogating the 

specific partnership between PfHep1 and PfHsp70-3 could indeed be a target for new 

antimalarial drugs and this remains to be explored. Future work should involve testing of 

compounds such as malonganenone-A, 15-deoxy-spergualin and other antimalarials that have 

been shown to inhibit the activities of some PfHsp70s (Cockburn et al. 2011; Ramya et al. 2007). 

It is worth noting that the PfHsp70-3 that was used in subsequent biochemical procedures in this 

study was co-purified with PfHep1and separated through gel filtration. However, it could be 

necessary to have more verifiable methods of determining the efficiency of gel filtration in 

separation of the two proteins. One could consider the use of PfHep1 antibodies to determine 

whether they could detect PfHep1 in gel filtrated PfHsp70-3. Besides, an additional gel filtration 

step would be required to be performed on both PfHep1 and FfJ1-1 that were purified through 

nickel affinity chromatography to ensure that no contaminants produced in the proteins.

The removal of zinc ions from PfHep1 using the chelating compound EDTA abrogated its 

functions against PfHsp70-3. Furthermore, EDTA-treated PfHep1 was unstable and aggregated 

at 50°C, whilst untreated PfHep1 remained stable, an indication of disruption of its structure due
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to the removal of the zinc ions. However, the supposed structural changes caused by the removal 

of Zn could not be verified in this study and the future work should include structural analysis 

such as use of circular dichroism (CD) spectroscope to determine the secondary structure and 

folding properties of Zn depleted PfHep1. A comparison between native and Zn depleted 

PfHep1 proteins will shade more light on the changes that might have occurred after removal of 

the zinc ions in relation to the functions.

Pfj1 could not be purified due to formation of degradation products upon expression in E.coli. 

However, Pfj 1-J, which included the J-domain, GF region and zinc finger domain was produced 

and used for preliminary interaction studies with PfHsp70-3.The toxicity of PfJ1 could probably 

contribute to its degradation during expression in E. coli cells. Indeed, the protein is very unique 

and large in size compared to other J- protein homologues and does not have an equivalent 

homologue in the E.coli proteomic system. Pfj1 could be degraded by protease enzymes upon 

expression (Gottesman et al. 1997) that led to degradation products observed. The protein could 

also be degraded due to inherent instabilities. It is likely that the long C-terminus of Pfj1 played a 

role in the instability of this protein and consequently affected its in vitro production. The use of 

low copy number plasmids such as pSC101 with stringent controlled replication would be 

considered in future production of Pfj1. Such plasmids offer advantages especially in those 

genes whose expression products produce deleterious effects to the host cell (Stoker et al. 1982; 

Wang and Kushner, 1991). Since the protein appears to have distant properties from any of the 

proteins in the bacterial genome, the use of alternative expression systems of eukaryotic origin 

such as baculovirus or insect cell lines, yeast and mammalian cells could be considered. Finally, 

the use of protease free strains of E.coli could also be considered to prevent the protein 

degradations after expression.

Unlike PfHep1, Pfj 1-J stimulated the ATPase and refoldase activities of PfHsp70-3. Taken 

together, the findings in this study suggest that PfHep1 does not play a co-chaperone role, but is 

rather a specific co-factor that prevents PfHsp70-3 self-aggregation and maintain it in an active 

state. Pfj1 is a potential co-chaperone of PfHsp70-3 but its localization needs to be determined. 

Studies done on human and L. braziliensis Hep1 orthologues have shown that these proteins
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display features of a J-protein by stimulating the ATPase activities of their respective mtHsp70 

proteins (Zhai et al. 2008; Dores-Silva et al. 2016).Majority of known co-chaperones mostly 

from the J-protein family, possess the HPD motif that is implicated for functions such as 

stimulation of ATPase activities (Cheetham and Caplan, 1998). Since HPD motif is absent from 

Hep1 proteins, it could mean an automatic disqualification of their co-chaperone roles especially 

in the aspect of stimulation ATPase activities. Human Hep1 unique extended C-terminal 

sequence has been implicated for its ability to stimulate the ATPase activities (Vu et al. 2012). 

Indeed, the sequences alignment and analysis showed that the human Hep1 orthologue possesses 

an extended C-terminal that could account for different biochemical properties from those 

observed in PfHep1. Since the extended C-terminal residues in hHep1 are equally missing in 

PfHepl, as part of the approach to investigating the mechanism of hHepl’s ability of stimulating 

ATPase activities, future work should consider a construction of PfHep1 chimera containing the 

extended residues from hHep1 C-terminal to find out whether the exchanged residues could 

confer co-chaperone properties to PfHep1. However, since the C-terminal residues are also 

missing from LbHep1 which has been reported to stimulate LbHsp70 ATPase activities, an 

investigation of specific residue composition and functions among these proteins should be 

prioritized too.

Since the sequence identity between LbmtHsp70 and mortalin is a little bit lower than that 

between PfHsp70-3 and mortalin, which is at 61% and 62% (Dores-Silva et al. 2016) 

respectively, one could expect the interaction of PfHep1 and PfHsp70-3 to be similar to that of 

their homologues in human at least in ATPase activities. It is possible that a more sensitive 

ATPase assay could reveal that PfHep1 does influence the ATPase activity of PfHsp70-3 and 

therefore future work should include a repeat of the assay using sub-stoichiometric amounts of 

PfHep1.Furthermore, using isothermal titration calorimetry, the thermodynamic signature of 

mortalin was different to that of LbmtHsp70 (Dores-Silva et al. 2016). It would be useful to 

dissect the thermodynamic properties of both PfHsp70-3 and PfHep1 to determine if these 

proteins are similar to their human orthologues.
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Figure 5.0 : Model of role of PfHep1 against PfHsp70-3: Mitochondrial destined proteins 
from the cytosol are directed to the matrix through targeting and sorting topogenic signal 
sequences at their N-terminal. While on transit peptides engage translocator outer membrane 
(TOM) and either remain in the outer mitochondrial membrane (OMM) or in the inter-membrane 
space (IMS) or interact with the translocases of the inner membrane (TIM23) to gain entry into 
the matrix. PfHsp70-3 acts as a molecular clamp to prevent backward movement of pre-proteins 
through TIM23 and facilitate their entry into the matrix an ATP-dependent manner with 
PfPam18 stimulating its ATPase activities. PfHep1 holds PfHsp70-3 and prevent it from 
aggregation and PfGrpE serve as nucleotide exchange factor. With the help of matrix J-protein 
and Pf10985c, PfHsp70-3 folds and syntheses Fe/S cluster proteins respectively. In both cases, 
PfHep1 will be required to maintain the functional structure of PfHsp70-3 by preventing it from 
aggregation. Mitochondrial pre-proteins folding can also be achieved through PfHsp60/ PfHsp10 
chaperonin system.

Yeast Hep1/ Zim17 has also been shown to play a role of assisting yeast mtHsp70 in interacting 

with its client proteins in a J co-chaperone-dependent manner (Lewrenz et al. 2013). There is
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also the proposition that Zim17 functions as a “fractured” J-protein that provides a zinc finger 

domain similar to Type III J-proteins for substrate binding (Burri et al. 2004). Zim17 also 

possesses an extended C-terminal sequence like hHep1though not similar in terms of residue 

composition (Figure 2.4). However, the ability of Zim17 to stimulate the ATPase activities has 

not been reported. Following the observations made in this study relating to the possible roles of 

PfHep1, a proposed model of interaction of PfHep1 and PfHsp70-3 in the parasite mitochondrion 

is suggested (Figure. 5.1).

The study had prioritized the use of pARL-2-PfHsp70-3_GFP plasmid for parasite transfection 

for investigation of PfHsp70-3 localization. However, due to unsuccessful attempts to produce 

positive parasite transfectants, the study resorted to the use of PfHsp70-3 peptide directed 

antibodies for indirect immunofluorescence assays. Successful production of peptide specific 

directed antibodies against PfHsp70-3 and positive pARL-2-PfHep1_GFP parasite transfectants, 

allowed localization studies for the two proteins to be carried out. Both PfHsp70-3 and PfHep1 

localized in the parasite mitochondria and the protein levels of PfHsp70-3 increased under heat 

shock conditions. The study found out that PfHsp70-3 is expressed during all stages of the intra­

erythrocytic phase of parasite development, with maximum expression occurring at trophozoite 

stages. The heat inducibility of PfHsp70-3 could point to its role in the parasite’s response to 

heat stress. Furthermore, the increased expression of the protein at the infective trophozoite stage 

of development could further point out to its role in cushioning the parasite against heat stress 

during infectivity.

Given the fact that parasite apicoplast and mitochondrial organelles are bound to each other and 

lie side by side during most of the asexual stages of parasite development, co-localization studies 

of both PfHsp70-3 and PfHep1 would be required to be carried out with differential staining of 

the two organelles to conclusively determine the proteins’ mitochondrial localization. The 

isolation of parasite mitochondrial fractions for separate investigation of the localization of 

PfHsp70-3 using antibodies should be considered as well. There is not yet any J-protein that has 

been characterized as co-chaperone of PfHsp70-3 in the parasite mitochondria. Future work 

should focus on in vitro and in vivo characterization of putative parasite mitochondrial matrix 

and membrane J proteins PfJ1, Pf10985c and PfPAM18.

116



REFERENCE
Acharya, P., Kumar, R. and Tatu, U. (2007) ‘Chaperoning a cellular upheaval in malaria: Heat 

shock proteins in Plasmodium falciparum’, Molecular and Biochemical 
Parasitology, 153(2), pp. 85-94. doi: 10.1016/j.molbiopara.2007.01.009.

Acharya, P., Pallavi, R., Chandran, S., Dandavate, V., Sayeed, S. K., Rochani, A., Acharya, J., 
Middha, S., Kochar, S., Kochar, D., Ghosh, S. K. and Tatu, U. (2011) ‘Clinical 
proteomics of the neglected human malarial parasite Plasmodium vivax’, PLoS 
One, 6(10), p. e26623. doi: 10.1371/journal.pone.0026623\nPONE-D-11-12620 
[pii].

Aguero, F., Al-lazikani, B., Aslett, M., Berriman, M., Frederick, S., Campbell, R. K., Carmona, 
S., Carruthers, I. M., Edith, a W., Chen, F., Crowther, G. J., Doyle, M. a, Hertz- 
fowler, C., Hopkins, A. L., Mcallister, G., Nwaka, S., Overington, J. P., Sali, A., 
Shanmugam, D., Suzuki, T. and Van, W. C. (2011) ‘Database’, 7(11), pp. 900­
907. doi: 10.1038/nrd2684.Genomic-scale.

Akachi, Y. and Atun, R. (2011) ‘Effect of investment in Malaria control on child mortality in 
Sub-Saharan Africa in 2002-2008’, PLoS ONE, 6(6). doi:
10.1371/journal.pone.0021309.

Akerfelt, M., Morimoto, R. I., Sistonen, L. (2010). Heat shock factors: integrators of cell stress, 
development and lifespan. Nature Reviews. Molecular Cell Biology, 11(8), 545­
555.

Akide-Ndunge, O.B., Tambini, E., Giribaldi, G. (2009). Co-ordinated stage-dependent 
enhancement of Plasmodium falciparum antioxidant enzymes and heat shock 
protein expression in parasites growing in oxidatively stressed or G6PD- 
deficient red blood cells. Malar J 8:113

Alano, P. (2007) ‘Plasmodium falciparum gametocytes: Still many secrets of a hidden life’, 
Molecular Microbiology, pp. 291-302. doi: 10.1111/j.1365-2958.2007.05904.x.

Alemu, A., Fuehrer, H.-P., Getnet, G., Tessema, B. and Noedl, H. (2013) ‘Plasmodium ovale 
curtisi and Plasmodium ovale wallikeri in North-West Ethiopia.’, Malaria 
journal, 12, p. 346. doi: 10.1186/1475-2875-12-346.

Alleva, L. M., and Kirk, K. (2001). Calcium regulation in the intraerythrocytic malaria parasite 
Plasmodium falciparum. Molecular and Biochemical Parasitology, 117(2), 121­
8.

Alonso, P., L.(2011). A Research Agenda to Underpin Malaria Eradication, PLoS Med, 8, 
e1000406.

117



Alout, H., Djegbe, I., Chandre, F., Djogbenou, L. S., Dabire, R. K., Corbel, V. and Cohuet, A.
(2014) ‘Insecticide exposure impacts vector- parasite interactions in insecticide- 
resistant malaria vectors’, Proceedings o f the Royal Society B: Biological 
Sciences, 281, p. 20140389. doi: 10.1098/rspb.2014.0389.

Altieri, D. C., Stein, G. S., Lian, J. B. and Languino, L. R. (2012) ‘TRAP-1, the mitochondrial 
Hsp90’, Biochimica et Biophysica Acta - Molecular Cell Research, pp. 767-773. 
doi: 10.1016/j.bbamcr.2011.08.007.

Ami, D., Natalello, A., Taylor, G., Tonon, G. and Doglia, S. M. (2006) ‘Structural analysis of 
protein inclusion bodies by Fourier transform infrared microspectroscopy’, 
Biochimica Et Biophysica Acta-Proteins andProteomics, 1764(4), pp. 793-799. 
doi: 10.1016/j.bbapap.2005.12.005.

Anderson, J. V, Haskell, D. W. and Guy, C. L. (1994) ‘Differential influence of ATP on native 
spinach 70-kilodalton heat-shock cognates’, Plant Physiology, 104(4), pp. 1371­
1380.

Anez, A., Moscoso, M., Laguna, A., Garnica, C., Melgar, V., Cuba, M., Gutierrez, S. and 
Ascaso, C. (2015) ‘Resistance of infection by Plasmodium vivax to chloroquine 
in Bolivia.’, Malaria journal. BioMed Central, 14(1), p. 261. doi: 
10.1186/s12936-015-0774-4.

Angelidis, C. E., Lazaridis, I. and Pagoulatos, G. N. (1999) ‘Aggregation of hsp70 and hsc70 in 
vivo is distinct and temperature- dependent and their chaperone function is 
directly related to non-aggregated forms’, European Journal o f Biochemistry, 
259(1-2), pp. 505-512. doi: 10.1046/j.1432-1327.1999.00078.x.

Angov, E. (2011) ‘Codon usage: Nature’s roadmap to expression and folding of proteins’, 
Biotechnology Journal, 6(6), pp. 650-659. doi: 10.1002/biot.201000332.

Angov, E., Hillier, C. J., Kincaid, R. L. and Lyon, J. A. (2008) ‘Heterologous protein 
expression is enhanced by harmonizing the codon usage frequencies of the 
target gene with those of the expression host’, PLoS ONE, 3(5), pp. 1-10. doi: 
10.1371/journal.pone.0002189.

Ansorgea, I., Paprotkaa, K., Bhakdib, S., and Lingelbacha, K. (1997). Permeabilization of the 
erythrocyte membrane with streptolysin O allows access to the vacuolar 
membrane of Plasmodium falciparum and a molecular analysis of membrane 
topology. Molecular and Biochemical Parasitology, 84(2), 259-261

Aprile, F. A., Dhulesia, A., Stengel, F., Roodveldt, C., Benesch, J. L. P., Tortora, P., Robinson, 
C. V., Salvatella, X., Dobson, C. M. and Cremades, N. (2013) ‘Hsp70 
Oligomerization Is Mediated by an Interaction between the Interdomain Linker 
and the Substrate-Binding Domain’, PLoS ONE, 8(6), pp. 1-17. doi: 
10.1371/journal.pone.0067961.

118



Aravind, L., Iyer, L. M., Wellems, T. E. and Miller, L. H. (2003) ‘Plasmodium Biology: 
Genomic Gleanings’, Cell, pp. 771-785. doi: 10.1016/S0092-8674(03)01023-7.

Arrow, K. J., Panosian, C. and Gelband, H. (2004) Saving Lives, Buying Time: Economics of 
Malaria Drugs in an Age of Resistance, Institute of Medicine (US) Committee 
on the Economics of AntimalarialDrugs. doi: ISBN-10: 0-309-09218-3.

Ashley, E. a., Dhorda, M., Fairhurst, R. M., Amaratunga, C., Lim, P., Suon, S., Sreng, S., 
Anderson, J. M., Mao, S., Sam, B., Sopha, C., Chuor, C. M., Nguon, C., 
Sovannaroth, S., Pukrittayakamee, S., Jittamala, P., Chotivanich, K., Chutasmit, 
K., Suchatsoonthorn, C., Runcharoen, R., Hien, T. T., Thuy-Nhien, N. T., 
Thanh, N. V., Phu, N. H., Htut, Y., Han, K.-T., Aye, K. H., Mokuolu, O. a., 
Olaosebikan, R. R., Folaranmi, O. O., Mayxay, M., Khanthavong, M., 
Hongvanthong, B., Newton, P. N., Onyamboko, M. a., Fanello, C. I., Tshefu, A. 
K., Mishra, N., Valecha, N., Phyo, A. P., Nosten, F., Yi, P., Tripura, R., 
Borrmann, S., Bashraheil, M., Peshu, J., Faiz, M. A., Ghose, A., Hossain, M. A., 
Samad, R., Rahman, M. R., Hasan, M. M., Islam, A., Miotto, O., Amato, R., 
MacInnis, B., Stalker, J., Kwiatkowski, D. P., Bozdech, Z., Jeeyapant, A., 
Cheah, P. Y., Sakulthaew, T., Chalk, J., Intharabut, B., Silamut, K., Lee, S. J., 
Vihokhern, B., Kunasol, C., Imwong, M., Tarning, J., Taylor, W. J., Yeung, S., 
Woodrow, C. J., Flegg, J. a., Das, D., Smith, J., Venkatesan, M., Plowe, C. V., 
Stepniewska, K., Guerin, P. J., Dondorp, A. M., Day, N. P. and White, N. J. 
(2014) ‘Spread of Artemisinin Resistance in Plasmodium falciparum Malaria’, 
New England Journal o f Medicine, 371(5), pp. 411-423. doi:
10.1056/NEJMoa1314981.

Aurrecoechea, C., Brestelli, J., Brunk, B. P., Dommer, J., Fischer, S., Gajria, B., Gao, X., 
Gingle, A., Grant, G., Harb, O. S., Heiges, M., Innamorato, F., Iodice, J., 
Kissinger, J. C., Kraemer, E., Li, W., Miller, J. A., Nayak, V., Pennington, C., 
Pinney, D. F., Roos, D. S., Ross, C., Stoeckert, C. J., Treatman, C. and Wang, H. 
(2009) ‘PlasmoDB: A functional genomic database for malaria parasites’, 
Nucleic Acids Research, 37(SUPPL. 1). doi: 10.1093/nar/gkn814.

Baer, K., (2007). Release of hepatic Plasmodium yoelii merozoites into the pulmonary 
microvasculature., PLoS Pathog, 3, e171.

Bahl, A., Brunk, B., Crabtree, J., Fraunholz, M. J., Gajria, B., Grant, G. R., Ginsburg, H., 
Gupta, D., Kissinger, J. C., Labo, P., Li, L., Mailman, M. D., Milgram, A. J., 
Pearson, D. S., Roos, D. S., Schug, J., Stoeckert, C. J. and Whetzel, P. (2003) 
‘PlasmoDB: The Plasmodium genome resource. A database integrating 
experimental and computational data’, Nucleic Acids Research, 31(1), pp. 212­
215. doi: 10.1093/nar/gkg081.

Bairwa, M., Rajput, M., Khanna, P., Rohilla, R., Verma, R. and Chawla, S. (2012) ‘Malaria 
vaccine: A bright prospect for elimination of malaria’, Human Vaccines and 
Immunotherapeutics, pp. 819-822. doi: 10.4161/hv.20145.

119



Baker, D. A. (2010) ‘Malaria gametocytogenesis’, Molecular and Biochemical Parasitology, 
pp. 57-65. doi: 10.1016/j.molbiopara.2010.03.019.

Baneyx, F. (1999) ‘Recombinant protein expression in Escherichia coli’, Current Opinion in 
Biotechnology, pp. 411-421. doi: 10.1016/S0958-1669(99)00003-8.

Banumathy, G., Singh, V. and Tatu, U. (2002) ‘Host chaperones are recruited in membrane- 
bound complexes by Plasmodium falciparum’, Journal o f Biological Chemistry, 
277(6), pp. 3902-3912. doi: 10.1074/jbc.M110513200.

Barat, L. M., Palmer, N., Basu, S., Worrall, E., Hanson, K. and Mills, A. (2004) ‘Do malaria 
control interventions reach the poor? A view through the equity lens’, American 
Journal o f Tropical Medicine and Hygiene, 71(2 SUPPL.), pp. 174-178. doi: 
71/2_suppl/174 [pii].

Bass, S. and Yansura, D. (2000) ‘Application of the E. coli trp promoter’, Molecular 
Biotechnology, 16(3), pp. 253-260. doi: 10.1385/mb:16:3:253.

Batista,F.A., Gava, L.M. Pinheiro, G.M. Ramos, C.H. Borges, J.C.(2015) From conformation 
to interaction: techniques to explore the Hsp70/Hsp90 network, Curr. Protein 
Pept. Sci. 16 735e753.

Baumann, F., Milisav, I., Neupert, W. and Herrmann, J. M. (2000) ‘Ecm10, a novel Hsp70 
homolog in the mitochondrial matrix of the yeast Saccharomyces cerevisiae’, 
FEBSLetters, 487(2), pp. 307-312. doi: 10.1016/S0014-5793(00)02364-4.

Bayoh, M. N. and Lindsay, S. W. (2003) ‘Effect of temperature on the development of the 
aquatic stages of Anopheles gambiae sensu stricto (Diptera: Culicidae)’, Bull 
EntomolRes, 93(5), pp. 375-381.

Bednarska, N. G., Schymkowitz, J., Rousseau, F. and Van Eldere, J. (2013) ‘Protein 
aggregation in bacteria: The thin boundary between functionality and toxicity’, 
Microbiology (United Kingdom), 159(PART 9), pp. 1795-1806. doi: 
10.1099/mic.0.069575-0.

Bedin, M., Gaben, A. M., Saucier, C. and Mester, J. (2004) ‘Geldanamycin, an inhibitor of the 
chaperone activity of Hsp90, induces MAPK-independent cell cycle arrest’, 
International Journal o f Cancer, 109(5), pp. 643-652. doi: 10.1002/ijc.20010.

Benaroudj, N., Triniolles, F. and Ladjimi, M. M. (1996) ‘Effect of nucleotides, peptides, and 
unfolded proteins on the self- association of the molecular chaperone HSC70’, 
Journal o f Biological Chemistry, 271(31), pp. 18471-18476. doi:
10.1074/jbc.271.31.18471.

Berman, H., Henrick, K., Nakamura, H., Markley, J.,L.(2007). The worldwide Protein Data 
Bank (wwPDB): ensuring a single, uniform archive of PDB data. Nucleic Acids 
Res. 2007 Jan; 35(Database issue):D301-3.

120



Van Den Berg, H. (2009) ‘Global status of DDT and its alternatives for use in vector control to 
prevent disease’, Environmental Health Perspectives, pp. 1656-1663. doi: 
10.1289/ehp.0900785.

Bernaudat, F., Frelet-Barrand, A., Pochon, N., Dementin, S., Hivin, P., Boutigny, S., Rioux, J.
B., Salvi, D., Seigneurin-Berny, D., Richaud, P., Joyard, J., Pignol, D., Sabaty, 
M., Desnos, T., Pebay-Peyroula, E., Darrouzet, E., Vernet, T. and Rolland, N. 
(2011) ‘Heterologous expression of membrane proteins: Choosing the 
appropriate host’, PLoS ONE, 6(12). doi: 10.1371/journal.pone.0029191.

Bhattacharjee, S., Van Ooij, C., Balu, B., Adams, J. H. and Haldar, K. (2008) ‘Maurer’s clefts 
of Plasmodium falciparum are secretory organelles that concentrate virulence 
protein reporters for delivery to the host erythrocyte’, Blood, 111(4), pp. 2418­
2425. doi: 10.1182/blood-2007-09-115279.

Biasini, M., Bienert, S., Waterhouse, A., Arnold, K., Studer, G., Schmidt, T., Kiefer, F., 
Cassarino, T. G., Bertoni, M., Bordoli, L. and Schwede, T. (2014) ‘SWISS- 
MODEL: Modelling protein tertiary and quaternary structure using evolutionary 
information’, Nucleic Acids Research, 42(W1), pp. 1-7. doi:
10.1093/nar/gku340.

Bigaillon, C., Fontan, E., Cavallo, J. D., Hernandez, E. and Spiegel, A. (2005) ‘Ineffectiveness 
of the binax NOW malaria test for diagnosis of Plasmodium ovale malaria [6]’, 
Journal o f Clinical Microbiology, 43(2), p. 1011. doi:
10.1128/JCM.43.2.1011.2005.

Birkholtz, L.-M., Blatch, G., Coetzer, T. L., Hoppe, H. C., Human, E., Morris, E. J., Ngcete, Z., 
Oldfield, L., Roth, R., Shonhai, A., Stephens, L. and Louw, A. I. (2008) 
‘Heterologous expression of plasmodial proteins for structural studies and 
functional annotation.’, Malaria journal, 7, p. 197. doi: 10.1186/1475-2875-7- 
197.

Biswas, S., Saxena, Q. B., Roy, A., Sharma, V. P., Lambros, C., and Vanderberg, J. P. (1979).
Synchronization of Plasmodium falciparum erythrocytic stages in culture. 
Journal o f Parasitology, 65(3), 418-420.

Blamowska, M. (2012) ‘Role of the Hep1 chaperone in the de novo folding and the prevention 
of aggregation of the mitochondrial Hsp70 chaperone Ssc1 Marta Blamowska’.

Blamowska, M., Neupert, W. and Hell, K. (2012) ‘Biogenesis of the mitochondrial Hsp70 
chaperone’, Journal o f Cell Biology, 199(1), pp. 125-135. doi:
10.1083/jcb.201205012.

Blamowska, M., Sichting, M., Mapa, K., Mokranjac, D., Neupert, W. and Hell, K. (2010) 
‘ATPase domain and interdomain linker play a key role in aggregation of 
mitochondrial Hsp70 chaperone Ssc1’, Journal o f Biological Chemistry, 285(7), 
pp. 4423-4431. doi: 10.1074/jbc.M109.061697.

121



De Blas, A. L. and Cherwinski, H. M. (1983) ‘Detection of antigens on nitrocellulose paper 
immunoblots with monoclonal antibodies’, Analytical Biochemistry, 133(1), pp. 
214-219. doi: 10.1016/0003-2697(83)90245-2.

Blatch, G. L. and Edkins, A. L. (1997) The networking of chaperones by co-chaperones.
Control o f Cellular Protein Homeostasis, Journal o f medical genetics. doi: 
10.1136/jmg.34.8.703-a.

Bloland, P. B., Lackritz, E. M., Kazembe, P. N., Were, J. B. O., Steketee, R., Campbell, C. C., 
Bloland, P. B., Lackritz, E. M., Kazembe, P. N., Were, J. B. O., Steketee, R., 
Campbell, C. C., Bloland, P. B., Lackritz, E. M., Kazembe, P. N., Were, J. B. 
O., Steketee, R. and Campbell, C. C. (1993) ‘Beyond Chloroquine: Implications 
of Drug Resistance for Evaluating Malaria Therapy Efficacy and Treatment 
Policy in Africa’, Journal o f Infectious Diseases, 167(4), pp. 932-937. doi: 
10.1093/infdis/167.4.932.

B0dker, R. (2003). Relationship between altitude and intensity of malaria transmission in the 
Usambara Mountains, Tanzania Journal of Medical Entomology, 40 (5), pp. 
706-717.

Boddey, J. A., Carvalho, T. G., Hodder, A. N., Sargeant, T. J., Sleebs, B. E., Marapana, D., 
Lopaticki, S., Nebl, T. and Cowman, A. F. (2013) ‘Role of Plasmepsin V in 
Export of Diverse Protein Families from the Plasmodium falciparum 
Exportome’, Traffic, 14(5), pp. 532-550. doi: 10.1111/tra.12053.

Boddey, J. A. and Cowman, A. F. (2013) ‘Plasmodium nesting: remaking the erythrocyte from 
the inside out’, Annu Rev Microbiol, 67, pp. 243-269. doi: 10.1146/annurev- 
micro-092412-155730.

Bohnert, M., Pfanner, N., van der Laan, M. (2007). A dynamic machinery for import of 
mitochondrial precursorproteins. Febs Lett 581: 2802-2810. doi:
10.1016/j.febslet.2007.03.004 PMID: 17376437

Botha, M., Pesce, E. R. and Blatch, G. L. (2007) ‘The Hsp40 proteins of Plasmodium 
falciparum and other apicomplexa: Regulating chaperone power in the parasite 
and the host’, International Journal o f Biochemistry and Cell Biology, pp. 1781­
1803. doi: 10.1016/j.biocel.2007.02.011.

Botha, M., Chiang, A.,N., Needham, P.,G. (2011). Plasmodium falciparum encodes a single 
cytosolic type I Hsp40 that functionally interacts with Hsp70 and is upregulated 
by heat shock. Cell Stress Chaperones 16:389-401

Boussalis,C., Hal,T.N., and Siddharth,S.(2012) Towards comprehensive malaria planning: The 
effect of government capacity, health policy, and land use variables on malaria 
incidence in India, Social Science & Medicine 75, 1213e1221.

Bray, P. G., Mungthin, M., Ridley, R. G. and Ward, S. A. (1998) ‘Access to hematin: the basis 
of chloroquine resistance.’, Molecular pharmacology, 54(1), pp. 170-179. doi: 
10.1124/mol.54.1.170.

122



Breman, J. G., Egan, A. and Keusch, G. T. (2001) ‘Introduction and summary: The intolerable 
burden of malaria: A new look at the numbers’, in American Journal o f Tropical 
Medicine and Hygiene.

Brinker, A., Scheufler, C., Von Der M??lbe, F., Fleckenstein, B., Herrmann, C., Jung, G., 
Moarefi, I. and Ulrich Hartl, F. (2002) ‘Ligand discrimination by TPR domains. 
Relevance and selectivity of EEVD-recognition in Hsp70??Hop??Hsp90 
complexes’, Journal o f Biological Chemistry, 277(22), pp. 19265-19275. doi: 
10.1074/jbc.M109002200.

Bruneton, J, (1995). Pharmacognosie, Phytochimie, Plantes Medicinales; Editions Technique & 
Documentation, Paris, p 1120

Buchberger ,A., Bukau, B., Sommer, T. (2010). Protein quality control in the cytosol and the 
endoplasmic reticulum: Brothers in arms. Mol Cell. ;40 (2):238-252.

Bukau, B., Weissman, J. Horwich, A. (2006). Molecular chaperones and proteinquality 
control. Cell, 125, 443-51.

Burger, A., Ludewig, M. H. and Boshoff, A. (2014) ‘Investigating the chaperone properties of a 
novel heat shock protein, Hsp70.c, from trypanosoma brucei’, Journal o f 
Parasitology Research, 2014. doi: 10.1155/2014/172582.

Burgess, R. R. (2009) ‘Chapter 17 Refolding Solubilized Inclusion Body Proteins’, Methods in 
Enzymology, pp. 259-282. doi: 10.1016/S0076-6879(09)63017-2.

Burri, L., Vascotto, K., Fredersdorf, S., Tiedt, R., Hall, M. N. and Lithgow, T. (2004) ‘Zim17, a 
novel zinc finger protein essential for protein import into mitochondria.’, The 
Journal o f biological chemistry, 279(48), pp. 50243-50249. doi:
10.1074/jbc.M409194200.

Calderaro, A., Piccolo, G., Gorrini, C., Rossi, S., Montecchini, S., Dell’Anna, M. L., De Conto, 
F., Medici, M. C., Chezzi, C. and Arcangeletti, M. C. (2013) ‘Accurate 
identification of the six human Plasmodium spp. causing imported malaria, 
including Plasmodium ovale wallikeri and Plasmodium knowlesi.’, Malaria 
journal. Malaria Journal, 12(1), p. 321. doi: 10.1186/1475-2875-12-321.

Caro, F., Ahyong, V., Betegon, M. and DeRisi, J. L. (2014) ‘Genome-wide regulatory 
dynamics of translation in the Plasmodium falciparum asexual blood stages’, 
eLife, 3, p. e04106. doi: 10.7554/eLife.04106.

Carlton, J. M., Adams, J. H., Silva, J. C., Bidwell, S. L., Lorenzi, H., Caler, E., Crabtree, J., 
Angiuoli, S. V, Merino, E. F., Amedeo, P., Cheng, Q., Coulson, R. M. R., 
Crabb, B. S., Del Portillo, H. A., Essien, K., Feldblyum, T. V, Fernandez- 
becerra, C., Gilson, P. R., Gueye, A. H., Guo, X., Kang’a, S., Kooij, T. W. A., 
Korsinczky, M., Meyer, E. V.-S., Nene, V., Paulsen, I., White, O., Ralph, S. A., 
Ren, Q., Sargeant, T. J., Salzberg, S. L., Stoeckert, C. J., Sullivan, S. A., 
Yamamoto, M. M., Hoffman, S. L., Wortman, J. R., Gardner, M. J., Galinski, 
M. R., Barnwell, J. W., Fraser-Liggett, C. M., Hernando, a, Essien, K.,

123



Feldblyum, T. V, Fernandez-becerra, C., Meyer, E. V.-S., Nene, V., Paulsen, I., 
White, O., Sullivan, S. A., Yamamoto, M. M. and Hoffman, S. L. (2009) 
‘Comparative genomics of the neglected human malaria parasite Plasmodium 
vivax’, Nature, 455(7214), pp. 757-763. Carter, R. (2001) ‘Transmission 
blocking malaria vaccines’, in Vaccine, pp. 2309-2314. doi: 10.1016/S0264- 
410X(00)00521-1.

Castro, M. C., Tsuruta, A., Kanamori, S., Kannady, K., Mkude, S., Beier, J., Keating, J., 
Githure, J., Macdonald, M., Impoinvil, D., Novak, R., Utzinger, J., Tanner, M., 
Kammen, D., Killeen, G., Singer, B., McKenzie, F., Samba, E., Killeen, G., 
McKenzie, F., Foy, B., Schieffelin, C., Billingsley, P., Beier, J., Watson, M., 
Watson, M., Konradsen, F., Hoek, W., Amerasinghe, F., Mutero, C., Boelee, E., 
Utzinger, J., Tozan, Y., Singer, B., Keiser, J., Singer, B., Utzinger, J., Watts, S., 
Alilio, M., Bygbjerg, I., Breman, J., MacDonald, G., Casman, E., Dowlatabadi, 
H., Killeen, G., Seyoum, A., Knols, B., Beck, A., Clyde, D., Kilama, W., Bang, 
Y., Sabuni, I., Tonn, R., Pomeroy, A., Castro, M., Yamagata, Y., Mtasiwa, D., 
Tanner, M., Utzinger, J., Keiser, J., Singer, B., Kyessi, A., Castro, M., Fillinger, 
U., Kannady, K., William, G., Vanek, M., Dongus, S., Nyika, D., Geissbuhler, 
Y., Chaki, P., Govella, N., Mathenge, E., Lindsay, S., Egwang, T., Kabuye, F., 
Mutambo, T., Matwale, G., Kleinschmidt, I., Sharp, B., Benavente, L., Schwabe, 
C., Torrez, M., Kuklinski, J., Morris, N., Raman, J., Carter, J., Bos, R., Mills, 
A., Yhdego, M., Majura, P., Goodman, C., Coleman, P., Mills, A., Phillips, M., 
Mills, A., Dye, C., Creese, A., Parker, D., Singer, B., Castro, M., Beier, J., 
Killeen, G., Githure, J., Geissbuhler, Y., Kannady, K., Chaki, P., Emidi, B., 
Govella, N., Mayagaya, V., Kiama, M., Mtasiwa, D., Mshinda, H., Lindsay, S., 
Geissbuhler, Y., Chaki, P., Emidi, B., Govella, N., Shirima, R., Mayagaya, V., 
Mtasiwa, D., Mshinda, H., Fillinger, U., Lindsay, S., Cox, J., Mouchet, J., 
Bradley, D., Makundi, E., Mboera, L., Malebo, H., Kitua, A., Panicker, K., 
Sharma, V., Showers, K., Stromquist, W., Savigny, D. de, Kasale, H., Mbuya, 
C., Reid, G., Savigny, D. de, Binka, F., Bos, R., Krieger, N., Northridge, M., 
Gruskin, S., Quinn, M., Kriebel, D., Smith, G. D., Bassett, M., Rehkopf, D. and 
Miller, C. (2009) ‘Community-based environmental management for malaria 
control: evidence from a small-scale intervention in Dar es Salaam, Tanzania’, 
Malaria Journal, 8(1), p. 57. doi: 10.1186/1475-2875-8-57.

Chamberlain, L.H. and Burgoyne, R.D., 1997. The molecular chaperone function of the secretory 
vesicle cysteine string proteins. The Journal of Biological Chemistry 272, pp. 
31420-31426.

Cheetham, M. E. and Caplan, A. J. (1998) ‘Structure, function and evolution of DnaJ: 
conservation and adaptation of chaperone function’, Cell stress & chaperones, 
pp. 28-36. doi: 10.1379/1466-1268(1998)003<0028:SFAEOD>2.3.CO;2.

Chen,F., Mackey,A.J., Stoeckert,C.J. Jr and Roos,D.S. (2006). OrthoMCL-DB: querying a 
comprehensive multi-species collection of ortholog groups. Nucleic Acids Res., 
34, D363-D368.

Chiappori, F., Merelli, I., Colombo, G., Milanesi, L. and Morra, G. (2012) ‘Molecular

124



Mechanism of Allosteric Communication in Hsp70 Revealed by Molecular 
Dynamics Simulations’, PLoS Computational Biology, 8(12). doi: 
10.1371/journal.pcbi.1002844.

Chifflet, (1988). A method for the determination of inorganic phosphate in the presence of labile 
organic phosphate and high concentrations of protein: Application to lens 
ATPases, Anal Biochem, 168, 1-4.

Chima, R.I., Goodman, C.,A., Mills, A. (2003). The economic impact of malaria in Africa: a 
critical review of the evidence. Health Policy, 63:17-36.

Chothia, C. Lesk, A.M. (1986). The relation between the divergence of sequence and structure 
in proteins. EMBOJ5:823-6

Chou, A. C., and Fitch, C. D. (1993). Control of heme polymerase by chloroquine and other 
quinoline derivatives. Biochemical and Biophysical Research Communications, 
195(1), 422-7.

Clare, D.K. and Saibil, H.R. (2013). ATP-driven molecular chaperone machines. Biopolymers 
99, 846-859

Clark, M. A., Goheen, M. M. and Cerami, C. (2014) ‘Influence of host iron status on 
Plasmodium falciparum infection’, Frontiers in Pharmacology, 5 MAY(May), 
pp. 1-12. doi: 10.3389/fphar.2014.00084.

Claros, M. G. and Vincens, P. (1996) ‘Computational method to predict mitochondrially 
imported proteins and their targeting sequences.’, European journal of 
biochemistry, 241, pp. 779-786. doi: 10.1111/j.1432-1033.1996.00779.x.

Cockburn, I. L., Boshoff, A., Pesce, E. R. and Blatch, G. L. (2014) ‘Selective modulation of 
plasmodial Hsp70s by small molecules with antimalarial activity’, Biological 
Chemistry, 395(11), pp. 1353-1362. doi: 10.1515/hsz-2014-0138.

Cockburn, I. L., Pesce, E. R., Pryzborski, J. M., Davies-Coleman, M. T., Clark, P. G. K., 
Keyzers, R. A., Stephens, L. L. and Blatch, G. L. (2011) ‘Screening for small 
molecule modulators of Hsp70 chaperone activity using protein aggregation 
suppression assays: Inhibition of the plasmodial chaperone PfHsp70-1’, 
Biological Chemistry, 392(5), pp. 431-438. doi: 10.1515/BC.2011.040.

Collins, W. E. and Jeffery, G. M. (2005) ‘Plasmodium ovale:Parasite and Disease’, Clinical 
Microbiology Reviews, 18(3), p. 570. doi: 10.1128/CMR.18.3.570.

Cooke, B. M., Buckingham, D. W., Glenister, F. K., Fernandez, K. M., Bannister, L. H., Marti, 
M., Mohandas, N. and Coppel, R. L. (2006) ‘A Maurer’s cleft-associated protein 
is essential for expression of the major malaria virulence antigen on the surface 
of infected red blood cells’, Journal o f Cell Biology, 172(6), pp. 899-908. doi: 
10.1083/jcb.200509122.

Cooke, B. M., Glenister, F. K., Mohandas, N. and Coppel, R. L. (2002) ‘Assignment of

125



functional roles to parasite proteins in malaria-infected red blood cells by 
competitive flow-based adhesion assay’, British Journal o f Haematology, 
117(1), pp. 203-211. doi: 10.1046/j.1365-2141.2002.03404.x.

Cooke, B. M., Mohandas, N. and Coppel, R. L. (2001) ‘The malaria-infected red blood cell: 
structural and functional changes.’, Advances in parasitology, 50, pp. 1-86. doi: 
10.1016/S0065-308X(01)50029-9.

Cowman, A. F., Berry, D. and Baum, J. (2012) ‘The cellular and molecular basis for malaria 
parasite invasion of the human red blood cell’, Journal o f Cell Biology, 198(6), 
pp. 961-971. doi: 10.1083/jcb.201206112.

Cowman, A. F., Galatis, D. and Thompson, J. K. (1994) ‘Selection for mefloquine resistance in 
Plasmodium falciparum is linked to amplification of the pfmdr1 gene and cross­
resistance to halofantrine and quinine.’, Proceedings o f the National Academy of 
Sciences o f the United States o f America, 91(3), pp. 1143-7. doi: 
10.1073/pnas.91.3.1143.

Cox, F. E. (2010) ‘History of the discovery of the malaria parasites and their vectors.’, 
Parasites & vectors,3(1), p. 5. doi: 10.1186/1756-3305-3-5.

Cox, M. J., Kum, D. E., Tavul, L., Narara, A., Raiko, A., Baisor, M., Alpers, M. P., Medley, G.
F. and Day, K. P. (1994) ‘Dynamics of malaria parasitaemia associated with 
febrile illness in children from a rural area of madang, papua new guinea’, 
Transactions of the Royal Society of Tropical Medicine and Hygiene, 88(2), pp. 
191-197. doi: 10.1016/0035-9203(94)90292-5.

Cox-singh, J. and Singh, B. (2010) ‘Europe PMC Funders Group Knowlesi malaria: newly 
emergent and of public health importance?’, 24(9), pp. 406-410. doi: 
10.1016/j.pt.2008.06.001.Knowlesi.

Crabb, B. S., Cooke, B. M., Reeder, J. C., Waller, R. F., Caruana, S. R., Davern, K. M., 
Wickham, M. E., Brown, G. V., Coppel, R. L. and Cowman, A. F. (1997) 
‘Targeted Gene Disruption Shows That Knobs Enable Malaria-Infected Red 
Cells to Cytoadhere under Physiological Shear Stress’, Cell, 89(2), pp. 287-296. 
doi: 10.1016/S0092-8674(00)80207-X.

Craig, E. a (1985) ‘The heat shock response.’, CRC critical reviews in biochemistry, 18(3), pp. 
239-80. Available at: http://www.ncbi.nlm.nih.gov/pubmed/11606197.

Craig, M. H., Kleinschmidt, I., Nawn, J. B., Le Sueur, D., & Sharp, B. (2004). Exploring 30 
years of malaria case data in KwaZulu-Natal, SouthAfrica. Part I. The impact of 
climatic factors. Tropical Medicine and International Health, 9, 1258e1266.

Craig, E. A., Huang, P., Aron, R. and Andrew, A. (2006) ‘The diverse roles of J-proteins, the 
obligate Hsp70 co-chaperone’, Reviews o f Physiology, Biochemistry and 
Pharmacology, pp. 1-21. doi: 10.1007/s10254-005-0001-8.

126

http://www.ncbi.nlm.nih.gov/pubmed/11606197


Craig, E.A., Marszalek,J (2014). Yeast Hsp70 and J-protein Chaperones: Function and 
Interaction Network. In The Molecular Chaperones Interaction Networks in 
Protein Folding and Degradation, Springer, New York, pp. 53e82

Crompton, P. D., Moebius, J., Waisberg, M., Garver, L. S., Miller, L. H., Barillas, C., Pierce, S.
K., Portugal, S., Waisberg, M., Hart, G., Garver, L. S., Miller, L. H., Barillas- 
Mury, C. and Pierce, S. K. (2014) ‘Malaria immunity in man and mosquito: 
insights into unsolved mysteries of a deadly infectious disease’, Annu Rev 
Immunol., 32(1), pp. 157-187. doi: 10.1146/annurev-immunol-032713-
120220.Malaria.

Csermely, P., Schnaider, T.,c Soti, C., Prohaszka, Z. and Nardai, G. (1998) ‘The 90-kDa 
molecular chaperone family: structure, function, and clinical applications. A 
comprehensive review’, Pharmacol Ther, 79(2), pp. 129-168. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/9749880.

Custer, C.D. Sunil, C.K. Renu, W. (2012). Mortalin's machinery, in: C.K. Sunil, W. Renu 
(Eds.), Mortalin Biology: Life, Stress and Death, Springer, pp. 21e30.

Cyr, D. M. (2008) ‘Swapping Nucleotides, Tuning Hsp70’, Cell, 133(6), pp. 945-947. doi: 
10.1016/j.cell.2008.05.036.

Daniyan, M. O., Boshoff, A., Prinsloo, E., Pesce, E. R. and Blatch, G. L. (2016) ‘The Malarial 
Exported PFA0660w Is an Hsp40 Co-Chaperone of PfHsp70-x’, PLoS ONE, 
11(2), pp. 1-13. doi: 10.1371/journal.pone.0148517.

Das, P.,K., Amalraj, D.,D. (1997). Biological control of malaria vectors. Indian J. Med. Res. 
106:174-197

Daugaard,M., Rohde,M., Jaattela, M. (2007). The heat shock protein 70 family: highly 
homologous proteins with overlapping and distinct functions, FEBS Lett. 581 
3702e3710.

Deaton, A. (2003). Health, inequality, and economic development. Journal of Economic 
Literature, 41 pp.113-158.

DeLano, W. (2002) ‘Pymol: An open-source molecular graphics tool’, CCP4 Newsletter On 
Protein Crystallography, 700.

Delves, M., Plouffe, D., Scheurer, C., Meister, S., Wittlin, S., Winzeler, E. a, Sinden, R. E. and 
Leroy, D. (2012) ‘The activities of current antimalarial drugs on the life cycle 
stages of Plasmodium: a comparative study with human and rodent parasites.’, 
PlosMed, 9(2), p. e1001169. doi: 10.1371/journal.pmed.1001169.

Demain, A. L. and Vaishnav, P. (2009) ‘Production of recombinant proteins by microbes and 
higher organisms’, Biotechnology Advances. Elsevier Inc., 27(3), pp. 297-306. 
doi: 10.1016/j.biotechadv.2009.01.008.

127

http://www.ncbi.nlm.nih.gov/pubmed/9749880


Deponte, M., Hoppe, H.,C., Lee, M.,C.,S. (2012). Wherever I may roam: Protein and 
membrane trafficking in P. falciparum-infected red blood cells. Mol Biochem 
Parasitol 186:95-116.

Dhamad, A. E., Zhou, Z., Zhou, J. and Du, Y. (2016) ‘Systematic Proteomic Identification of 
the Heat Shock Proteins (Hsp) that Interact with Estrogen Receptor Alpha (ERa) 
and Biochemical Characterization of the ERa- Hsp70 Interaction’, PLoS ONE, 
11(8), pp. 1-19. doi: 10.1371/journal.pone.0160312.

Dill, K. a and Shortle, D. (1991) ‘Denatured states of proteins.’, Annual review o f biochemistry, 
60(FEBRUARY 1991), pp. 795-825. doi: 10.1146/annurev.biochem.60.1.795.

Dobson, C. M. (2003) ‘(CUL-ID:1481556) Protein folding and misfolding’, Nature, 
426(December), pp. 884-890. doi: 10.1038/nature02261.

Dogovski, C., Xie, S. C., Burgio, G., Bridgford, J., Mok, S., McCaw, J. M., Chotivanich, K., 
Kenny, S., Gnadig, N., Straimer, J., Bozdech, Z., Fidock, D. A., Simpson, J. A., 
Dondorp, A. M., Foote, S., Klonis, N. and Tilley, L. (2015) ‘Targeting the Cell 
Stress Response of Plasmodium falciparum to Overcome Artemisinin 
Resistance’, PLoS Biology, 13(4), pp. 1-26. doi: 10.1371/journal.pbio.1002132.

Dolezal, P., Smid, O., Rada, P., Zubacova, Z., Bursae, D., Sutak, R., Nebesarova, J., Lithgow, 
T. and Tachezy, J. (2005) ‘Giardia mitosomes and trichomonad 
hydrogenosomes share a common mode of protein targeting.’, Proceedings of 
the National Academy o f Sciences o f the United States o f America, 102(31), pp. 
10924-9. doi: 10.1073/pnas.0500349102.

Dondorp, A. M., Lee, S. J., Faiz, M. A., Mishra, S., Price, R., Tjitra, E., Than, M., Htut, Y., 
Mohanty, S., Yunus, E. B., Rahman, R., Nosten, F., Anstey, N. M., Day, N. P. 
and White, N. J. (2008) ‘The relationship between age and the manifestations of 
and mortality associated with severe malaria’, Clin Infect Dis, 47(2), pp. 151­
157. doi: 10.1086/589287.

Doolan, D. L., Dobano, C. and Baird, J. K. (2009) ‘Acquired immunity to Malaria’, Clinical 
Microbiology Reviews, 22(1), pp. 13-36. doi: 10.1128/CMR.00025-08.

Dreyer, A.,M., Matile, H., Papastogiannidis, P., Kamber, J., Favuzza, P., Voss, T.,S. (2012).
Passive immunoprotection of Plasmodium falciparum-infected mice designates 
the CyRPA as candidate malaria vaccine antigen. J Immunol.;188:6225-37.

Van Dooren, G. G., Marti, M., Tonkin, C. J., Stimmler, L. M., Cowman, A. F. and McFadden, 
G. I. (2005) ‘Development of the endoplasmic reticulum, mitochondrion and 
apicoplast during the asexual life cycle of Plasmodium falciparum’, Molecular 
Microbiology, 57(2), pp. 405-419. doi: 10.1111/j.1365-2958.2005.04699.x.

Van Dooren, G. G., Stimmler, L. M. and McFadden, G. I. (2006) ‘Metabolic maps and 
functions of the Plasmodium mitochondrion’, FEMS Microbiology Reviews, 
30(4), pp. 596-630. doi: 10.1111/j.1574-6976.2006.00027.x.

128



Dores-Silva, P. R., Barbosa, L. R. S., Ramos, C. H. I. and Borges, J. C. (2015) ‘Human 
mitochondrial Hsp70 (mortalin): Shedding light on ATPase activity, interaction 
with adenosine nucleotides, solution structure and domain organization’, PLoS 
ONE, 10(1), pp. 1-24. doi: 10.1371/journal.pone.0117170.

Dores-Silva, P. R., Beloti, L. L., Minari, K., Silva, S. M. O., Barbosa, L. R. S. and Borges, J. C.
(2015) ‘Structural and functional studies of Hsp70-escort protein--Hep1--of 
Leishmania braziliensis.’, International journal o f biological macromolecules, 
79, pp. 903-12. doi: 10.1016/j.ijbiomac.2015.05.042.

Dores-Silva, P. R., Minari, K., Ramos, C. H. I., Barbosa, L. R. S. and Borges, J. C. (2013) 
‘Structural and stability studies of the human mtHsp70-escort protein 1: An 
essential mortalin co-chaperone’, International Journal o f Biological 
Macromolecules. Elsevier B.V., 56, pp. 140-148. doi:
10.1016/j.ijbiomac.2013.02.009.

Dores-silva, P. R., Nishimura, L. S., Kiraly, V. T. R. and Borges, J. C. (2016) ‘Structural and 
functional studies of the Leishmania braziliensis mitochondrial Hsp70: 
Similarities and dissimilarities to human orthologues’, Archives o f Biochemistry 
and Biophysics. Elsevier Inc, 613, pp. 43-52. doi: 10.1016/j.abb.2016.11.004

Dormiani, K., Khazaie, Y., Sadeghi, H. M. M., Rabbani, M. and Moazen, F. (2007) ‘Cloning 
and expression of a human tissue plasminogen activator variant: K2S in 
Escherichia coli.’, Pakistan journal o f biological sciences: PJBS, 10(6), pp. 
946-949.

Dragovic, Z., Broadley, S. a, Shomura, Y., Bracher, A. and Hartl, F. U. (2006) ‘Molecular 
chaperones of the Hsp110 family act as nucleotide exchange factors of Hsp70s.’, 
The EMBO journal, 25(11), pp. 2519-2528. doi: 10.1038/sj.emboj.7601138.

Duffy, E.,P., Sahu, T., Akue, A., Milman, N., Anderson, C. (2012). Laboratory of Malaria 
Immunology & Vaccinology, Division of Intramural Research, NIAID, NIH, 
Rockville, MD, USA. Expert Rev Vaccines.; 11(10): 1261-1280.
doi:10.1586/erv.12.92.

Dumon-Seignovert, L., Cariot, G. and Vuillard, L. (2004) ‘The toxicity of recombinant proteins 
in Escherichia coli: A comparison of overexpression in BL21(DE3), C41(DE3), 
and C43(DE3)’, Protein Expression and Purification, 37(1), pp. 203-206. doi: 
10.1016/j.pep.2004.04.025.

Dutkiewicz, R., Schilke, B., Knieszner, H., Walter, W., Craig, E. A., Marszalek, J. (2003). Ssq1, 
a mitochondrial Hsp70 involved in iron-sulfur (Fe/S) center biogenesis. 
Similarities to and differences from its bacterial counterpart. J Biol Chem. 
278:29719-29727.

D’Silva, P. D., Schilke, B., Walter, W., Andrew, A., Craig, E. A. (2003). J protein cochaperone 
of the mitochondrial inner membrane required for protein import into the 
mitochondrial matrix. Proc Natl Acad Sci U S A. 100:13839-13844.

129



Dyer, M. D., Murali, T. M. and Sobral, B. W. (2007) ‘Computational prediction of host- 
pathogen protein-protein interactions’, Bioinformatics, 23(13). doi:
10.1093/bioinformatics/btm208.

Easton, D. P., Kaneko, Y. and Subjeck, J. R. (2000) ‘The hsp110 and Grp1 70 stress proteins: 
newly recognized relatives of the Hsp70s.’, Cell Stress & Chaperones, 5(4), pp. 
276-290. doi: 10.1379/1466-1268(2000)005<0276:THAGSP>2.0.C0;2.

Echeverria, P. C. and Picard Didier, D. (2010) ‘Molecular chaperones, essential partners of 
steroid hormone receptors for activity and mobility’, Biochimica et Biophysica 
Acta - Molecular Cell Research, pp. 641-649.

Ecker, A., Lehane, A. M., Clain, J. and Fidock, D. A. (2012) ‘PfCRT and its role in 
antimalarial drug resistance’, Trends in Parasitology, pp. 504-514. doi: 
10.1016/j.pt.2012.08.002.

Eckstein-Ludwig, U., Webb, R. J., Van Goethem, I. D. a, East, J. M., Lee, a G., Kimura, M., 
O’Neill, P. M., Bray, P. G., Ward, S. a and Krishna, S. (2003) ‘Artemisinins 
target the SERCA of Plasmodium falciparum.’, Nature, 424(6951), pp. 957­
961. doi: 10.1038/nature01813.

Edgar, R. C. (2004) ‘MUSCLE: Multiple sequence alignment with high accuracy and high 
throughput’, Nucleic Acids Research, 32(5), pp. 1792-1797. doi: 
10.1093/nar/gkh340.

Edkins, A.,L., and Boshoff, A. (2014). General structural and functional features of heat shock 
proteins. Book Chapter in: Heat shock proteins of malaria. Editors: Addmore 
Shonhai and Greg Blatch.

Eisele, T. P., Larsen, D. and Steketee, R. W. (2010) ‘Protective efficacy of interventions for 
preventing malaria mortality in children in Plasmodium falciparum endemic 
areas’, International Journal o f Epidemiology, 39(SUPPL. 1), pp. 88-101. doi: 
10.1093/ije/dyq026.

Eisen, J. A. (1998) ‘Phylogenomics : Improving Functional Predictions for Uncharacterized 
Genes by Evolutionary ? Analysis Phylogenomics: Improving Functional 
Predictions for Uncharacterized Genes by Evolutionary Analysis’, Genome 
Research, (1997), pp. 163-167. doi: 10.1101/gr.8.3.163.

Emini, E. A., Hughes, J. V, Perlow, D. S. and Boger, J. (1985) ‘Induction of hepatitis A virus­
neutralizing antibody by a virus-specific synthetic peptide.’, Journal o f virology., 
55(3), pp. 836-9. doi: imprime.

Enayati, A. and Hemingway, J. (2010) ‘Malaria management: past, present, and future’, Annual 
Review o f Entomology, 55, pp. 569-591. doi: 10.1146/annurev-ento-112408- 
085423.

Fan, C. Y., Lee, S. and Cyr, D. M. (2003) ‘Mechanisms for regulation of Hsp70 function by

130



Hsp40’, Cell Stress & Chaperones, 8(4), pp. 309-316. doi: Doi 10.1379/1466- 
1268(2003)008<0309:Mfrohf>2.0.Co;2.

Favuzza, P., Blaser, S., Dreyer, A. M., Riccio, G., Tamborrini, M., Thoma, R., Matile, H. and 
Pluschke, G. (2016) ‘Generation of Plasmodium falciparum parasite-inhibitory 
antibodies by immunization with recombinantly-expressed CyRPA’, Malaria 
Journal. BioMed Central, 15(1), p. 161. doi: 10.1186/s12936-016-1213-x.

Feder, M. E. and Hofmann, G. E. (1999) ‘Heat-shock proteins, molecular chaperones, and the 
stress response: Evolutionary and ecological physiology’, Annual Review of 
Physiology, 61(1), pp. 243-282. doi: 10.1146/annurev.physiol.61.1.243.

Fillinger, U. and Lindsay, S. W. (2011) ‘Larval source management for malaria control in 
Africa: myths and reality’, Malaria Journal, 10, p. 353. doi: 10.1186/1475- 
2875-10-353.

Fink, A. L. (1998) ‘Protein aggregation: Folding aggregates, inclusion bodies and amyloid’, 
Folding and Design, 3(1), pp. 9-23. doi: 10.1016/S1359-0278(98)00002-9.

Fiser, A. (2010). Template-Based Protein Structure Modeling. Methods in Molecular Biology 
(Clifton, N.J.), 673, 73-94. http://doi.org/10.1007/978-1-60761-842-3_6

Forrest, L. R., Tang, C. L. and Honig, B. (2006). On the accuracy of homology modeling and 
sequence alignment methods applied to membrane proteins.’, Biophysical journal.

Elsevier, 91(2), pp. 508-517. doi: 10.1529/biophysj.106.082313.

Foley, M., Tilley, L. (1998). Quinolineantimalarials: Mechanism of actions, resistance and 
prospects for new agents. PharmacolTher 79: 55-87.

Fraga, H., Papaleo, E., Vega, S., Velazquez-Campoy, A. and Ventura, S. (2013) ‘Zinc induced 
folding is essential for TIM15 activity as an mtHsp70 chaperone’, Biochimica et 
Biophysica Acta - General Subjects. Elsevier B.V., 1830(1), pp. 2139-2149. doi: 
10.1016/j.bbagen.2012.10.002.

Francis, D. M. and Page, R. (2010) ‘Strategies to optimize protein expression in E. coli’, 
Current Protocols in Protein Science. doi: 10.1002/0471140864.ps0524s61.

Francis, G., Kerem, Z., Makkar, H.,P., Becker, K.(2002). The biological action of saponins in 
animal systems: a review.Br J Nutr. 2002 Dec; 88(6):587-605. [PubMed]

Freeman, B. C. and Morimoto, R. I. (1996) ‘The human cytosolic molecular chaperones hsp90, 
hsp70 (hsc70) and hdj-1 have distinct roles in recognition of a non-native 
protein and protein refolding.’, The EMBO journal, 15(12), pp. 2969-79.

Frydman, J. (2001) ‘Folding of newly translated proteins in vivo: the role of molecular 
chaperones.’, Annual review o f biochemistry, 70, pp. 603-47. doi:
10.1146/annurev.biochem.70.1.603.

Frydman, J., Nimmesgern, E., Ohtsuka, K. and Hartl, F. U. (1994) ‘Folding of nascent

131

http://doi.org/10.1007/978-1-60761-842-3_6
http://www.ncbi.nlm.nih.gov/pubmed/12493081/


polypeptide chains in a high molecular mass assembly with molecular 
chaperones.’, Nature, pp. 111-117. doi: 10.1038/370111a0.

Fujioka, H. and Aikawa, M. (2002). Structure and life cycle. In Perlmann, P. and Troye- 
Blomberg, M. (eds), Malaria immunology. Karger, Basel, pp. 1-26.

Fukuyama, F. (2004) The imperative of state building. Journal of democracy.15(2), 17-31.

Gardner, M. J., Hall, N., Fung, E., White, O., Berriman, M., Hyman, R. W., Carlton, J. M., 
Pain, A., Nelson, K. E., Bowman, S., Paulsen, I. T., James, K., Eisen, J. A., 
Rutherford, K., Salzberg, S. L., Craig, A., Kyes, S., Chan, M. S., Nene, V., 
Shallom, S. J., Suh, B., Peterson, J., Angiuoli, S., Pertea, M., Allen, J., Selengut,
J., Haft, D., Mather, M. W., Vaidya, A. B., Martin, D. M., Fairlamb, A. H., 
Fraunholz, M. J., Roos, D. S., Ralph, S. A., McFadden, G. I., Cummings, L. M., 
Subramanian, G. M., Mungall, C., Venter, J. C., Carucci, D. J., Hoffman, S. L., 
Newbold, C., Davis, R. W., Fraser, C. M. and Barrell, B. (2002) ‘Genome 
sequence of the human malaria parasite Plasmodium falciparum’, Nature, 
419(6906), pp. 498-511. doi: 10.1038/nature01097\rnature01097 [pii].

Garg, A., Dhiman, R.C., Bhattacharya, S., Shukla, P.R. (2009). Development, malaria and 
adaptation to climate change: a case study from India , Environmental 
Management, 43, pp. 779-789.

Geels, M. J., Imoukhuede, E. B., Imbault, N., van Schooten, H., McWade, T., Troye-Blomberg, 
M., Dobbelaer, R., Craig, A. G. and Leroy, O. (2011) European Vaccine 
Initiative: lessons from developing malaria vaccines, Expert Review of 
Vaccines. doi: 10.1586/erv.11.158.

Geourjon, C., Combet, C., Blanchet, C. and Deleage, G. (2001) ‘Identification of related 
proteins with weak sequence identity using secondary structure information.’, 
Protein science: a publication o f the Protein Society, 10(4), pp. 788-97. doi: 
10.1110/ps.30001.

Gershoni, J. M. and Palade, G. E. (1982) ‘Electrophoretic transfer of proteins from sodium 
dodecyl sulfate-polyacrylamide gels to a positively charged membrane filter’, 
Analytical Biochemistry, 124(2), pp. 396-405. doi: 10.1016/0003-
2697(82)90056-2.

Fletcher, W., & Yang, Z. (2009). INDELible: A Flexible Simulator of Biological Sequence 
Evolution. Molecular Biology and Evolution, 26(8), 1879-1888.

GFTAM, (2007). The Global Fund. Who we are what we do. Geneva: The Global Fund to 
Fight AIDS, Tuberculosis and Malaria (GFTAM). 36 p.

Goh, C. S., Milburn, D. and Gerstein, M. (2004) ‘Conformational changes associated with 
protein-protein interactions’, Curr Opin Struct Biol, 14(1), pp. 104-109. doi: 
10.1016/j.sbi.2004.01.005\rS0959440X04000065 [pii].

Gonzalez-Montalban, N., Garcia-Fruitos, E. and Villaverde, A. (2007) ‘Recombinant protein

132



solubility - does more mean better?’, Nature biotechnology, 25(7), pp. 718-720. 
doi: 10.1038/nbt0707-718.

Gopal, G. J. and Kumar, A. (2013) ‘Strategies for the production of recombinant protein in 
Escherichia coli.’, The protein journal, 32(6), pp. 419-25. doi: 10.1007/s10930- 
013-9502-5.

Gosling, R. and von Seidlein, L. (2016) ‘The Future of the RTS,S/AS01 Malaria Vaccine: An 
Alternative Development Plan’, PLoS Medicine, 13(4), pp. 1-6. doi:
10.1371/journal.pmed.1001994.

Goswami, A. V., Chittoor, B. and D’Silva, P. (2010) ‘Understanding the functional interplay 
between mammalian mitochondrial Hsp70 chaperone machine components’, 
Journal o f Biological Chemistry, 285(25), pp. 19472-19482. doi:
10.1074/jbc.M110.105957.

Gottesman, S., Wickner, S. and Maurizi, M. R. (1997) ‘Protein quality control: Triage by 
chaperones and proteases’, Genes and Development, pp. 815-823. doi: 
10.1101/gad.11.7.815.

Grabski, A., Mehler, M. and Drott, D. (2005) ‘The Overnight Express Autoinduction System: 
High-density cell growth and protein expression while you sleep’, Nature 
Methods, 2(3), pp. 233-235. doi: 10.1038/nmeth0305-233.

Grammatikakis, N., Vultur, A., Ramana, C. V., Siganou, A., Schweinfest, C. W., Watson, D. K.
and Raptis, L. (2002) ‘The role of Hsp90N, a new member of the Hsp90 family, 
in signal transduction and neoplastic transformation’, Journal o f Biological 
Chemistry, 277(10), pp. 8312-8320. doi: 10.1074/jbc.M109200200.

Grau, G.,E., Craig, A.,G. (2012) . Cerebral malaria pathogenesis: revisiting parasite and host 
contributions. Future Microbiol 7: 291-302.

Greenwood, B. (2014) ‘Treatment of Malaria — A Continuing Challenge’, New England 
Journal o f Medicine, 371(5), pp. 474-475. doi: 10.1056/NEJMe1407026.

Guelbeogo, W. M., Sagnon, N., Grushko, O., Yameogo, M. a, Boccolini, D., Besansky, N. J.
and Costantini, C. (2009) ‘Seasonal distribution of Anopheles funestus 
chromosomal forms from Burkina Faso.’, Malaria journal, 8, p. 239. doi: 
10.1186/1475-2875-8-239.

Gustafsson,C.,Govindarajan,S.,andMinshull,J.(2004).Codonbias and
heterologousproteinexpression. TrendsBiotechnol. 22, 346-353.doi:
10.1016/j .tibtech.2004.04.006

Hageman, J. and Kampinga, H. H. (2009) ‘Computational analysis of the human 
HSPH/HSPA/DNAJ family and cloning of a human HSPH/HSPA/DNAJ 
expression library’, Cell Stress and Chaperones, pp. 1-21. doi: 10.1007/s12192- 
008-0060-2.

133



Hageman, J., Rujano, M. A., van Waarde, M. A. W. H., Kakkar, V., Dirks, R. P., Govorukhina, 
N., Oosterveld-Hut, H. M. J., Lubsen, N. H. and Kampinga, H. H. (2010) ‘A 
DNAJB Chaperone Subfamily with HDAC-Dependent Activities Suppresses 
Toxic Protein Aggregation’, Molecular Cell, 37(3), pp. 355-369. doi: 
10.1016/j.molcel.2010.01.001.

Han, W. and Christen, P. (2003) ‘Mechanism of the targeting action of DnaJ in the DnaK 
molecular chaperone system’, Journal o f Biological Chemistry, 278(21), pp. 
19038-19043. doi: 10.1074/jbc.M300756200.

Hartl, F. U., Bracher, A. and Hayer-Hartl, M. (2011) ‘Molecular chaperones in protein folding 
and proteostasis.’, Nature, 475(7356), pp. 324-32. doi: 10.1038/nature10317.

Hartl, F. U. and Hayer-Hartl, M. (2002) ‘Molecular chaperones in the cytosol: from nascent 
chain to folded protein.’, Science (New York, N.Y.), 295(5561), pp. 1852-8. doi: 
10.1126/science.1068408.

Hartl, F. U. and Hayer-Hartl, M. (2009) ‘Converging concepts of protein folding in vitro and in 
vivo.’, Nature structural & molecular biology, 16(6), pp. 574-581. doi: 
10.1038/nsmb.1591.

Hartley, J. L. (2006) ‘Cloning technologies for protein expression and purification’, Current 
Opinion in Biotechnology, pp. 359-366. doi: 10.1016/j.copbio.2006.06.011.

Hatherley, R., Blatch, G. L. and Bishop, O. T. (2013) ‘Plasmodium falciparum Hsp70-x: A 
Heat Shock Protein at the Host - Parasite Interface’. Available at: 
http://arxiv.org/abs/1307.3446.

Hatherley, R., Blatch, G. L. and Tastan Bishop, O. (2014) ‘Plasmodium falciparum Hsp70-x: A 
heat shock protein at the host-parasite interface’, Journal o f biomolecular 
structure & dynamics, 32(11), pp. 1766-1779. doi:
10.1080/07391102.2013.834849.

Hay, S. I., Rogers, D. J., Toomer, J. F. and Snow, R. W. (2000) ‘Annual Plasmodium 
falciparum entomological inoculation rates (EIR) across Africa: literature 
survey, Internet access and review.’, Transactions o f the Royal Society of 
Tropical Medicine and Hygiene, 94(2), pp. 113-27. doi: 10.1016/S0035- 
9203(00)90246-3.

Heiber, A., Kruse, F., Pick, C., Gr??ring, C., Flemming, S., Oberli, A., Schoeler, H., Retzlaff, 
S., Mes??n-Ram??rez, P., Hiss, J. A., Kadekoppala, M., Hecht, L., Holder, A. 
A., Gilberger, T. W. and Spielmann, T. (2013) ‘Identification of New PNEPs 
Indicates a Substantial Non-PEXEL Exportome and Underpins Common 
Features in Plasmodium falciparum Protein Export’, PLoSPathogens, 9(8). doi: 
10.1371/journal.ppat.1003546.

Heikar, J.T. Kloting,N., Bluher,M., Beck-Sickinger, A.G. (2010). Access to gram scale 
amounts of functional globular adiponectin from E. coli inclusion bodies by 
alkaline-shock solubilization, Biochem. Biophys. Res. Commun. 398 32- 37.

134

http://arxiv.org/abs/1307.3446


Heiny, S. R., Pautz, S., Recker, M. and Przyborski, J. M. (2014) ‘Protein traffic to the 
plasmodium falciparum apicoplast: Evidence for a sorting branch point at the 
Golgi’, Traffic, 15(12), pp. 1290-1304. doi: 10.1111/tra.12226.

Hennessy, F., Nicoll, W. S., Zimmermann, R., Cheetham, M. E. and Blatch, G. L. (2005) ‘Not 
all J domains are created equal: implications for the specificity of Hsp40-Hsp70 
interactions.’, Protein science : a publication o f the Protein Society, 14(7), pp. 
1697-1709. doi: 10.1110/ps.051406805.

Hiller, N. L., Bhattacharjee, S., van Ooij, C., Liolios, K., Harrison, T., Lopez-Estrano, C. and 
Haldar, K. (2004) ‘A host-targeting signal in virulence proteins reveals a 
secretome in malarial infection.’, Science (New York, N.Y.), 306(5703), pp. 
1934-1937. doi: 10.1126/science.1102737.

Ho, M. and White, N.J. (1999) Molecular mechanisms of cytoadherence in malaria, American 
Journal o f Physiology - Cell Physiology, 276, C1231-C1242.

Hoffman, S. L., Goh, L. M. L., Luke, T. C., Schneider, I., Le, T. P., Doolan, D. L., Sacci, J., de 
la Vega, P., Dowler, M., Paul, C., Gordon, D. M., Stoute, J. a, Church, L. W. P., 
Sedegah, M., Heppner, D. G., Ballou, W. R. and Richie, T. L. (2002) ‘Protection 
of humans against malaria by immunization with radiation-attenuated 
Plasmodium falciparum sporozoites.’, The Journal o f infectious diseases, 
185(8), pp. 1155-64. doi: 10.1086/339409.

Hofmann, H. J. and Hadge, D. (1987) ‘On the theoretical prediction of protein antigenic 
determinants from amino acid sequences.’, Biomedica biochimica acta, 46(11), 
pp. 855-66. Available at: http://www.ncbi.nlm.nih.gov/pubmed/2451516.

Hoglund, A., Donnes, P., Blum, T., Adolph, H. W. and Kohlbacher, O. (2006) ‘MultiLoc: 
Prediction of protein subcellular localization using N-terminal targeting 
sequences, sequence motifs and amino acid composition’, Bioinformatics, 
22(10), pp. 1158-1165. doi: 10.1093/bioinformatics/btl002.

Hohfeld, J. (1998) Regulation of the heat shock conjugate Hsc70 in the mammalian cell: the 
characterization of the antiapoptotic protein BAG-1 provides novel insights. 
Biol. Chem. 379, 269-274.

Hopp, T. P. and Woods, K. R. (1981) ‘Prediction of protein antigenic determinants from amino 
acid sequences’, Immunology, 78(6), pp. 3824-3828. doi:
10.1073/pnas.78.6.3824.

Horton, P., Park, K. J., Obayashi, T., Fujita, N., Harada, H., Adams-Collier, C. J. and Nakai, K.
(2007) ‘WoLF PSORT: Protein localization predictor’, Nucleic Acids Research, 
35(SUPPL.2), pp. 585-587. doi: 10.1093/nar/gkm259.

Hugenholtz, P. (2002) ‘Exploring prokaryotic diversity in the genomic era.’, Genome biology, 
3(2), p. REVIEWS0003. doi: 10.1186/gb-2002-3-2-reviews0003.

135

http://www.ncbi.nlm.nih.gov/pubmed/2451516


Hutu, D. P., Guiard, B., Chacinska, A., Becker, D., Pfanner, N., Rehling, P., & van der Laan, 
M. (2008). Mitochondrial Protein Import Motor: Differential Role of Tim44 in 
the Recruitment of Pam17 and J-Complex to the Presequence
Translocase. Molecular Biology o f the Cell, 19(6), 2642-2649.

Ichimori, K., King, J. D., Engels, D., Yajima, A., Mikhailov, A., Lammie, P. and Ottesen, E. A.
(2014) ‘Global Programme to Eliminate Lymphatic Filariasis: The Processes 
Underlying Programme Success’, PLoS Neglected Tropical Diseases, 8(12). doi: 
10.1371/journal.pntd.0003328.

Ismail, H. M., Barton, V., Phanchana, M., Charoensutthivarakul, S., Wong, M. H. L., 
Hemingway, J., Biagini, G. A., O’Neill, P. M. and Ward, S. A. (2016) 
‘Artemisinin activity-based probes identify multiple molecular targets within the 
asexual stage of the malaria parasites Plasmodium falciparum 3D7’, 
Proceedings o f the National Academy o f Sciences, 113(8), pp. 2080-2085. doi: 
10.1073/pnas.1600459113.

Jain, K., Sood, S. and Gowthamarajan, K. (2013) . Modulation of cerebral malaria by curcumin 
as an adjunctive therapy’, Brazilian Journal o f Infectious Diseases. Elsevier 
Editora Ltda, 17(5), pp. 579-591. doi: 10.1016/j.bjid.2013.03.004.

Jameson, B. A. and Wolf, H. (1988) ‘The antigenic index: A novel algorithm for predicting 
antigenic determinants’, Bioinformatics, 4(1), pp. 181-186. doi:
10.1093/bioinformatics/4.1.181.

Jepsen, M. P. G., Jogdand, P. S., Singh, S. K., Esen, M., Christiansen, M., Issifou, S., 
Hounkpatin, A. B., Ateba-Ngoa, U., Kremsner, P. G., Dziegiel, M. H., Olesen- 
Larsen, S., Jepsen, S., Mordmuller, B. and Theisen, M. (2013) ‘The malaria 
vaccine candidate GMZ2 elicits functional antibodies in individuals from 
malaria endemic and non-endemic areas’, Journal o f Infectious Diseases, 
208(3), pp. 479-488. doi: 10.1093/infdis/jit185.

Jia, B. and Jeon, C. O. (2016) ‘High-throughput recombinant protein expression in Escherichia 
coli: current status and future perspectives.’, Open biology, 6(8). doi: 
10.1098/rsob.160196.

Johnson, J. L. (2012) ‘Evolution and function of diverse Hsp90 homologs and cochaperone 
proteins’, Biochimica et Biophysica Acta - Molecular Cell Research. Elsevier 
B.V., 1823(3), pp. 607-613. doi: 10.1016/j.bbamcr.2011.09.020.

Juers, D. H., Matthews, B. W., & Huber, R. E. (2012). LacZ P-galactosidase: Structure and 
function of an enzyme of historical and molecular biological importance. Protein 
Science: A Publication o f the Protein Society, 21(12), 1792-1807.
http://doi.org/10.1002/pro.2165.

Kabani, M., Beckerich, J.-M. and Brodsky, J. L. (2002) ‘Nucleotide exchange factor for the 
yeast Hsp70 molecular chaperone Ssa1p.’, Molecular and cellular biology, 
22(13), pp. 4677-89. doi: 10.1128/MCB.22.13.4677.

136

http://doi.org/10.1002/pro.2165


Kadokura, H., Katzen, F. and Beckwith, J. (2003) ‘Protein disulfide bond formation in 
prokaryotes’, Annu. Rev. Biochem., 72, pp. 111-135. doi:
10.1146/annurev.biochem.72.121801.161459\r121801.161459 [pii].

Kamareddine, L. (2012) ‘The biological control of the malaria vector’, Toxins, pp. 748-767. 
doi: 10.3390/toxins4090748.

Kampinga, H. H. and Craig, E. A. (2010) ‘The HSP70 chaperone machinery: J proteins as 
drivers of functional specificity.’, Nature Reviews. Molecular Cell Biology, 
11(8), pp. 579-92. doi: 10.1038/nrm2941.

Kampinga, H. H., Hageman, J., Vos, M. J., Kubota, H., Tanguay, R. M., Bruford, E. A., 
Cheetham, M. E., Chen, B. and Hightower, L. E. (2009) ‘Guidelines for the 
nomenclature of the human heat shock proteins’, Cell Stress and Chaperones, 
14(1), pp. 105-111. doi: 10.1007/s12192-008-0068-7.

Kane, J. F. (1995) ‘Effects of rare codon clusters on high-level expression of heterologous 
proteins in Escherichia coli.’, Current opinion in biotechnology, 6(5), pp. 494­
500. doi: 10.1016/0958-1669(95)80082-4.

Karagoz, G. E. and Rudiger, S. G. D. (2015) ‘Hsp90 interaction with clients’, Trends in 
Biochemical Sciences, pp. 117-125. doi: 10.1016/j.tibs.2014.12.002.

Karlin, S. and Brocchieri, L. (1998) ‘Heat shock protein 70 family: multiple sequence 
comparisons, function, and evolution.’, Journal o f molecular evolution, 47(5), 
pp. 565-577. doi: 10.1007/PL00006413.

Katoh, K. and Toh, H. (2008) ‘Recent developments in the MAFFT multiple sequence 
alignment program’, Briefings in Bioinformatics, 9(4), pp. 286-298. doi: 
10.1093/bib/bbn013.

Katti, M. V, Sami-Subbu, R., Ranjekar, P. K. and Gupta, V. S. (2000) ‘Amino acid repeat 
patterns in protein sequences: their diversity and structural-functional 
implications.’, Protein science : a publication o f the Protein Society, 9(6), pp. 
1203-1209. doi: 10.1110/ps.9.6.1203.

Ke, H., Morrisey, J. M., Ganesan, S. M., Painter, H. J., Mather, M. W. and Vaidya, A. B.
(2011) ‘Variation among plasmodium falciparum strains in their reliance on 
mitochondrial electron transport chain function’, Eukaryotic Cell, 10(8), pp. 
1053-1061. doi: 10.1128/EC.05049-11.

Ke, H., Sigala, P. A., Miura, K., Morrisey, J. M., Mather, M. W., Crowley, J. R., Henderson, J.
P., Goldberg, D. E., Long, C. A. and Vaidya, A. B. (2014) ‘The heme 
biosynthesis pathway is essential for Plasmodium falciparum development in 
mosquito stage but not in blood stages’, Journal o f Biological Chemistry, 
289(50), pp. 34827-34837. doi: 10.1074/jbc.M114.615831.

Kelly-Hope, L. A. and McKenzie, F. E. (2009) ‘The multiplicity of malaria transmission: a 
review of entomological inoculation rate measurements and methods across sub-

137



Saharan Africa.’, Malaria journal, 8(1), p. 19. doi: 10.1186/1475-2875-8-19.

Kester, K. E., Cummings, J. F., Ofori-Anyinam, O., Ockenhouse, C. F., Krzych, U., Moris, P., 
Schwenk, R., Nielsen, R. a, Debebe, Z., Pinelis, E., Juompan, L., Williams, J., 
Dowler, M., Stewart, V. A., Wirtz, R. a, Dubois, M.-C., Lievens, M., Cohen, J., 
Ballou, W. R. and Heppner, D. G. (2009) ‘Randomized, double-blind, phase 2a 
trial of falciparum malaria vaccines RTS,S/AS01B and RTS,S/AS02A in 
malaria-naive adults: safety, efficacy, and immunologic associates of
protection.’, The Journal o f infectious diseases, 200, pp. 337-346. doi: 
10.1086/600120.

Kevin Baird, J. (2013) ‘Evidence and implications of mortality associated with acute 
plasmodium vivax malaria’, Clinical Microbiology Reviews, 26(1), pp. 36-57. 
doi: 10.1128/CMR.00074-12.

Kezios, K. L., Liu, X., Cirillo, P. M., Cohn, B. A., Kalantzi, O. I., Wang, Y., Petreas, M. X., 
Park, J. S. and Factor-Litvak, P. (2013) ‘Dichlorodiphenyltrichloroethane 
(DDT), DDT metabolites and pregnancy outcomes’, Reproductive Toxicology, 
35(1), pp. 156-164. doi: 10.1016/j.reprotox.2012.10.013.

Khan, R. H., Appa Rao, K. B. C., Eshwari, A. N. S., Totey, S. M. and Panda, A. K. (1998) 
‘Solubilization of recombinant ovine growth hormone with retention of native­
like secondary structure and its refolding from the inclusion bodies of 
Escherichia coli’, Biotechnology Progress, 14(5), pp. 722-728. doi:
10.1021/bp980071q.

Kholod, N. and Mustelin, T. (2001) ‘Novel vectors for co-expression of two proteins in E. 
coli’, BioTechniques, 31(2), pp. 322-328.

Killeen, G. F., Fillinger, U., Kiche, I., Gouagna, L. C. and Knols, B. G. J. (2002) ‘Eradication 
of Anopheles gambiae from Brazil: Lessons for malaria control in Africa?’, 
Lancet Infectious Diseases, pp. 618-627. doi: 10.1016/S1473-3099(02)00397-3.

Kim, Y. E., Hipp, M. S., Bracher, A., Hayer-Hartl, M. and Ulrich Hartl, F. (2013) ‘Molecular 
Chaperone Functions in Protein Folding and Proteostasis’, Annual Review of 
Biochemistry, 82(1), pp. 323-355. doi: 10.1146/annurev-biochem-060208- 
092442.

Kirschke, E., Goswami, D., Southworth, D., Griffin, P. R. and Agard, D. A. (2014) 
‘Glucocorticoid receptor function regulated by coordinated action of the Hsp90 
and Hsp70 chaperone cycles’, Cell, 157(7), pp. 1685-1697. doi: 
10.1016/j.cell.2014.04.038.

Kissinger, J. C. and DeBarry, J. (2011) ‘Genome cartography: Charting the apicomplexan 
genome’, Trends in Parasitology, pp. 345-354. doi: 10.1016/j .pt.2011.03.006.

Kluth, J., Schmidt, A., Marz, M., Krupinska, K. and Lorbiecke, R. (2012) ‘Arabidopsis Zinc 
Ribbon 3 is the ortholog of yeast mitochondrial HSP70 escort protein HEP1 and 
belongs to an ancient protein family in mitochondria and plastids’, FEBS

138



Letters, 586(19), pp. 3071-3076. doi: 10.1016/j.febslet.2012.07.052.

Koehler, C. M. (1998) ‘Import of Mitochondrial Carriers Mediated by Essential Proteins of the 
Intermembrane Space’, Science, 279(5349), pp. 369-373. doi:
10.1126/science.279.5349.369.

Kolaj, O., Spada, S., Robin, S., & Wall, J. G. (2009). Use of folding modulators to improve 
heterologous protein production in Escherichia coli. Microbial Cell Factories, 8, 
9.

Kominek, J., Marszalek, J., Neuveglise, C., Craig, E. A. and Williams, B. L. (2013) ‘The 
complex evolutionary dynamics of Hsp70s: A genomic and functional 
perspective’, Genome Biology and Evolution, 5(12), pp. 2460-2477. doi: 
10.1093/gbe/evt192.

Krause, D. R., Gatton, M. L., Frankland, S., Eisen, D. P., Good, M. F., Tilley, L. and Cheng, Q.
(2007) ‘Characterization of the antibody response against Plasmodium 
falciparum erythrocyte membrane protein 1 in human volunteers’, Infection and 
Immunity, 75(12), pp. 5967-5973. doi: 10.1128/IAI.00327-07.

Krishna, P. and Gloor, G. (2001) ‘The Hsp90 family of proteins in Arabidopsis thaliana.’, Cell 
stress & chaperones, 6(3), pp. 238-246. doi: 10.1379/1466-
1268(2001)006<0238:THFOPI>2.0.CO;2.

Krogh, A., Larsson, B., von Heijne, G. and Sonnhammer, E. L. . (2001) ‘Predicting 
transmembrane protein topology with a hidden markov model: application to 
complete genomes’, Journal o f Molecular Biology, 305(3), pp. 567-580. doi: 
10.1006/jmbi.2000.4315.

Krone, P. H. and Sass, J. B. (1994) ‘HSP 90 alpha and HSP 90 beta genes are present in the 
zebrafish and are differentially regulated in developing embryos.’, Biochemical 
and biophysical research communications, pp. 746-752. doi: 
10.1006/bbrc.1994.2522.

Krungkrai, J. (2004) ‘The multiple roles of the mitochondrion of the malarial parasite.’, 
Parasitology, 129(Pt 5), pp. 511-524. doi: 10.1017/S0031182004005888.

Krungkrai, J., Cerami, a and Henderson, G. B. (1991) ‘Purification and characterization of 
dihydroorotate dehydrogenase from the rodent malaria parasite Plasmodium 
berghei.’, Biochemistry, 30(7), pp. 1934-9. doi: 10.1021/bi00221a029.

Kudou, M., Ejima, D., Sato, H., Yumioka, R., Arakawa, T. and Tsumoto, K. (2011) ‘Refolding 
single-chain antibody (scFv) using lauroyl-L-glutamate as a solubilization 
detergent and arginine as a refolding additive’, Protein Expression and 
Purification, 77(1), pp. 68-74. doi: 10.1016/j.pep.2010.12.007.

Kulzer, S., Charnaud, S., Dagan, T., Riedel, J., Mandal, P., Pesce, E. R., Blatch, G. L., Crabb, 
B. S., Gilson, P. R. and Przyborski, J. M. (2012) ‘Plasmodium falciparum- 
encoded exported hsp70/hsp40 chaperone/co-chaperone complexes within the

139



host erythrocyte’, Cellular Microbiology, 14(11), pp. 1784-1795. doi:
10.1111/j .1462-5822.2012.01840.x.

Kulzer, S., Rug, M., Brinkmann, K., Cannon, P., Cowman, A., Lingelbach, K., Blatch, G. L., 
Maier, A. G. and Przyborski, J. M. (2010) ‘Parasite-encoded Hsp40 proteins 
define novel mobile structures in the cytosol of the P. falciparum-infected 
erythrocyte’, Cellular Microbiology, 12(10), pp. 1398-1420. doi:
10.1111/j.1462-5822.2010.01477.x.

Kumar, A., Tanveer, A., Biswas, S., Ram, E. V. S. R., Gupta, A., Kumar, B. and Habib, S.
(2010) ‘Nuclear-encoded DnaJ homologue of Plasmodium falciparum interacts 
with replication ori of the apicoplast genome’, Molecular Microbiology, 75(4), 
pp. 942-956. doi: 10.1111/j.1365-2958.2009.07033.x.

Kumar, N., Koski, G., Harada, M., Aikawa, M. and Zheng, H. (1991) ‘Induction and 
localization of Plasmodium falciparum stress proteins related to the heat shock 
protein 70 family.’, Molecular and biochemical parasitology, 48(1), pp. 47-58. 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/1779989.

Kumar, R., Musiyenko, A. and Barik, S. (2003) ‘The heat shock protein 90 of Plasmodium 
falciparum and antimalarial activity of its inhibitor , geldanamycin’, 90, pp. 1­
11.

Kumar, R., Pavithra, S. R. and Tatu, U. (2007) ‘Three-dimensional structure of heat shock 
protein 90 from Plasmodium falciparum: molecular modelling approach to 
rational drug design against malaria.’, JBiosci, 32(3), pp. 531-536.

Kumar, S., Guha, M., Choubey, V., Maity, P. and Bandyopadhyay, U. (2007) ‘Antimalarial 
drugs inhibiting hemozoin (P-hematin) formation: A mechanistic update’, Life 
Sciences, 80(9), pp. 813-828. doi: 10.1016/j.lfs.2006.11.008.

Kurokawa, Y., Yanagi, H. and Yura, T. (2000) ‘Overexpression of protein disulfide isomerase 
DsbC stabilizes multiple-disulfide-bonded recombinant protein produced and 
transported to the periplasm in Escherichia coli’, Applied and Environmental 
Microbiology, 66(9), pp. 3960-3965. doi: 10.1128/AEM.66.9.3960-3965.2000.

Laemmli, U. . (1970) ‘Cleavage of structural protins during the assembly of the head of 
bactephage T4’, The Journal o f biological chemistry, 227, pp. 1-6.

Langer, T., Lu, C., Echols, H., Flanagan, J., Hayer, M. K. and Hartl, F. U. (1992) ‘Successive 
action of DnaK, DnaJ and GroEL along the pathway of chaperone-mediated 
protein folding.’, Nature, 356(6371), pp. 683-689. doi: 10.1038/356683a0.

Lanzetta, (1979). An improved assay for nanomole amounts of inorganic phosphate, Anal 
Biochem, 100, 95-97.

Lambros, C., and Vanderberg, J. P. (1979). Synchronization of Plasmodium falciparum 
erythrocytic stages in culture. Journal o f Parasitology, 65(3), 418-420.

140

http://www.ncbi.nlm.nih.gov/pubmed/1779989


Laurens, M. B., Billingsley, P., Richman, A., Eappen, A. G., Adams, M., Li, T., Chakravarty, 
S., Gunasekera, A., Jacob, C. G., Sim, B. K. L., Edelman, R., Plowe, C. V., 
Hoffman, S. L. and Lyke, K. E. (2013) ‘Successful Human Infection with P. 
falciparum Using Three Aseptic Anopheles stephensi Mosquitoes: A New 
Model for Controlled Human Malaria Infection’, PLoS ONE, 8(7). doi: 
10.1371/journal.pone.0068969.

Lefebvre, J., Boileau, G. and Manjunath, P. (2009) ‘Recombinant expression and affinity 
purification of a novel epididymal human sperm-binding protein, BSPH1’, 
Molecular Human Reproduction, 15(2), pp. 105-114. doi:
10.1093/molehr/gan077.

Lencioni, V., Bernabo, P., Cesari, M., Rebecchi, L. and Cesari, M. (2013) ‘Thermal stress 
induces hsp70 proteins synthesis in larvae of the cold stream non-biting midge 
diamesa cinerella meigen’, Archives o f Insect Biochemistry and Physiology, 
83(1), pp. 1-14. doi: 10.1002/arch.21088.

Lengeler, C. (2004) ‘Insecticide-treated bed nets and curtains for preventing malaria.’, 
Cochrane database o f systematic reviews (Online), (2), p. CD000363. doi: 
10.1002/14651858.CD000363.pub2.

Letunic, I., Doerks, T. and Bork, P. (2012) ‘SMART 7: Recent updates to the protein domain 
annotation resource’, Nucleic Acids Research, 40(D1). doi: 10.1093/nar/gkr931.

Lewrenz, I., Rietzschel, N., Guiard, B., Lill, R., Van Der Laan, M. and Voos, W. (2013) ‘The 
functional interaction of mitochondrial Hsp70s with the escort protein Zim17 is 
critical for Fe/S biogenesis and substrate interaction at the inner membrane 
preprotein translocase’, Journal o f Biological Chemistry, 288(43), pp. 30931­
30943. doi: 10.1074/jbc.M113.465997.

Li, J., Qian, X. and Sha, B. (2009) ‘Heat shock protein 40: structural studies and their 
functional implications.’, Protein and peptide letters, 16(6), pp. 606-612. doi: 
10.2174/092986609788490159.

Li, J., Soroka, J. and Buchner, J. (2012) ‘The Hsp90 chaperone machinery: Conformational 
dynamics and regulation by co-chaperones’, Biochimica et Biophysica Acta - 
Molecular Cell Research. Elsevier B.V., 1823(3), pp. 624-635. doi:
10.1016/j .bbamcr.2011.09.003.

Limviphuvadh, V. (2003) ‘Metabolic Pathway Reconstruction for Malaria Parasite Plasmodium 
falciparum’, Genome, 369, pp. 368-369.

Lindquist, S. and Craig, E. a. (1988) ‘The heat-shock proteins.’, Annual Review o f Genetics, 22, 
pp. 631-677. doi: 10.1146/annurev.ge.22.120188.003215.

Lingelbach, K., Przyborski, J. M. ( 2006) . The long and winding road: protein trafficking 
mechanisms in the Plasmodium falciparum infected erythrocyte. Mol. Biochem. 
Parasitol. 147:1-8.

141



Long, C. A. and Zavala, F. (2016) ‘Malaria vaccines and human immune responses’, Current 
Opinion in Microbiology. Elsevier Ltd, 32, pp. 96-102. doi: 
10.1016/j.mib.2016.04.006.

Loomis, D., Guyton, K., Grosse, Y., El Ghissasi, F., Bouvard, V., Benbrahim-Tallaa, L., Guha, 
N., Mattock, H. and Straif, K. (2015) ‘Carcinogenicity of lindane, DDT, and 
2,4-dichlorophenoxyacetic acid’, The Lancet. Oncology, pp. 891-892. doi: 
10.1016/S1470-2045(15)00081-9.

Ludin, P., Woodcroft, B., Ralph, S. A. and Maser, P. (2012) ‘In silico prediction of antimalarial 
drug target candidates’, International Journal for Parasitology: Drugs and Drug 
Resistance. Australian Society for Parasitology, 2, pp. 191-199. doi: 
10.1016/j.ijpddr.2012.07.002.

Luscombe, N. M., Greenbaum, D. and Gerstein, M. (2001) ‘What is bioinformatics? An 
introduction and overview’, Yearbook o f Medical Informatics, pp. 83-100. doi: 
10.1053/j.ro.2009.03.010.

Mabaso, M. L. H., Sharp, B. and Lengeler, C. (2004) ‘Historical review of malarial control in 
southern African with emphasis on the use of indoor residual house-spraying’, 
Tropical Medicine and International Health, 9(8), pp. 846-856. doi: 
10.1111/j.1365-3156.2004.01263.x.

Macario, A. J. L. and Conway De Macario, E. (1999) ‘The archaeal molecular chaperone 
machine: Peculiarities and paradoxes’, Genetics, 152(4), pp. 1277-1283.

MacRae, J. I., Dixon, M. W., Dearnley, M. K., Chua, H. H., Chambers, J. M., Kenny, S., 
Bottova, I., Tilley, L. and McConville, M. J. (2013) ‘Mitochondrial metabolism 
of sexual and asexual blood stages of the malaria parasite Plasmodium 
falciparum.’, BMC biology, 11(1), p. 67. doi: 10.1186/1741-7007-11-67.

Magarinos, M. P., Carmona, S. J., Crowther, G. J., Ralph, S. A., Roos, D. S., Shanmugam, D., 
Van Voorhis, W. C. and Aguero, F. (2012) ‘TDR targets: A chemogenomics 
resource for neglected diseases’, Nucleic Acids Research, 40(D1). doi: 
10.1093/nar/gkr1053.

Maier, A. G., Cooke, B. M., Cowman, A. F. and Tilley, L. (2009) ‘Malaria parasite proteins 
that remodel the host erythrocyte’, Nat Rev Microbiol, 7(5), pp. 341-354. doi: 
10.1038/nrmicro2110.

Maier, A. G., Rug, M., O’Neill, M. T., Brown, M., Chakravorty, S., Szestak, T., Chesson, J., 
Wu, Y., Hughes, K., Coppel, R. L., Newbold, C., Beeson, J. G., Craig, A., 
Crabb, B. S. and Cowman, A. F. (2008) ‘Exported Proteins Required for 
Virulence and Rigidity of Plasmodium falciparum-Infected Human 
Erythrocytes’, Cell, 134(1), pp. 48-61. doi: 10.1016/j.cell.2008.04.051.

Makino, T., Skretas, G. and Georgiou, G. (2011) ‘Strain engineering for improved expression 
of recombinant proteins in bacteria.’, Microbial cell factories. BioMed Central 
Ltd, 10(1), p. 32. doi: 10.1186/1475-2859-10-32.

142



malERA Consultative Group on Vector Control (2011) ‘A research agenda for malaria 
eradication: vector control.’, PLoS medicine, 8(1), pp. 1-8. doi:
10.1371/journal.pmed.1000401.

Manichaikul, Marti -Renom, M.A., Stuart, A., C., Fiser, A., Sanchez ,R., Melo, F., Sali, A.
(2000). Comparative protein structure modeling of genes and genomes. 
AnnuRevBiophysBiomolStruct 29: 291-325.

A., Mychaleckyj, J. C., Rich, S. S., Daly, K., Sale, M. and Chen, W. M. (2010) ‘Robust 
relationship inference in genome-wide association studies’, Bioinformatics, 
26(22), pp. 2867-2873. doi: 10.1093/bioinformatics/btq559.

Mansson, C., Kakkar, V., Monsellier, E. (2013). DNAJB6 is a peptide-binding chaperone 
which can suppress amyloid fibrillation of polyglutamine peptides at 
substoichiometric molar ratios. Cell Stress Chaperones. doi:10.1007/s12192- 
013-0448-5

De Marco, A. (2007) ‘Protocol for preparing proteins with improved solubility by co­
expressing with molecular chaperones in Escherichia coli.’, Nature protocols, 
2(10), pp. 2632-2639. doi: 10.1038/nprot.2007.400.

De Marco, A., Vigh, L., Diamant, S. and Goloubinoff, P. (2005) ‘Native folding of 
aggregation-prone recombinant proteins in Escherichia coli by osmolytes, 
plasmid- or benzyl alcohol-overexpressed molecular chaperones.’, Cell stress & 
chaperones, 10(4), pp. 329-339. doi: 10.1379/CSC-139R.1.

Marsh, K., Forster, D., Waruiru, C., Mwangi, I., Winstanley, M., Marsh, V., Newton, C., 
Winstanley, P., Warn, P. and Peshu, N. (1995) ‘Indicators of life-threatening 
malaria in African children.’, The New England journal o f medicine, 332(21), 
pp. 1399-1404. doi: 10.1056/NEJM199505253322102.

Martens, P. and Hall, L. (2000) ‘Malaria on the move: Human population movement and 
malaria transmission’, Emerging Infectious Diseases, 6(2), pp. 103-109. doi: 
10.3201/eid0602.000202.

Marti, M., Good, R. T., Rug, M., Knuepfer, E. and Cowman, A. F. (2004) ‘Targeting Malaria 
Virulence and Remodeling Proteins to the Host Erythrocyte’, Science (New 
York, N.Y.), 306(5703), pp. 1930-1933. doi: 10.1126/science.1102452.

Martinez-Alonso, M., Gonzalez-Montalban, N., Garcia-Fruitos, E. and Villaverde, A. (2008) 
‘The functional quality of soluble recombinant polypeptides produced in 
Escherichia coli is defined by a wide conformational spectrum’, Applied and 
Environmental Microbiology, 74(23), pp. 7431-7433. doi:
10.1128/AEM.01446-08.

Martinez-Yamout, M., Legge, G. B., Zhang, O., Wright, P. E. and Dyson, H. J. (2000) 
‘Solution structure of the cysteine-rich domain of the Escherichia coli chaperone 
protein DnaJ.’, Journal o f molecular biology, 300(4), pp. 805-18. doi: 
10.1006/jmbi.2000.3923.

143



Marti-renom, M. a, Yerkovich, B. and Sali, A. (2002) ‘Modeling Protein Structure From Its 
Sequence’, (July), pp. 1-44.

Marzec, M., Eletto, D. Argon, Y. (2012). GRP94: An HSP90-like protein specialized for 
protein folding and quality control in the endoplasmic reticulum, BBA-Mol Cell 
Res, 1823, 774-787.

Mata, E., Salvador, A., Igartua, M., Hern&#xe1, Ndez, R. M., a, Pedraz, J., Luis, Mata, E., 
Salvador, A., Igartua, M., Hern&#xe1, Ndez, R. M., a, Pedraz, J. and Luis 
(2013) ‘Malaria Vaccine Adjuvants: Latest Update and Challenges in Preclinical 
and Clinical Research, Malaria Vaccine Adjuvants: Latest Update and 
Challenges in Preclinical and Clinical Research’, BioMed Research 
International, BioMed Research International, 2013, 2013, p. e282913. doi: 
10.1155/2013/282913, 10.1155/2013/282913.

Matambo, T. S., Odunuga, O. O., Boshoff, A. and Blatch, G. L. (2004) ‘Overproduction, 
purification, and characterization of the Plasmodium falciparum heat shock 
protein 70’, Protein Expression and Purification, 33(2), pp. 214-222. doi: 
10.1016/j.pep.2003.09.010.

Matouschek, A., Pfanner, N. and Voos, W. (2000) ‘Protein unfolding by mitochondria. The 
Hsp70 import motor.’, EMBO reports, 1(5), pp. 404-10. doi: 10.1093/embo- 
reports/kvd093.

Matuschewski, K. (2006) ‘Getting infectious: Formation and maturation of plasmodium 
sporozoites in the Anopheles vector’, Cellular Microbiology, 8(10), pp. 1547­
1556. doi: 10.1111/j.1462-5822.2006.00778.x.

Mayer, M. P. (2010) ‘Gymnastics of molecular chaperones’, Molecular Cell, pp. 321-331. doi: 
10.1016/j.molcel.2010.07.012.

Mayer, M. P. (2013) ‘Hsp70 chaperone dynamics and molecular mechanism’, Trends in 
Biochemical Sciences, pp. 507-514. doi: 10.1016/j.tibs.2013.08.001.

Mayer, M. P. and Bukau, B. (2005) ‘Hsp70 chaperones: Cellular functions and molecular 
mechanism’, Cell. Mol. Life Sci., 62(6), pp. 670-684. doi: 10.1007/s00018-004- 
4464-6.

Mayer, M. P. and Kityk, R. (2015) ‘Insights into the molecular mechanism of allostery in 
Hsp70s’, Frontiers in Molecular Biosciences, 2(October), p. 58. doi: 
10.3389/fmolb.2015.00058.

Mayer, M. P., Nikolay, R. and Bukau, B. (2002) ‘Aha, Another Regulator for Hsp90 
Chaperones’, Molecular Cell, 10(6), pp. 1255-1256. doi: 10.1016/S1097- 
2765(02)00793-1.

McCarthy, J. S., Sekuloski, S., Griffin, P. M., Elliott, S., Douglas, N., Peatey, C., Rockett, R., 
O’Rourke, P., Marquart, L., Hermsen, C., Duparc, S., Mohrle, J., Trenholme, K. 
R. and Humberstone, A. J. (2011) ‘A pilot randomised trial of induced blood-

144



stage Plasmodium falciparum infections in healthy volunteers for testing 
efficacy of new antimalarial drugs’, PLoS ONE, 6(8), pp. 6-13. doi:
10.1371/journal.pone.0021914.

Mebius, R. E. and Kraal, G. (2005) ‘Structure and function of the spleen.’, Nature reviews. 
Immunology, 5(8), pp. 606-16. doi: 10.1038/nri1669.

Medica, D.,L., Sinnis. P. (2005). Quantitative dynamics of Plasmodium yoelii sporozoite 
transmission by infected anopheline mosquitoes. Infect Immun.;73:4363-9.

Mehlin, C., Boni, E., Buckner, F. S., Engel, L., Feist, T., Gelb, M. H., Haji, L., Kim, D., Liu, 
C., Mueller, N., Myler, P. J., Reddy, J. T., Sampson, J. N., Subramanian, E., Van 
Voorhis, W. C., Worthey, E., Zucker, F. and Hol, W. G. J. (2006) ‘Heterologous 
expression of proteins from Plasmodium falciparum: Results from 1000 genes’, 
Molecular and Biochemical Parasitology, 148(2), pp. 144-160. doi:
10.1016/j.molbiopara.2006.03.011.

Meimaridou, E., Gooljar, S. B. and Chapple, J. P. (2009) ‘From hatching to dispatching: The 
multiple cellular roles of the Hsp70 molecular chaperone machinery’, Journal o f 
Molecular Endocrinology, 42(1), pp. 1-9. doi: 10.1677/JME-08-0116.

Meissner, M. (2013) ‘The asexual cycle of apicomplexan parasites: New findings that raise 
new questions’, Current Opinion in Microbiology. Elsevier Ltd, 16(4), pp. 421­
423. doi: 10.1016/j.mib.2013.07.017.

Melo, G. C., Monteiro, W. M., Siqueira, A. M., Silva, S. R., Magalhaes, B. M. L., Alencar, A.
C. C., Kuehn, A., Del Portillo, H. A., Fernandez-Becerra, C. and Lacerda, M. V.
G. (2014) ‘Expression levels of pvcrt-o and pvmdr-1 are associated with 
chloroquine resistance and severe Plasmodium vivax malaria in patients of the 
Brazilian Amazon’, PLoS ONE, 9(8), pp. 1-10. doi:
10.1371/journal.pone.0105922.

Mendis, K. Sina, B.,J. Marchesini, P., Carter, R. (2001). The neglected burden of Plasmodium 
vivax malaria. Am J Trop Med Hyg;64:97-106.

Miller, L. H., Baruch, D. I., Marsh, K. and Doumbo, O. K. (2002) ‘The pathogenic basis of 
malaria.’, Nature, 415(6872), pp. 673-679. doi: 10.1038/415673a.

Miller, R. H., Obuya, C. O., Wanja, E. W., Ogutu, B., Waitumbi, J., Luckhart, S. and Stewart, 
V. A. (2015) ‘Characterization of Plasmodium ovale curtisi and P. ovale 
wallikeri in Western Kenya Utilizing a Novel Species-specific Real-time PCR 
Assay’, PLoS Neglected Tropical Diseases, 9(1), pp. 1-19. doi:
10.1371/journal.pntd.0003469.

Miroux, B. and Walker, J. E. (1996) ‘Over-production of proteins in Escherichia coli: mutant 
hosts that allow synthesis of some membrane proteins and globular proteins at 
high levels.’, Journal o f molecular biology, 260(3), pp. 289-298. doi: 
10.1006/jmbi.1996.0399.

145



Misselwitz, B., Staeck, O. and Rapoport, T. A. (1998) ‘J Proteins Catalytically Activate Hsp70 
Molecules to Trap a Wide Range of Peptide Sequences’, Molecular Cell, 2(5), 
pp. 593-603. doi: 10.1016/S1097-2765(00)80158-6.

Mitraki, a, Fane, B., Haase-Pettingell, C., Sturtevant, J. and King, J. (1991) ‘Global 
suppression of protein folding defects and inclusion body formation.’, Science 
(New York, N.Y.), pp. 54-8. doi: 10.1126/science.1648264.

Mokranjac, D., Bourenkov, G., Hell, K., Neupert, W. and Groll, M. (2006) ‘Structure and 
function of Tim14 and Tim16, the J and J-like components of the mitochondrial 
protein import motor.’, The EMBO journal, 25(19), pp. 4675-85. doi: 
10.1038/sj.emboj.7601334.

Molina-Cruz,A., Barillas-Mury,C. (2014) The remarkable journey of adaptation of the 
Plasmodium falciparum malaria parasite to New World 
anophelinemosquitoes,MemInst Oswaldo Cruz, Rio de Janeiro, Vol. 109(5)

Momose, T., Ohshima, C., Maeda, M. and Endo, T. (2007) ‘Structural basis of functional 
cooperation of {Tim15/Zim17} with yeast mitochondrial Hsp70.’, {EMBO} 
Rep., 8(7), pp. 664-670. doi: 10.1038/sj.embor.7400990.

Morahan, B. J., Strobe, C., Hasan, U., Czesny, B., Mantel, P. Y., Marti, M., Eksi, S. and 
Williamson, K. C. (2011) ‘Functional analysis of the exported type IV HSP40 
protein PFGECO in plasmodium falciparum gametocytes’, Eukaryotic Cell, 
10(11), pp. 1492-1503. doi: 10.1128/EC.05155-11.

Morano, K. A., Grant, C. M. and Moye-Rowley, W. S. (2012) ‘The response to heat shock and 
oxidative stress in saccharomyces cerevisiae’, Genetics, 190(4), pp. 1157-1195. 
doi: 10.1534/genetics.111.128033.

Mori, T., Hirai, M., Kuroiwa, T. and Miyagishima, S. ya (2010) ‘The functional domain of 
gcs1-based gamete fusion resides in the amino terminus in plant and parasite 
species’, PLoS ONE, 5(12). doi: 10.1371/journal.pone.0015957.

Morrissette, N. S. and Sibley, L. D. (2002). ‘Cytoskeleton of apicomplexan parasites.’, 
Microbiology and molecular biology reviews : MMBR, 66(1), p. 21-38; table of 
contents. doi: 10.1128/MMBR.66.1.21.

Mota, M.M., Hafalla, J.C.R. and Rodriguez, A. (2002) Migration through host cells activates 
Plasmodium sporozoites for i nfection, Nat Med, 8, 1318-1322.

Mudeppa, D. G. and Rathod, P. K. (2013) ‘Expression of functional Plasmodium falciparum 
enzymes using a wheat germ cell-free system’, Eukaryotic Cell, 12(12), pp. 
1653-1663. doi: 10.1128/EC.00222-13.

Mueller, I., Galinski, M. R., Baird, J. K., Carlton, J. M., Kochar, D. K., Alonso, P. L. and del 
Portillo, H. A. (2009) ‘Key gaps in the knowledge of Plasmodium vivax, a 
neglected human malaria parasite’, The Lancet Infectious Diseases, pp. 555­
566. doi: 10.1016/S1473-3099(09)70177-X.

146



Muralidharan, V. and Goldberg, D. E. (2013) ‘Asparagine Repeats in Plasmodium falciparum 
Proteins: Good for Nothing?’, PLoS Pathogens, 9(8), pp. 8-11. doi: 
10.1371/journal.ppat.1003488.

Muralidharan, V., Oksman, A., Pal, P., Lindquist, S. and Goldberg, D. E. (2012) ‘Plasmodium 
falciparum heat shock protein 110 stabilizes the asparagine repeat-rich parasite 
proteome during malarial fevers.’, Nature communications, 3, p. 1310. doi: 
10.1038/ncomms2306.

Murray, C.J.L.(2012) Global malaria mortality between 1980 and 2010: a systematic analysis, 
The Lancet, 379, 413-431.

Nagaraj, V. A., Arumugam, R., Prasad, D., Rangarajan, P. N. and Padmanaban, G. (2010) 
‘Protoporphyrinogen IX oxidase from Plasmodium falciparum is anaerobic and 
is localized to the mitochondrion’, Molecular and Biochemical Parasitology, 
174(1), pp. 44-52. doi: 10.1016/j.molbiopara.2010.06.012.

Nahrendorf, W., Scholzen, A., Sauerwein, R. W. and Langhorne, J. (2015) ‘Cross-stage 
immunity for malaria vaccine development’, Vaccine. Elsevier Ltd, 33(52), pp. 
7513-7517. doi: 10.1016/j.vaccine.2015.09.098.

Neckers, L. and Tatu, U. (2008) ‘Molecular chaperones in pathogen virulence: emerging new 
targets for therapy.’, Cell host & microbe, 4(6), pp. 519-27. doi: 
10.1016/j.chom.2008.10.011.

Nemoto, T., Sato, N. (1998) Oligomeric forms of the 90-kDa heat shock protein. Biochem J 
330(Pt 2):989-995

Neupert, W. and Brunner, M. (2002) ‘The protein import motor of mitochondria’, Nature 
Reviews Molecular Cell Biology, 3(8), pp. 555-565. doi: 10.1038/nrm878.

Nicolai', A., Delarue, P. and Senet, P. (2013) ‘Decipher the Mechanisms of Protein 
Conformational Changes Induced by Nucleotide Binding through Free-Energy 
Landscape Analysis: ATP Binding to Hsp70’, PLoS Computational Biology, 
9(12). doi: 10.1371/journal.pcbi.1003379.

Nicoll, W. S., Botha, M., McNamara, C., Schlange, M., Pesce, E. R., Boshoff, A., Ludewig, M.
H., Zimmermann, R., Cheetham, M. E., Chapple, J. P. and Blatch, G. L. (2007) 
‘Cytosolic and ER J-domains of mammalian and parasitic origin can 
functionally interact with DnaK’, International Journal o f Biochemistry and 
Cell Biology, 39(4), pp. 736-751. doi: 10.1016/j.biocel.2006.11.006.

Nikolaeva, D., Draper, S. J. and Biswas, S. (2015) ‘Toward the development of effective 
transmission-blocking vaccines for malaria’, Expert Rev Vaccines, 14(5), pp. 
653-680. doi: 10.1586/14760584.2015.993383.

Nixon, G. L., Moss, D. M., Shone, A. E., Lalloo, D. G., Fisher, N., O’neill, P. M., Ward, S. A.
and Biagini, G. A. (2013) ‘Antimalarial pharmacology and therapeutics of 
atovaquone’, Journal o f Antimicrobial Chemotherapy, 68(5), pp. 977-985. doi:

147



10.1093/jac/dks504.

Njunge, J. M., Ludewig, M. H., Boshoff, A., Pesce, E.-R. and Blatch, G. L. (2013) ‘Hsp70s and 
J proteins of Plasmodium parasites infecting rodents and primates: Structure, 
function, clinical relevance, and drug targets’, Current pharmaceutical design, 
19(3), pp. 387-403.

Njunge, J. M., Mandal, P., Przyborski, J. M., Boshoff, A., Pesce, E. R. and Blatch, G. L. (2015) 
‘PFB0595w is a Plasmodium falciparum J protein that co-localizes with 
PfHsp70-1 and can stimulate its in vitro ATP hydrolysis activity’, International 
Journal of Biochemistry and Cell Biology. Elsevier Ltd, 62, pp. 47-53. doi: 
10.1016/j.biocel.2015.02.008.

Nosten, F. F. F. and White, N. J. (2007). Artemisinin-based combination treatment of falciparum 
malaria’, American Journal o f Tropical Medicine and Hygiene, 77(SUPPL. 6), 
pp. 181-192. doi: 77/6_Suppl/181 [pii].

Noyes, B. E., Glatthaar, B. E., Garavelli, J. S., Bradshaw, R. A., and Apr, N. (2011): Structural 
and functional similarities between mitochondrial malate dehydrogenase and L-3- 
Hydroxyacyl CoA dehydrogenase. Sciences, 71(4), 1334-1338.

Nyalwidhe, J. and Lingelbach, K. (2006) ‘Proteases and chaperones are the most abundant 
proteins in the parasitophorous vacuole of Plasmodium falciparum-infected 
erythrocytes’, Proteomics, 6(5), pp. 1563-1573. doi: 10.1002/pmic.200500379.

Oakley, M. S., Gerald, N., McCutchan, T. F., Aravind, L. and Kumar, S. (2011) ‘Clinical and 
molecular aspects of malaria fever’, Trends in Parasitology, pp. 442-449. doi: 
10.1016/j.pt.2011.06.004.

Ogutu, B. R., Apollo, O. J., McKinney, D., Okoth, W., Siangla, J., Dubovsky, F., Tucker, K., 
Waitumbi, J. N., Diggs, C., Wittes, J., Malkin, E., Leach, A., Soisson, L. A., 
Milman, J. B., Otieno, L., Holland, C. A., Polhemus, M., Remich, S. A., 
Ockenhouse, C. F., Cohen, J., Ballou, W. R., Martin, S. K., Angov, E., Stewart, 
V. A., Lyon, J. A., Heppner, D. G. and Withers, M. R. (2009) ‘Blood stage 
malaria vaccine eliciting high antigen-specific antibody concentrations confers 
no protection to young children in Western Kenya’, PLoS ONE, 4(3). doi: 
10.1371/journal.pone.0004708.

Ohno, M., Kitabatake, N., Tani, F.(2004).Role of the C-terminal region of mouse inducible 
Hsp72 in the recognition of peptide substrate for chaperone activityFEBS Lett. 
2004 Oct 22; 576(3):381-6.

Okamoto, K., Brinker, A., Paschen, S. A., Moarefi, I., Hayer-Hartl, M., Neupert, W. and 
Brunner, M. (2002) ‘The protein import motor of mitochondria: A targeted 
molecular ratchet driving unfolding and translocation’, EMBO Journal, 21(14), 
pp. 3659-3671. doi: 10.1093/emboj/cdf358.

148



Okie, S., A. (2008). New attack on malaria. N Engl J Med; 358:2425-2428. [PubMed: 
18525039]

van Oosten-Hawle, P. and Morimoto, R. I. (2014) ‘Organismal proteostasis: Role of cell- 
nonautonomous regulation and transcellular chaperone signaling’, Genes and 
Development, 28(14), pp. 1533-1543. doi: 10.1101/gad.241125.114.

Ouattara, A. and Laurens, M. B. (2015) ‘Vaccines against malaria’, Clinical Infectious 
Diseases, 60(6), pp. 930-936. doi: 10.1093/cid/ciu954.

Pain, A., Bohme, U., Berry, A. E., Mungall, K., Finn, R. D., Jackson, A. P., Mourier, T., 
Mistry, J., Pasini, E. M., Aslett, M. A., Balasubrammaniam, S., Borgwardt, K., 
Brooks, K., Carret, C., Carver, T. J., Cherevach, I., Chillingworth, T., Clark, T. 
G., Galinski, M. R., Hall, N., Harper, D., Harris, D., Hauser, H., Ivens, A., 
Janssen, C. S., Keane, T., Larke, N., Lapp, S., Marti, M., Moule, S., Meyer, I. 
M., Ormond, D., Peters, N., Sanders, M., Sanders, S., Sargeant, T. J., 
Simmonds, M., Smith, F., Squares, R., Thurston, S., Tivey, A. R., Walker, D., 
White, B., Zuiderwijk, E., Churcher, C., Quail, M. A., Cowman, A. F., Turner, 
C. M. R., Rajandream, M. A., Kocken, C. H. M., Thomas, A. W., Newbold, C.
I., Barrell, B. G. and Berriman, M. (2008) ‘The genome of the simian and 
human malaria parasite Plasmodium knowlesi.’, Nature, 455(7214), pp. 799­
803. doi: 10.1038/nature07306.

Painter, H. J., Morrisey, J. M., Mather, M. W. and Vaidya, A. B. (2007) ‘Specific role of 
mitochondrial electron transport in blood-stage Plasmodium falciparum’, 
Nature, 446(7131), pp. 88-91. doi: 10.1038/nature05572.

Painter, H. J., Morrisey, J. M. and Vaidya, A. B. (2010) ‘Mitochondrial electron transport 
inhibition and viability of intraerythrocytic Plasmodium falciparum’, 
Antimicrobial Agents and Chemotherapy, 54(12), pp. 5281-5287. doi: 
10.1128/AAC.00937-10.

Pallavi, R., Acharya, P., Chandran, S., Daily, J. P. and Tatu, U. (2010) ‘Chaperone expression 
profiles correlate with distinct physiological states of Plasmodium falciparum in 
malaria patients.’, Malaria journal, 9, p. 236. doi: 10.1186/1475-2875-9-236.

Palleros, D. R., Reid, K. L., McCarty, J. S., Walker, G. C. and Fink, A. L. (1992) ‘DnaK, 
hsp73, and their molten globules: Two different ways heat shock proteins 
respond to heat’, Journal o f Biological Chemistry, 267(8), pp. 5279-5285.

Panda, A. K. (2003) ‘Bioprocessing of therapeutic proteins from the inclusion bodies of 
Escherichia coli.’, Advances in biochemical engineering/biotechnology, 85, pp. 
43-93. doi: 10.1007/b11045.

Pasini, E. M., van den Ierssel, D., Vial, H. J., & Kocken, C. H. (2013). A novel live-dead 
staining methodology to study malaria parasite viability. Malaria Journal, 12, 
190.

Patankar, S., Munasinghe, A., Shoaibi, A., Cummings, L. M. and Wirth, D. F. (2001) ‘Serial

149



analysis of gene expression in Plasmodium falciparum reveals the global 
expression profile of erythrocytic stages and the presence of anti-sense 
transcripts in the malarial parasite.’, Molecular biology o f the cell, 12(10), pp. 
3114-25. Available at: http://www.ncbi.nlm.nih.gov/pubmed/11598196.

Pavithra, S. R., Banumathy, G., Joy, O., Singh, V. and Tatu, U. (2004) ‘Recurrent fever 
promotes Plasmodium falciparum development in human erythrocytes’, Journal 
o f Biological Chemistry, 279(45), pp. 46692-46699. doi:
10.1074/jbc.M409165200.

Pavithra, S. R., Kumar, R. and Tatu, U. (2007) ‘Systems analysis of chaperone networks in the 
malarial parasite Plasmodium falciparum’, PLoS computational biology, 3(9), 
pp. 1701-1715. doi: 10.1371/journal.pcbi.0030168.

Pearl, L. H. and Prodromou, C. (2006) ‘Structure and mechanism of the Hsp90 molecular 
chaperone machinery.’, Annual review o f biochemistry, 75, pp. 271-294. doi: 
10.1146/annurev.biochem.75.103004.142738.

Pearson, W. R. (2013). An Introduction to Sequence Similarity (“Homology”) 
Searching. Current Protocols in Bioinformatics/ Editoral Board, Andreas D. Baxevanis ... 
[et Al.], 0 3, 10.1002/0471250953.bi0301s42.

Pei, X., Guo, X., Coppel, R., Bhattacharjee, S., Haldar, K., Gratzer, W., An, X. (2007). The ring- 
infected erythrocyte surface antigen (RESA) of Plasmodium falciparum stabilizes 
spectrin tetramers and suppresses further invasion.Blood, 110(3), 1036-1042. 
http://doi .org/10.1182/blood-2007-02-076919.

Pellecchia, M., Szyperski, T., Wall, D. (1996). NMR structure of the J-domain and the Gly/ 
Phe-rich region of the Escherichia coli DnaJ chaperone. J Mol Biol 260:236-250

Perez-Morales, D. and Espinoza, B. (2015) ‘The role of small heat shock proteins in parasites’, 
Cell Stress and Chaperones, 20(5), pp. 767-780. doi: 10.1007/s12192-015- 
0607-y.

Pesce, E. R., Acharya, P., Tatu, U., Nicoll, W. S., Shonhai, A., Hoppe, H. C. and Blatch, G. L.
(2008) ‘The Plasmodium falciparum heat shock protein 40, Pfj4, associates with 
heat shock protein 70 and shows similar heat induction and localisation 
patterns’, International Journal o f Biochemistry and Cell Biology, 40(12), pp. 
2914-2926. doi: 10.1016/j.biocel.2008.06.011.

Pesce, E. R. and Blatch, G. L. (2014) ‘Plasmodial Hsp40 and Hsp70 chaperones: current and 
future perspectives.’, Parasitology, 141(9), pp. 1167-76. doi:
10.1017/S003118201300228X.

Petersen, T. N., Brunak, S., von Heijne, G. and Nielsen, H. (2011) ‘SignalP 4.0: discriminating 
signal peptides from transmembrane regions’, Nature methods, 8(10), pp. 785-6. 
doi: 10.1038/nmeth.1701.

Peti, W. and Page, R. (2007) ‘Strategies to maximize heterologous protein expression in

150

http://www.ncbi.nlm.nih.gov/pubmed/11598196
http://doi


Escherichia coli with minimal cost’, Protein Expression and Purification, 51(1), 
pp. 1-10. doi: 10.1016/j.pep.2006.06.024.

Pfanner, N. and Geissler, a (2001) ‘Versatility of the mitochondrial protein import 
machinery.’, Nature reviews. Molecular cell biology, 2(5), pp. 339-349. doi: 
10.1038/35073006.

Picot, S., Olliaro, P., de Monbrison, F., Bienvenu, A.-L., Price, R. N. and Ringwald, P. (2009) 
‘A systematic review and meta-analysis of evidence for correlation between 
molecular markers of parasite resistance and treatment outcome in falciparum 
malaria.’, Malaria journal, 8, p. 89. doi: 10.1186/1475-2875-8-89.

Planche, T. and Krishna, S. (2006) ‘Severe malaria: metabolic complications.’, Current 
molecular medicine, 6, pp. 141-153. doi: 10.2174/156652406776055177.

Pluschke, G., Kamber, W. J., Favuzza, P., Voss, T. S., Anita, S., Dreyer, M., Matile, H., 
Papastogiannidis, P., Dreyer, A. M., Kamber, J. and Wittlin, S. (2012) ‘Antigen 
CyRPA as Candidate Malaria Vaccine -Infected Mice Designates the falciparum 
Plasmodium Passive Immunoprotection of Passive Immunoprotection of 
Plasmodium falciparum-Infected Mice Designates the CyRPA as Candidate 
Malaria Vaccine Antigen’, The Journal o f Immunology, 188(188), pp. 6225­
6237. doi: 10.4049/jimmunol.1103177.

Polier, S., Dragovic, Z., Hartl, F. U. and Bracher, A. (2008) ‘Structural Basis for the 
Cooperation of Hsp70 and Hsp110 Chaperones in Protein Folding’, Cell, 133(6), 
pp. 1068-1079. doi: 10.1016/j.cell.2008.05.022.

Powers, E. T., Morimoto, R. I., Dillin, A., Kelly, J. W. and Balch, W. E. (2009) ‘Biological and 
chemical approaches to diseases of proteostasis deficiency.’, Annual review of 
biochemistry, 78(August), pp. 959-991.

Pratt, W. B. and Toft, D. O. (2003) ‘Experimental Biology and Medicine Regulation of 
Signaling Protein Function and’, ExperimentalBology andMedecine.

Proietti, C. and Doolan, D. L. (2015) ‘The case for a rational genome-based vaccine against 
malaria’, Frontiers in Microbiology, 6(JAN), pp. 1-19. doi:
10.3389/fmicb.2014.00741.

Prodromou, C. (2000). The ATPase cycle of Hsp90 drives a molecular ‘clamp’ via transient 
dimerization of the N-terminaldomains. EMBO J. 19, 4383-4392

Prudencio, M., Rodriguez, A. and Mota, M. M. (2006) ‘The silent path to thousands of 
merozoites: the Plasmodium liver stage.’, Nature reviews. Microbiology, 4(11), 
pp. 849-56. doi: 10.1038/nrmicro1529.

Przyborski, J. M., Diehl, M. and Blatch, G. L. (2015) ‘Plasmodial HSP70s are functionally 
adapted to the malaria parasite life cycle’, Front Mol Biosci, 2(June), p. 34. doi: 
10.3389/fmolb.2015.00034.

151



Przyborski, J. M., Nyboer, B. and Lanzer, M. (2016) ‘Ticket to ride: export of proteins to the 
Plasmodium falciparum-infected erythrocyte’, Molecular Microbiology, 101(1), 
pp. 1-11. doi: 10.1111/mmi.13380.

Pukszta, S., Schilke, B., Dutkiewicz, R., Kominek, J., Moczulska, K., Stepien, B., Reitenga, K., 
G., Bujnicki, J. M., Williams, B., Craig, E. A., (2010). Co-evolution- driven 
switch of J-protein specificity towards an Hsp70 partner. EMBO Rep. 11:360­
365.

Rabiller, M., Getlik, M., Kluter, S., Richters, A., Tuckmantel, S., Simard, J. R. and Rauh, D.
(2010) ‘Proteus in the world of proteins: Conformational changes in protein 
kinases’, Archiv der Pharmazie, pp. 193-206. doi: 10.1002/ardp.201000028.

Ramasamy, R. (2014) ‘Zoonotic malaria - global overview and research and policy needs.’, 
Frontiers in public health, 2(February), p. 123. doi: 10.3389/fpubh.2014.00123.

Ramsey, A. J., Russell, L. C. and Chinkers, M. (2009) ‘C-terminal sequences of hsp70 and 
hsp90 as non-specific anchors for tetratricopeptide repeat (TPR) proteins’, 
Biochem. J, 423, pp. 411-419. doi: 10.1042/BJ20090543.

Ramya, T. N. C., Karmodiya, K., Surolia, A. and Surolia, N. (2007) ‘15-Deoxyspergualin 
primarily targets the trafficking of apicoplast proteins in Plasmodium 
falciparum’, Journal o f Biological Chemistry, 282(9), pp. 6388-6397. doi: 
10.1074/jbc.M610251200.

Ran, Q.T. Wadhwa, R Kawai,R., Kaul, S.C. Sifers, R.N. Bick, R.J. Smith, J.R. Pereira-Smith, 
O.M. (2000). Extramitochondrial localization of mortalin/mthsp70/ 
PBP74/GRP75, Biochem. Biophys. Res. Comm. 275 174e179.

Ranson, H., Abdallah, H., Badolo, A., Guelbeogo, W.,M., Kerah-Hinzoumbe,' C. 2009).
Insecticide resistance in Anopheles gambiae: Data from the first year of amulti- 
country study highlight the extent of the problem. Malar J 8: 299.

Ranson, H., N'Guessan, R., Lines, J., Moiroux, N., Nkuni, Z., Corbel, V. (2011). Pyrethroid 
resistance in African anopheline mosquitoes: what are the implications for 
malaria control?. Trends Parasitol., 27: 91-98. 10.1016/j.pt.2010.08.004.

Rao, A., Kumar, M. K., Joseph, T. and Bulusu, G. (2010) ‘Cerebral malaria: insights from 
host-parasite protein-protein interactions’, pp. 1-7.

Rao, A.,V., Gurfinkel, D.,M.(2000). The bioactivity of saponins: triterpenoid and steroidal 
glycosides.Drug Metabol Drug Interact. 2000; 17(1-4):211-35.[PubMed

Rask, T. S., Hansen, D. A., Theander, T. G., Pedersen, A. G. and Lavstsen, T. (2010) 
‘Plasmodium falciparum erythrocyte membrane protein 1 diversity in seven 
genomes - divide and conquer’, PLoS Computational Biology, 6(9). doi: 
10.1371/journal.pcbi.1000933.

Rathore, S., Datta, G., Kaur, I., Malhotra, P. and Mohmmed, A. (2015) ‘Disruption of cellular

152

http://www.ncbi.nlm.nih.gov/pubmed/11201296/


homeostasis induces organelle stress and triggers apoptosis like cell-death 
pathways in malaria parasite.’, Cell death & disease. Nature Publishing Group, 
6(7), p. e1803. doi: 10.1038/cddis.2015.142.

Raviol, H., Bukau, B. and Mayer, M. P. (2006) ‘Human and yeast Hsp110 chaperones exhibit 
functional differences’, FEBS Letters, 580(1), pp. 168-174. doi:
10.1016/j.febslet.2005.11.069.

Reid, M. C. and McKenzie, F. E. (2016) ‘The contribution of agricultural insecticide use to 
increasing insecticide resistance in African malaria vectors.’, Malaria journal. 
BioMed Central, 15(1), p. 107. doi: 10.1186/s12936-016-1162-4.

Renia, L., Gruner, A. C., Mauduit, M. and Snounou, G. (2013) ‘Vaccination using normal live 
sporozoites under drug treatment’, Methods in Molecular Biology, 923, pp. 567­
576. doi: 10.1007/978-1-62703-026-7-39.

Riley, E.,M., Stewart, V.,A. (2013). Immune mechanisms in malaria: new insights in vaccine 
development. Nat Med.;19:168-78.

Roberts, D. R., Manguin, S. and Mouchet, J. (2000) ‘DDT house spraying and re-emerging 
malaria.’, Lancet, 356(9226), pp. 330-2. doi: 10.1016/S0140-6736(00)02516-2.

Roccatano, D., Colombo, G., Fioroni, M. and Mark, A. E. (2002) ‘Mechanism by which 2,2,2- 
trifluoroethanol/water mixtures stabilize secondary-structure formation in 
peptides: a molecular dynamics study.’, Proceedings o f the National Academy of 
Sciences o f the United States o f America, 99(19), pp. 12179-12184. doi: 
10.1073/pnas.182199699.

Le Roch, K. G., Johnson, J. R., Florens, L., Zhou, Y., Santrosyan, A., Grainger, M., Yan, S. F., 
Williamson, K. C., Holder, A. A., Carucci, D. J., Yates, J. R. and Winzeler, E. 
A. (2004) ‘Global analysis of transcript and protein levels across the 
Plasmodium falciparum life cycle’, Genome Research, 14(11), pp. 2308-2318. 
doi: 10.1101/gr.2523904.

Rohde, M., Daugaard, M., Jensen, M. H., Helin, K. and Nylandsted, J. (2005) ‘growth by 
distinct mechanisms Members of the heat-shock protein 70 family promote 
cancer cell growth by distinct mechanisms’, Genes & Development, 70, pp. 
570-582. doi: 10.1101/gad.305405.

Rost, B., Liu, J., Nair, R., Wrzeszczynski, K. O. and Ofran, Y. (2003) ‘Automatic prediction of 
protein function’, Cellular and Molecular Life Sciences, 60(12), pp. 2637-2650. 
doi: 10.1007/s00018-003-3114-8.

Roth, D. M., Balch, W. E., Lin, G. G. and Scott, J. G. (2012) ‘NIH Public Access’, 100(2), pp. 
130-134. doi: 10.1016/j.pestbp.2011.02.012.Investigations.

Roucher, C., Rogier, C., Sokhna, C., Tall, A. and Trape, J. F. (2014) ‘A 20-year longitudinal 
study of plasmodium ovale and plasmodium malariae prevalence and morbidity

153



in a West African population’, PLoS ONE, 9(2), pp. 1-13. doi:
10.1371/journal.pone.0087169.

Rowe, J. A., Claessens, A., Corrigan, R. A. and Arman, M. (2009) ‘Adhesion of Plasmodium 
falciparum-infected erythrocytes to human cells: molecular mechanisms and 
therapeutic implications’, Expert Reviews in Molecular Medicine, 11(May), p. 
e16. doi: 10.1017/S1462399409001082.

Sachs, J. and Malaney, P. (2002). The economic and social burden of malaria, Nature, 415, 
680-685.

Sadlish, H., Rampelt, H., Shorter, J., Wegrzyn, R. D., Andreasson, C., Lindquist, S. and Bukau, 
B. (2008) ‘Hsp110 chaperones regulate prion formation and propagation in S. 
cerevisiae by two discrete activities’, PLoS ONE, 3(3). doi:
10.1371/journal.pone.0001763.

Sahdev, S., Khattar, S. K. and Saini, K. S. (2008) ‘Production of active eukaryotic proteins 
through bacterial expression systems: A review of the existing biotechnology 
strategies’, Molecular and Cellular Biochemistry, pp. 249-264. doi: 
10.1007/s 11010-007-9603-6.

El Sahly, H. M., Patel, S. M., Atmar, R. L., Lanford, T. A., Dube, T., Thompson, D., Sim, B. K.
L. , Long, C. and Keitel, W. A. (2010) ‘Safety and immunogenicity of a
recombinant nonglycosylated erythrocyte binding antigen 175 region II malaria 
vaccine in healthy adults living in an area where malaria is not endemic’, 
Clinical and Vaccine Immunology, 17(10), pp. 1552-1559. doi:
10.1128/CVI.00082-10.

Sali, A., Potterton, L., Yuan, F., Van Vlijmen, H. and Karplus, M. (1995) ‘Evaluation of 
comparative protein modeling by MODELLER’, Proteins: Structure, Function 
and Genetics, 23(3), pp. 318-326. doi: 10.1002/prot.340230306.

Salinas, J. L., Kissinger, J. C., Jones, D. P. and Galinski, M. R. (2014) ‘Metabolomics in the 
fight against malaria’, Memorias do Instituto Oswaldo Cruz, 109(5), pp. 589­
597. doi: 10.1590/0074-0276140043.

Sanjuan Szklarz, L. K., Guiard, B., Rissler, M., Wiedemann, N., Kozjak, V., Van Der Laan, M., 
Lohaus, C., Marcus, K., Meyer, H. E., Chacinska, A., Pfanner, N. and 
Meisinger, C. (2005) ‘Inactivation of the mitochondrial heat shock protein 
Zim17 leads to aggregation of matrix Hsp70s followed by pleiotropic effects on 
morphology and protein biogenesis’, Journal o f Molecular Biology, 351(1), pp. 
206-218. doi: 10.1016/j.jmb.2005.05.068.

Sanz-Barrio, R., Fernandez-San Millan, A., Carballeda, J., Corral-Martinez, P., Segui-Simarro, J.
M. , and Farran, I. (2011): Chaperone-like properties of tobacco plastid 
thioredoxins f  and m. Journal o f Experimental Botany, 63(1), 365-79.

Saridaki, T., Sanchez, C. P., Pfahler, J. and Lanzer, M. (2008) ‘A conditional export system 
provides new insights into protein export in Plasmodium falciparum-infected

154



Sarkar, N. K., Thapar, U., Kundnani, P., Panwar, P. and Grover, A. (2013) ‘Functional 
relevance of J-protein family of rice (Oryza sativa)’, Cell Stress and 
Chaperones, 18(3), pp. 321-331. doi: 10.1007/s12192-012-0384-9.

Scheich, C., Kummel, D., Soumailakakis, D., Heinemann, U. and Bussow, K. (2007) ‘Vectors 
for co-expression of an unrestricted number of proteins’, Nucleic Acids 
Research, 35(6). doi: 10.1093/nar/gkm067.

Schmid, A., B. (2012) .The architecture of functional modules in the Hsp90 co-chaperone 
Sti1/Hop. EMBO J. 31, 1506-1517

Sherman, I.,W. (1998) . A brief history of malaria and discovery of the parasite’s life cycle. In: 
Sherman IW, editor. Malaria: Biology, pathogenesisand protection. Washington 
(D.C): ASM Press.

Scheufler, C., Brinker, A., Bourenkov, G., Pegoraro, S., Moroder, L., Bartunik, H., Hartl, F. U.
and Moarefi, I. (2000) ‘Structure of TPR domain-peptide complexes: Critical 
elements in the assembly of the Hsp70-Hsp90 multichaperone machine’, Cell, 
101(2), pp. 199-210. doi: 10.1016/S0092-8674(00)80830-2.

Schilke, B., Williams, B., Knieszner, H., Pukszta, S., D’Silva, P., Craig, E.A., Marszalek, J.
(2006). Evolution of mitochondrial chaperones utilized in Fe-S cluster biogenesis. 
Curr Biol. 16:1660-1665.

Schlichtherle, M. (2000). Methods in malaria research. Malaria Research and Reference 
Reagent Resource Center, American Type Culture Collection.

Schuermann, J. P., Jiang, J., Cuellar, J., Llorca, O., Wang, L., Gimenez, L. E., Jin, S., Taylor, 
A. B., Demeler, B., Morano, K. A., Hart, P. J., Valpuesta, J. M., Lafer, E. M. 
and Sousa, R. (2008) ‘Structure of the Hsp110:Hsc70 Nucleotide Exchange 
Machine’, Molecular Cell, 31(2), pp. 232-243. doi:
10.1016/j .molcel.2008.05.006.

Schwartz, L., Brown, G. V, Genton, B. and Moorthy, V. S. (2012) ‘A review of malaria 
vaccine clinical projects based on the WHO rainbow table.’, Malaria journal, 
11(1), p. 11. doi: 10.1186/1475-2875-11-11.

Schwenk, R. J. and Richie, T. L. (2011) ‘Protective immunity to pre-erythrocytic stage 
malaria’, Trends in Parasitology, pp. 306-314. doi: 10.1016/j.pt.2011.02.002.

Seraphim, T. V., Ramos, C. H., & Borges, J. C. (2014). The Interaction Networks of Hsp70 and 
Hsp90 in the Plasmodium and Leishmania Parasites. The Molecular Chaperones 
Interaction Networks in Protein Folding and Degradation, 445

Sharma, D. and Masison, D. C. (2009) ‘Hsp70 structure, function, regulation and influence on 
yeast prions.’, Protein and peptide letters, 16(6), pp. 571-81. doi:

erythrocytes’, C ell M icrobiol, 10(12), pp. 2483-2495. doi: CMI1223 [pii]
10.1111/j .1462-5822.2008.01223.x.

155



10.2174/092986609788490230.

Sharman, J. L. and Gerloff, D. L. (2013) ‘MaGnET: Malaria genome exploration tool’, 
Bioinformatics, 29(18), pp. 2350-2352. doi: 10.1093/bioinformatics/btt384.

Shelton, J. M. G., Corran, P., Risley, P., Silva, N., Hubbart, C., Jeffreys, A., Rowlands, K., 
Craik, R., Cornelius, V., Hensmann, M., Molloy, S., Sepulveda, N., Clark, T. G., 
Band, G., Clarke, G. M., Spencer, C. C. A., Kerasidou, A., Campino, S., 
Auburn, S., Tall, A., Ly, A. B., Mercereau-Puijalon, O., Sakuntabhai, A., 
Djimde, A., Maiga, B., Toure, O., Doumbo, O. K., Dolo, A., Troye-Blomberg, 
M., Mangano, V. D., Verra, F., Modiano, D., Bougouma, E., Sirima, S. B., 
Ibrahim, M., Hussain, A., Eid, N., Elzein, A., Mohammed, H., Elhassan, A., 
Elhassan, I., Williams, T. N., Ndila, C., Macharia, A., Marsh, K., Manjurano, 
A., Reyburn, H., Lemnge, M., Ishengoma, D., Carter, R., Karunaweera, N., 
Fernando, D., Dewasurendra, R., Drakeley, C. J., Riley, E. M., Kwiatkowski, D. 
P. and Rockett, K. A. (2015) ‘Genetic determinants of anti-malarial acquired 
immunity in a large multi-centre study.’, Malaria journal. BioMed Central, 14, 
p. 333. doi: 10.1186/s12936-015-0833-x.

Shiloach, J. and Fass, R. (2005) ‘Growing E. coli to high cell density - A historical perspective 
on method development’, Biotechnology Advances, pp. 345-357. doi: 
10.1016/j.biotechadv.2005.04.004.

Shindo, Y., Fujii, T., Komatsu, H., Citterio, D., Hotta, K., Suzuki, K., & Oka, K. (2011). Newly
2+

Developed Mg -Selective Fluorescent Probe Enables Visualization of 
Mg2+ Dynamics in Mitochondria. PLoS ONE, 6(8), e23684

Shonhai, A. (2010) ‘Plasmodial heat shock proteins: Targets for chemotherapy’, in FEMS 
Immunology and Medical Microbiology, pp. 61-74. doi: 10.1111/j.1574- 
695X.2009.00639.x.

Shonhai, A. and Blatch, G. (2014) Heat Shock Proteins o f Malaria. doi: 10.1007/978-94-007- 
7438-4.

Shonhai, A., Boshoff, A. and Blatch, G. L. (2007) ‘The structural and functional diversity of 
Hsp70 proteins from Plasmodium falciparum.’, Protein science: a publication 
o f the Protein Society, 16(9), pp. 1803-18. doi: 10.1110/ps.072918107.

Shonhai, A., Botha, M., de Beer, T. A. P., Boshoff, A. and Blatch, G. L. (2008) ‘Structure- 
function study of a Plasmodium falciparum Hsp70 using three dimensional 
modelling and in vitro analyses’, Protein

Shonhai,A. Maier, A.G., Przyborski, J.M. Blatch, G.L. (2011). Intracellular protozoanparasites 
of humans: the role of molecular chaperones in development andpathogenesis, 
Protein Pept. Lett. 18 143-157.

Sichting, M., Mokranjac, D., Azem, A., Neupert, W. and Hell, K. (2005) ‘Maintenance of

156



structure and function of mitochondrial Hsp70 chaperones requires the 
chaperone Hep1.’, The EMBO journal, 24(5), pp. 1046-1056. doi: 
10.1038/sj.emboj.7600580.

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., Lopez, R., McWilliam, 
H., Remmert, M., Soding, J., Thompson, J. D. and Higgins, D. G. (2011) ‘Fast, 
scalable generation of high-quality protein multiple sequence alignments using 
Clustal Omega.’, Molecular systems biology, 7(1), p. 539. doi:
10.1038/msb.2011.75.

Sigrist, C. J. A., Cerutti, L., De Castro, E., Langendijk-Genevaux, P. S., Bulliard, V., Bairoch, 
A. and Hulo, N. (2009) ‘PROSITE, a protein domain database for functional 
characterization and annotation’, Nucleic Acids Research, 38(SUPPL.1). doi: 
10.1093/nar/gkp885.

Silva, J., Godoy, R., Kioshima, E. S., Karina, A., Abadio, R., Sueli, M., Felipe, S., Freitas, S.
M. De, Inez, T. and Svidzinski, E. (2015) ‘Structural and functional 
characterization of the recombinant thioredoxin reductase from Candida albicans 
as a potential target for vaccine and drug design’, pp. 4015-4025. doi: 
10.1007/s00253-015-7223-8.

Silva, M. D., Cooke, B. M., Guillotte, M., Buckingham, D. W., Sauzet, J. P., Le Scanf, C., 
Contamin, H., David, P., Mercereau-Puijalon, O. and Bonnefoy, S. (2005) ‘A 
role for the Plasmodium falciparum RESA protein in resistance against heat 
shock demonstrated using gene disruption’, Molecular Microbiology, 56(4), pp. 
990-1003. doi: 10.1111/j.1365-2958.2005.04603.x.

Sinclair, D., Zani, B., Donegan, S., Olliaro, P. and Garner, P. (2009) ‘Artemisinin-based 
combination therapy for treating uncomplicated malaria’, Cochrane Database of 
Systematic Reviews. doi: 10.1002/14651858.CD007483.pub2.

Singh, B., Sung, L. K., Matusop, A., Radhakrishnan, A., Shamsul, S. S., Cox-Singh, J., 
Thomas, A. and Conway, D. J. (2004) ‘A large focus of naturally acquired 
Plasmodium knowlesi infections in human beings’, The Lancet, 363, pp. 1017­
1024. doi: 10.1016/S0140-6736(04)15836-4.

Singh, S. M. and Panda, A. K. (2005) ‘Solubilization and refolding of bacterial inclusion body 
proteins’, Journal o f Bioscience and Bioengineering, 99(4), pp. 303-310. doi: 
10.1263/jbb.99.303.

Singh, S. M., Sharma, A., Upadhyay, A. K., Singh, A., Garg, L. C. and Panda, A. K. (2012) 
‘Solubilization of inclusion body proteins using n-propanol and its refolding into 
bioactive form’, Protein Expression and Purification, 81(1), pp. 75-82. doi: 
10.1016/j.pep.2011.09.004.

Siregar, J. E., Kurisu, G., Kobayashi, T., Matsuzaki, M., Sakamoto, K., Mi-ichi, F., Watanabe, 
Y. ichi, Hirai, M., Matsuoka, H., Syafruddin, D., Marzuki, S. and Kita, K. 
(2015) ‘Direct evidence for the atovaquone action on the Plasmodium 
cytochrome bc1 complex’, Parasitology International, 64(3), pp. 295-300. doi:

157



10.1016/j parint.2014.09.011.

Snow, R. W. (2015) ‘Global malaria eradication and the importance of Plasmodium falciparum 
epidemiology in Africa.’, BMC medicine, 13(1), p. 23. doi: 10.1186/s12916- 
014-0254-7.

Snow, R. W. and Marsh, K. (2002) ‘The consequences of reducing transmission of Plasmodium 
falciparum in Africa’, Advances in Parasitology, pp. 235-264. doi: 
10.1016/S0065-308X(02)52013-3.

Snow, R.,W., Guerra, C.,A., Noor, A.,M., Myint, H.,Y., Hay, S.,I. (2005). The global 
distribution of clinical episodes of Plasmodium falciparum malaria. Nature434: 
214-217.

Soding, J., Biegert, A. and Lupas, A. N. (2005) ‘The HHpred interactive server for protein 
homology detection and structure prediction’, Nucleic Acids Research, 
33(SUPPL. 2), pp. 244-248. doi: 10.1093/nar/gki408.

Soon, W. W., Hariharan, M. and Snyder, M. P. (2013) ‘High-throughput sequencing for 
biology and medicine’, Molecular systems biology. Nature Publishing Group, 
9(640), p. 640. doi: 10.1038/msb.2012.61.

S0rensen, H. P. and Mortensen, K. K. (2005) ‘Advanced genetic strategies for recombinant 
protein expression in Escherichia coli’, Journal o f Biotechnology, 115(2), pp. 
113-128. doi: 10.1016/j.jbiotec.2004.08.004.

Stoeckert, C. J., Fischer, S., Kissinger, J. C., Heiges, M., Aurrecoechea, C., Gajria, B. and 
Roos, D. S. (2006) ‘PlasmoDB v5: new looks, new genomes’, Trends in 
Parasitology, 22(12), pp. 543-546. doi: 10.1016/j.pt.2006.09.005.

Stoker,N.G.,Fairweather,N.F.,andSpratt,B.G.(1982).Versatile low copy number plasmid 
vectors for cloning in Escherichia coli. Gene 18, 335-341.doi: 10.1016/0378- 
1119(82)90172-X

Storm, J. and Craig, A. G. (2014) ‘Pathogenesis of cerebral malaria--inflammation and 
cytoadherence.’, Frontiers in cellular and infection microbiology, 4(July), p. 
100. doi: 10.3389/fcimb.2014.00100.

Street, T. O., Lavery, L. A. and Agard, D. A. (2011) ‘Substrate Binding Drives Large-Scale 
Conformational Changes in the Hsp90 Molecular Chaperone’, Molecular Cell, 
42(1), pp. 96-105. doi: 10.1016/j.molcel.2011.01.029.

Studier, F. W. (2005) ‘Protein production by auto-induction in high-density shaking cultures’, 
Protein Expression and Purification, 41(1), pp. 207-234. doi:
10.1016/j.pep.2005.01.016.

Summers, D. W., Douglas, P. M., Ramos, C. H. I. and Cyr, D. M. (2009) ‘Polypeptide transfer 
from Hsp40 to Hsp70 molecular chaperones’, Trends in Biochemical Sciences,

158



34(5), pp. 230-233. doi: 10.1016/j.tibs.2008.12.009.

Szklarczyk, D., Franceschini, A., Kuhn, M., Simonovic, M., Roth, A., Minguez, P., Doerks, T., 
Stark, M., Muller, J., Bork, P., Jensen, L. J. and Von Mering, C. (2011) ‘The 
STRING database in 2011: Functional interaction networks of proteins, globally 
integrated and scored’, Nucleic Acids Research, 39(SUPPL. 1). doi: 
10.1093/nar/gkq973.

Taipale, M., Jarosz, D. F. and Lindquist, S. (2010) ‘HSP90 at the hub of protein homeostasis: 
emerging mechanistic insights.’, Nature reviews. Molecular cell biology, 11(7), 
pp. 515-28. doi: 10.1038/nrm2918.

Takala, S. L. and Plowe, C. V. (2009) ‘Genetic diversity and malaria vaccine design, testing 
and efficacy: Preventing and overcoming “vaccine resistant malaria”’, Parasite 
Immunology, pp. 560-573. doi: 10.1111/j.1365-3024.2009.01138.x.

Takayama, S. and Reed, J. C. (2001) ‘Molecular chaperone targeting and regulation by BAG 
family proteins.’, Nature cell biology, 3(10), pp. E237-41. doi:
10.1038/ncb1001-e237.

Talisuna, A. O., Bloland, P. and D’Alessandro, U. (2004) ‘History, Dynamics, and Public 
Health Importance of Malaria Parasite Resistance’, Clinical Microbiology 
Reviews, 17(1), pp. 235-254. doi: 10.1128/CMR.17.1.235-254.2004.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., & Kumar, S. (2011). MEGA5: 
Molecular Evolutionary Genetics Analysis Using Maximum Likelihood, 
Evolutionary Distance, and Maximum Parsimony Methods.Molecular Biology 
and Evolution, 25(10), 2731-2739.

Taylor, D. W., Parra, M., Chapman, G. B., Stearns, M. E., Rener, J., Aikawa, M., Uni, S., Aley,
S. B., Panton, L. J. and Howard, R. J. (1987) ‘Localization of Plasmodium 
falciparum histidine-rich protein 1 in the erythrocyte skeleton under knobs’, 
Molecular and Biochemical Parasitology, 25(2), pp. 165-174. doi:
10.1016/0166-6851(87)90005-3.

Terpe, K. (2006) ‘Overview of bacterial expression systems for heterologous protein 
production: From molecular and biochemical fundamentals to commercial 
systems’, Applied Microbiology and Biotechnology, 72(2), pp. 211-222. doi: 
10.1007/s00253-006-0465-8.

Thera, M. A. and Plowe, C. V (2012) ‘Vaccines for malaria: how close are we?’, Annual review 
o f medicine, 63, pp. 345-57. doi: 10.1146/annurev-med-022411-192402.

Thompson, A. D., Bernard, S. M., Skiniotis, G. and Gestwicki, J. E. (2012) ‘Visualization and 
functional analysis of the oligomeric states of Escherichia coli heat shock 
protein 70 (Hsp70/DnaK)’, Cell Stress and Chaperones, 17(3), pp. 313-327. 
doi: 10.1007/s12192-011-0307-1.

159



Tilley, L., Dixon, M. W. and Kirk, K. (2011) ‘The Plasmodium falciparum-infected red blood 
cell’, Int J  Biochem Cell Biol, 43(6), pp. 839-842. doi:
10.1016/j.biocel.2011.03.012.

Tomala, K. and Korona, R. (2008) ‘Molecular chaperones and selection against mutations.’, 
Biology direct, 3, p. 5. doi: 10.1186/1745-6150-3-5.

Tonkin, C. J., Van Dooren, G. G., Spurck, T. P., Struck, N. S., Good, R. T., Handman, E., 
Cowman, A. F. and McFadden, G. I. (2004) ‘Localization of organellar proteins 
in Plasmodium falciparum using a novel set of transfection vectors and a new 
immunofluorescence fixation method’, Molecular and Biochemical 
Parasitology, 137(1), pp. 13-21. doi: 10.1016/j.molbiopara.2004.05.009.

Torrentino-Madamet, M., Desplans, J., Travaille, C., James, Y. and Parzy, D. (2010) 
‘Microaerophilic respiratory metabolism of Plasmodium falciparum 
mitochondrion as a drug target.’, Current molecular medicine, 10(1), pp. 29-46. 
doi: 10.2174/156652410791065390.

Trager, W., and Jensen, J. B. (1976). Human malaria parasites in continuous culture. Science, 
193, 673-675.

Trougakos, I. P. (2013) ‘The molecular chaperone apolipoprotein J/Clusterin as a sensor of 
oxidative stress: Implications in therapeutic approaches - A mini-review’, 
Gerontology, 59(6), pp. 514-523. doi: 10.1159/000351207.

Upadhyay, A. K., Singh, A., Mukherjee, K. J. and Panda, A. K. (2014) ‘Refolding and 
purification of recombinant L-asparaginase from inclusion bodies of E. coli into 
active tetrameric protein’, Frontiers in Microbiology, 5(SEP). doi: 
10.3389/fmicb.2014.00486.

Uyemura, S. A., Luo, S., Moreno, S. N. J. and Docampo, R. (2000) ‘Oxidative 
phosphorylation, Ca2+ transport, and fatty acid-induced uncoupling in malaria 
parasites mitochondria’, Journal o f Biological Chemistry, 275(13), pp. 9709­
9715. doi: 10.1074/jbc.275.13.9709.

Vaidya, A.,B., Mather, M.,W. (2009). Mitochondrial evolution and functions in malaria 
parasites. Annual Review of Microbiology 63: 249-267. doi:
10.1146/annurev.micro.091208.073424 PMID: 19575561

Vaughan, A.M., Aly, A.S.I. and Kappe, S.H.I. (2008) . Malaria Parasite Pre-Erythrocytic Stage 
Infection: Gliding and Hiding, Cell Host & Microbe, 4, 209-218.

Vaughan, A. M., Kappe, S. H. I., Ploss, A. and Mikolajczak, S. A. (2013) ‘Development of 
humanized mouse models to study human malaria parasite infection Ashley’, 
Future Microbiology, 7(5), pp. 657-665. doi: 10.2217/fmb.12.27.Development.

Vedadi, M., Lew, J., Artz, J., Amani, M., Zhao, Y., Dong, A., Wasney, G. A., Gao, M., Hills, 
T., Brokx, S., Qiu, W., Sharma, S., Diassiti, A., Alam, Z., Melone, M., 
Mulichak, A., Wernimont, A., Bray, J., Loppnau, P., Plotnikova, O., Newberry,

160



K., Sundararajan, E., Houston, S., Walker, J., Tempel, W., Bochkarev, A., 
Kozieradzki, I., Edwards, A., Arrowsmith, C., Roos, D., Kain, K. and Hui, R. 
(2007) ‘Genome-scale protein expression and structural biology of Plasmodium 
falciparum and related Apicomplexan organisms’, Molecular and Biochemical 
Parasitology, 151(1), pp. 100-110. doi: 10.1016/j.molbiopara.2006.10.011.

Ventura, S. and Villaverde, A. (2006) ‘Protein quality in bacterial inclusion bodies’, Trends in 
Biotechnology, pp. 179-185. doi: 10.1016/j.tibtech.2006.02.007.

Vera, A., Gonzalez-Montalban, N., Aris, A. and Villaverde, A. (2007) ‘The conformational 
quality of insoluble recombinant proteins is enhanced at low growth 
temperatures’, Biotechnology and Bioengineering, 96(6), pp. 1101-1106. doi: 
10.1002/bit.21218.

Verghese, J., Abrams, J., Wang, Y. and Morano, K. A. (2012) ‘Biology of the heat shock 
response and protein chaperones: budding yeast (Saccharomyces cerevisiae) as a 
model system.’, Microbiology and molecular biology reviews: MMBR, 76(2), 
pp. 115-58. doi: 10.1128/MMBR.05018-11.

Vincensini, L., Richert, S., Blisnick, T., Van Dorsselaer, A., Leize-Wagner, E., Rabilloud, T.
and Braun Breton, C. (2005) ‘Proteomic analysis identifies novel proteins of the 
Maurer’s clefts, a secretory compartment delivering Plasmodium falciparum 
proteins to the surface of its host cell.’, Molecular & cellularproteomics: MCP, 
4(4), pp. 582-93. doi: 10.1074/mcp.M400176-MCP200.

Vu, M. T., Zhai, P., Lee, J., Guerra, C., Liu, S., Gustin, M. C. and Silberg, J. J. (2012) ‘The 
DNLZ/HEP zinc-binding subdomain is critical for regulation of the 
mitochondrial chaperone HSPA9’, Protein Science, 21(2), pp. 258-267. doi: 
10.1002/pro.2012.

Walsh, P., Bursae, D., Law, Y. C., Cyr, D. and Lithgow, T. (2004) ‘The J-protein family: 
modulating protein assembly, disassembly and translocation.’, EMBO reports, 
5(6), pp. 567-571. doi: 10.1038/sj.embor.7400172.

Walker, K. (2002). A review of control methods for African malaria control.
Walter, S. and Buchner, J. (2002) ‘Molecular chaperones--cellular machines for protein 

folding.’, Angewandte Chemie (International ed. in English), 41(7), pp. 1098­
113. doi: 10.1002/1521-3773(20020402)41:7<1098::AID-ANIE1098>3.0.C0;2- 
9.

Wang, R.F., and Kushner,S. R.(1991).Construction of versatile low copy number vectors for 
cloning, sequencing and gene expression in Escherichia coli. Gene 100, 195­
199. doi:10.1016/0378-1119(91)90366-J

Ward, G. E., Miller, L. H. and Dvorak, J. A. (1993) ‘The origin of parasitophorous vacuole 
membrane lipids in malaria-infected erythrocytes.’, Journal o f cell science, 
106(Pt 1), pp. 237-248.

161



Watanabe, J. (1997). Cloning and characterization of heat shock protein DnaJ homologues 
from Plasmodium falciparum and comparison with ring infected erythrocyte 
surface antigen. Mol Biochem Parasitol 88:253-258

Wegele, H., Mu" ller, L., and Buchner, J. (2004). Hsp70 and Hsp90—a relay team for protein 
folding. Rev. Physiol. Biochem. Pharmacol. 151, 1-44.

Wellems, T. E. and Plowe, C. V (2001) ‘Chloroquine-resistant malaria’, J.Infect.Dis., 184(6), 
pp. 770-776. doi: 10.1086/322858.

Wells, T. N. C., Burrows, J. N. and Baird, J. K. (2010) ‘Targeting the hypnozoite reservoir of 
Plasmodium vivax: the hidden obstacle to malaria elimination’, Trends in 
Parasitology, pp. 145-151. doi: 10.1016/j.pt.2009.12.005.

White, L. J., Flegg, J. A., Phyo, A. P., Wiladpai-ngern, J. H., Bethell, D., Plowe, C., Anderson, 
T., Nkhoma, S., Nair, S., Tripura, R., Stepniewska, K., Pan-Ngum, W., Silamut, 
K., Cooper, B. S., Lubell, Y., Ashley, E. A., Nguon, C., Nosten, F., White, N. J. 
and Dondorp, A. M. (2015) ‘Defining the In Vivo Phenotype of Artemisinin- 
Resistant Falciparum Malaria: A Modelling Approach’, PLoS Medicine, 12(4). 
doi: 10.1371/journal.pmed.1001823.

White, M. T., Conteh, L., Cibulskis, R. and Ghani, A. C. (2011) ‘Costs and cost-effectiveness 
of malaria control interventions - a systematic review’, Malaria Journal. 
BioMed Central Ltd, 10(1), p. 337. doi: 10.1186/1475-2875-10-337.

White, N. J. (2013) ‘Pharmacokinetic and pharmacodynamic considerations in antimalarial 
dose optimization’, Antimicrobial Agents and Chemotherapy, pp. 5792-5807. 
doi: 10.1128/AAC.00287-13.

Whitty, C. J. M., Chandler, C., Ansah, E., Leslie, T. and Staedke, S. G. (2008) ‘Deployment of 
ACT antimalarials for treatment of malaria: challenges and opportunities.’, 
Malaria journal, 7 Suppl 1(Suppl 1), p. S7. doi: 10.1186/1475-2875-7-S1-S7.

WHO (1999). Making a difference. The World Health Report 1999, Health Millions, 25, 3-5.

WHO (2011b) Global plan for artemisinin resistance containment (GPARC). Geneva.

WHO (2012) ‘World Malaria Report 2012’, World Malaria Report 2012. Available at: 
http://www.who.int/malaria/publications/world_malaria_report_2012/wmr2012_f 
ull_report.pdf.

WHO (2015) World heath statistics 2015. doi: ISBN 978 92 4 156525 7.

Wiedemann, N., Frazier, A. E. and Pfanner, N. (2004) ‘The Protein Import Machinery of 
Mitochondria’, Journal o f Biological Chemistry, 279(15), pp. 14473-14476. 
doi: 10.1074/jbc.R400003200.

Williamson, C. (2014) ‘Introduction to bioinformatics’.

162

http://www.who.int/malaria/publications/world_malaria_report_2012/wmr2012_f


Willmund, F., Dorn, K. V, Schulz-Raffelt, M. and Schroda, M. (2008) ‘The chloroplast DnaJ 
homolog CDJ1 of Chlamydomonas reinhardtii is part of a multichaperone 
complex containing HSP70B, CGE1, and HSP90C.’, Plant Physiology, 148(4), 
pp. 2070-82. doi: 10.1104/pp.108.127944.

Wingfield, P. T., Palmer, I. and Liang, S. M. (2014) ‘Folding and purification of insoluble 
(inclusion body) proteins from Escherichia coli’, Current Protocols in Protein 
Science, 2014, p. 6.5.1-6.5.30. doi: 10.1002/0471140864.ps0605s78.

Witkowski, B., Khim, N., Chim, P., Kim, S., Ke, S., Kloeung, N., Chy, S., Duong, S., Leang, 
R., Ringwald, P., Dondorp, A. M., Tripura, R., Benoit-Vical, F., Berry, A., 
Gorgette, O., Ariey, F., Barale, J. C., Mercereau-Puijalon, O. and Menard, D. 
(2013) ‘Reduced artemisinin susceptibility of plasmodium falciparum ring 
stages in western cambodia’, Antimicrobial Agents and Chemotherapy, 57(2), 
pp. 914-923. doi: 10.1128/AAC.01868-12.

World Health Organization, White, N. J., Pukrittayakamee, S., Hien, T. T., Faiz, M. A., 
Mokuolu, O. a and Dondorp, A. M. (2014) ‘World Malaria Report 2014’, 
Lancet, 383(9918), pp. 165-176. doi: 10.1016/S0140-6736(13)60024-0.

Wright, G. J. and Rayner, J. C. (2014) ‘Plasmodium falciparum Erythrocyte Invasion: 
Combining Function with Immune Evasion’, PLoS Pathogens, 10(3), pp. 1-7. 
doi: 10.1371/journal.ppat.1003943.

Wu, L., van den Hoogen, L. L., Slater, H., Walker, P. G. T., Ghani, A. C., Drakeley, C. J. and 
Okell, L. C. (2015) ‘Comparison of diagnostics for the detection of 
asymptomatic Plasmodium falciparum infections to inform control and 
elimination strategies’, Nature, 528(7580), pp. S86-S93.

Yamada, T., Bork, P. (2009). Evolution of biomolecular networks: lessons from metabolic and 
protein interactions. Nat Rev Mol Cell Biol. 10:791-803.

Yamamoto, H., Momose, T., Yatsukawa, Y.,I., Ohshima, C., Ishikawa, D., Sato, T. (2005)
Identification of a novel member of yeast mitochondrial Hsp70-associated motor 
and chaperone proteins that facilitates protein translocation across the inner 
membrane. FEBS Lett. 579(2): 507-511. PMID: 15642367

Young, J. C., Moarefi, I. and Ulrich Hartl, F. (2001) ‘Hsp90: A specialized but essential 
protein-folding tool’, Journal o f Cell Biology, 154(2), pp. 267-273. doi: 
10.1083/jcb.200104079.

Yochem, J., Uchida, H., Sunshine, M., Saito, H., Georgopoulos, C. P., and Feiss, M. (1978): 
Genetic analysis of two genes, dnaJ and dnaK, necessary for Escherichia coli 
and bacteriophage lambda DNA replication. Molecular General Genetics, 
164(1), 9-14.

Zaim, M., Aitio, A. and Nakashima, N. (2000) ‘Safety of pyrethroid-treated mosquito nets’, 
Medical and Veterinary Entomology, pp. 1-5. doi: 10.1046/j.1365-

163



2915.2000.00211.x.

Zerbs, S., Giuliani, S. and Collart, F. (2014) Small-scale expression o f proteins in E. coli. 1st 
edn, Methods in Enzymology. 1st edn. Elsevier Inc. doi: 10.1016/B978-0-12- 
420070-8.00011-8.

Zhai, P., Stanworth, C., Liu, S. and Silberg, J. J. (2008) ‘The human escort protein Hep binds to 
the ATPase domain of mitochondrial Hsp70 and regulates ATP hydrolysis’, 
Journal o f Biological Chemistry, 283(38), pp. 26098-26106. doi:
10.1074/jbc.M803475200.

Zhai, P., Vu, M. T., Hoff, K. G. and Silberg, J. J. (2011) ‘A conserved histidine in human 
DNLZ/HEP is required for stimulation of HSPA9 ATPase activity’, Biochemical 
and Biophysical Research Communications. Elsevier Inc., 408(4), pp. 589-594. 
doi: 10.1016/j.bbrc.2011.04.066.

Zhang Zhang, V. B. B. J. Y. K.-H. C., Townsend, J. P., Zhang, Z., Bajic, V. B., Yu, J. and 
Cheung, K.-H. (2011) ‘Data Integration in Bioinformatics: Current Efforts and 
Challenges’, Bioinformatics - Trends and Methodologies, (1), pp. 1-16. doi: 
10.5772/21654.

Zhu, X., Zhao, X., Burkholder, W. F., Gragerov, A., Ogata, C. M., Gottesman, M. E., 
Hendrickson, W. A. (1996). Structural analysis of substrate binding by the 
molecular chaperone DnaK. Science 272, 1606-1614

A. and Gierasch, L. M. (2015) ‘Substrate-binding domain conformational 
dynamics mediate Hsp70 allostery.’, Proceedings o f the National Academy of 
Sciences o f the United States o f America, 112(22), pp. E2865-73. doi: 
10.1073/pnas.1506692112.

Achilonu, I., Hoppe, H., Prinsloo, E., Dirr, H. W. and Shonhai, A. (2015)
‘ Overexpression, Purification and Characterisation of the Plasmodium 
falciparum Hsp70-z (PfHsp70-z) Protein’, Plos One, 10, p. e0129445. doi: 
10.1371/journal.pone.0129445.

Achilonu, I., Hoppe, H., Prinsloo, E., Dirr, H. W. and Shonhai, A. (2016) 
‘Plasmodium falciparum Hsp70-z, an Hsp110 homologue, exhibits independent 
chaperone activity and interacts with Hsp70-1 in a nucleotide-dependent 
fashion’, Cell Stress and Chaperones, 21(3), pp. 499-513. doi: 10.1007/s12192- 
016-0678-4.

Zofou, D., Nyasa, R. B., Nsagha, D. S., Ntie-Kang, F., Meriki, H. D., Assob, J. C. N. and 
Kuete, V. (2014) ‘Control of malaria and other vector-borne protozoan diseases 
in the tropics: enduring challenges despite considerable progress and 
achievements.’, Infectious diseases o f poverty, 3(1), p. 1. doi: 10.1186/2049- 
9957-3-1.

Zhuravleva,

Zininga, T.,

Zininga, T.,

164



APPENDICES

Appendix A: Nucleotide sequences used (Fasta format)

>PfHsp70-3 Codon optimized sequence
ATGTCGGGTGATATTATTGGCATTGACCTGGGCACCACGAACTCCTGCGTCGCTATTATGGAAGGCAAACAAGGCAA 
AGTGATTGAAAACAGTGAAGGCTTTCGTACCACGCCGTCCGTGGTTGCGTACCAACGATAATCAGCGTCTGGTCGGT 
ATTGTGGCCAAACGCCAAGCAATCACGAACCCGGAAAATACCGTTTATGCTACGAAACGTTTTATTGGCCGCAAATA 
CGATGAAGACGCGACCAAAAAAACAGAAAAACCTGCCGTATAAAATTGTGCGTGCCAGCAATGGTGATGCTTGGATC 
GAAGCGCAGGGCAAAAAATACAGCCCGTCTCAAATTGGCGCATGCGTTCTGGAAAAAATGAAAGAAACCGCGAAACT 
ATCTGGGTCGCAAAGTGCATCAGGCGGTTATTACCGTCCCGGCCTACTTTAATGACAGTCAGCGTCAAGCCACGAAA 
GATGCAGGTAAAATCGCTGGCCTGGACGTGCTGCGCATTATCATGACCGACCGCCGCGGCACTGGCATTTGGTCTGG 
AAAAATCCGATGGCAAAGTGATTGCAGTTTATGACCTGGGCGGTGGCACCTTTGATATTTCAATCCTGGAAATCCTG 
TCGGGTGTCTTCGAATGAAGCAACCAACGGCAATACGTCACTGGGTGGCGAAGATTTTGACCAGCGCATTCTGGAAT 
ACTTCATCTCGGAATTCAAGAAAAAAGAAAACATCGACCTGAAAAACGATAAACTGGCTCTGCACGTCTCGCGAAGC 
TGCGGAAACCGCGAAAATCGAACTGAGCTCTAAAACCCAAACGGAAATTAACCTGCCGTTCATCACCGCCAATCAGA 
CGGGCCCGAAACATCTGCAAATTAAACTGACCCGTGAAAACTGAAGAACTGTGTCACGATCTGCTGAAGGGTACGAT 
TGAACCGTGCGAAAAATGTATCAAAGATGCGGACGTCAAAAAAGAAGAAATCAACGAAATCATCCTGGTGGGTGGCA 
TGACCCGCTGCCGAAGTTACCGATACGGTCAAACAGATCTTTCAAAACAATCCGAGCAAAGGTGTTAATCCGGATGA 
AGCGGTTGCACTGGGTGCAGCAATTCAGGGTGGCGTTCTGAAAGGTGAAATCAAAGACTGCTGCTCTGGATGTCATT 
CCGCTGTCACTGGGTATCGAAACCCTGGGTGGCGTGTTCACGAAACTGATTAACCGTAATACCACGATCCCGACCAA 
AAAATCACAGATTTTTAGCACCGCTGCGGATAACCAGACGCAAGTTAGTATCAAAGTTTTCCAAGGCGAACGTGAAA 
GCTAGCGATAATAAACTGCTGGGTTCTTTTGATCTGGTGGGCATTCCGCCGGCGCCGCGCGGTGTTCCGCAGATCGA 
AGTCACCTTCGATGTGGACGCTAACGCGATTATCAATATTAGCGCCATCAAAAATGACCAACAAAAAACAGCAAATC 
ACGATCCAGAGTTCCGGTGGCCTGAGCAAAGAAGAAATCGAAAAAATGGTTCAGGAAGCCGAACTGAATCGCGAAAA 
AGATCAACTGAAGAAAAACCTACGACTCTAAAAATGAAGCAGAAACGCTGATTTATTCATCGGAAAAACAGCTGGAA 
GACTTCAAAGATAAAATCAGTGATTCCGACAAAGATGAACTGCGTCAGAAAATCACCGTGCTGCGCGAAAACTACGA 
GTGAAGACCTGGATTCCATTAAAGATGCGACCAAACAGCTGCAAGAAAAAAGCTGGGCCATCTCTCAGGAAATGTAC 
AAAAACAATGCACAGCAAGGT GCCCAACAGGAACAACCGAACACGAAACAAAGCCGAAGAAAACAAAGACAACGCAT 
AA

>PfHep1 Codon optimized sequence
CATATGGCGCACCTTCAGCCGTATCATCCTGACGAAAGACATCAACTTCAAGAAAGAAAAGAAAAACTTCAGCAGCC 
TGTTCCAGCGTTACAACATCAACAACCTGAGCTCTAAAAACGATAACCATTTCTGCATCGTCCCGTTCAATAGCACC 
AACAACT TCATCATCAGCAAAAAATCTTTCGTCACGAAAAACGAACGTGTGCAGAACGAAAAAATCATCCAAGATGA 
CAAATTCGAAAAATCTAACGATAAAGTTATCTACGACAACAAAAGCAAACACCTGTCTGATAAAATTATCTGTGATG 
ACAAAATCATCGAACTGAACGAAAACATCATCACCAACACGATCAATAATAATAATAATAATAACAATAATAATAAT 
AACAACAACAACAATAACTCAAATAACAATAACAATAACTCGAACAATAACAACAATAACTCTAACAACAATAACAA 
CAACAACGAAGAAATCATCAACACCAGTTCCAACATCCTGGATATCGAAAACAACAAAATCATCCAGATCAACAACG 
GCGAAGAAAGCGAAATCCTGGATAAAAACCTGAATGAAGATCTGGTTGACAAAGAAATCGACCAGAAAAAGAAAGAA 
TACCTGGTCCTGATGTTTACCTGCAACATCTGTGAAAAGAAAAGCGCGAAAAAATTCTCCAAACAGGCCTATTACAA 
CGGCGTGGTTATTGTGCGCTGCCCGTCTTGTGAAAATCTGCATCTGATCAGTGATCAGCTGGGCTGGTTCCAAGACG 
GTAAAACGAACATCGAAAAAATCCTGGAAGAAAAAGGTGAAAAAGTTGTGAAAAAATTCTCTTACAATAATCTGCTG 
GAAGTGGACGACCTGCTGAACGCATACAAAGGTACC

>Pfj1 optimized coding sequence
ATGAGAGGATCGCATCACCATCACCATCACGGATCCAACCAGGACCCGTACACCGTTCTGGGTCTGTCTCGTAACGC
GACCACCAACGACATCAAAAAACAGTTCAGGCTGCTGGCGAAAAAATACCCCGGACATCAACCCGTCTCCGGACGCG
AAACAGAAAATGGCGTCTATCACCGCGGCGTACGAACTGCTGTCTGACCCGAAAAAGAAAGAATTCTACGACAAAAC
CGGTATGACCGACGACTCTAACACAGAACCACTCTTCTAACTTCGAAGGTGCGTTCTCTGGTTTCGGTGACGCGTCT
TTCATGTTCACCGACTTCGCGGAAATGTTCACCAACATGGCGGGTGGTAACAAAAACACCTCTACCCGTGGGAGACA
TCCAGTCTGAAATCACCCTGAAATTCATGGAAGCGATCAAAGGTTGCGAAAAAAACTCGCGACTGAACGTTAAAGTT
TCTTGCAACAACTGCAACGGTTCTGGTAAAAAACCGGGCACCACCTACCATCTGCAAAGTTTGCAACGGTTCTGGTA
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TCCAGCGTATGGAACGTGGTCCGATCATCATCGGTGTTCCGTGCCGTAACTGCTCTGGTAACGGTCAGATCATCAAC 
AACCCGTGCAAACACGCTCGGTTCTGGTGTTAAATTCCAGACCAAAAACATCACCCTGGACATCCCGCCCGGGATCA 
AAAAAGGTATGCAGATGCGTATCCCGAACCAGGGTCACTGCGGTTACCGTGGTGGTAAATCTGGCACCTTTCGTTAC 
CATCAACAT CGAACCGCACAAAATCTTCAAATGGGTTGACGACAACATCTACGTTGACGTTCCGCTGACCATCAAAC 
AGTGCCTGCTGGGTGGTCTGGTTACCGTTCCGACCCGAACGGGACATGGACCTGCTGATCAAACCGAAAACCTACCC 
GAACTCTGAAAAAATCCTGAAAGGTAAAGGTCCGTGCAAAGTTGACTCTCACAACAACGGTGACCTGATCATCAAAT 
TCTCTCTGAAATCCCGAAAAACTGACCCCGCGTCAGGTTGAACTGATCGAAGAATTCAACACCATCGAACTGAACCT 
GCCGAACCCGCAGACCAACGTTAAACAGAAAAAAAACATCTACGAAACCAAAGGTAAATCAACGAAACATCTTCTCT 
ATGAACAACACCTACAACAACATGAAAGGTCCGGAAGGTGAAACCTCTAACACCCAGGCGAAATCTATGAAAAACCA 
GAACTGGAACAACGAAAAATCTGTTAACACAAAGGCACATCTCTAAAGACGAAAAAAAACTGAACATGAAAAACAAC 
CACATCAACGAAAAATCTAACCTGAAAAACTCTTCTCACATGGACACCAACAAAAACGAAGAAAACATGTCTGACGA 
CAAAAAAAAAAATCAAAAAAATCATCCCGGAACCGCCGATGCCGCACACCCACAAAATCGTTAACAACCTGGAATCT 
AAAAACTCTTGCAACATCCCGATCCCGCCGCCGCCGCCGAAATCTTCTTCAAACCGATCTCGAAAACCAGAACATCT 
CTAACCGTGAACACAACGGTGTTACCAACAACTCTGCGAAACTGGACAACAACATCAACATGAACTACTCTTGCGAC 
CCGTACAAAAACGTTACCCAGACGACCTGAACAAAACGACAACATCAAAAACAAAATCTACAAAGACAACACCAACA 
TCTCTAACCACCACATCTTCAAAAACGACAACATCAACCAGCAGCAGTTCCACTGCGCGGACAACTCTTCTAAAACA 
ACAACGATCTGACATGAACACCACCTCTACCTTCTCTTTCGCCAAAAAATGGATCTCTGACAAACTGAAACCGAAAA 
ACTAAGGTA

>Pfj1-J optimized coding sequence
ATGGATCCTTATACAGTTTTAGGTTTATCTAGAAATGCTACAACAAATGATATAAAAAAGCAATTTCGCTTACTAGC 
CAAAAAATATCATCCAGATATTAATCCATCTCCAGATGCAAAGCAAAAAATGGCTAGTATTACTGCAGCATATGAAT 
TATTATCAGAT CCTAAAAAGAAAGAGTTTTATGATAAAACAGGAATGACTGATGATTCAAATTATCAAAATCATTCA 
TCTAATTTTGAAGGAGCTTTTTCAGGATTTGGAGATGCATCCTTCATGTTTACAGATTTTGCAGAAATGTTTACAAA 
TATGGCAGGAGGAAATAAAAATACATCAACAAGAGGTGAAGATATACAAAGTGAAATAACATTAAAATTTATGGAAG 
CTATTAAAGGATGTGAAAAAAATATTCGATTAAATGTAAAAGTATCATGTAATAATTGTAATGGATCTGGTAAAAAA 
CCAGGTACTAATTTAACCATATGTAAAGTTTGTAACGGTTCAGGTATTCAACGTATGGAAAGGGGACCTATAATTAT 
TGGAGTACCATGTAGAAATTGTTCAGGTAATGGACAAATTATAAATAACCCTTGTAAACATTGCTCAGGTAGCGGTG 
TCAAATTTCAAACATGA.

Appendix B: Cloning Procedure

The pACYCDuet1-PfHep1 sub-cloning into pQE30 to create pQE30-PfHep1 was done as 

follows: The PACYCDuet1-PfHep1 chimera and pQE30 expression vector were double digested 

(BamHI]HindIII), the resultant PfHep1coding sequence and digested pQE30 expression vector 

were subsequently gel purified using GeneJET Gel Extraction Kit (Thermo Scientific, Lithuania) 

(appendix J) and ligated(appendix I) to each other. Competent E. coli DH5a™ cells 

(appendixH) were transformed with ligated products and plated on 2xYT agar plate (1.5% (w/v) 

tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl and 1.5% (w/v) agar) supplemented with 

ampicillin to a final concentration of 100pg/mL. Successful transformants were screened as 

follows; each selected colony was inoculated into 5 mL 2xYT broth (1.5% (w/v) tryptone, 1% 

(w/v) yeast extract and 0.5% (w/v) NaCl) and incubated at 37oC with shaking overnight. The 

cells were harvested by centrifugation at 10,000 x g for 2 minutes and the plasmids were
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extracted and purified using the alkaline lysis method (Appendix L) using ZyppyTM Plasmid 

Minprep Kit (ZYMO Reseach Kit, USA). The isolated plasmid was double digested with 

BamHI and HindIII and analyzed through agarose gel electrophoresis. The pQE30-PfHep1 

plasmid isolates from cells that produced the expected size bands corresponding to the coding 

sequence insert, were reproduced, propagated and stored in E. coli DH5a™ cells.

Appendix C: Agarose Gel Electrophoresis

Agarose gels were prepared as follows; 0.4g agarose was weighed and dissolved in 50mL of 

1xTBE buffer (Tris 2.75g , Boric acid 1.375g ,EDTA 0.372g EDTA in 1L water) to make 0.8% 

gel. The suspension was heated in a microwave until the agarose was completely melted. 10^l of 

ethidium bromide was added to the suspension after cooling to approximately 30oC and poured 

into the gel casting tray with combs inserted. The gel was left to set and transferred into a 

submerging 1x TBE buffer in the gel buffer tank. The sample loading buffer (7mL 1xTBE 

buffer, Glycerol 30% and Bromophenol blue 0.25%) was added to the DNA samples and 30^l of 

the sample mixture was loaded on to the wells. The gel was run in the buffer with powerpack at 

90v/20 mA.

Appendix D: Preparation of Competent cell (E. coli cells)

E. coli cells weregrown in overnight (37°C, 200 rpm) in 5mL of 2x YT (1.6% tryptone, 1% yeast 

extract, 0.5% NaCl) / LB media (1% tryptone, 0.5% yeast extract, 1% NaCl) supplemented with 

appropriate antibiotic for strain selection(5^l of the antibiotic was added). The overnight culture 

was diluted into 100 mL of 2x YT / LB media to an A600 of 0.1 along with addition of 105^l of 

appropriate antibiotic and allowed to grow until early log phase (A600 of 0.6). The cells were 

harvested by centrifugation (5000 xg, 5 minutes, 4°C) and the pellet was resuspended in 50 mL 

of ice-cold 0.1 M MgCl2 (4°C). The cells were incubated for two minutes at 4°C and centrifuged 

as before and resuspended in 25 mL of ice-cold 0.1 M CaCl2 (4°C). The cells were then 

incubated at 4°C for one hour and harvested by centrifugation as before. The cells were then re­
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suspended in 5mL of 0.1 M CaCl2 and 5mL of 30% (v/v) glycerol was added. The cells were 

divided into aliquots (300^l) and stored at -80°C for further use.

Appendix E: Media preparation Recipes 
2*Yeast-Tryptone (2YT) Broth growth medium

Tryptone 16g/L

Yeast Extract 

NaCl

Dissolve in 1L distilled water and autoclave (121°C and 119 kPa for 30 minutes) 

2*Yeast-Tryptone (2YT) Agar

The recipe is similar to that of 2YT broth with an addition of 15g bacteriological agar per liter 

followed by autoclaving (121°C and 119 kPa for 30 minutes).

Luria-Bertani (LB) growth medium

Tryptone 10g/L

Yeast Extract 5g/L

NaCl 10g/L

Dissolve in 1L distilled water and autoclave (121°C and 119 kPa for 30 minutes)

10g/L

5g/L

Appendix F: Sodium dodecyl sulphate -  polyacrylamide gel electrophoresis (SDS-PAGE)

The protocol for SDS-PAGE analysis was done as previously described (Shapiro, et al., 1967). 

Protein samples were treated with 5x SDS-PAGE sample buffer (10% glycerol, 2% SDS, 5% P- 

mercaptoethanol, 0.05% bromophenol blue, 0.0625 M Tris, pH 6.8) in a ratio of 4:1 respectively 

and loaded onto a polyacrylamide gel constituted by a resolving gel (12% (w/v) acrylamide, 

0.1% (w/v) SDS, 0.05% (w/v) ammonium persulphate (APS), 0.005% (v/v) N,N,N’,N’- 

tetramethylethylenediamine (TEMED), 0.375 M Tris, pH 8.8) and a stacking gel (4% (w/v) 

acrylamide, 0.1% (w/v) SDS, 0.05% (w/v) APS, 0.005% (v/v) TEMED, 0.125 M Tris, pH 6.8). 

The gel was resolved in a Mini ProteanR II system (Bio-Rad) at 150 V for one hour and stained 

or used for Western analysis (Section F10). Staining of the SDS-PAGE gel was achieved in
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Coomassie Blue stain (40% (v/v) methanol, 7% (v/v) acetic acid, 0.25% (w/v) Coomassie Blue 

R250 in distilled water) for 30 minutes and subsequent destaining was achieved overnight in 

destain solution (40% (v/v) methanol, 7% (v/v) acetic acid in distilled water).

Appendix G: Protein detection by western analysis

The protocol for the detection of proteins by Western analysis was done aspreviously described 

(Towbin, et al., 1979). Proteins were resolved by SDS-PAGE and transferred onto nitrocellulose 

membrane in transfer buffer (20% (v/v) methanol, 192 mM glycine, 25 mM Tris) at 100 V for 90 

minutes in a Mini ProteanR III Western trans-blot system (Bio-Rad). Protein transfer was 

verified with Ponceau S stain (0.5 % (w/v) Ponceau S, 1% (v/v) glacial acetic acid). The 

membrane was subsequently destained with distilled water and incubated overnight at 4°C in 

blocking solution comprised of 5% (w/v) fat-free milk powder in Tris Buffered Saline (TBS; 50 

mM Tris, 150 mM NaCl, pH 7.5). The membrane was incubated with appropriate primary 

antibody (1:5000 in blocking solution unless otherwise stated in the text) for one hour at room 

temperature and subsequently washed three times with Tris Buffered Saline-Tween buffer (TBS- 

T; TBS containing 0.1% (v/v) Tween 20). The membrane was similarly incubated with the 

appropriate horse-radish peroxidise (HRP)-conjugated secondary antibody (1:5000 in blocking 

solution unless otherwise stated in the text) for one hour at room temperature and washed with 

TBS-T as before. Chemiluminescence-based protein detection was achieved using the ECLTM 

Western blotting kit (GE Healthcare) as per the manufacturer’s instructions, and captured with a 

Chemidoc chemiluminescence imaging system (Bio-Rad).

Appendix H: Preparation of Parasite Medium Culture

Albumax II and 2.5g and 2g glucose were added to a 50mL plastic centrifuge tube. In the 

laminar flow hood, approximately 50 mL of the RPMI 1640 medium was added into the tube and 

dissolved in the Albumax and glucose. The 44mg hypoxanthine was weighed out separately into 

a microfuge tube and dissolved by adding approximately 1mL 0.1N NaOH. The hypoxanthine 

solution was then added to the Albumax/glucose medium solution in the 50mL tube. 0.3mL of 

the Gentamicin solution was then added to the 50mL tube. The solution in the 50mL tube was
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sterilized by filtration in the laminar flow hood where the solution was pushed through a 0.2p,m 

50mL syringe filter into a fresh sterile 50mL tube. The filtered solution was added back into the 

bottle containing the 500mL RPMI 1640 medium. The medium was stored in a fridge at 4°C, and 

was used within a month.

Appendix I: DNA Ligation Procedure

Ligation reaction was set up in a microfuge tube as follows:

Purified plasmid: 100ng 

PCR product:

10x NEB ligase buffer: 

Water:

NEB T4 DNA ligase:

6-fold molar excess (= 3x (size of insert/size of plasmid)x100ng) 

1 ^L

to make total volume 10 ^L 

1 ^L

The tube containing the reaction mixture was placed on ice/water and incubated in an overnight. 

The ligation reaction was thereafter stored at 4 degrees

Appendix J: DNA Products Gel Purification

The DNA products were purified according to the Thermo Scientific (Lithuania) DNA gel 

purification Kit protocol. The gel slices containing the DNA were transferred to a microfuge and 

weighed to calculate the actual net weight of the gel slices (weight -  weight of empty tube). The 

membrane binding solution was added to the gel slices in the ratio of 10^l : 10mg and heated to 

60 degrees in the heating block to dissolve the gel slices. Heating was accompanied with 

vortexing to ensure complete dissolving. The dissolved gel slice was transferred into the SV 

mincolumn followed by centrifugation for 1 minute to bind the DNA to the column (the 

procedure was repeated by adding back the dissolved gel slice into the column). The column was 

washed twice in with the membrane wash solution (500^l). The DNA was eluted with nuclease- 

free water (50^l) pre-heated at approximately 50oC.
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Appendix K: Plasmid Maxiprep

The procedure was meant to isolate large amount of pure plasmid DNA (200-500p,g) for the 

transfection of malaria parasite. The plasmid was isolated using the QIAfilter™ Plasmid Maxi 

Kit (Qiagen, Germany). In summary, 200mL of LB broth culture of E.coli cells transformed with 

appropriate plasmid was harvested by centrifugation (5000 rpm, 15 minutes) and the pellet was 

resuspended in 10mL buffer P1 containing RNase and LyseBlue. 10mL buffer P2 was added to 

the suspension and mixed thoroughly to lyse the bacteria cells followed by incubation for four 

minutes and ensuring that the incubation time does not exceed five minutes. After incubation, 

cold 10mL buffer P3 was added and the bacterial lysate was immediately transferred to a 

Qiafilter cartridge (nozzle cap attached) followed by incubation for 10 minutes. The bacteria 

lysate was transferred from the Qiafilter cartridge to a Qiagen tip (equilibrated with 10mL QBT 

buffer) using a syringe plunger followed by wash of the Qiagen tip with with 3x 15mL QC 

buffer ensuring complete draining of the wash buffer after each wash. The bound plasmid was 

eluted into fresh 50mL using 15mL QF buffer. To the eluate, 10.5mL (0.7 vol) isopropanol was 

added and mixed thoroughly by shaking followed by centrifugation (15000rpm, 30 minutes, 

4oC). The supernatant was carefully discarded and the pellet was washed in 3mL of 70% ethanol 

followed by centrifugation (15000rpm, 5minutes). The washing step was repeated and excess 

70% ethanol was removed by air drying. The resultant pellet was dissolved in 1 mL pre-heated 

(50oC) nuclease free water and stored in -20oC for further analysis.

Appendix L: Isolation of plasmid DNA(Miniprep)

Alkaline lysis method was used for the isolation of plasmid DNA. Competent E.coli cells were 

grown in an overnight (37°C, 180 rpm) in 2x YT culture (1.6% tryptone, 1% yeast extract, 0.5% 

NaCl) supplemented with relevant antibiotics after transformation with respective plasmids. The 

cells were harvested in a microcentrifuge (12000rpm, 2minute) and plasmid DNA isolation was 

performed according to ZyppyTM Plasmid Miniprep Kit (Zymo research, USA). Briefly, the 

pellet of the harvested cells was resuspended in 600^L of bacterial 2YT culture growth medium 

in a 1.5mL microcentrifuge tube. To the mixture, 100^L of 7* lysis buffer was added and mixed 

gently by inverting 6 times and allowed to stand for one and half minutes. This was followed by 

the addition of 350^L of cold neutralization buffer and mixed thoroughly by inverting until the
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mixture sample turned yellow. The mixture was centrifuged (12000rpm, 4minute) and the 

supernatant was transferred into Zymo-SpinTM IIN column. The columns were placed in the 

collection tube and centrifuged for one minute. The flow through was discarded and the columns 

were placed back into the collection tube and to it 200^L of Endo-Wash buffer was added and 

centrifuged for one minute. To the column, 400^L of ZyppyTM wash buffer was added and 

centrifuged for one minute and the step was repeated. The column was then transferred into a 

clean 1.5mL microcentrifuge tube and 30^L of ZyppyTM elution buffer was added directly to the 

column matrix and left to stand for one minute followed by centrifugation (12000rpm, 1minute). 

All procedures were conducted at room temperature (25oC).

Appendix M: Plasmid DNA enzyme restriction digest

Appropriate restriction endonuclease(s) were used for plasmid DNA digest by incubating 

respective DNA and the ezymes for three hours at 37°C. The reaction set up for double digest 

restriction reaction was set as follows: Water (30^L), plasmid miniprep (6^L), 10x NEB buffer 

(4^L) and restriction endonuclease enzymes (0.5^L each). The buffers and the respective 

enzymes used were from BioLabs, New Englands. The 1kb DNA ladder (BioLabs, England) was 

prepared by mixing 4pl (distilled water), 1pl (DNA Ladder) and 1pl (Gel loading dye, purple 6*) 

to the total volume of 10pl The compatibility of the restriction buffers for single and double 

restriction enzyme digestions were determined as per the supplier’s recommendations. The 

digested DNA was resolved by agarose gel electrophoresis.

Appendix N: Polymerase chain reaction (PCR) protocol

PCR reaction was set up in a 200pl PCR tube as follows; water: 37^l, 5x KAPA HiFi buffer 

(KAPA Biosystems, USA):10^l, KAPA dNTP mix: 1^l (0.2mM final concentration), DNA 

template: 2.0^l (for cDNA and genomic DNA and 0.5pl for plasmid) and primers (forward and 

reverse): 1.5^l of each and the final volume was made to 50^l. The mixture in the PCR reaction 

tube was inserted into the PCR simpliAmp™ thermal cycler (Biosystems life technologies, 

Singapore) followed by closing the lid and heating at 94oC for two minutes and then paused. 5pl 

HiFi DNA polymerase (0.5 units) was added to the reaction tubes as faster as possible to avoid
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any excessive cooling and evaporation. The PCR cycle was resumed; 94oC for 0:40 min 

(denaturation phase), 60-64oC 0:45 minutes (annealing phase) and 70oC for 2:00 min (extension 

phase).The cycles were repeated 30 times with one final cycle of 5:00 min at 70oC followed by 

cooling to 4oC. The PCR reaction products were run on the agarose gel to confirm the presence 

of the target amplified product.

Appendix O: Preparation of PCR product for cloning

The PCR products were cleaned using GeneJet Gel Extraction Kit (Thermo Scientific, Lithunia) 

according to the manufacturer’s instructions. Briefly, the agarose gel slices containing bands of 

interest were transferred into a microfuge tube and the net weight of gel slices was determined 

accordingly (Total weight minus weight of empty tube). Membrane binding solutionwas added 

to the gel slices in the ratio 10pf:10mg and heated for 10 minutes at 60 degrees followed by 

maximum vortexing to dissolve the slices completely. The dissolved gel slices containing PCR 

products was transferred into the column tubes and centrifuged (12000rpm, 1 minute) to bind 

the DNA to the column followed by washing of the column with 500^L Membrane Wash 

solution and centrifugation for one minute. The column tubes were centrifuged again to remove 

all traces of the membrane wash buffer followed by elution of the PCR product with 50^L of 

nuclease-free water, pre-heated to 50 degrees. Elution was accomplished by centrifugation 

(12000rpm, 1 minute). The concentration of the eluted samples was determined by a nanodrop 

instrument. Cleaned PCR products were constituted as follows for restriction digest; 50p,L 

purified PCR product, 4^L nuclease free water, 6p,L NEB 10x restriction compatible 

bufferandlpL of each endonuclease enzyme. The products were double digested as described in 

appendix.. The restricted PCR products were confirmed by agarose gel electrophoresis as 

described in appendix C2 with an exception of using TAE buffer (4.84 Tris and 0.37g EDTA and 

1.14mL glacial acetic acid). The products were gel purified and concentration was determined by 

nanodrop.
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Appendix P: Evolutionary conservation of Hep1 and functional residues in P.falciparum 

and other species across higher organisms.

Evolutionary conservation of Hep1 in PfHep1 and other species across the kigdom
animalia: Mus musculus (Mm), Rattus norvegicus (Rn), Homo sapiens (Hs), Equus caballus 
(Ec), Peregrine falcon (Fp), Alligator mississippiensis (Am), Danio rerio (Dr), Xenopus 
tropicalis (Xt), Drosophila melanogaster (Dm), Plasmodium falciparum (Pf), Plasmodium vivax 
(Pv), Plasmodium knowlesi (Pk), Plasmodium yoelii (Py), Plasmodium berghei (Pb), 
Plasmodium chabaudi(Pc), Chlamydomonas reinharditii (Cr), Coccomyxa subellipsoidea (Cs), 
Ostreococcus tauri (Ot), Physcomitrella patens (Pp), Arabidopsis thaliana (At), Oryza sativa 
(Os), Zea mays (Zm), Wallemia ichthyophaga (Wi), Tremella mesenterica (Tm), Saccharomyces
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cerevisiae (Sc)Ashbya gossypii (Ag), Debaryomyces hansenii (Dh), Aspergillus niger (An), 
Neurospora crassa (Nc), Colletotrichum graminicola (Cg), Sclerotinia sclerotiorum (Ss), 
Botrytiscinerea (Bc).

Dm
Ec
Hs
Mm
Rn
Dr
Xt
Fp
Am
Sc
Ag
Dh
Cg
Nc
Ss
Bc
An
Wi
Tm
Pv
Pk
Pf
Pc
Pb
Py
Cr
Cs
Ot
Ol
At
Pp
Os
zm

82 SIPLA-KLEAKMQ 
21 SRGRGRARCSASPAGLLC— Q 
58 AAALGRVEAAHYQ
62 AAALGRVEADHYQ 
58 AAALGRVKADHYQ 
70 TEAIGQLQSTHYH 
56 -CTAPTASSGHYH
8 SSPLVITRDEGGGKTPFH— Q
1 --------VARY

58 HLGSFKVDKP
60 HIGSIKVDKP]
53 NTASIKVDDPQ 
72 -AQMRLEASPHYQl 
93 QPKRDTSQVPQYE
63 SPTPPRAPQPSYD 
55 SSSPPRAPQPSYD|
83 QNRLRREQEPAYQ 
46 TSTPIGHVDPRLQ
1  -------------m t|

121 EQGRDKTTKEYMV 
132 EQGSDNIRKEYMV 
158 DKEIDQKKKEYLV 
114 TEDGKNRNKEYMV
119 MENEKKKNKEYMV
120 MEDGKKKNKEYMV

1 --------
61 a e g a h t s s g k d m:
82 TSRENANARKDLY
1 -----------

106 KSQLKINPRHD
2 RDHQKPSPRHDLA

84 TSNLKISPRHD
83 TSNLKISPRHD

Sequence alignement of the zinc finger domain of PfHep1 and its orthologs.The amino acid 
sequences for Plasmodium falciparum Hsp70 escort protein (PfHep1) and its orthologs from Mus 
musculus (Mm), Rattus norvegicus (Rn), Homo sapiens (Hs), Equus caballus (Ec), Peregrine 
falcon (Fp), Alligator mississippiensis (Am), Danio rerio (Dr), Xenopus tropicalis (Xt), 
Drosophila melanogaster (Dm), Plasmodium falciparum (Pf), Plasmodium vivax (Pv), 
Plasmodium knowlesi (Pk), Plasmodium yoelii (Py), Plasmodium berghei (Pb), Plasmodium 
chabaudi(Pc), Chlamydomonas reinharditii (Cr), Coccomyxa subellipsoidea (Cs), Ostreococcus 
tauri (Ot), Physcomitrella patens (Pp), Arabidopsis thaliana (At), Oryza sativa (Os), Zea mays 
(Zm), Wallemia ichthyophaga (Wi), Tremella mesenterica (Tm), Saccharomyces cerevisiae 
(Sc)Ashbya gossypii (Ag), Debaryomyces hansenii (Dh), Aspergillus niger (An), Neurospora 
crassa (Nc), Colletotrichum graminicola (Cg), Sclerotinia sclerotiorum (Ss), Botrytis cinerea 
(Bc) were aligned using Clustal Omega (Fabian et al. 2011). Highlighted residues and segments 
are as follows; the tetracysteine residues delimiting the zinc finger domain (Red color), residues
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D and H that play critical role on the structure and function of Hep1 protein (Blue and Green 
respectively) and the zinc finger’s c- terminal motif; zf-DNL that is part of residue D (Pink 
color).

Appendix R: Peptide directed anti-PfHsp70-3 antibody design and production

No
Start Antigenic Determinant Length Antigenicity/Surface/

Hydrophilicity
Disordered
Score Synthesis Oryctolagus_cunic 

ulus blast %  Result
1 649 CqpnnEnKaEEnKDn 14 3.10/0.93/1.35 0.2119 Y 50%
2 279 ck k k e nid lk nd k la 14 2.33/0.71/1.13 0.1136 N 56%
3 474 CvfqgEREmasDnKl 14 2.22/0.71/0.67 NONE Y 78%
4 392 CqnnpsKgvnpDEav 14 2.20/0.64/0.32 NONE Y 70%
5 60 gKqgKviEnsEgfRC 14 2.17/0.79/0.63 0.1049 Y 64%
6 114 RKYDEDATKKEQKNC 14 2.14/1.00/1.39 0.1533 Y 50%
7 556 CNREKDQLKKNLTDS 14 2.10/0.86/1.24 0.1249 Y 49%
8 253 CKatngntslggEDf 14 1.98/0.86/0.32 0.1271 Y 78%
9 300 CaEtaK iElssKtqt 14 1.71/0.79/0.60 0.1285 Y 71%
10 579 CSSEKQLEDFKDK IS 14 1.64/0.79/1.10 0.1169 Y 64%
11 28 slCtsK inRnRasgC 14 1.60/0.64/0.55 0.1279 N 42%
12 538 C SGGLSKEEIEKMVQ 14 1.60/0.71/0.81 0.0974 Y 70%
13 351 CiEpCEKCiKDaDvK 14 1.53/0.64/1.06 0.1200 N 42%
14 524 CDKmtnKKqqitiqs 14 1.29/0.79/0.34 0.1133 Y 64%
15 3 slnKKnivK ilERC 14 1.13/0.57/0.37 0.1308 Y 56%
16 593 CDSDKDELRQK ITVL 14 1.12/0.71/1.16 0.1183 Y 56%

The table depicting the list of antigenic determinants in the PfHsp70-3 sequence
Antigenicity/ Surface/ Hydrophilicity ratio, disordered score and the blast result against the 
European rabbit (Oryctolaguscuniculus) in which the antibodies were to be raised are shown.An 
extra "C" (high-lighted as green) was added to the C-terminusor N-terminus to facilitate 
conjugation to a carrier protein keyhole limpet haemocyanin (KLH). Positive charged residues 
(K,R,and H) are shown in blue. Negative charged residues (D,E) are in red."N" means the 
peptide was easy to synthesize and "Y" means synthesis could be difficult.
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