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Abstract 

Malaria is the disease caused by infection of red blood cells with the protozoan parasite, 

Plasmodium. In 2016 alone, 216 million people suffered from malaria, leading to 445 000 

deaths. Artemisinin-based combination therapies are the first-line treatment currently 

recommended by the World Health Organisation, for uncomplicated Plasmodium 

falciparum malaria. Youyou Tu, the scientist who led the team that discovered 

artemisinin, was awarded a share in The Nobel Prize for Medicine in 2015, in recognition 

of the importance of this discovery. Yet the mechanism of action of this life saving drug 

remains largely unknown.  

 

Artemisinin and its derivatives (ARTs) are sesquiterpene lactones that contain a 1,2,4-

trioxane core and endoperoxide bridge. ARTs are widely accepted to be pro-drugs that 

are activated inside the cell by iron-catalysed reductive scission of the endoperoxide 

bridge. The resultant radical species is thought to rapidly react with accessible 

nucleophiles, including free thiols of cysteine residues in nearby proteins. Several studies 

have demonstrated that ARTs form adducts with hundreds of different parasite proteins 

in different compartments of the cell. However, the critical event leading to parasite death 

has not yet been elucidated. We hypothesised that ART-induced parasite killing is 

triggered by a lethal accumulation of cellular and protein damage. 

 

Here we show, using the novel cell-permeable thiol probe, tetraphenylethene maleimide 

(TPE-MI), that treatment of P. falciparum cultures with the clinically relevant ART 

derivative dihydroartemisinin (DHA), causes an increase in the level of unfolded proteins 

in the cell, indicating protein damage. We further show that DHA activates the Unfolded 

Protein Response (UPR), a well-conserved eukaryotic signalling pathway triggered by 

accumulation of unfolded proteins in the endoplasmic reticulum (ER). The UPR works to 

restore by protein homeostasis by arresting protein translation, thereby halting the influx 

of newly synthesised unfolded protein into the ER and thus preventing further increases 

in unfolded protein and protecting the cell from unfolded/misfolded protein damage. 

 

The UPR of protozoan parasites primarily involves stalling of protein translation via eIF 

(eukaryotic initiation factor)-2a phosphorylation. The P. falciparum kinase responsible 
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for regulation of the UPR has not yet been identified. Here we identify, using genetic 

knockdown and small molecule inhibition, that Protein Kinase 4 (PK4) phosphorylates 

eIF2a in response to DHA and 1, 4-dithiothreitol (DTT), a reducing agent well known to 

induce ER stress and activation of the UPR. 

 

The ER also works to restore protein homeostasis by disposing of terminally misfolded 

proteins via the ubiquitin-proteasome pathway, a process termed ER-associated 

degradation. We show that DHA treatment actually results in a reduced capacity of the 

proteasome to degrade protein, thereby resulting in a build-up of polyubiquitylated 

proteins. Furthermore, we find that co-treatment of parasites with DHA and chemical 

inhibitors of polyubiquitylation, prevents polyubiquitylated proteins from accumulating, 

reduces the level of ER stress and strongly antagonises DHA-induced killing. These 

findings lead us to conclude that accumulation of polyubiquitylated proteins is the critical 

event that underlies DHA-induced parasite killing. Furthermore, we show that ART 

resistant parasites appear to accumulate a lower level of polyubiquitylated proteins 

following ART treatment. Thus, a defect in protein ubiquitylation may underlie ART 

resistance. Altogether, we propose a mechanism for ART action, whereby ARTs kill 

parasites via a two-pronged approach: inducing protein misfolding/unfolding and 

preventing protein degradation.  
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Chapter One: Introduction and Literature Review 

 
1.1 Malaria 

Malaria is a burden to the public health, social and economic systems of developing 

countries. It is endemic to 91 countries, putting almost half of the world’s population at 

risk of contracting the disease (Figure 1.1) (WHO, 2017). In 2016 alone, 216 million 

people suffered from malaria and 445 000 people died from the disease. Malaria 

particularly affects low-income countries, where it is among the top 10 causes of death 

(WHO, 2015b). Indeed, 90% of people who contract malaria or die from the disease live 

in sub-Saharan Africa and ~6% live in southeast Asia (WHO, 2017). 70% of people who 

die from malaria are children under the age of 5, whose underdeveloped immune 

responses are unable to control the infection (Rogerson, 2010). 

 

Malaria is an infectious disease caused by apicomplexan protozoan parasites of the genus 

Plasmodium. The parasites are transmitted between human hosts through the bite of 

infected Anopheles mosquitos. In their human hosts, Plasmodium parasites grow and 

divide, initially inside liver cells, and then inside red blood cells (RBC). During their time 

inside RBCs, parasites consume host nutrients and hemoglobin and produce toxic waste 

products, leading to the symptoms of malaria which typically include fever, tiredness, 

anemia, vomiting and headaches. Progression of the disease into severe malaria can 

manifest as severe anemia, hypoglycemia, metabolic acidosis, seizures and multiple 

organ failure and can cause death. Cerebral malaria is the most severe manifestation of 

severe malaria and is characterised by coma and death (Rowe et al., 2009). 
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Figure 1.1. Countries endemic for malaria in 2016 and 2000 

Although malaria control efforts have helped to eliminate malaria from some countries, 

malaria remains endemic in 91 countries. Countries with no indigenous cases of malaria 

for three consecutive years are considered to be malaria free. Figure adapted from WHO 

(2017).  

 

1.2 Plasmodium falciparum 

Several Plasmodium species can infect humans and cause malaria. P. falciparum is by far 

the most harmful, causing 99% of malaria cases in sub-Saharan Africa and 99% of malaria 

deaths globally (WHO, 2017) and for this reason is the most well-studied Plasmodium 

species. The lethality of P. falciparum infection is due in large part to the unique ability 

of RBCs infected with P. falciparum mature stages to cytoadhere to endothelial walls. By 

sequestering out of the circulation, these stages avoid clearance by the spleen, allowing 

the infection to take hold. The sequestered parasites may also obstruct circulation in 

capillaries, including the cerebral micro-circulation, resulting in organ failure and 

cerebral malaria (Rowe et al., 2009).  

 

The unique ability of P. falciparum to manipulate its host cell resulting in cytoadherence 

to endothelial cells is achieved by the trafficking of adhesin proteins from the parasite 

compartment to the host RBC membrane. The best studied parasite adhesion protein is P. 

falciparum erythrocyte membrane protein-1 (PfEMP1), which clusters in ‘knobs’ that are 

displayed on the RBC surface and can bind to receptors on endothelial cells (Rowe et al., 

2009; Tilley et al., 2011). As the symptomatic stage of Plasmodium infection, the blood 
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stage is the most well studied. However, Plasmodium parasites undergo severe 

morphological changes accompanied by dramatic biochemical changes throughout a 

complex lifecycle that is divided between two very different hosts (Figure 1.2). 

1.2.2 The dynamic lifecycle of Plasmodium parasites 

Plasmodium parasites are transmitted between human hosts through the bite of infected 

female Anopheles mosquitos. The mosquito is the definitive host and sexual reproduction 

takes place in the midgut. Here, the female gamete matures into a macrogamete, while 

the male gametocyte divides into flagellated microgametes. The microgametes fertilise 

the macrogamete, producing a diploid zygote, which develops into an ookinete (Baton et 

al., 2005). The motile ookinete crosses the midgut epithelium into the basal lamina where 

it forms an immotile oocyst and undergoes extensive replication to produce thousands of 

haploid daughter sporozoites. The immature sporozoites migrate to the mosquito salivary 

glands and mature (Baton et al., 2005). When the infected mosquito takes a blood meal, 

mature sporozoites are inoculated into the bloodstream of a new human host. 

 

Humans are the intermediate hosts and asexual replication takes place in the liver and 

RBCs. After escaping the dermis, motile sporozoites make their way to the liver via the 

bloodstream and invade hepatocytes. Inside the hepatocyte, parasites begin to grow and 

divide. The rapid growth stages are called trophozoites, the dividing stages are called 

schizonts and the daughter parasites, which are also an invasive form, are called 

merozoites. After undergoing extensive replication to form thousands of merozoites (~8-

30 days), the parasite-infected hepatocyte ruptures, releasing merozoites into the 

bloodstream and marking the end of the liver stage and the beginning of the blood or 

intraerythrocytic stage. 

 

Free merozoites quickly invade circulating RBCs. As the merozoite invades, it envelops 

itself in host RBC membrane, forming a parasitophorous vacuole (PV) inside which the 

parasite will grow and replicate (Bannister et al., 2000). The intraerythrocytic cycle is 

characterised by three stages; ring, trophozoite and schizont. The ring stage is named for 

its appearance in Giemsa-stained blood smears and forms immediately after merozoite 

invasion. During the ring stage, the parasite begins to export proteins into the host RBC 

to remodel its host cell into a suitable parasite environment. It is estimated that around 

400 parasite proteins are exported into the host cell during the intraerythrocytic lifecycle, 
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including proteins with a wide range of functions such as kinases, lipases, proteases, 

chaperones and adhesins (Goldberg et al., 2010).  

 

At 20-24 hrs post merozoite invasion, the ring stage transitions into the trophozoite stage, 

the major growth phase responsible for extensive DNA replication. During the 

trophozoite stage, the parasite will endocytose most of the host RBC cytoplasm to obtain 

glucose, hemoglobin and other nutrients required for growth. Digestion of the host cell 

contents also creates space for parasite growth, as by the end of the intraerythrocytic cycle 

the parasite will take up ~70% of the volume of the host RBC (Hanssen et al., 2012). The 

endocytosed material is delivered to the parasite digestive vacuole (DV) (Bakar et al., 

2010), an acidic compartment similar to the lysosome of other eukaryotic cells. In the 

DV, proteases called plasmepsins and falcipains digest the host hemoglobin and recycle 

some of the amino acids for the parasite’s use (Goldberg, 2005). Hemoglobin digestion 

also releases potentially reactive heme, which, to prevent cell damage, is crystallised and 

sequestered into inert hemozoin (Pagola et al., 2000). In observing Giemsa-stained blood 

smears under a light microscope, hemozoin appears as dark spots in the parasite 

cytoplasm and marks the beginning of the trophozoite stage.  

 

After the rapid growth phase (~40-hrs post-merozoite invasion) the trophozoite stage 

transitions into the schizont stage. The schizont stage is characterised by division of the 

parasite into ~20 daughter merozoites (Bannister et al., 2000), which is followed by (at 

~48-hrs post-merozoite invasion) rupture of the PV membrane, rupture of the host RBC 

membrane and release of daughter merozoites into the bloodstream (Hale et al., 2017). 

During this time merozoites are vulnerable to detection by the host immune system and 

only have up to two minutes to invade a new RBC (Wright et al., 2014). 

 

Rupture of infected erythrocytes also releases waste from parasite growth into the 

bloodstream, causing the 48-hr cycles of fever, chills, headaches and sweating that are 

characteristic of malaria. Severe P. falciparum infections in humans can be highly 

synchronous, with most parasites in the body being at the same stage of development 

(Mideo et al., 2013). The reason for this synchronicity is not known, but is thought to 

involve both host and parasite factors, which may explain why in vitro cultures of P. 

falciparum can grow in a highly asynchronous fashion. 
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A small number of blood stage parasites differentiate into gametocytes, the gamete-

forming cells. The gametocytes develop in the human host for ~7-15 days until they reach 

maturity. When mature forms are ingested by a new mosquito host during a blood meal, 

they travel into the mosquito stomach, differentiate into the gametes and begin a new 

cycle (Dixon et al., 2008). 

 

 
Figure 1.2 Lifecycle of Plasmodium 

Plasmodium parasites are transmitted between humans through the bite of an infected 

Anopheles mosquito. Newly inoculated parasites must progress through the human liver 

stage before entering the human blood stage, the stage responsible for the clinical 

symptoms of malaria. A small proportion of blood stage parasites differentiate into sexual 

forms, which are ingested by a new mosquito host during a blood meal. Sexual replication 

takes place in the mosquito midgut and daughter parasites migrate to the salivary glands, 

ready for injection into a new human host. Figure adapted from Centers for Disease 

Control and Prevention, 2017. 
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1.3 Public health strategies for the control and prevention of malaria 

The year 2000 marked a major turning point for malaria control programs with the 

establishment of two major initiatives: The Roll Back Malaria campaign (Nabarro et al., 

1998) and the United Nations Millennium Development goals. These initiatives set 

ambitious targets including, “to have halted by 2015 and begun to reverse the incidence 

of malaria”. Dramatic increases in funding followed and facilitated massive 

improvements in the widespread availability and use of, preventative measures, mainly 

insecticide-treated bed nets (ITNs) and Indoor Residual Spraying (IRS) and effective 

antimalarial drugs, primarily Artemisinin-based Combination Therapies (ACTs) (Bhatt 

et al., 2015). 

 

The 15 years that followed saw malaria incidence and mortality decrease by 41% and 

62% respectively, equating to 6.8 million fewer people dying from malaria. A proportion 

of this can be attributed to economic development and urbanization, leading to improved 

housing and nutrition (WHO, 2016). Malaria control program interventions are estimated 

to have averted 663 million cases of malaria between 2000 and 2015, accounting for a 

substantial proportion of the declines in incidence and mortality (Bhatt et al., 2015). ITNs 

were the most widespread and successful intervention, followed by ACTs and IRS. 

 

57% of the at-risk population of sub-Saharan Africa are now protected by an ITN and/or 

IRS (WHO, 2016). However, the global population protected by IRS is now declining 

since spraying with pyrethroids was discontinued due to mosquito resistance. Pyrethroids 

are currently the only class of insecticide used in ITNs. Although resistance is commonly 

reported, ITNs appear to remain effective or the impact of resistance on effectiveness is 

not yet well established. The continued widespread use of preventative measures is central 

to ongoing control efforts and thus insecticide resistance must be controlled effectively. 

Insecticide resistance management strategies advise concurrent, sequential or mosaic use 

of different insecticides from different classes (WHO, 2016). 

 

For the ongoing period of 2016-2030, two main malaria control initiatives have been 

established, The WHO Global Technical Strategy and Action and Investment to Defeat 

Malaria and the Roll Back Malaria Partnership AIM. These initiatives have set targets to, 

by 2030: reduce malaria incidence and mortality rates globally by at least 90% compared 
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with 2015 levels; eliminate malaria from at least 35 countries in which malaria was 

transmitted in 2015 and prevent re-establishment of malaria in all countries that are 

malaria free (WHO, 2017). These targets aim to progress towards malaria elimination, a 

goal that is made possible by the protection offered by ITNs and the exceptional efficacy 

of ACTs (Eastman et al., 2009; Feachem et al., 2008; White, 2014). 

 

1.4 Artemisinins (ARTs)  

The artemisinin class of antimalarials (ARTs) have been pivotal for malaria control (Bhatt 

et al., 2015; Bhattarai et al., 2007). ARTs were first introduced in the 1980s and since 

2001 ACTs have been recommended by the WHO as the first line treatment for 

uncomplicated P. falciparum malaria (WHO, 2015a). The parent molecule, artemisinin, 

is a natural product of the Chinese herb Artemsia annua (Sweet Wormwood), extracts of 

which have been used for centuries in traditional Chinese medicine to treat malaria and 

fever. The active antimalarial molecule was first isolated from extracts in 1971 by 

Chinese scientist Youyou Tu, a discovery for which she was later awarded a share in The 

Nobel Prize for Medicine. Semi-synthetic derivatives of artemisinin with improved 

efficacy and oral bioavailability were developed for clinical use, producing 

dihydroartemisinin (DHA) (which is also the active metabolite of all ARTs in vivo), 

artesunate and artemether (Figure 1.3) (Eastman et al., 2009; O'Neill et al., 2004). 

 

ARTs have excellent safety profiles and elicit parasite clearance and resolution of fever 

faster than any other antimalarial used to date (Nosten et al., 2007; White, 2008). 

Treatment typically results in a 10,000-fold reduction in parasite burden every 48-hrs, 

corresponding to one intraerythrocytic lifecycle of the parasite (White, 2008, 2014). Their 

rapid action has led to parenterally administered artesunate replacing quinine as the 

primary treatment for severe malaria (Dondorp et al., 2009; Eastman et al., 2009; White, 

2008). The downside of their rapid action is that ARTs have very short half-lives in vivo, 

~1-3 hrs (Dondorp et al., 2009; White, 2008) and thus fail to achieve 100% parasite killing 

when used alone. As a result, ART monotherapy, which is strongly discouraged by the 

WHO (2010b) but has nonetheless been used in some areas, is associated with high rates 

of recrudescence (Eastman et al., 2009). To prevent recrudescence, ARTs are only 

recommended in combination therapies with partner drugs that have longer in vivo half-

lives (Enserink, 2010; White, 2013). Once the short-lived ART has dropped to sub-



Chapter 1 
 

 8 

clinical levels, remaining parasites (usually less than 105 parasites (Dondorp et al., 2017)) 

are cleared by the longer-lived partner drug. By limiting the amount of time parasites are 

exposed to sub-clinical concentrations of ART, combination therapy also slows down the 

development of resistance. Five ACTs are now used clinically: artemether-lumefantrine; 

artesunate-amodiaquine; artesunate-mefloquine; artesunate-sulfadoxine-pyrimethamine, 

dihydroartemisinin-piperaquine and pyronaridine-artesunate (Tilley et al., 2016) and in 

2016 alone, 409 million ACTs were distributed globally (WHO, 2017).  

 

 
Figure 1.3 Chemical structures of artemisinin and its derivatives (ARTs) 

Artemisinin, the parent molecule, is naturally derived from the Chinese herb Artemisia 

annua. Dihydroartemisinin (DHA), artemether and artesunate are semi-synthetic 

derivatives of artemisinin that are used in ART-combination therapies. DHA is also the 

active metabolite of all clinically used ARTs. All ARTs contain the characteristic 

endoperoxide group that is necessary for their activity. 

1.4.2 Mechanism of ART action 

1.4.2.1. Activation of endoperoxide antimalarials 

Artemisinin is a sesquiterpene lactone incorporating a 1,2,4-trioxane core and 

endoperoxide bridge. Although there has been much debate about their mode of action, 

endoperoxide antimalarials are generally accepted to be pro-drugs that must undergo 

activation by an activator (Eastman et al., 2009; O'Neill et al., 2010; Tilley et al., 2011). 

Activation is proposed to involve reductive scission of the endoperoxide, producing a 

highly reactive carbon-centered radical (Klonis et al., 2013a; Meshnick, 2002; Meshnick 

et al., 1993; Meunier et al., 2010). This reaction is necessary for antimalarial activity as 

deoxyartemisinin, which lacks the endoperoxide, is inactive (Meunier et al., 2010).  
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Most studies agree that the predominant activator of endoperoxide antimalarials in 

Plasmodium parasites is heme, the non-protein component of hemoglobin released during 

hemoglobin digestion (Eastman et al., 2009; Klonis et al., 2013a; Klonis et al., 2011; 

Meshnick et al., 1991). To protect the parasite, heme is mostly biocrystallised into 

chemically inert hemozoin crystals (Egan, 2008), however some remains available to 

activate ART (Combrinck et al., 2013; Meunier et al., 2010). Other sources may 

contribute to ART activation. Non-heme bound Fe2+ may activate a small proportion of 

ARTs, as chelators that are specific for non-heme Fe2+ can weakly antagonise ART 

activity (Eckstein-Ludwig et al., 2003; Stocks et al., 2007; Xie et al., 2016). However, the 

antagonism produced by inhibitors of hemoglobin degradation is much stronger 

(Combrinck et al., 2013; Klonis et al., 2011; Tilley et al., 2016; Xie et al., 2016).  

 

That ART activation is predominantly dependent upon hemoglobin degradation means 

that activation is restricted to parasite-infected RBCs, explaining the lack of toxicity of 

ARTs against uninfected RBCs and other host cells (Wang et al., 2015a) and mature 

gametocytes and liver stages, which digest very little to no hemoglobin (Adjalley et al., 

2011; Meister et al., 2011). It also explains the differences in susceptibility of different 

parasite stages to ARTs (Dogovski et al., 2015; Klonis et al., 2013b). Rapidly growing 

trophozoites have a high level of hemoglobin degradation compared to other 

intraerythrocytic stages and are particularly susceptible to ARTs (Dogovski et al., 2015; 

Klonis et al., 2013b). Mid-ring stages digest less hemoglobin (Bakar et al., 2010; Klonis 

et al., 2011; Wang et al., 2015a; Xie et al., 2016) and exhibit lower susceptibility to ARTs 

(Dogovski et al., 2015; Klonis et al., 2013b). Interestingly, very early ring stages are 

susceptible to ARTs. This is thought to be due to digestion of some hemoglobin coupled 

with an intrinsically higher level of susceptibility of this parasite stage (Klonis et al., 

2013b; Xie et al., 2016). Heme generated from biosynthesis pathways may also contribute 

to activation in this stage (Ke et al., 2014; Surolia et al., 1992; Wang et al., 2015a).  

 

The susceptibility of parasites to ARTs is also strongly dependent on the length of time 

they are exposed to the drug (Klonis et al., 2013b). In vitro ART susceptibility assays are 

often performed using drug “pulses”, where the drug is added to cells and after a short 

period of time (i.e. 30 min-6-hrs) is washed out, mimicking the short half-lives of ARTs 

in vivo (Klonis et al., 2013b). Parasites rendered unviable by ART treatment can remain 

morphologically normal in Giemsa-stained smears for many hours after the application 
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of the drug pulse (Klonis et al., 2013b), making determination of the exact ‘time of death’ 

difficult. Therefore, following the drug pulse, parasites are returned to normal culture 

conditions and parasitemia is measured in the next cycle, when unviable parasites have 

disappeared from culture. Regardless of parasite stage, ARTs are markedly more potent 

if they are administered for a longer pulse (e.g. 6-hrs) and less potent in shorter pulses 

(e.g. 30-min) (Dogovski et al., 2015).  

 

The complex dependence of in vitro drug susceptibility on concentration and exposure 

time is described mathematically in the cumulative effective dose (CED) model. The CED 

model predicts parasite responses to ARTs at different stages of intraerythrocytic 

development by taking into account the amount of activated drug (i.e. the level of 

hemoglobin degradation product) and the length of time they are exposed to it (Dogovski 

et al., 2015; Klonis et al., 2013b; Tilley et al., 2016). 

1.4.2.2. Alkylating activity of ARTs 

The radical species produced by ART activation are thought to react rapidly with 

accessible nucleophiles of parasite proteins, lipids and heme (Asawamahasakda et al., 

1994; Meshnick, 2002; Meshnick et al., 1991; O'Neill et al., 2010; Robert et al., 2005). 

Free thiols of cysteine residues are particularly vulnerable to oxidation, resulting in 

formation of ART-cysteine adducts (Wu et al., 2003; Wu et al., 1999). The promiscuous 

reactivity of radicals means it is unlikely that activated ARTs have a single target 

(Asawamahasakda et al., 1994; Meshnick, 2002; O'Neill et al., 2010), which is supported 

by a number of studies showing that ARTs alkylate multiple different parasite proteins 

(Ismail et al., 2016; Wang et al., 2015a). Nonetheless, many critical targets have been 

proposed including the P. falciparum orthologue of mammalian sarcoendoplasmic 

reticulum Ca-ATPases (SERCAs), PfATP6 (Eckstein-Ludwig et al., 2003) (although 

other studies have found that ARTs do not target PfATP6 (Cardi et al., 2010; David-

Bosne et al., 2016), translational controlled tumour protein (PfTCTP) (Bhisutthibhan et 

al., 1998; Wang et al., 2015a) and phosphoinositide 3-kinase (PfPI3K) (Mbengue et al., 

2015). Targeting of these proteins may contribute to ART action, however it is unlikely 

that any is solely responsible for parasite death.  

 

Two recent click-chemistry studies have utilised biotin-clickable ART analogues to 

undertake untargeted identification of ART targets (Ismail et al., 2016; Wang et al., 
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2015a). The analogues were allowed to covalently bind targets in in vitro parasite 

cultures, labelled with biotin in protein extracts, pulled down by streptavidin and 

interacting proteins identified by tandem mass spectrometry. Ismail et al. and Wang et 

al., identified 67 and 124 ART-interacting proteins respectively. The identified proteins 

are involved in a broad range of cellular functions across different compartments of the 

cell, confirming the promiscuous nature of ART-alkylation and the lack of one specific 

protein target. Ismail et al observed an overrepresentation of enzymes involved in 

glycolysis, a function that is essential for rapidly proliferating cells and thus suggested 

that this pathway is the major target of ARTs. Other targets that were identified cover a 

broad range of cell functions including protein synthesis, redox homeostasis, hemoglobin 

degradation and protein folding. Wang et al also observed disruption of multiple 

biological processes essential for parasite survival including hemoglobin degradation, 

ribonucleoside biosynthesis, metabolism of carboxylic acids, regulation of protein 

translation and glycolysis. Although there was significant overlap in the proteins 

identified between both studies, these proteins are commonly overrepresented in unbiased 

chemical proteomic approaches, possibly due to being highly abundant and sensitive to 

detection by mass spectrometry (Florens et al., 2002; Silvestrini et al., 2010; Tilley et al., 

2016; Treeck et al., 2011). Taken together, these studies suggest that death results from 

the disruption of multiple important housekeeping pathways, rather than one pathway 

specifically (Tilley et al., 2016). 

 

Nonetheless, a recent report published in Nature found that ARTs reversibly bind and 

inhibit the sole P. falciparum PI3K, thereby inhibiting phosphorylation of 

phosphatidylinositol and production of phosphatidylinositol 3-phosphate (PI3P) 

(Mbengue et al., 2015). PI3P is a signalling lipid involved in protein export from the 

parasite ER to the erythrocyte in early rings (Bhattacharjee et al., 2012; Vaid et al., 2010). 

Certain defects in protein export are known to be incompatible with parasite viability 

(Elsworth et al., 2014; Spielmann et al., 2015), however it has not been demonstrated that 

lower levels of PI3P would be sufficient to cause death in the highly potent and rapid 

manner exhibited by ARTs. PfPI3K was not identified in the click chemistry studies 

discussed above as these were restricted to identification of covalent interactions, 

suggesting that many more as yet unidentified reversible targets could exist. 
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Toxicity of ARTs may also be mediated by other mechanisms. There is evidence that 

ARTs disrupt the function of several organelles, including the mitochondrion (Wang et 

al., 2010a), endoplasmic reticulum (ER) (Eckstein-Ludwig et al., 2003; Krishna et al., 

2004; Maeno et al., 1993) and digestive vacuole (DV) (del Pilar Crespo et al., 2008; 

Hartwig et al., 2009; Pandey et al., 1999). Other reported effects of ARTs include 

inhibition of hemoglobin uptake and degradation (Hoppe et al., 2004; Klonis et al., 2011; 

Pandey et al., 1999) generation of ROS (Haynes et al., 2010; Krishna et al., 2004), 

oxidative stress (Asawamahasakda et al., 1994; Hartwig et al., 2009; Kannan et al., 2002; 

Klonis et al., 2011; Krungkrai et al., 1987) and formation of cytotoxic heme adducts 

(Eckstein-Ludwig et al., 2003; Hartwig et al., 2009; Meunier et al., 2010).  

 

The wide-ranging effects of ARTs imply that they induce a large degree of cell damage. 

This is further supported by the observation that treatment of ring stage parasites with a 

short, sub-lethal pulse of ART causes delayed growth and progression through the 

intraerythrocytic cycle (Dogovski et al., 2015; Klonis et al., 2011; Klonis et al., 2013b; 

Witkowski et al., 2010). This type of growth retardation is observed in other eukaryotic 

cells in response to cellular stress and is caused by reduced protein translation and 

metabolism, which can be activated by different stress response pathways. One of these 

pathways, the Unfolded Protein Response (UPR) is activated in response to 

accumulations of unfolded or damaged proteins, such as those that may be produced by 

ARTs (Amm et al., 2014; Ron et al., 2007).  

 

The idea that ARTs produce an accumulation of cellular and protein damage is further 

supported by the strong synergism produced between ARTs and proteasome inhibitors 

when administered in short pulses in vitro (Dogovski et al., 2015; Li et al., 2016). This 

synergism suggests that parasites rely on proteasome-dependent protein degradation to 

mitigate protein damage caused by ARTs and that accumulation of proteins targeted for 

degradation is cytotoxic. Altogether, the effects of ARTs appear to be far-ranging and 

non-specific and despite decades of work, the mechanism by which they cause parasite 

death is still unclear. 
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1.5 ART resistance 

1.5.1. Clinical ART resistance 

Parasite resistance to antimalarial drugs presents one of the biggest challenges for malaria 

control. Hopes for the eradication of malaria were raised with the discovery and 

implementation of chloroquine, a safe, fast-acting, effective and cheap first-line 

antimalarial (Eastman et al., 2009). Widespread and extensive use of chloroquine lead to 

substantial reductions in malaria cases and severity, but these reductions were tragically 

halted when resistance developed and spread to almost all countries where malaria is 

endemic (Wellems et al., 2001). Attempts to replace chloroquine with other antimalarials 

including mefloquine, quinine and sulfadoxine-pyrimethamine lead to the rapid 

development of multi-drug resistant parasites (Wongsrichanalai et al., 2002) and a 

resurgence of malaria morbidity and mortality (Eastman et al., 2009). It was not until the 

implementation of ACTs, with their excellent safety and efficacy profiles, that malaria 

eradication was put back on the agenda (Eastman et al., 2009; Feachem et al., 2008).  

 

ARTs remain the only class of antimalarial for which widespread resistance hasn’t yet 

developed. If ARTs were to be rendered ineffective by parasite resistance, there is 

currently no fully effective first-line antimalarial ready to replace them.  Although other 

antimalarial classes, including quinolones (chloroquine, quinine, mefloquine), antifolates 

(sulfadoxine-pyrimethamine), tetracyclines (doxycycline) and naphthoquinones 

(atovaquone), may still be used in regions where resistance isn’t prevalent, none is 

suitable to fully replace ARTs (Menard et al., 2016; Roper et al., 2004; Trape, 2001; Trape 

et al., 2002; Vinayak et al., 2010; Wongsrichanalai et al., 2002) and new antimalarial 

classes are still some years away from approval and widespread availability.  The 

emergence of clinical P. falciparum ART resistance therefore represents the next greatest 

challenge for malaria control (Dondorp et al., 2009; Dondorp et al., 2017; Noedl et al., 

2008). After having first emerged in Western Cambodia between 2001-2008, resistance 

is now prevalent across southeast Asia (Cambodia, Thailand, Laos, Vietnam, Myanmar) 

and South China (Amaratunga et al., 2012; Ashley et al., 2014; Menard et al., 2016; Phyo 

et al., 2012). If ART resistance is to become more widespread, it is predicted to cause 

more than 116, 000 deaths per year and cost 146 million US$ and 385 million US$ per 

year in medical expenses and productivity losses (Lubell et al., 2014). Containment of 

ART resistance is therefore a high priority.  
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There has been some debate over the definition of clinical ART resistance due to several 

complicating factors, however it is generally defined as an increase in the log-linear 

parasite clearance half-life following treatment with an ACT or ART monotherapy (>5-

hrs) (Amaratunga et al., 2012; Dondorp et al., 2009; Flegg et al., 2011; Kyaw et al., 2013; 

Noedl et al., 2008; Phyo et al., 2012) or persistence of microscopically detectable 

parasites in the peripheral blood on the third day of an ACT (WHO, 2010a). For example, 

one study found the median clearance half-life of infections from a region in Thailand 

where resistance isn’t prevalent to be 1.9-hrs, while that of infections from a region in 

Cambodia where resistance is prevalent was 7.0-hrs (Ashley et al., 2014). This definition 

of resistance arises from the characteristic ability of ARTs to rapidly clear the bulk 

parasite biomass. It is different from typical drug resistance in that most patients with 

delayed parasite clearance are still able to clear the infection with prolonged treatment. 

Where a standard 3-day course of an ACT fails (Saunders et al., 2014), prolonging the 

treatment to 4-7 days will usually be effective (Ashley et al., 2014), although this is reliant 

upon patient compliance. Additionally, 3-day courses are likely to remain efficacious if 

the infection is sensitive to the ACT partner drug (Dondorp et al., 2009). However, partner 

drug resistance is becoming an increasing problem with high rates of ACT treatment 

failure (>10%) reported across SE Asia (Figure 1.4). Most notably in Cambodia, where 

treatment failure has been reported for four different ACTs and up to 60% of patients 

treated with DHA-piperaquine experience treatment failure (Amaratunga et al., 2016; 

Duru et al., 2015; Saunders et al., 2014; Spring et al., 2015; WHO, 2015c, 2017).  
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Figure 1.4 ART-based Combination Therapy treatment failures in the Greater 

Mekong Subregion 

Countries are classified by the number of ACTs failing (>10% treatment failure) after 

2010. Five ACTs are currently recommended in the GMS: artemether-lumefantrine; 

artesunate-amodiaquine; artesunate-mefloquine; artesunate-sulfadoxine-pyrimethamine 

and dihydroartemisinin-piperaquine. Figure adapted from WHO (2017). 

 

The development of ART resistance may have additional secondary implications for 

malaria control. Delayed clearance can promote the development of partner drug 

resistance by exposing a larger residual parasite biomass to the partner drug alone at the 

end of a 3-day ACT course. This was demonstrated recently by the reappearance of 

mefloquine resistance at the Thai-Myanmar border shortly after the emergence of ART 

resistance (Phyo et al., 2016a). High levels of partner drug resistance can cause ACT 

treatment failures even in the absence of ART resistance. For example, high levels of 

resistance to sulphadoxine-pyrimethamine has led to ACT treatment failure in several 

African countries (Gadalla et al., 2013). The continued development of partner drug 

resistance is therefore extremely worrying and should be prevented. ART resistance may 

also increase parasite transmission, as slow parasite clearance is associated with an 
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increased incidence of pretreatment and posttreatment gametocytemia (Ashley et al., 

2014).  

 

The emergence of ART resistance in western Cambodia is interesting given that 

resistance to chloroquine and sulphadoxine-pyrimethamine also first developed in this 

region, and more specifically in the Pailin Province near the Thai-Cambodian border, 

before spreading into Africa (Mita et al., 2011; Roper et al., 2004; Verdrager, 1986; 

Wootton et al., 2002). Several factors may make western Cambodia a prime site for 

development of drug resistance. A relatively low transmission rate means there is little 

host immunity and that hosts are not usually infected with more than one parasite clone 

at a time (Eastman et al., 2009). As a result, fitness costs, which are often associated with 

drug resistance mutations, are less likely to be selected against (Klein et al., 2008). Lower 

host immunity also means that infections are more likely to be symptomatic, causing hosts 

to seek treatment and thereby creating greater drug pressure. Other factors, such as 

widespread monotherapy use, the availability of counterfeit drugs of sub-clinical quantity 

and lack of patient compliance are also likely to have contributed to the development of 

drug resistance in this region (Eastman et al., 2009; Newton et al., 2006a; Newton et al., 

2006b; Packard, 2014; Samarasekera, 2009; White et al., 2015; White, 2008; Yeung et 

al., 2008). Southeast Asian parasites may even be genetically or epigenetically 

predisposed to development of resistance as they exhibit a distinct genetic structure with 

multi-drug resistance mutations (Miotto et al., 2013) and have a high degree of variability 

in transcriptional expression of stress-response genes (Mok et al., 2015). Emergence or 

spread of ART resistance into Africa is predicated to have a devastating impact on malaria 

morbidity and mortality (Lubell et al., 2014; Menard et al., 2016), as chloroquine 

resistance did before it (Dondorp et al., 2017). Containment of ART resistance is therefore 

a hugely important goal and can be aided by scientific research from all fields. 

1.5.2. Detection of ART resistance in vitro in the early ring stage 

Availability of an in vitro assay capable of definitively identifying ART-resistant strains 

is essential for studies of the molecular basis of ART resistance. Traditional in vitro drug 

susceptibility assays measure the susceptibility of parasites to a 48-hr drug exposure, i.e. 

across an entire intraerythrocytic cycle. However, such assays are unable to detect 

differences in the ART susceptibility of slow- and fast-clearing isolates (Amaratunga et 

al., 2012; Phyo et al., 2012) and are also not pharmacologically relevant, given the very 
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short half-lives of ARTs in vivo. Early modelling evidence suggested that a decreased 

sensitivity of ring-stage parasites was responsible for the slow-clearing phenotype of 

ART resistance (Saralamba et al., 2011). ART pulse assays (discussed in Section 1.4.2.1) 

using pharmacologically relevant ART exposures, confirmed that slow and fast clearing 

isolates show the greatest difference in ART susceptibility at the young ring stages. This 

lead to the development of the standardised ring stage survival assay (RSA0-3 hrs), which 

specifically measures the ART susceptibility of young ring-stage parasites. In this assay, 

parasites are synchronised to the early ring stage (~0-3 hrs post invasion) and subjected 

to a pharmacologically relevant ART exposure, i.e. 700 nM DHA for 6-hrs. After 6-hrs, 

the parasite pellet is washed to remove the drug and parasites are returned to culture for 

~72 hrs, until trophozoite stage of the following cycle. The parasitemia is then measured 

to calculate the survival rate or viability (parasitemia of drug-treated samples/parasitemia 

of untreated samples) (Witkowski et al., 2013a; Xie et al., 2014b). Higher RSA0-3 hrs 

survival rates consistently correlate with delayed parasite clearance following ACT 

treatment (Amaratunga et al., 2014; Witkowski et al., 2013b). For example, one study 

found fast-clearing isolates to have an average RSA0-3 hrs survival rate of 0.23%, whereas 

slow-clearing isolates had an average of 10.88% (Witkowski et al., 2013a). Variations of 

the assay have revealed conditions in which ART resistant parasites to have up to 70-fold 

higher survival rates compared to sensitive parasites (Dogovski et al., 2015). 

 

The RSA0-3 hrs survival rate is also referred to as the minimum viability, Vmin, or viability 

at saturating drug concentrations (i.e. 700 nM) (Dogovski et al., 2015). Variations of the 

RSA0-3 hrs using a range of drug concentrations, which gives values for the 50% lethal dose 

(LD50) and the Km (the drug concentration resulting in half the effect of the maximally 

effective dose), have revealed that these do not vary significantly between slow and fast 

clearing isolates (Dogovski et al., 2015; Straimer et al., 2015). This would suggest that 

both ART sensitive and resistant parasites are affected by ARTs at similar concentrations, 

but resistant parasites have an improved capacity to survive ART-mediated damage, i.e. 

sensitive and resistant parasites don’t differ in their ability to activate ARTs, but in the 

length of time they need to be exposed to drug treatment to ensure cell death (Dogovski 

et al., 2015). According to the CED model, ART-mediated killing is dependent upon the 

length of time parasites are exposed to the activated drug, predicting that resistant strains 

will require longer exposures to experience an effective dose equivalent to a shorter pulse 

applied to sensitive parasites. This prediction was demonstrated to be true in a recent 
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study where a 3-hr pulse applied to ART sensitive parasites produced a roughly equivalent 

Vmin as a 6-hr pulse applied to ART resistant parasites (Dogovski et al., 2015). This helps 

to explains why slow and fast clearing isolates do not show differences in susceptibility 

to ARTs in a 48-hr assay. It also suggests that clinical ART resistance can be overcome 

by lengthening the amount of time parasites are exposed to ARTs. Development of 

synthetic endoperoxide antimalarials with longer in vivo half-lives is therefore of 

increasing interest (discussed in Section 1.6.1). 

 

1.6 K13 - a robust molecular marker of ART resistance 

1.6.1 The discovery of K13 

Although higher RSA0-3 h survival rates of culture-adapted parasites highly correlate with 

average clearance half-lives in patients, in some instances, slow-clearing isolates do not 

exhibit reduced susceptibility in vitro (Witkowski et al., 2013b). This is most likely due 

to factors other than intrinsic susceptibility that affect clearance half-life, such as host 

immunity, pharmacokinetics and the age of parasites when treatment is administered 

(Lopera-Mesa et al., 2013). As a result, there has been considerable debate about the 

reliability of clearance half-life for identifying ART resistant parasites (White et al., 

2015), which hampers efforts to track, study and contain the spread of ART resistance. A 

more robust marker of ART resistance is therefore desired.  

 

Mutations or copy number variations in a number of genes have been putatively 

associated with ART resistance including Pfatp6, Pftctp, Pfmdr1, Pfmrp1, Pfubcth 

(orthologue of P. chabaudi ubp1) and Pfcrt  (Bhisutthibhan et al., 1998; Eichhorn et al., 

2013; Hott et al., 2015; Hunt et al., 2007; Hunt et al., 2010; Jambou et al., 2005; Krishna 

et al., 2010; Noedl et al., 2008; Raj et al., 2009; Sanchez et al., 2008; Sidhu et al., 2002; 

Valderramos et al., 2006; Veiga et al., 2011). However, several lines of evidence indicate 

that none of these directly cause or are consistently associated with clinical ART 

resistance (Afonso et al., 2006; Ariey et al., 2014; Dahlstrom et al., 2008; Dondorp et al., 

2009; Mok et al., 2015). 

 

Five years after ART resistance was first confirmed, Ariey et al reported a robust genetic 

marker of ART resistant parasites (Ariey et al., 2014). The authors selected for ART 
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resistant parasites by subjecting an in vitro culture of P. falciparum (F32, originally 

isolated from Tanzania) to escalating ART concentrations over 5 years, mimicking drug 

pressure that may be experienced in patients. Whole genome sequencing of the resultant 

ART-resistant strain identified eight nonsynonymous mutations in seven genes that were 

not present in the sibling clone cultured without ART. One of the first two mutations 

acquired, which was acquired during a significant increase in the RSA0-3h survival rate 

from 0.01%-12.8%, was a M476I single nucleotide polymorphism (SNP) in the gene 

PF3D7_1343700. This gene encodes the parasite protein Kelch13 or K13, so named 

because it contains six Kelch repeat motifs (which form a b-propeller in the tertiary 

structure) and is located on chromosome 13 (Ariey et al., 2014).  

 

Investigation of parasite isolates from Cambodia identified four mutant K13 alleles that 

were associated with high RSA0-3h survival rates (0.17% for isolates with WT alleles vs. 

18.8% for K13 mutant alleles) (Ariey et al., 2014). All four K13 mutant alleles (Y493H, 

R539T, I543T and C580Y) contained a single nonsynonymous SNP within a Kelch repeat 

of the C-terminal propeller domain. Sequencing of archived P. falciparum isolates 

collected from patients in several areas of Cambodia, revealed that between the years 

2001 and 2012, there was progressive loss of the K13 WT allele and increased frequency 

of mutant alleles in regions with high rates of delayed parasite clearance. 17 K13 mutant 

alleles were identified overall. C580Y was the most frequent allele, accounting for 85% 

of all mutant alleles observed in 2011-2012, followed by R539T and Y493H. Importantly, 

these alleles were significantly associated with longer parasite clearance half-lives (7.19 

h for C580Y, 6.64 h for R539T, 6.28 h for Y493H and 3.30 h for WT) (Ariey et al., 2014). 

K13 mutations have now also been shown to be associated with reduced cure rates 

following ACT treatment (Amaratunga et al., 2016; Phyo et al., 2016a; Spring et al., 

2015). 

 

During the selection of ART resistant parasites in vitro, mutations arose in six other genes 

(Ariey et al., 2014). Among these was falcipain-2a (PF3D7_1115700), a cysteine protease 

involved in hemoglobin degradation. Interestingly, deletion of the gene encoding FP2a is 

associated with reduced ART susceptibility in laboratory parasites (Klonis et al., 2011). 

However, mutations in these six genes were not significantly associated with delayed 

clearance, higher RSA0-3 h survival rates or K13 mutations in patients (Ariey et al., 2014). 
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1.6.2. Contribution of K13 mutations to resistance 

Prior to the elucidation of its role in ART resistance, K13 hadn’t been the subject of any 

published studies. Since this time, reverse genetic approaches have confirmed the 

contribution of K13 mutations to resistance. Use of Crispr-Cas9 or zinc-finger nucleases 

to insert or remove K13 mutations has definitively shown nonsynonymous K13 Kelch 

propeller domain SNPs to be causally associated with ART resistance in vitro (Ghorbal 

et al., 2014; Straimer et al., 2015). In the most striking example, the RSA0-3 h survival rate 

of a slow clearing western Cambodian isolate was reduced from 49% to 0.7% when the 

R539T allele was exchanged to the WT allele (Straimer et al., 2015). Interestingly, 

different K13 mutations were found to confer different levels of resistance, as a second 

exchange to the C580Y allele conferred an increase in the survival rate to only 24%. The 

I543T allele was found to confer high levels of resistance similar to those of R539T, while 

Y493H conferred low levels of resistance similar to those of C580Y (Straimer et al., 

2015). These findings are consistent with another report that R539T confers a 

substantially higher level of in vitro resistance than Y493H or C580Y (Amaratunga et al., 

2014).  

 

The reason for the predominance of the C580Y allele in western Cambodia, despite not 

conferring the highest level of resistance, is a question of ongoing interest and could be 

related to many other factors such as fitness cost and potential to be transmitted (Ariey et 

al., 2014; Ashley et al., 2014; Straimer et al., 2015). However, the level of resistance 

conferred by a particular K13 allele is also dependent upon the parasite genetic 

background. K13 mutations confer substantially higher levels of resistance when 

introduced into fast-clearing Cambodian lines than when they are introduced into 

laboratory reference lines from an African background (Straimer et al., 2015), which 

helps to explain the fact that ART resistance has first appeared in SE Asia. 

1.6.3 Geographical spread of K13 mutations 

Considerable work to monitor the spread of K13 mutations has already been undertaken. 

To date, over 100 different K13 nonsynonymous mutations alleles have been reported 

globally, although only a small number are associated with delayed clearance following 

ACT treatment and only four (Y493H, R539T, I543T and C580Y) have been shown to 

be associated with ART resistance in vitro (Amaratunga et al., 2014; Ariey et al., 2014; 
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Ashley et al., 2014; Huang et al., 2015; MalariaGen, 2016; Menard et al., 2016; Miotto et 

al., 2015; Straimer et al., 2015; Takala-Harrison et al., 2015).  

 

K13 mutations are now prevalent across SE Asia and South China after spreading by 

migration and arising de novo (Menard et al., 2016). A recent study found that a single 

C580Y lineage arose and spread between western Cambodia, Northeastern Thailand and 

Southern Lao, demonstrating that K13 mutations and C580Y in particular, have the ability 

to spread by migration (Dondorp et al., 2017; Imwong et al., 2017). Indeed, the C580Y 

allele is now fixed in parts of Cambodia, reaching a prevalence of up to 74% in some 

regions (Bosman et al., 2014; MalariaGen, 2016; Menard et al., 2016; Spring et al., 2015; 

Takala-Harrison et al., 2015). There is also evidence for the independent emergence of 

the same mutation in different geographical areas (Anderson et al., 2017; Ashley et al., 

2014; MalariaGen, 2016; Miotto et al., 2013; Takala-Harrison et al., 2015). Whether 

spread by migration or de novo mutations are more concerning for containment of 

resistance is an important ongoing question. 

 

Fortunately, ART-resistance associated K13 mutations are so far confined to SE Asia and 

China (Menard et al., 2016). A number of low-frequency K13 nonsynonymous mutations 

have been observed in Africa, however these are different to those in SE Asia, are not 

under significant positive selection and are not associated with slow clearance times 

(Fairhurst, 2015; MalariaGen, 2016; Menard et al., 2016; Straimer et al., 2015). There 

have been a few reports of reduced susceptibility to ACTs in Africa, however these are 

not related to K13 polymorphisms (Borrmann et al., 2013; Henriques et al., 2014). 

Furthermore, introduction of the most frequent K13 mutant allele in Africa, A578S, into 

an in vitro parasite line does not confer higher RSA0-3 h survival rates (Menard et al., 

2016). A recent report however detailed a single case where a parasite isolate of African 

origin carrying the M579I K13 allele, an allele previously only reported in Myanmar, 

exhibited delayed clearance following artesunate monotherapy and culture-adapted 

parasites exhibited a moderately increased survival rate (Lu et al., 2017). This highlights 

the need for ongoing monitoring of ART efficacy and K13 mutations in Africa. 

 

Failure of K13 mutations to spread outside of SE Asia and China may indicate that ART 

resistant parasites, as they currently exist, are not fit enough to survive in higher 

transmission areas, where there are higher levels of host immunity and increased 
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frequency of polyclonal infections. Differences in drug pressure could also select against 

K13 mutations that confer a fitness cost. There is also considerable evidence for the role 

of parasite genetic background in determination of ART resistance and transmission 

potential. K13 mutant alleles confer substantially higher levels of resistance when 

introduced into Cambodian isolates than when introduced into parasites from an African 

background (Straimer et al., 2015), suggesting the presence of additional genetic factors 

that potentiate K13-mediated resistance. Several loci outside of K13 have recently been 

under positive selection in SE Asia and are associated with delayed clearance (Anderson 

et al., 2017; Cheeseman et al., 2015; Fairhurst, 2015; Miotto et al., 2015; Takala-Harrison 

et al., 2013). In particular, nonsynonymous polymorphisms in ferredoxin, arps10 

(apicoplast ribosomal protein S10), mdr2 and crt are strongly associated with ART 

resistance and are markers of a genetic background on which k13 mutations are likely to 

arise (Miotto et al., 2015). A recent retrospective longitudinal study undertook whole 

genome sequencing of isolates over the time of emergence and spread of K13 mutations 

(2001-2014) in northwestern Thailand. The report produced a list of candidate mutations 

that are associated with ART resistance and may provide a suitable background for the 

emergence and spread of K13 mutations (Cerqueira et al., 2017). Among the most 

significant candidate mutations was a SNP mutation in Kelch10 (PF3D7_1022600), a 

gene encoding a six-blade propeller domain. As for other Kelch domain-containing 

proteins, K13 and K10 share little sequence homology but are expected to share structural 

homology within the Kelch domain. The list of candidates also included genes encoding 

a putative phosphatidylinositiol 4-kinase, ubiquitin-protein ligase and ubiquitin carboxyl-

terminal hydrolase (Cerqueira et al., 2017). Altogether, emergence and spread of K13 

resistance-causing mutations appears to require additional genetic factors that may 

potentiate slow clearance, improve parasite fitness or increase transmission potential. 

1.6.4. Properties of K13 

The function of K13 is still unknown although multiple studies are underway (Tilley et 

al., 2016). Sequence analysis reveals that K13 is 726 amino acids long, with a molecular 

weight of 83.7 kDa. It doesn’t contain a signal sequence or a transmembrane domain, 

indicating it is located in the cytosol. It has only two conserved domains; the BTB (Broad 

-Complex, Tramtrack and Bric a brac)/POZ (Pox virus and Zinc finger) domain (residues 

352-443) and the Kelch propeller domain (residues 444-726) (Figure 1.5). The N-terminal 

region appears to be Plasmodium-specific and of low complexity. It is post-translationally 
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modified by acetylation at several lysine residues and phosphorylation at several serine 

and threonine residues (Lasonder et al., 2016; Pease et al., 2013; Treeck et al., 2011), 

which could be important for its regulation. 

1.6.4.1 Functions of homologous domains 

The Kelch-like (KLHL) protein family, which has ~42 members in humans, represents 

proteins that contain both an N-terminal BTB/POZ domain and 5-6 C-terminal Kelch 

motifs (Dhanoa et al., 2013). A subset of these proteins contain a conserved intervening 

region between the BTB/POZ and kelch domains, called a BACK (BTB and C-terminal 

Kelch) domain, which is not found in PfK13 (Dhanoa et al., 2013). The function of the 

BACK domain is unknown, however it is most likely important as mutations are 

associated with disease.  

 

The BTB/POZ domain is a protein-interaction domain and can be involved in 

homodimerisation (Bardwell et al., 1994; Canning et al., 2013; Dhanoa et al., 2013; Perez-

Torrado et al., 2006; Prag et al., 2003). BTB/POZ domain-containing proteins are 

functionally diverse, with demonstrated roles in transcriptional regulation, chromatin 

remodelling, protein degradation and cytoskeletal regulation (Chaharbakhshi et al., 

2016). The functional specificity of the BTB/POZ domain is largely determined by the 

other domains of the protein, which can include MATH, Zn finger, PAM, Highwire, 

RPM-1 and Kelch domains (Chen et al., 2016).  

 

In the Kelch domain, each Kelch motif forms a four-stranded b-sheet, which then forms 

one blade of the b-propeller in the tertiary structure (Dhanoa et al., 2013). Kelch motifs 

are found in a functionally diverse range of proteins and the propellor domain supports 

multiple protein-protein interaction sites (Adams et al., 2000; Prag et al., 2003). While 

the Kelch propeller domains of different proteins share structural similarity, there is little 

primary sequence conservation, suggesting that each has a unique set of binding partners 

(Chaharbakhshi et al., 2016). 

 

Several BTB-Kelch proteins have been shown to associate with cullin 3 E3 ubiquitin 

ligase complexes (Figure 1.5), suggesting roles in protein ubiquitylation (Adams et al., 

2000; Canning et al., 2013; Chaharbakhshi et al., 2016; Dhanoa et al., 2013; Furukawa et 
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al., 2003; Stogios et al., 2005; Zhang et al., 2004). In the ubiquitylation pathway, the E3 

ubiquitin ligase confers substrate specificity. The BTB-Kelch protein is thought to 

function as an adaptor protein, binding Cul3 through its BTB/POZ domain and a 

particular substrate protein through its Kelch domain, thus forming a bridge that facilitates 

ubiquitylation of the substrate protein by an E2 ubiquitin-conjugating enzyme (Figure 

1.5) (Dhanoa et al., 2013). The specific function of most BTB-Kelch proteins is largely 

unknown, however they are predicted to have multiple substrates. For example, Nrf2 

(nuclear factor erythroid 2-related factor 2), IKK-beta and BCL-2 are all substrates of 

KEAP1 (KLHL19, Kelch-like ECH-associated protein 1), though its regulation of Nrf2 

is the most-well studied (Dhanoa et al., 2013; Digaleh et al., 2013).  

 

Human KEAP1 is a negative regulator of cell defence systems (Cullinan et al., 2003). 

During unstressed conditions, KEAP1 binds the transcription factor Nrf2 and holds it in 

the cytosol, away from its site of action. KEAP1 also binds a Cul3 ligase complex, 

promoting Nrf2 ubiquitylation and continual turnover via the ubiquitin-proteasome 

system (Dhanoa et al., 2013). During conditions of oxidative stress, the interaction 

between KEAP1 and Nrf2 is disrupted. Nrf2 abundance increases as a result of reduced 

ubiquitylation and Nrf2 is free to translocate into the nucleus. In the nucleus, Nrf2 binds 

to antioxidant response elements (ARE) in the promoter regions of cytoprotective genes, 

upregulating genes important for oxidative stress defence (Dhanoa et al., 2013).  

 

Analysis of the Plasmodium genome has failed to find a ortholog of Nrf2 and Nrf2 

orthologs have not been identified in any protozoan species (Ariey et al., 2014; Gacesa et 

al., 2015). Plasmodium is also thought to have limited ability to dynamically regulate 

transcription due to a lack of many classes of transcription factors, including the cap ‘n’ 

collar (CNC) family of transcription factors that Nrf2 belongs to (Bischoff et al., 2010), 

making it unlikely that K13 regulates a Plasmodium orthologue of Nrf2. However, it is 

possible that K13 acts as an adaptor protein for an E3 ligase, promoting the ubiquitylation 

of a specific set of substrates. SNP mutations in the substrate-binding propeller domain 

could change the set of K13-interacting proteins leading to their altered regulation. 

Identification of K13-interacting proteins is therefore of much interest. One interaction of 

K13 has already been proposed. PfPI3K is reported to immunoprecipitate with K13WT but 

not K13C580Y. This was reported to lead to PfPI3K being less polyubiquitylated in the 

C580Y line and therefore an increased abundance of PI3K. This is suggested to increase 
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production of the signalling lipid PI3P (Mbengue et al., 2015). However, a molecular 

mechanism by which increased PI3P abundance causes reduced ART susceptibility is not 

obvious. This interaction may contribute to the mechanism of K13-mediated resistance, 

however it seems unlikely to be the only interaction. 
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Figure 1.5 K13 is a Kelch-like protein 

a) K13 contains the conserved BTB/POZ domain and Kelch repeat motifs that are 

characteristic of Kelch-like proteins. The Kelch repeats form a 6-blade propeller domain 

in the tertiary structure. The majority of known ART resistance-causing SNPs are located 

within the propeller domain. b) The BTB-POZ domain interacts with an E3 cullin3 

ubiquitin ligase complex, facilitating ubiquitylation by an E2 conjugating enzyme, of a 
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specific substrate (S) (e.g. transcription factor) that is bound through the Kelch propeller, 

leading to proteasome-mediated degradation of the substrate. Interaction of the Kelch-

like protein with the substrate is disrupted under conditions of cell stress, enabling 

substrate function. c) Crystal structure of K13. The Kelch domain is shown in green and 

the BTB-POZ domain in purple. The four-predominant resistance causing mutations are 

mapped onto the propeller domain structure. PDB ID: 4yy8.  

1.6.4.2 K13 Structure 

A three-dimensional crystal structure of K13 BTB/POZ and Kelch domains (residues 

338-726), has been solved by the Structural Genomics Consortium and is publicly 

available on PDB (1.8 A ID: 4yy8, 2.5 A ID: 4zgc) (Figure 1.5). In fact, the consortium 

solved two crystal structures that are almost identical, except that 4zgc has a disulfide 

bond between C580 and C532, which is not found in 4yy8, in which C580 forms a 

hydrogen bond instead. Both structures however, form a dimer that is predicted to be 

stable in solution. The dimer interface includes the BTB/POZ domain as expected and 

surprisingly some residues of the propeller domain (Singh et al., 2016). 

 

Mapping of ART resistance-causing mutations onto this structure revealed their 

distribution across the propeller to be uneven, with most mutations occurring in two 

spatial clusters (Figure 1.5) (Singh et al., 2016). One of these clusters is enriched for 

surface-exposed residues that are likely to be involved in protein binding. The second 

cluster contains mostly buried residues. Mutations in this cluster are predicted to cause 

steric clashes and destabilize the propeller structure. These clusters do not however 

contain the two most prevalent K13 mutations, C580Y and Y493H. C580 lies in the 

central channel of the propeller. The C580Y mutation will disrupt either a hydrogen or 

disulfide bond and is likely to create steric clashes. The Y493H mutation may alter the 

hydrophobicity of the propeller. Although the majority of resistance-causing mutations 

map to the Kelch propeller domain, some occur in the BTB/POZ domain, including 

P441L (MalariaGen, 2016), which maps to the dimer interface. BTB/POZ domain 

mutations may reduce the function of K13 by decreasing the propensity for 

homodimerisation (Singh et al., 2016). 
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1.6.4.3 Localisation of K13 

The sub-cellular location of proteins can often provide insights into protein function. 

GFP-tagged K13 appears to be localised to distinct foci in the parasite cytoplasm that 

grow in number over the intraerythrocytic lifecycle, from just one in early ring stages to 

~5 in mid-trophozoites and one-per nuclei in segmented schizonts. It was also noted that 

at least one of these foci was usually close to the digestive vacuole (Birnbaum et al., 

2017). What exactly these cytoplasmic structures are and which other proteins localise to 

them will undoubtedly be a subject of ongoing investigations.  

1.6.4.4 Expression of K13 

The abundance of k13 mRNA appears to be highest in very early rings (<3-hrs.p.i.), 

before progressively decreasing across the ring stage, reaching the lowest level in mid-

trophozoites (~25-30 hrs) and picking up again in late schizonts (Bozdech et al., 2003; Le 

Roch et al., 2003; Llinas et al., 2006). The mRNA half-life is much longer in schizonts 

compared to rings and trophozoites, suggesting that mRNA produced in the schizont stage 

could be stored until the early ring stage when it is translated (Shock et al., 2007). The 

translational efficiency is also highest in the ring stage, followed by merozoites and then 

schizonts (Caro et al., 2014). k13 appears to have relatively little expression in other non-

intraerythrocytic stages of the parasite lifecycle (Le Roch et al., 2003). Altogether, the 

mRNA profile indicates that K13 expression is most important for the early ring stage of 

the intraerythrocytic cycle. 

 

It is unlikely that k13 mutations cause changes to its transcriptional expression and in 

support of this, analysis of >1000 field isolates found no correlation between k13 mRNA 

abundance and ART resistance or K13 mutations (Mok et al., 2015). It is possible 

however that K13 mutations change abundance of the protein. A substantial proportion 

of the ART-resistance associated K13 mutations are predicted to destabilise the structure 

of the propeller domain (Singh et al., 2016), which could promote its degradation. 

Analysis of K13 abundance by mass spectrometry found mutant K13 (C580Y or R539T) 

to be approximately two-fold less abundant than WT K13 (Siddiqui et al., 2017). 

However, this finding needs to be confirmed by other methods as another study, which 

generated antibodies against PfK13, did not find an observable difference in the 

abundance of K13WT and K13C580Y (Mbengue et al., 2015). 
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1.6.4.5 Essentiality of K13 

Birnbaum et al reported that attempts to inactivate k13 failed to yield viable parasites, 

suggesting that K13 function is essential for parasite survival (Birnbaum et al., 2017). 

Attempts to insert the gfp sequence into the C-terminal end of the endogenous locus were 

also unsuccessful, yet insertion of gfp into the N-terminal region did produce viable 

parasites with no apparent defect in growth. This would suggest that maintenance of the 

C-terminal region specifically is important for K13 function, which is unsurprising when 

considering that attachment of GFP could block Kelch propeller domain binding sites. 

ART resistance-causing SNP mutations may only slightly alter Kelch propeller 

interactions, rather than blocking them entirely. 

 

In the absence of successful gene inactivation, Birnbaum et al generated two parasite lines 

that enable conditional regulation of K13. The knocksideways approach enables ligand-

inducible mislocalisation of a protein of interest, away from its site of function (Haruki 

et al., 2008; Robinson et al., 2010; Xu et al., 2010). Mislocalisation of 90% of cellular 

K13 from the cytoplasm to the nucleus did not cause any observable growth defects, 

indicating that low amounts of K13 are sufficient for parasite survival. However, 

complete mislocalisation of K13 into the nucleus lead to a rapid effect on growth of ring 

stage parasites, where parasites remained as rings for several days before converting into 

condensed forms. The second approach used the diCre-recombinase-based inducible gene 

deletion system (Andenmatten et al., 2013; Collins et al., 2013; Jullien et al., 2003). Only 

after gene deletion was induced for more than 3 days were K13 levels depleted low 

enough to observe an effect on growth (Birnbaum et al., 2017), suggesting that it is a 

relatively long-lived protein. After the cessation of growth, only ring stage parasites 

remained in culture and turned into condensed forms over several days, confirming the 

results of the knock sideways system. These experiments confirm the necessity of K13 

for ring stages specifically. 

1.6.4.6 Fitness costs of K13 mutations 

The knowledge that K13 is essential for parasite survival raises the question of whether 

nonsynonymous mutations confer a fitness cost to the parasite. Drug resistance mutations 

are often associated with deleterious fitness effects, which can be compensated for by 

mutations in other genes (Jiang et al., 2008; Nair et al., 2008; Petersen et al., 2015). A 
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recent study found that introduction of the C580Y allele into Cambodian parasites 

resulted in almost nil loss of fitness, whereas introduction into Vietnamese parasites 

conferred a substantial fitness cost (Straimer et al., 2017). This disparity suggests that the 

Cambodian line had a genetic background that was able to compensate for deleterious 

fitness effects of the C580Y allele, which could explain why K13 mutations first emerged 

in Cambodia. 

 

The K13 C580Y allele is the most predominant mutant allele in western Cambodia (Ariey 

et al., 2014; Ashley et al., 2014), even though it does not confer the highest level of 

resistance in vitro (Straimer et al., 2015). Its predominance may be explained by parasite 

fitness as introduction of the R539T and I543T alleles, which confer higher levels of 

resistance in vitro, produce a substantially larger fitness cost to in vitro parasites in 

comparison to the C580Y allele (Straimer et al., 2017). ART resistance and fitness may 

therefore be inversely proportional, with the C580Y allele striking the right balance 

between the two.  

1.6.4.7 The mechanism of K13-mediated resistance 

The precise function of K13 and effect of SNPs on that function is a central question. The 

majority of K13 resistance-associated SNPs identified thus far are localised to the Kelch 

propeller domain and a small number are localised to the BTB/POZ domain (MalariaGen, 

2016). K13 does not appear to accumulate multiple mutations, with each parasite clone 

having only one nonsynonymous SNP (Singh et al., 2016). The majority of mutations 

also occur at residues highly conserved across Plasmodium species (Ariey et al., 2014).  

 

The evidence indicates that the mechanism of resistance relies on a phenotypic change 

that manifests in the early ring stage, where the highest levels of in vitro resistance are 

detected. During most of the ring stage of development, parasites are inherently less 

susceptible to ARTs in comparison to trophozoites, presumably due to lower levels of 

hemoglobin degradation leading to less ART activation. This could provide the basis for 

the development of resistance in this stage specifically. It is also possible that the 

mechanism of resistance operates across all intraerythrocytic stages, but is only able to 

overcome low levels of activated ART. However, a reverse genetics approach indicates 

that K13 function is most important for the ring stage (Birnbaum et al., 2017). 

Interestingly, large-scale transcriptomic analysis of clinical isolates found ART resistance 
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and K13 mutation to be associated with decelerated development of parasites through the 

ring stage and downregulation of genes for DNA replication, which may represent a 

stalling of development (Mok et al., 2015). Ex vivo analysis of several clinical isolates 

confirmed that resistant isolates progressed from rings to trophozoites at a slower rate 

than sensitive isolates, despite no change in the overall length of the intraerythrocytic 

lifecycle (Mok et al., 2015). It has been suggested that prolongation of the inherently more 

ART resistant ring stage, may therefore help parasites to overcome the short-lived toxicity 

of ARTs.  

 

Typically, antimalarial resistance involves one of two mechanisms: mutations in the drug 

target site that reduce binding affinity or mutations in a drug transporter that reduce the 

concentration of the drug at its site of action. For example, chloroquine resistance is 

produced by mutation of a transporter in the digestive vacuole membrane, the chloroquine 

resistance transporter (PfCRT). The mutant transporter exports CQ out of the DV, thus 

preventing its accumulation in the vacuole where it is thought to exert its antimalarial 

effect (Fidock et al., 2000; Martin et al., 2009; Ridley et al., 1997). Resistance to 

antifolates such as pyrimethamine, which target dihydrofolate reductase (DHFR), is 

produced by accumulation of multiple point mutations in the DHFR binding sites 

(Gregson et al., 2005). It is unlikely that K13 mutations cause resistance by these typical 

mechanisms. For one, the available evidence indicates that ARTs do not directly target 

K13 (Ismail et al., 2016; Wang et al., 2015a) and secondly, K13 is clearly not a drug 

transporter. 

 

The unusual nature of the mechanism of K13 mediated ART resistance is indicated by 

the unusual in vivo and in vitro profiles of the responses of ART resistant parasites. 

Clinical ART resistance is defined by delayed efficacy, rather than a complete lack of 

activity and can be overcome by extending ACT treatment. Similarly, in vitro ART 

resistance can be overcome by longer drug exposures and does not result from differences 

in drug activation (Dogovski et al., 2015). The decreased efficacy may thus result from 

ART resistant parasites having an improved capacity to remediate ART-induced cell 

damage. This idea is supported by a study which, using large-scale transcriptomic 

analysis of clinical isolates, found ART resistance and K13 mutations to be associated 

with increased expression of unfolded protein response pathways (Mok et al., 2015). 

Increased machinery to repair or degrade proteins damaged by ART alkylation and 
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oxidation could therefore underlie the mechanism of resistance. The ability of parasites 

to mediating ART-induced damage is an important determinant of the level of parasite 

killing, as evidenced by the synergism between ARTs and proteasome inhibitors 

(Dogovski et al., 2015). The nature of K13 as a BTB-Kelch protein suggests it could be 

involved in mediation of ART-induced protein damage through protein degradation 

pathways. K13 SNP mutations could alter the function or interactions of K13 in such a 

way that enhances the capacity of parasites to mediate ART-induced damage. 

 

1.7 Synthetic endoperoxide antimalarials 

The Medicines for Malaria Venture (MMV) supports and brokers the development of new 

antimalarial drugs. There has been considerable interest in the development of fully 

synthetic endoperoxides, which aim to maintain the potency and rapid parasite clearance 

times of ARTs, while overcoming some of their disadvantages (O'Neill et al., 2017). 

Eliminating the reliance upon a natural product (artemisinin) will help to reduce the cost 

of therapies and create more consistent supply. Synthetic endoperoxides can also exhibit 

considerably longer plasma half-lives in vivo, which creates the possibility of a “single 

dose cure” (Charman et al., 2011), a key requirement of the Medicines for Malaria 

Venture. Rapidly acting drugs with longer plasma half-lives will also be useful for 

overcoming clinical ART resistance and preventing the development of further resistance.  

 

Ozonides, also termed 1,2,4-trioxalanes, are a class of fully synthetic endoperoxide 

antimalarials and include OZ277 (arterolane) and OZ439 (artefenomel), which have both 

been trialed in humans (Charman et al., 2011; Kaiser et al., 2007; Valecha et al., 2012; 

Vennerstrom et al., 2004; Wells et al., 2015). OZ277 is available in India as a combination 

therapy with piperaquine (SynriamTM) (Tilley et al., 2016), while OZ439 is undergoing 

Phase II human clinical trials (Phyo et al., 2016b; Rosenthal, 2016). Both OZ277 and 

OZ439 have longer plasma half-lives compared to DHA, however that of OZ277 is only 

2-3-fold longer than that of DHA and the plasma exposure is lower in P. falciparum-

infected patients compared to healthy volunteers (Gautam et al., 2011; Saha et al., 2014). 

OZ439 has a much longer plasma half-life (42-62 hrs) and has shown promising 

antimalarial efficacy and good pharmacodynamics in clinical trials (Moehrle et al., 2013; 

Phyo et al., 2016b). OZ439 appears to have cross resistance with DHA in short pulses in 

vitro, however it is fully effective against K13 mutant strains in longer exposures. Longer 
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exposures of OZ439 would be achieved in vivo due to the longer plasma half-life and 

therefore it is expected to be capable of clearing ART resistant parasites (Straimer et al., 

2017; Yang et al., 2016). It is hoped that OZ439 will be approved for use in the coming 

years (Charman et al., 2011; Wells et al., 2015). 

 

 
Figure 1.6 Chemical structures of fully synthetic endoperoxides  

The ozonide compounds OZ277 and OZ439 contain an endoperoxide bridge that is 

characteristic of ARTs, yet exhibit longer plasma half-lives in vivo. 

 

1.8 Containment of ART resistance 

The WHO strategy for containment of ART resistance, called the Global Plan for 

Artemisinin Resistance Containment (GPARD), calls for the eradication of malaria from 

all areas where resistance is found (WHO, 2015c). This is proposed to be a feasible goal 

due to the current low number of cases in the GMS. However, since the call for 

elimination in 2015, resistance containment has failed, with ART and partner drug 

resistance spreading over a larger geographical area, despite reductions in malaria 

transmission. As a result, there is much ongoing debate between the WHO and academics 

as to the level of concern that should be raised in regard to ART resistance and the best 

strategy for containment (Dondorp et al., 2017). It is certain however, that with the lack 

of a broadly effective vaccine and new antimalarials still some time away from 

widespread availability, malaria control is still highly dependent upon the efficacy of 

ACTs. 

 

1.9 Cellular mechanisms for dealing with damaged proteins 

Although the precise mechanism of action of ARTs in unknown, wide ranging effects on 

parasite cells have been documented including protein alkylation, growth arrest and 

changes to organelle morphology (Tilley et al., 2016). These effects suggest a large 

degree of cell damage and in particular, protein damage. Maintenance of the cell proteome 
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is integral to cell viability and thus eukaryotic cells are equipped with multiple pathways 

to process damaged protein and regulate protein homeostasis (Chen et al., 2011a). 

Chaperones can promote refolding of misfolded proteins and, if a protein is terminally 

misfolded, can promote degradation via the ubiquitin proteasome system (McClellan et 

al., 2005). 

 

The ubiquitin proteasome system is the major eukaryotic pathway for protein degradation 

(Ciechanover, 1998). Protein targets are conjugated to ubiquitin via an enzymatic cascade 

of E1, E2 and E3 enzymes (Bett, 2016). Conjugated ubiquitin proteins can then undergo 

ubiquitylation themselves to form polyubiquitin chains. Different types of ubiquitin 

linkages can have different signalling outcomes, with K48 polyubiquitin chains targeting 

proteins for degradation by 26S proteasome complexes (Xu et al., 2009). The 26S 

proteasome is composed of the 20S catalytic core and a 19S cap that can be associated 

with ubiquitin receptor proteins and deubiquitinating enzymes (Pickart et al., 2004). 

 

The endoplasmic reticulum (ER), as a major site of protein processing, plays a key role 

in the maintenance of cellular protein homeostasis. Accumulations of misfolded or 

unfolded protein in the ER, which can further disrupt protein folding, trigger the Unfolded 

Protein Response (UPR) (Schröder et al., 2005). The UPR is a stress response that works 

to restore the balance between the level of unfolded protein and the protein folding 

capacity of the ER (see Frakes and Dillin (2017) for review). In multicellular eukaryotes, 

three ER-membrane proteins control activation of the UPR in response to ER stress: 

inositol-requiring enzyme 1 (IRE1), activating transcription factor-6 (ATF-6) and protein 

kinase RNA (PKR)-like ER kinase (PERK) (Schröder et al., 2005). Activation of 

signalling pathways downstream of these regulators result in changes to protein 

translation and gene transcription that halt the production unfolded protein, increase the 

protein folding capacity of the cell and increase degradation of misfolded proteins (Ron 

et al., 2007). Misfolded ER proteins are processed by the ER-associated degradation 

pathway (ERAD). In ERAD, terminally misfolded proteins are recognised by ER 

chaperones, retrotranslocated to the cytoplasm, ubiquitylated by enzymes associated with 

the ER membrane and then delivered by chaperones to the 26S proteasome for 

degradation (Christianson et al., 2014). 
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The proteins responsible for regulation of the UPR in Plasmodium have not been 

investigated biochemically. Furthermore, bioinformatic evidence indicates that 

Plasmodium lacks the machinery to dynamically regulate transcription and may therefore 

be reliant upon the translational branch of the UPR (Chaubey et al., 2014; Gosline et al., 

2011). The ERAD pathway and ubiquitin proteasome system however have been well-

characterised in Plasmodium and the ubiquitin proteasome pathway is the major protein 

degradation pathway (Chung et al., 2012; Lasonder et al., 2016; Le Roch et al., 2003; 

Lopez-Barragan et al., 2011; Ponts et al., 2008; Wang et al., 2015b). Altogether, the UPR, 

ERAD and ubiquitin proteasome pathways can work together to process accumulations 

of damaged proteins and maintain protein homeostasis. 

 

1.10 Objectives of this study 

The major aim of this work was to increase understanding of the mechanisms of ART 

action and resistance. The well-documented protein-damaging effect of ARTs lead to the 

hypothesis that cell death results from an accumulation of damage and in particular 

protein damage. The observation that sub-lethal pulses of ARTs cause growth retardation 

may suggest that ART-induced damage leads to activation of a eukaryotic stress pathway 

(Dogovski et al., 2015), leading to a need to focus on cellular pathways that regulate 

protein homeostasis and cell stress. In particular, the evidence that ART resistant parasites 

have upregulated components of the UPR (Mok et al., 2015) suggests a need to investigate 

the impact of ARTs on this pathway. The synergism produced by co-treatment of 

parasites with ARTs and proteasome inhibitors suggests that the ubiquitin-proteasome 

system (UPS) is important for parasite-mediation of ART-induced protein damage 

(Dogovski et al., 2015). Furthermore, the homology of K13 with Kelch-like proteins, 

which often function as substrate adaptors for E3 ubiquitin ligases, raises the possibility 

that K13 is involved in the protein ubiquitylation pathway (Ariey et al., 2014; Tilley et 

al., 2016).  

 

The overarching hypothesis of this thesis is that ART-mediated cell death results from an 

accumulation of protein damage, which involves the UPR and ubiquitin-proteasome 

system (Figure 1.7) (Tilley et al., 2016). The research presented in this thesis aims to shed 

light on the mechanisms of ART action and resistance, with the hope that it will aid in the 

development of new antimalarial treatments. 
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List of objectives: 

1. To investigate the effect of DHA on the UPR in both ART sensitive and ART resistant 

parasites (Chapter 3). 

2. To further characterise the UPR in Plasmodium Falciparum (Chapter 4). 

3. To investigate the effect of DHA on the ubiquitin-proteasome system in both ART 

sensitive and resistant parasites (Chapter 5). 

4. To investigate whether activation of the UPR and ubiquitin-proteasome system have a 

synergistic or antagonistic effect on DHA action (Chapter 6). 

 

 

 
Figure 1.7 Proposed model for ART action and K13-mediated resistance 

Reduced iron-heme produced by parasite-catalysed hemoglobin degradation cleaves the 

endoperoxide bridge of ARTs, resulting in their activation. Activated ARTs react with 

accessible nucleophiles including free thiols in parasite proteins, resulting in substantial 

cellular damage and eventually death. During the time period between ART activation 

and death, the cell activates a stress response in response to the cell damage. The 

ubiquitin-proteasome system will be engaged to degrade damaged proteins. K13 function 

may promote protein ubiquitylation as an E3 ligase substrate adaptor and mutations may 

enhance its activity. Figure taken from Tilley et al. (2016). 
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Chapter Two: Materials and Methods 

2.1 Culturing parasites 

2.1.1 In vitro culture of P. falciparum infected erythrocytes  

Plasmodium falciparum parasites were maintained in continuous in vitro culture (Trager 

et al., 1976) with type O+ human red blood cells (Australian Red Cross Blood Bank) at 

5% haematocrit in RPMI-1640 + GlutaMAXÔ + 25 mM HEPES (Gibco®, Life 

Technologies) supplemented with 5% (v/v) heat inactivated human serum (Australian 

Red Cross Blood Service, West Melbourne), 0.25% (w/v) AlbuMAX II (Gibco, Life 

Technologies), D-glucose (8.2 mM final concentration), gentamycin (20 µg/mL final 

concentration) (Sigma-Aldrich) and hypoxanthine (360 µM final concentration) (Sigma-

Aldrich). Cultures were incubated in plastic petri dishes at 37°C in an atmosphere of 1% 

O2, 5% CO2 and 94% N2. The above culture media is herein described as “culture media” 

and the culture conditions described are “standard culture conditions”. Culture media was 

replaced at least every 48-hrs and parasitemia was maintained at <10% to ensure health 

of cultures. 

 

PK4-glmS transfectants carrying the human dihydrofolate reductase (hDHFR) cassette 

were cultured in the presence of 5 nM WR99210 (Sigma-Aldrich). PK4-HA, PK4-GFP, 

eIK1 KO, eIK2 KO transfectants carrying the Aspergillus Blasticidin S deaminase (BSD) 

cassette were cultured in the presence of 2.5 µg/mL Blasticidin S. HCl (A.G. Scientific, 

Inc.).   

2.1.2 Assessment of parasite growth by Giemsa stain 

Parasite growth was monitored according to parasite stage, morphology and parasitemia 

by making a thin smear on a glass microscope slide, fixing in 100% methanol, followed 

by staining in 10% (v/v) Giemsa stain (Merck). Dried slides were viewed at 100x 

magnification under oil immersion. 

2.1.3 Freezing and thawing of parasite cultures 

Aliquots of parasite-infected RBC cell pellets were frozen within two-weeks of thawing. 

Parasites were maintained in culture for a maximum of 2-4 months after thawing. 
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For thawing, frozen parasite aliquots were briefly warmed in a 37°C water bath until the 

liquid began to flow. One-fifth of the pellet volume of 12% NaCl, pre-warmed to 37°C, 

was added to cells in the storage vial at a slow-drip with agitation and cells were incubated 

for 4 minutes at room temperature. The contents of the storage vial were transferred to a 

50-mL centrifuge tube (Falcon, BD Bioscience). 10 pellet volumes of 1.8% NaCl, pre-

warmed to 37°C, was then added to cells at a slow-drip with agitation and cells incubated 

for a further 5 minutes at room temperature. 10 pellet volumes of 0.9% NaCl + 0.2% 

glucose, pre-warmed to 37°C, was then added to the cells at a rapid drip with agitation. 

The parasite-RBC pellet was collected by centrifugation (500 g, 5 minutes), added to 300 

µL fresh RBCs and 10 mL culture media and maintained under standard culture 

conditions. 

 

For freezing, parasite culture containing at least 5% ring-stage parasites was subjected to 

centrifugation (500 g, 5 minutes), the supernatant was removed and one-third of the cell 

pellet volume of glycerolyte solution (57% w/v glycerol, 140 mM sodium lactate, 4 mM 

KCl, 4 mM NaH2PO4, pH 6.8), pre-warmed to 37°C, was added drip-wise with agitation. 

The cells were incubated for 5 minutes at room temperature. Four-thirds of the cell pellet 

volume was then added to the cells drip-wise with agitation and the cell-glycerolyte 

solution was transferred to cryogenic vials (Greiner Bio-One) in 1 mL aliquots and stored 

in the -80°C freezer. 

2.1.4 Parasite purification 

2.1.4.1 Sorbitol synchronisation of ring-stage parasites 

Parasite infected-RBC cultures were synchronised to contain >99% ring-stage parasites 

using a sorbitol lysis method previously described by Lambros and Vanderberg et al 

(1979). Parasite-infected RBC cultures were subjected to centrifugation (500 g, 5 

minutes), the supernatant was removed and the pellet was resuspended in ten pellet 

volumes of 5% (w/v) D-sorbitol (Sigma-Aldrich) pre-warmed to 37°C. Following a 10-

minute incubation at 37°C, the parasite-RBC pellet was collected by centrifugation and 

returned to standard culture conditions. 
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2.1.4.2 Magnet purification of late-stage parasites 

Hemozoin-containing (late-stage) parasites were purified from early stage parasites and 

uninfected RBCs using a magnetic separation method previously described by (Trang et 

al., 2004). A CS MACSÔ column (Miltenyi Biotech) was equilibrated and purged to 

remove air bubbles with serum-free media (SFM) pre-warmed to 37°C. The column was 

then placed into a VarioMACSÔ Separator and fitted with a 21-gauge needle to regulate 

flow rate to ~1 drip per second. Parasite cultures at 5% haematocrit were resuspended in 

culture media and passed through the magnetised column. The column was then washed 

with SFM to remove unbound RBCs until the flow-through from the column ran clear. 

The column was removed from the magnet and ~1 column volume of SFM was passed 

through the column to elute hemozoin-containing parasites. Parasites were collected by 

centrifugation of the eluate (500 g, 5 minutes). 

2.1.4.3 Tight synchronisation of ring stage parasite by reinvasion 

Tight synchronisation of parasites was achieved using the protocol described by Xie et 

al. (2014a). Parasite-infected RBC stock cultures were expanded from 10 mL to at least 

120 mL at 2.5% haematocrit. Media was changed daily and cultures monitored by Giemsa 

smear. Cultures containing at least 4% schizonts were subjected to magnet purification 

(section 2.1.4.2). Purified late stage parasites were reintroduced to culture with fresh 

RBCs at 5% haematocrit and incubated for 1-3 hrs under standard culture conditions 

whilst shaking at 70 rpm to encourage dispersion of merozoites. Excess schizonts were 

depleted from culture by sorbitol treatment when the desired parasitemia or parasite age 

had been reached. 

2.1.5 P. falciparum strains used in this study 

3D7 is the canonical reference P. falciparum strain (Gardner et al., 2002; Walliker et al., 

1987).  

 

PL2 and PL7 were kindly provided by Professor Arjen Dondorp and Dr Kesinee 

Chotivanich, Mahidol Oxford Tropical Medicine Research Unit (Bangkok, Thailand). 

These strains were collected from adult patients enrolled in clinical trials in Pailin Referral 

Hospital, Western Cambodia, between 2009 and 2010 and were adapted for in vitro 

culture (Chotivanich et al., 2014).  
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Cam3.II strains (Cam3.II_R539T and Cam3.II_rev) were kindly provided by Professor 

David Fidock, Colombia University (New York, USA). The strain carrying the R539T 

mutation (Cam3.II_R539T) was originally collected from a patient in the Pursat province 

of Western Cambodia by Professor Rick Fairhurst, National Institute of Allergy and 

Infectious Diseases (Maryland, USA). Zinc-finger nucleases were then used to mutate the 

K13 allele to carry the WT genotype (T539R, Cam3.II_rev) (Straimer et al., 2015). 

 

PK4-HA, PK-GFP, eIK1KO and eIK2KO transfectants in 3D7 background were kindly 

provided by Professor Christian Doerig, Monash University (Clayton, Australia) 

(Solyakov et al., 2011). 

 

2.2 Protein analysis 

2.2.1 Protein separation by SDS-PAGE 

Parasite-infected RBCs were collected by centrifugation and the pellet was resuspended 

in 10 pellet volumes of ice-cold PBS supplemented with cOmpleteÔ EDTA-free Protease 

Inhibitor Cocktail (Roche). For samples destined for analysis of ubiquitylated proteins, 

20 mM N-ethylmaleimide (Sigma) was additionally added to the lysis buffer. Cells were 

then pelleted again and resuspended in 10 volumes of 0.15% (w/v) saponin in PBS and 

incubated at room temperature for 2-3 minutes to release the cytoplasmic RBC material 

including haemoglobin. Cells were pelleted by centrifugation (13 000 g, 10 mins) and the 

pellet was washed with ice-cold PBS containing protease inhibitors until the supernatant 

came out uncoloured. Cell pellets at this point were either stored at -80 °C for later 

analysis or analysed immediately. 

 

Saponin-lysed cell pellets were resuspended in BoltÔ lithium dodecyl sulfate (LDS) 

sample buffer (Life Technologies) (supplemented with BoltÔ sample reducing agent (50 

mM dithiothreitol (DTT)) (Life Technologies) and diluted to 1x concentration in Milli-

Q® ddH2O) and samples were boiled at 95°C for 5 minutes. Samples were allowed to 

cool to room temperature and loaded onto pre-cast BoltÔ 4-12% polyacrylamide Bis-Tris 

protein gels (Life Technologies). The pre-stained protein molecular weight standard 

SeeBlueÔ Plus2 (Life Technologies) was loaded into at least one lane for size reference 
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of protein bands. BoltÔ MES SDS running buffer (Life Technologies) diluted to 1x 

concentration in Milli-Q® ddH2O (50 mM MES, 50 nM Tris Base, 0.1% SDS, 1 mM 

EDTA, pH 7.3) was added to the gel tank and electrophoresis was conducted at 165 V for 

35 minutes. 

 

For analysis of high-molecular weight proteins (>100 kDa), samples in LDS loading 

buffer were loaded instead onto pre-cast NuPAGEÔ 3-8% acrylamide Tris-acetate 

polyacrylamide protein gels (Life Technologies). The pre-stained protein molecular 

weight marker HiMarkÔ (Life Technologies) was loaded into at least one lane for size 

reference of protein bands. NuPAGEÔ Tris-acetate SDS running buffer (Life 

Technologies) (diluted to 1x concentration in Milli-Q® ddH2O) was added to the gel tank 

and electrophoresis was conducted at 150 V for 60 minutes. Prior to transfer of proteins 

onto nitrocellulose membrane, the gel was equilibrated in NuPAGEÔ Transfer Buffer 

(Life Technologies) (supplemented with NuPAGEÔ antioxidant (Life Technologies) to 

maintain reduced proteins) for 20 minutes at room temperature with gentle shaking. 

2.2.2 Western blot analysis 

Proteins were transferred from polyacrylamide gels to nitrocellulose membranes using 

the iBlotÔ 7-minute Dry Blotting System (Invitrogen) according to the manufacturer’s 

instructions.  

 

Following transfer, membranes were incubated in 5% (w/v) skim milk in PBS for 1-hr at 

room temperature with gentle shaking to block non-specific protein binding to the 

membrane. Membranes were then incubated in primary antibody diluted in 1% (w/v) skim 

milk in PBS at 4°C overnight. Membranes were then washed three times with PBST (PBS 

+ 0.1% Tween-20 (Sigma-Aldrich)) by incubation at room temperature for 10 minutes 

with gentle shaking. Washed membranes were then incubated in secondary antibody 

conjugated to horseradish peroxidase diluted in 1% (w/v) skim milk in PBS for 1-hr at 

room temperature with gentle shaking. The membrane was again washed three times with 

PBST. See Table 2.1 for a list of antibodies used for immunoblotting in this study. 

 

For detection of protein bands, membranes were incubated in ClarityÔ Western ECL 

Blotting Substrate (Bio-Rad) according to the manufacturer’s instructions. 
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Chemiluminescence was detected using the Bio-Rad ChemiDocÔ MP imaging system 

or LAS-3000 Imager (Fujifilm). 

2.2.3 Analysis of ubiquitylated proteins by Western blot 

Parasite-RBC cultures were washed and saponin-lysed as per Section 2.2.1. Saponin-

lysed cells were pelleted by low-speed centrifugation (2000 g, 10 mins) to limit pelleting 

of uninfected RBCs, which contain large amounts of ubiquitin that increase the 

background signal on Western blot. The pellet was washed with ice-cold PBS containing 

protease inhibitors until the supernatant came out uncoloured.  

 

Saponin-lysed cell pellets were resuspended in loading buffer (as described in Section 

2.2.1). For analysis of ubiquitylated proteins, it was critical that the parasite pellet was 

fully solubilised, i.e. no visible solid particles were left in the sample. This required 

resuspension in a large volume of loading buffer (200-300 µL) and was achieved by a 

mixture of pipetting and vortexing. Samples were then run on gel as per Section 2.2.1. 

 

After proteins had been transferred to a nitrocellulose membrane, the membrane was 

boiled in in Milli-Q® ddH2O at 95°C for 5 minutes, to enhance detection of ubiquitylated 

proteins (Swerdlow et al., 1986). Western blot analysis was then carried out as per Section 

2.2.2. 

 

1° / 2° Antigen Dilution  Animal 
raised in Source Product 

code 

1° 

Ubiquitin 1:100 Rabbit Dako Z0458 
Phospho-eIF2a 1:1000 Rabbit Cell Signaling Technology 119A11 
eIF2a 1:1000 Mouse Cell Signaling Technology L57A5 
PfGAPDH 1:1000 Rabbit Jackson et al. (2007) N/A 
PfBiP 1:1000 Mouse WEHI Antibody Services N/A 

GFP 1:1000 Mouse Roche 
1181446000
1 

HA 1:500 Mouse Sigma H3663 

2° 
Rabbit IgG 1:25 000 Goat Sigma-Aldrich A0545 
Mouse IgG 1:25 000 Goat Chemicon AP127P 

Table 2.1. List of antibodies used in western blot analyses 
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2.2.3 Analysis of cell lysates for proteasome activity 

2.2.3.1 Native PAGE 

Late trophozoite-infected RBC cultures at 2.5% haematocrit and 5% parasitemia were 

enriched by magnet purification and subjected to drug treatment at 37°C. Cell pellets were 

washed with 10 pellet volumes of ice-cold PBS and treated with 10 pellet volumes of 

0.15% (w/v) saponin in PBS to release RBC cytoplasmic components. Cells were pelleted 

by centrifugation at 13 000 g for 10 minutes and washed with 10 pellet volumes of ice-

cold PBS. The saponin-lysed pellet was then solubilised in hypotonic lysis buffer (25 mM 

Tris-HCl, 10 mM MgCl2, 1 mM ATP (Sigma-Aldrich), pH 7.4) on ice for 30 min. The 

pellet was resuspended in the lysis buffer by pipetting every 10 minutes to ensure efficient 

lysis. The supernatant was cleared by centrifugation at 13 000 g for 15 minutes and 

analysed for protein content by BCA assay (Pierce) following the manufacturer’s 

instructions. 

 

Cell lysates were analysed for proteasome activity using a method adapted from Elsasser 

et al. (2005). All reagents contained 1 mM ATP to maintain proteasome activity. 50 µg 

cell lysate was mixed with native loading dye (250 mM Tris-HCl, pH 7.4, 50% (v/v) 

glycerol, 0.0007% xylene cyanol) and loaded onto a 4% acrylamide gel (90 mM Tris, 90 

mM Boric acid, 1 mM EDTA, 2.5 mM MgCl2, 1 mM ATP, 4% Acrylamide/Bis solution 

37.5:1 (Bio-Rad), 0.1% (w/v) Ammonium peroxodisulphate, 0.1% (v/v) TEMED (Bio-

Rad)). At least one lane was loaded with NativeMarkÔ (Life Technologies) protein 

standard for size reference of protein bands. Electrophoresis was carried out in native 

running buffer (90 mM Tris, 90 mM Boric acid, 1 mM EDTA, 2.5 mM MgCl2, 1 mM 

ATP) at 130 V for 90 minutes and at 4°C to prevent heat-mediated denaturing of proteins. 

 

Following electrophoresis, the gel was carefully removed from glass plates and incubated 

in developing buffer (50 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 1 mM ATP) containing 

100 µM Suc-LLVY-AMC (Enzo Life Sciences) for 30 minutes at 37°C without agitation. 

The UV fluorescent signal produced by cleaved Suc-LLVY-AMC was captured under 

UV light using the Bio-Rad ChemiDocÔ MP imaging system (Elsasser et al., 2005). 
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For Coomassie staining, following UV imaging, the gel was washed three times in Milli-

Q® ddH2O for 10 minutes at room temperature with gentle shaking. The washed gel was 

stained with SimplyBlueÔ SafeStain (Invitrogen) overnight in the presence of 2% (w/v) 

NaCl and then washed twice with Milli-Q® ddH2O prior to imaging using the Bio-Rad 

ChemiDocÔ MP imaging system. 

 

Densitometric analysis was carried out using ImageJ software (https://imagej.nih.gov/ij/; 

Gel Analysis method). The integrated pixel intensity for each lane was corrected for 

background signal and normalised to the sum of the signal produced by all samples. 

2.2.3.2 Proteasome-GLO 

Trophozoite-stage parasite cultures at 3% haematocrit and 4% parasitemia were subjected 

to the drug treatment indicated in the figure legend. Erythrocyte cytoplasmic components 

were released by incubation in 0.05% (w/v) saponin and parasite pellets were washed 

with ice-cold PBS 3 times. The parasite pellet was lysed in ice-cold water (pH 4.5) and 

the supernatant was cleared by centrifugation at 760 g for 10 min. 1 µg cell lysate was 

mixed with an equal volume of the Proteasome-GLO (chymotrypsin-like) assay reagents 

(Bio-Rad) (Moravec et al., 2009). Luminance was measured using CLARIOstar 

microplate reader (BMG Labtech). Measurements were taken every 2 minutes for 3-hrs. 

Average readings between 60 and 90-min (after the signal reached equilibrium) were used 

for proteasome activity analysis. Values are normalised to mock (0.1% DMSO)-treated 

sample (100% Proteasome-GLO signal). 

2.2.4 Co-immunoprecipitation of GFP or HA-tagged PK4 

Trophozoite-infected RBCs were isolated by magnet purification from cultures at 2.5% 

haematocrit and 5% parasitemia and the cell pellet was washed once in ten volumes of 

serum-free media. Proteins were crosslinked by incubation of cells in 5 pellet volumes of 

1 mM DSP (dithiobis(succinimidyl propionate)) (Pierce) in PBS for 30 minutes at room 

temperature. After 30 minutes, the reaction was terminated by addition of Tris-HCl (pH 

7.4) to a final concentration of 20 mM and incubation for 15 minutes at room temperature. 

Cells were then washed with 10 pellet volumes of ice cold PBS containing cOmpleteÔ, 

EDTA-free Protease Inhibitor Cocktail (Roche) and treated with 10 pellet volumes of 

0.15% saponin in PBS. The cell pellet was collected by centrifugation at 13 000 g for 10 



Chapter 2 
 

 45 

minutes at 4°C, washed with PBS until the supernatant came out uncoloured (indicating 

depletion of RBC haemoglobin) and lysed in 10 pellet volumes of 1% Triton X-100 

(Sigma-Aldrich) in PBS containing protease inhibitor. Cells in lysis buffer were incubated 

on ice for 30 minutes and were resuspended by pipetting every 10 minutes to ensure 

efficient lysis. Following lysis, the supernatant was cleared by centrifugation at 13 000 g 

for 15 minutes at 4°C and transferred to a new tube. Centrifugation of the supernatant was 

repeated at 13 000 g for 5 minutes to pellet any remaining insoluble material. 

 

The cell lysate was then pre-cleared to eliminate proteins binding non-specifically to 

Protein-A agarose by incubation in Protein-A agarose beads (Sigma) for 30 minutes at 

4°C with constant mixing. Beads were pelleted by centrifugation at 2500 g for 3 minutes. 

Cleared lysate was then transferred to a tube containing a 1:1 ratio of GFP-Trap® slurry 

(Chromotek) or Anti-HA-Agarose slurry (Sigma-Aldrich) mixed with Protein-A agarose 

slurry. And incubated for 1-2-hrs at 4°C with constant mixing. Beads were pelleted by 

centrifugation at 2500 g for 3 minutes and washed five times with PBS to remove non-

specifically bound protein. 

 

Bound complexes were eluted from the beads by resuspension in a 1:4 ratio of 

trifluoroethanol (TFE) and 0.1% formic acid and incubation at 50°C for 5 minutes. The 

pH was confirmed to be lower than 2.5 using pH test strips (Sigma-Aldrich). Beads were 

pelleted by centrifugation and IP eluate containing protein complexes was carefully 

removed and transferred to a new tube. Eluate was pH neutralized by addition of TEAB 

(triethylammonium bicarbonate). TCEP (tris(2-carboxyethyl)phosphine) was added to a 

final concentration of 10 mM to reduce disulfide bonds and iodoacetamide to a final 

concentration of 40 mM to alkylate cysteine thiol groups to prevent reformation of 

disulfide bonds. The mixture was incubated at 95°C for 5 minutes and then allowed to 

cool to room temperature before the addition of Proteomics Grade Trypsin (Sigma-

Aldrich) to a final concentration of 125 ng/mL. Trypsin digestion was allowed to proceed 

overnight at 37°C. Samples were stored at 4°C until analysis via mass spectrometry. 

 

Peptide content of samples was analysed by liquid chromatography (LC) MS/MS using a 

Q ExactiveÔ Hybrid Quadrupole-OrbitrapÔ Mass Spectrometer (Thermo Scientific). 

Peptide mass spectra were searched against Homo sapien and Plasmodium falciparum 
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UniProt databases using MASCOT (Matrix Science). Searches were restricted to trypsin 

digested peptides with a maximum of two missed cleavages, 20 ppm peptide tolerance, 

0.2 Da ions fragment tolerance, carbamidomethyl fixed modification and variable 

modifications of oxidation of methoine and reduced crosslinks on lysines and the N-

terminus. An initial significance threshold of p<0.05 based on a reversed decoy database 

was used to identify significant peptides. 

2.2.5 Glucosamine mediated protein knockdown of glmS transfectants 

Parasite lines expressing integrated pk4-glmS constructs were tightly synchronised to 0-

3-hrs post invasion (p.i.) and returned to culture in the presence of 10 mM D-(+)-

glucosamine (GlcN) (Sigma-Aldrich). Parasites were again tightly synchronised when 

they began reinvading into the next cycle and returned to culture in the presence of 10 

mM GlcN until experimentation in the ring or trophozoite stage of that cycle (Prommana 

et al., 2013). 

2.2.6 Measurement of protein translation by radiolabeling 

Trophozoite-infected RBC cultures at 2% haematocrit and 10% parasitemia (60 mL total 

culture) were separated from early-stage parasites and uninfected RBCs by magnet 

purification and allowed to recover in fresh culture media under standard culture 

conditions for 1-hr. Cells were counted on a haemocytometer and purity of parasite-

infected RBCs was assessed by Giemsa smear. 1x107 cells were used per sample and 

samples were prepared in technical duplicate.  

 

1x107 cells were aliquoted into 2.0 mL safe-lock round-bottom centrifuge tubes and 

subjected to drug treatment in the presence of 3H-tryptophan (20.1 mCi/mmol stock) 

(Perkin Elmer) for 1-hr at 37°C. Cells were then washed with 1 mL ice-cold PBS, pelleted 

by centrifugation at 14 000 g for 30 seconds and resuspended in 100 µL 30% (w/v) 

tricholoroacetic acid (TCA) to precipitate the acid-insoluble radioactive protein products. 

The precipitated protein was pelleted by centrifugation at 14 000 g for 5 minutes and 

washed once with 1 mL 5% (w/v) TCA and once with 1 mL Milli-Q® ddH2O. 

Precipitated proteins were then solubilised in 100 µL 1 M NaOH and incubated at 50°C 

for 30 minutes until the pellet was fully dissolved. 50 µL 12.5% (w/v) NaClO was added 

and the mixture allowed to decolourise for 20 minutes at room temperature. The mixture 
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was then diluted in 1 mL Milli-Q® ddH2O and transferred to vials containing 2 mL 

scintillation fluid for b-scintillation counting using a Tri-Carb 4810TR Liquid 

Scintillation Counter (Perkin Elmer). Data were processed using GraphPad Prism 

software (version 5). 

 

2.3 Fluorescence microscopy 

2.3.1 Detection of unfolded protein using tetraphenylethene maleimide (TPE-MI) 

TPE-MI was kindly provided by Associate Professor Danny Hatters and Dr Yuning Hong 

(Chen et al., 2017). TPE-MI dissolved in DMSO as 2 mM stock was kept at 4°C in the 

dark. 

 

Trophozoite-infected RBC cultures at 5% haematocrit and 5% parasitemia were 

incubated in drug for 3-hrs under standard culture conditions. Following drug treatment, 

cells were washed once with 10 volumes of pre-warmed PBS. Cells were then 

resuspended in PBS at 5% haematocrit. 

 

A glass coverslip was divided into 4 wells using a hydrophobic pen, 15 µL 0.5 mg/mL 

erythroagglutinin PHA-E (Sigma-Aldrich) was applied to each well and the coverslip was 

incubated in a humidified chamber for 15-30 minutes at 37°C. Excess PHA-E was 

removed from the coverslip by pipetting onto and aspirating away PBS from each well 

(PBS washes) three times. 

 

20 µL of drug-treated cells in PBS were pipetted onto each well of the PHA-E coated 

coverslip and allowed to attach at room temperature for 15 minutes. Unbound cells were 

gently removed from the coverslip by three PBS washes. Cells attached onto the coverslip 

were then incubated in freshly diluted 50 µM TPE-MI in PBS for 30 minutes at 37°C in 

the dark. Excess TPE-MI was removed by three PBS washes. Cells were then fixed by 

incubation in 2% paraformaldehyde/0.008% glutaraldehyde for 20 minutes at room 

temperature. Excess fixative was gently removed by washing each well three times with 

PBS. Excess PBS was then aspirated from each well and a small drop of antifade was 

added to each well to preserve TPE-MI fluorescence. The coverslip was then mounted 
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onto a glass slide and sealed on the edges using nail polish. The slide was stored at 4°C 

in the dark and images were taken within 6-hrs of preparation.  

 

Cells were imaged on a Zeiss LSM780 Confocal Microscope (excitation: 355 nm, 

emission: 445-500 nm) using a x40 objective lens. Fluorescence was quantitated using 

the mean TPE-MI intensity calculated by Fiji within each parasite. 

2.3.2 Immunofluorescence assays (IFA) 

A glass coverslip was divided into 4 wells using a hydrophobic pen, 15 µL 0.5 mg/mL 

erythroagglutinin PHA-E (Sigma-Aldrich) was applied to each well and the coverslip was 

incubated in a humidified chamber for 15-30 minutes at 37°C. Excess PHA-E was 

removed from the coverslip by pipetting onto and aspirating away PBS from each well 

(PBS washes) three times. 

 

Parasite-infected RBCs in culture were pelleted by centrifugation, washed once with PBS 

and resuspended in PBS at 5% haematocrit. 20 µL of cells in PBS was pipetted onto each 

well of a PHA-E coated coverslip and the coverslip incubated in a humidified chamber 

for 15 minutes at room temperature. Excess cells were removed by gently washing each 

well three times with PBS. Cells attached to the coverslip were then fixed by incubation 

of each well in 20 µL 2% paraformaldehyde/0.008% glutaraldehyde for 20 minutes at 

room temperature. Excess fixative was removed by three PBS washes. Cells were then 

permeabilised by incubation of each well in 20 µL 0.1% (v/v) Triton X-100 in PBS at 

room temperature for 10 minutes. Wells were washed three times with PBS.  

 

Non-specific antibody binding was blocked by incubation of each well in 50 µL 3% (w/v) 

bovine serum albumin (BSA) (CSL Ltd) in PBS for 1-hr at room temperature. Blocking 

agent was removed, 50 µL primary antibody diluted in 3% BSA in PBS was added to 

each well and the coverslip was incubated for 1-hr at room temperature. Excess primary 

antibody was removed by three PBS washes and each well was incubated in 50 µL 

secondary antibody diluted in 3% BSA in PBS for 1-hr at room temperature. Wells were 

again washed with PBS to remove excess secondary antibody. Excess PBS was removed 

from each well and 5 µL 1 ng/µL DAPI was added to label nuclei. Wells were incubated 

in DAPI for 5 minutes at room temperature before they were washed once with PBS. 
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Excess PBS was removed and antifade added to residual PBS in each well to prevent loss 

of fluorescence. The coverslip was mounted onto a glass slide and sealed around the edges 

with nail polish. Slides were stored in the dark at 4°C and imaged within 24-hrs of 

preparation. All antibodies used in IFA in this study are listed in Table 2.2. 

 

1° / 2° Antigen Dilution  Animal 
raised in Source Product code 

1° 

Phospho-eIF2a 1:300 Rabbit Cell Signaling Technology 119A11 
eIF2a 1:300 Mouse Cell Signaling Technology L57A5 
PfGAPDH 1:300 Rabbit Jackson et al. (2007) N/A 
PfBiP 1:300 Rabbit  N/A 
GFP 1:300 Mouse Roche 11814460001 
HA 1:300 Mouse Sigma HA-3663 

2° 

Rabbit IgG 
Alexa Fluor 568 

1:300 Goat Invitrogen A-11011 

Mouse IgG 
Alexa Fluor 647 

1:300 Goat Invitrogen A-21235 

Table 2.2 List of antibodies used for IFA analysis  

2.3.3 Fluorescence microscopy of GFP-expressing transfectants 

10 µL of GFP-expressing transfectants in culture at 5% haematocrit was spotted onto a 

glass slide, covered with a glass coverslip and imaged immediately on the DeltaVision 

DV EliteÔ restorative widefield deconvolution microscope. GFP fluorescence was 

visualised using excitation 475 nm and emission 523 nm filter sets. 

2.3.4 Labelling of endoplasmic reticulum with ER-TrackerÔ 

1 mL of parasite-infected RBC culture at 5% haematocrit was washed once with pre-

warmed PBS, resuspended in 1 mL warm PBS containing 500 nM ER-TrackerÔ Blue-

White DPX (Invitrogen) and incubated at 37°C for 15 minutes (as per manufacturer’s 

instructions). Cells were washed once with PBS to remove excess ER-TrackerÔ and 

resuspended in culture media. 10 µL of stained cells in culture media was spotted onto a 

glass slide, covered with a glass coverslip and imaged immediately on the DeltaVision 

DV EliteÔ restorative widefield deconvolution microscope. ER tracker was visualised 

using excitation 390 nM and emission 435 nm filter sets. 
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2.3.5 DeltaVision DV EliteÔ restorative widefield deconvolution microscopy  

Imaging with the DeltaVision DV EliteÔ restorative widefield deconvolution microscope 

(Applied Precision) was carried out using a 100x oil immersion objective (1.4 NA). Solid 

state illumination filter sets (390 nm, 475 nm, 542 nm and 632 nm) were used to excite 

fluorphores and images were taken using the corresponding band pass filter sets (435 nm, 

523 nm, 594 nm and 676 nm). Images were deconvolved using softWoRx 5.0 package 

(Applied Precision).  

2.3.6 Data processing using ImageJ 

Images were processed and visualised using ImageJ or Fiji software 

(http://imagej.nih.gov/ij/). Data are represented as average projections of whole cell Z-

stacks. In some cases, brightness and contrast were adjusted to improve clarity of images. 

 

2.4 Molecular cloning 

2.4.1 Genomic DNA extraction 

1 mL of 3D7 parasite-infected RBC culture at 5% haematocrit and 5% parasitemia of 

predominately trophozoites was pelleted by centrifugation at 2000 g for 1 minute. 

Genomic DNA (gDNA) was extracted using the ISOLATE II Genomic DNA Kit 

(Bioline) following the manufacturer’s instructions. gDNA was eluted from the column 

in 100 µL of TE buffer and the DNA concentration and purity was determined using the 

NanoDrop 2000 (Thermo Scientific) according to the manufacturer’s instructions. 

2.4.2 DNA agarose gel electrophoresis 

DNA fragments were analysed by agarose gel electrophoresis. The gel was made using 

1% (w/v) agarose in TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8) 

containing SYBRÔ Safe DNA Gel Stain (Molecular Probes, Life Technologies). DNA 

solutions were mixed with DNA loading dye (NEB) and loaded onto the agarose gel. At 

least one lane was loaded with 5 µL of 1 kb DNA Ladder (NEB) as a reference to 

determine the size of DNA bands. Electrophoresis was carried out at 100 V for 20-40 

minutes in TAE buffer. DNA bands were visualised by blue-light illumination using the 

LAS-3000 Imager (Fujifilm). 
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2.4.3 Generation of pk4-glmS knockdown transfectants 

2.4.3.1 Amplification of pk4 3’ targeting sequence by polymerase chain reaction 

Polymerase Chain Reaction (PCR) was performed using the Veriti Thermal Cycler 

(Applied Biosystems) or the GeneAmp PCR System 2400 (Applied Biosystems) to 

amplify an 848 bp sequence at the 3’ end of the pk4 gene using the primers listed in Table 

2.3 under the PCR conditions outlined in Table 2.4. 

 

Phusion® High-Fidelity DNA Polymerase (NEB) was used to amplify the initial pk4 3’ 

targeting sequence. Phusion® was used in a 20 µL reaction mixture containing 1x 

Phusion® HF Buffer (NEB), 800 µM deoxynucleotide (dNTP) solution mix (200 µM of 

each dNTP) (NEB), 0.5 µM of each primer (PK4 3’ Fwd and PK4 3’ Rev) (Sigma-

Aldrich) and 100 ng of template gDNA (purified as described in section 2.4.1), made up 

to volume with nuclease-free H2O (Qiagen).  

 

OneTaq® Quick-Load 2x Master Mix with Standard Buffer (NEB) was used to screen 

bacterial colonies for those containing pk4 3’ targeting sequence inserted into plasmid. 

OneTaq® was used in a 25 µL reaction containing 0.2 µM of each primer (PK4 3’ Fwd 

and PK4 3’ Rev) and made up to volume with nuclease-free H2O (Qiagen). A small swab 

of bacterial colony was dipped into the PCR reaction to provide template DNA. A reaction 

containing 100 ng of gDNA was used as a positive control. 

 

PCR products were separated by DNA agarose gel electrophoresis (Section 2.4.2). PCR 

products were purified using the Isolate II PCR and Gel Kit (Bioline) following the 

manufacturer’s instructions. DNA concentration and purity was determined using the 

NanoDropÔ 2000 (Thermo Scientific). 

 

Primer name Sequence Product size (bp) 

PK4 3’ Fwd: GTCGACGATCTACGAGAAGTGACAAACC 
855 

PK4 3’ Rev: CTGCAGTTTGTCTGCACCATTATTCTC 

Table 2.3. Primers used in the generation of pk4-glmS. 

Bold text indicates restriction endonuclease sites. 
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DNA polymerase Step Temp Time 
Phusion® Initial denaturation 98°C 30 seconds 

30 cycles 
-   Denaturation 
-   Annealing 
-   Extension 

 
98°C 
64°C 
72°C 

 
10 seconds 
30 seconds 
25 seconds 

Final extension 72°C 10 minutes 
OneTaq® Initial denaturation 94°C 4 minutes 

30 cycles 
-   Denaturation 
-   Annealing 
-   Extension 

 
94°C 
64°C 
68°C 

 
15 seconds 
25 seconds 
51 seconds 

Final extension 68°C 5 minutes 

Table 2.4. Thermocycling conditions for PCR of pk4 3’ targeting sequence 

Conditions were as recommended by the DNA polymerase manufacturer (NEB). 

Annealing temperature was dependent upon the %GC content and length of primers. 

Extension time was dependent upon the DNA polymerase and the length of the expected 

PCR product.  

2.4.3.2 Sub-cloning of pk4 3’ targeting sequence into TOPO® vector 

pk4 3’ targeting sequence was ligated into the pCR®4-Blunt-TOPO® sub-cloning vector 

(Invitrogen). 4 µL of PCR product was mixed with 1 µL of TOPO® vector and 1 µL of 

TOPO® salt solution and incubated at room temperature for 5 minutes before the reaction 

was placed on ice. 

 

Ligation mixture was then transformed into competent DH5a E. coli (Bioline). 2 µL of 

ligation mixture was added to cells and incubated on ice for 5 minutes. Cells were then 

heat shocked at 42°C for 30 seconds and transferred back to ice. 250 µL of S.O.C. medium 

was added and cells were incubated at 37°C for 1-hr with shaking (200 rpm). 25 µL of 

transformation mixture was spread onto pre-warmed LB agar plates containing 100 

µg/mL ampicillin and plates were incubated at 37°C overnight. 

 

Seven single colonies were chosen for analysis. Colonies were swapped with a plastic tip, 

which was then dabbed onto a new LB agar plate containing 100 µg/mL ampicillin and 

dipped into a 25 µL OneTaq® PCR reaction. PCR products amplified using PK4 3’ Fwd 
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and Rev primers were analysed by DNA agarose gel electrophoresis. Four colonies found 

to be positive for the pk4 3’ 848 bp fragment were inoculated into 10 mL LB medium 

containing 100 µg/mL ampicillin and incubated overnight at 37°C with agitation (200 

rpm). Bacterial cells were pelleted by centrifugation at 13 000 g for 10 minutes. Plasmid 

DNA was extracted from cells using the ISOLATE II Plasmid Mini Kit (Bioline) 

following the manufacturer’s instructions.  

 

pk4 3’ targeting sequence in pCR®4-Blunt-TOPO® vector was sequenced at the 

sequencing and Genotyping Facility, Centre for Translational Pathology, The University 

of Melbourne. 

2.4.3.3 Cloning of pk4 3’ targeting sequence into glmS vector 

Cloning into glmS vector was performed as described by (Prommana et al., 2013). pk4 3’ 

targeting sequence verified to be the correct sequence by sequencing was then excised 

from TOPO® plasmid by restriction digest. 1 µg of extracted plasmid DNA was 

incubated with 1 µL PstI (NEB), 1 µL Sal1 (NEB) in 1x NEBuffer 3.1 (NEB) made up 

to 50 µL total volume with nuclease-free H2O, at 37°C for 2-hrs. Following incubation, 

the digest mixture was separated by DNA agarose gel electrophoresis. DNA bands were 

visualised using a Safe Imager Blue-Light Transilluminator and DNA bands 

corresponding to the pk4 3’ digested fragment were excised using a scalpel. DNA 

fragments were purified from gel slices using the Isolate II PCR and Gel Kit (Bioline) 

following the manufacturer’s instructions. 

 

Purified pk4 3’ fragments were then ligated into glmS plasmids (Elsworth et al., 2014) 

that were originally provided Dr Paul Gilson and Dr Brendan Elsworth (Burnet Institute) 

and subsequently modified by Dr Steven Batinovic, University of Melbourne. 11.25 ng 

of pk4 3’ insert was incubated with 25 ng glmS plasmid and 1 µL T4 DNA ligase 

(Invitrogen) in 1x ligation buffer in a total reaction volume of 5 µL, for 1-hr at room 

temperature. 

 

Ligation mixtures were then transformed into competent DH5a E. coli. Competent cells 

were thawed on ice for 5 minutes. 5 µL of ligation reaction was added to thawed 

competent cells and the tube was flicked to mix the contents. Cells were incubated on ice 
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for 30 minutes and then heat-shocked at 42°C for 90 seconds before being returned to ice. 

250 µL of S.O.C. media was then added and cells were incubated at 37°C for 1-hr. 200 

µL of cell mixture was then plated onto LB agar plate containing 100 µg/mL ampicillin 

and the plate was incubated at 37°C overnight. 

 

Single colonies were chosen for analysis of the presence of the pk4 3’ 848 bp fragment. 

Colonies were swabbed with a plastic tip, which was then dabbed onto a new LB agar 

plate containing 100 µg/mL ampicillin and dipped into a 25 µL OneTaq® PCR reaction. 

PCR products were analysed by DNA agarose gel electrophoresis. One colony found to 

be positive for the pk4 3’ insert was inoculated into 200 mL LB medium containing 100 

µg/mL ampicillin and incubated overnight at 37°C with agitation (200 rpm). Bacterial 

cells were pelleted by centrifugation at 13 000 g for 10 minutes. Plasmid DNA was 

extracted from cells using the PurelinkÔ HiPure Plasmid Maxiprep Kit (Invitrogen) 

according to the manufacturer’s instructions. Plasmid was then transfected into parasites 

as outlined in Section 2.1.6. 

2.4.3.4 Transfection of P. falciparum with pk4-glmS plasmid 

One-tenth volume of 3M sodium acetate and 2.5 volumes of ethanol were added to 100 

µg plasmid DNA in TE buffer (Qiagen) and the mixture was incubated on ice for 3 

minutes to allow precipitation of DNA. Precipitated DNA was pelleted by centrifugation 

at 13 000 g for 20 minutes at 4°C and the supernatant was discarded. The DNA pellet was 

then washed with 70% ethanol and after this point the tube was only opened inside a 

laminar flow cabinet to maintain sterility of the DNA. The ethanol wash was discarded 

and the DNA allowed to air dry at room temperature. The dried DNA pellet was the 

resuspended in 30 µL of TE buffer and incubated at room temperature for 5 minutes prior 

to the addition of 400 µL cytomix transfection buffer (25 mM HEPES, 120 mM KCl, 150 

mM CaCl2, 2 mM EGTA, 5 mM MgCl2, 5 mM K2PO4, 5 mM KH2PO4, pH 7.6). 

 

10 mL of parasite-infected RBC culture at 2% haematocrit and containing ~5% rings was 

pelleted by centrifugation. The cell pellet was combined with the DNA in cytomix 

transfection buffer and pipetted into 0.2 cm Gene Pulser cuvettes (Bio-Rad). The cuvettes 

were then electroporated (310V, 950 µF, resistance infinity) using the Gene Pulser Xcell 

Electroporator (Bio-Rad). Following electroporation, the mixture was added to 10 mL 
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fresh RBC culture at 3% haematocrit and kept under standard culture conditions. 5-hrs 

following electroporation, the media was removed and replaced with fresh culture media 

containing the selection agent WR99210 at 5 nM. Culture media was replaced every day 

for a week. Following this time, fresh RBCs were added and culture media was replaced 

every two days. Following observation of transfectants at ~5% parasitemia, cultures were 

cycled on and off WR99210 by culturing without drug for two weeks, then culturing with 

drug for two weeks and so on, until integration of the plasmid DNA into nuclear DNA 

was observed by PCR. 

2.4.3.5 Analysis of transfected parasites for integration of the glmS construct into 

the pk4 3’ UTR 

Transfected parasites were analysed for integration of the glmS construct by PCR. gDNA 

was harvested from each parasite strain and used as the template for PCR with primers 

listed in Table 2.3, under thermocycling conditions listed in Table 2.4. 

 

PK4-7976 Fwd targets a sequence near the 3’ end of the pk4 sequence, but upstream of 

the primer used for amplification of the 3’ targeting sequence (PK4 3’ Fwd) and thus will 

only be present in the genomic copy of pk4, not in the pk4-3’-glmS plasmid. HA-22Nt 

Rev targets a sequence present in the HA tag. Thus, a PCR product will only be produced 

if the HA tag sequence (and therefore glmS sequence) is integrated into the pk4 gene. 

 

 

Primer name Sequence Product size (bp) 

PK4-7976 Fwd: CCTGGGGAGACACGAAAAGGG 
1340  

HA-22Nt Rev AGCGGCATAATCTGGAACATCG 

Table 2.5 Primers used for analysis of integration of glmS construct into pk4 3’ UTR. 
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DNA polymerase Step Temp Time 
OneTaq® Initial denaturation 94°C 30 seconds 

30 cycles 
-   Denaturation 
-   Annealing 
-   Extension 

 
94°C 
54°C 
68°C 

 
30 seconds 
60 seconds 
81 seconds 

Final extension 68°C 5 minutes 

Table 2.6 Thermocycling conditions used for analysis of integration of glmS 

construct into pk4 3’ UTR. 

2.4.3.6 Isolation of parasite clones by limiting dilution  

Transfectant clones were isolated using a limiting dilution method previously described 

by Rosario (1981). A thin Giemsa-stained blood smear of transfectant parasite culture 

was prepared on a glass slide and the accurate parasitemia counted. A haemocytometer 

was used to count RBCs to determine accurate haematocrit. The transfectant parasite 

culture was diluted such that when 100 µL of culture was distributed to each well of a 96-

well plate, 48 of those wells would contain one parasite and the other 48 wells would 

contain no parasites. The 96-well plate was then kept under standard culture conditions 

and the media was replaced every 3 days until parasites were observed by Giemsa stain 

(~11 days). Parasite-positive wells were transferred to larger dishes and gDNA was 

extracted and analysed by PCR for integration of the pk4-glmS sequence into the genome. 
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2.5 Drug sensitivity assays 

Compound name Abbreviation Source 
Artemisinin QHS Sigma-Aldrich 
b-AP15  Calbiochem 
Compound 1 C1 Dr Larry Dick, Takeda Pharmaceuticals 
Cycloheximide CHX Sigma-Aldrich 
Dihydroartemisinin DHA Sigma-Aldrich 
Dithiothreitol DTT Sigma-Aldrich 
Eeyarestatin ES1 Sigma-Aldrich 
Epoxomicin Epo Sapphire Bioscience or Sigma-Aldrich 
MLN4924  MedChemExpress 
RA190  Calbiochem 
WR99210 
PERK Inhibitor-I 

WR Sigma-Aldrich 
Calbiochem 

Table 2.7 List of drug compounds used in this study 

2.5.1 General conditions for the preparation of drug sensitivity assays 

Drug stocks were prepared in dimethyl sulfoxide (DMSO) (Sigma-Aldrich) and stored at 

-20 °C. All assays were carried out in 96-well V-bottomed microplates (Sarstedt) to 

facilitate formation of RBC pellets in the bottom of each well. Primary drug stocks were 

diluted in culture media and serial dilutions of drug were prepared in the 96-well plate 

immediately prior to the addition of parasite-infected RBCs. Parasite-infected RBCs at 1-

2% parasitemia in culture media were added to each well to a final haematocrit of 0.2% 

in a final volume of 200 µL per well. Each plate contained “no drug” and “kill controls”, 

where “no drug” refers to wells where no drug was added, corresponding to 100% parasite 

survival (or 0% killing). “Kill” control refers to wells where a very high concentration of 

drug was added for 48-72 hrs, leading to 100% parasite killing (or 0% survival). These 

controls were later used to normalise data to percentage parasite survival using GraphPad 

Prism software. During and following drug incubation, plates were kept under standard 

culture conditions. 

2.5.2 Short exposure drug pulse assays 

Drug sensitivity assays with dihydroartemisinin (DHA) were performed using a short 

exposure time or “pulse” (1-6 hrs) to mimic the short half-life of DHA in vivo (Klonis et 

al., 2013b). Following drug incubation, parasite-infected RBCs in 96-well plates were 
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pelleted by centrifugation (500 g, 1 min) (Rotina 420 centrifuge with microplate adaptors) 

and the supernatant was aspirated. Cell pellets were washed three times to ensure 

adequate removal for drug by resuspension of the pellet in 200 µL pre-warmed serum-

free media and pelleting by centrifugation. Following the three washes, the cell pellet was 

resuspended in pre-warmed culture media and the plate was returned to standard culture 

conditions for 48-72 hrs before determination of parasitemia by flow cytometry. 

2.5.3 Drug interaction assays 

To test the effects of various compounds on the efficacy of DHA, parasite-infected RBCs 

were incubated in combinations of two serially-diluted drugs (Figure 2.1). One drug was 

serially diluted across rows (starting at row H and finishing at row A). The second drug 

was serially diluted across columns (starting at column 10 and finishing at column 3). 

Serial dilutions of each drug were prepared at 4x concentration in separate 96-well 

microplates. 50 µL from each well of each plate was then transferred to a new microplate 

to mix the two serially-diluted drugs. Columns 1-2 and 11-12 were used for serial dilution 

of each single drug in duplicate, giving an IC50 for the efficacy of each drug alone. Row 

A, columns 1-2 and 11-12 were used for “kill controls” and row B, columns 1-2 and 11-

12 were used for “no drug” controls. 100 µL of parasite-infected RBC culture at 0.4% 

haematocrit in culture media was then added to each well containing 100 µL of drug at 

2x concentration in culture media. Data were used to construct isobolograms to determine 

the nature of the interaction between two drugs Tallarida (2006). 

 

 
Figure 2.1 96-well plate layout for drug interaction assays 

Arrows represent the direction of serial dilution. “Kill” wells contain a high concentration 

of drug that was not washed from wells (48-72 hrs incubation). “No drug” wells do not 

contain any drug. Drug#1 control wells (rows C-H) only contain a serial dilution of 
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drug#1. Drug#2 control wells (rows C-H) only contain a serial dilution of drug#2. All 

other wells (columns 3-10) contain a mixture of serially diluted drug#1 and drug#2. 

2.5.4 Determination of parasitemia by flow cytometry 

Parasitemia of drug-treated parasites in 96-well plates was measured in the trophozoite 

stage of the cycle following drug treatment (~72 hrs post drug treatment of rings or ~48 

hrs post drug treatment of trophozoites).  

 

Culture media was aspirated from wells and care was taken not to disturb cell pellet. Cells 

were resuspended in 20 µL of pre-warmed 2 µM SYTO 61 Red Fluorescent Nucleic Acid 

Stain (Molecular Probes, Life Technologies) in PBS. Cells were incubated in the SYTO 

61 solution for 15 minutes at room temperature, after which time 180 µL of PBS was 

added to each well and cells were incubated for a further 30 minutes at room temperature. 

 

Following staining, samples were analysed by BD Biosciences FACSCantoÔ II flow 

cytometer with a High Throughput Sampler accessory. Forward and side laser light scatter 

events produced by RBCs was measured. A far-red channel (632 nm excitation and 647 

nm emission) was used to measure SYTO 61 fluorescence. As only parasite-infected 

RBCs contain nucleic acid (contained in the parasite), SYTO 61 fluorescence is able to 

distinguish between uninfected and infected RBCs.  

 

Data was collected using BD FACSDiva Software and FlowJo (version 7.6.5) was used 

to process the data and determine parasitemia. GraphPad Prism software was used to 

normalise parasitemia values to “no drug” and “kill” controls. “No drug” refers to the 

parasitemia of samples that were untreated and thus represents 100% survival. “Kill” 

refers to the parasitemia of samples that were treated with 2 mM DHA for 48-72 hrs and 

thus represents 0% survival. Normalised survival values where then graphed by nonlinear 

regression (four parameters) in GraphPad Prism to produce concentration-response 

curves. 
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2.6 Statistical analyses 

Statistical significance between groups was determined with GraphPad Prism Software 

(version 5) using one-ANOVA with Dunnett’s Multiple Comparison Test. P values were 

considered significant if P< 0.05.  
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Chapter Three: DHA-mediated activation of the Unfolded 

Protein Response 

3.1 Introduction 

ART-based combination therapies (ACTs) have been recommended by the WHO as the 

first line treatment for uncomplicated P. falciparum malaria since 2001 (WHO, 2015a). 

Despite their widespread use, the precise mechanism of action of ARTs is still not well 

understood. Although it is widely accepted that ARTs are activated by iron-catalysed 

reductive scission of the endoperoxide bridge, many wide-ranging targets of activated 

ARTs have been identified and the critical event responsible for cell death has not been 

conclusively determined (Tilley et al., 2016). The multitude of cellular effects induced by 

ARTs imply that they induce widespread cellular damage, which is supported by the 

observation that sub-lethal pulses of ARTs cause growth retardation of blood stage 

parasites (Dogovski et al., 2015; Klonis et al., 2011; Klonis et al., 2013b; Witkowski et 

al., 2010). Growth retardation of other eukaryotic cells often results from reduced protein 

translation and metabolism in response to cellular stress (Wek et al., 2006). One of these 

stress response pathways, the Unfolded Protein Response (UPR) is activated in response 

to accumulations of unfolded or damaged proteins in the endoplasmic reticulum (ER) 

(See Frakes et al. (2017) for review). Previous studies have demonstrated that ARTs have 

the potential to damage ER proteins and disrupt ER function and thus ARTs may induce 

activation of the UPR (Eckstein-Ludwig et al., 2003; Ismail et al., 2016; Krishna et al., 

2004; Maeno et al., 1993; Wang et al., 2015a).  

 

The ER is responsible for folding of transmembrane and secreted proteins, it is the major 

site of lipid synthesis and also maintains intracellular calcium levels. The ER also plays 

a major role in the maintenance of cellular protein homeostasis, that is, the balance 

between protein synthesis, folding and degradation. ER stress describes the state where 

the amount of unfolded or misfolded polypeptide in the ER lumen outweighs the protein 

folding capacity of the ER. ER stress disrupts protein folding and, if unresolved, leads to 

cell death (Szegezdi et al., 2006). ER stress can result from chemical inducers, such as 

the reducing agent, DTT, or the N-glycosylation inhibitor, tunicamycin, from glucose 

starvation, hypoxia or increases in protein secretion (Schröder et al., 2005). The network 
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of ER membrane throughout the cell means that the ER is also capable of sensing and 

responding to perturbations in global cellular proteostasis via the UPR (Frakes et al., 

2017). 

 

In multicellular eukaryotes, three ER-membrane proteins control activation of the UPR 

in response to ER stress: inositol-requiring enzyme 1 (IRE1), activating transcription 

factor-6 (ATF-6) and protein kinase RNA (PKR)-like ER kinase (PERK) (Figure 3.1) 

(Schröder et al., 2005). In the absence of ER stress, the ER-luminal domains of these 

proteins are bound and maintained in an inactive state by the ER luminal heat shock 

protein binding immunoglobulin protein (BiP). However, during ER stress, BiP is 

sequestered away by unfolded proteins. IRE1, ATF6 and PERK then undergo 

conformational change, autophosphorylation and dimerisation, allowing interaction with 

cytoplasmic factors and activation of UPR pathways, which regulate downstream 

translation and transcription (Schröder et al., 2005). IRE1 and PERK have similar ER-

luminal domains that can also be bound and activated directly by unfolded polypeptide 

(Bertolotti et al., 2000). The IRE1 and ATF6 pathways lead to a transcriptional response, 

while the PERK pathway regulates protein translation, which can also lead to regulation 

of transcription (Ron et al., 2007). 

 

IRE1 is a serine/threonine-protein kinase/endoribonuclease that, once activated, mediates 

non-conventional splicing of X-box binding protein 1 (XBP1) mRNA (Figure 3.1) 

(Calfon et al., 2002). The spliced XBP1 isoform is a bZIP transcription factor that 

regulates the transcription of ~380 target genes, including chaperones involved in 

polypeptide folding in the ER (Calfon et al., 2002; Travers et al., 2000). ATF6 is a bZIP 

transcription factor that is embedded in the ER membrane during periods of ER 

homeostasis, but is cleaved during ER stress, releasing an active form that translocates 

into the nucleus (Haze et al., 1999). In the nucleus, ATF6 binds to UPR elements (UPRE) 

or ER stress elements (ERSE) in the promoter regions of specific genes, including xbp1 

and genes encoding proteins involved in ER-associated degradation (ERAD) (Haze et al., 

1999; Lee et al., 2002; Travers et al., 2000; Yamamoto et al., 2007). The overall result of 

the transcriptional response is upregulation of ER protein folding and degradation 

machinery and cell cycle arrest (Ron et al., 2007). PERK is a serine/threonine protein 

kinase. Once activated, the cytosolic kinase domain phosphorylates the alpha subunit of 

eukaryotic initiation factor 2 (eIF2), leading to reduced translation initiation (Harding et 
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al., 1999). eIF2a phosphorylation is a conserved mechanism of translational regulation 

during conditions of eukaryotic cellular stress (Wek et al., 2006). Attenuation of protein 

translation halts the influx of newly synthesised unfolded polypeptide into the ER and 

thus prevents further increases in ER stress. PERK signalling also promotes preferential 

translation of certain mRNAs, including that of the transcription factor ATF4, which then 

induces expression of the pro-apoptotic gene C/EBP homologous protein (chop) (Lu et 

al., 2004; Vattem et al., 2004). Thus, if ER stress is unresolved, prolonged PERK 

signalling activates apoptosis (Ron et al., 2007). 

 

Bioinformatic analyses of apicomplexan genomes including P. falciparum have failed to 

identify orthologs of some of the proteins involved in the UPR transcriptional response 

including IRE1, ATF6, ATF4 and XBP1 (Chaubey et al., 2014; Gosline et al., 2011). 

Moreover, UPRE or ERSE DNA sequences in the upstream regions of genes encoding 

major ER chaperones, such as BiP, have also not been identified, indicating a lack of 

canonical UPR transcriptional regulation (Figure 3.1 A). Furthermore, biochemical 

investigation has revealed that treatment of in vitro P. falciparum cultures with DTT, 

which is known to cause ER stress by interfering with disulfide bond formation, does not 

elicit a transcriptional response analogous to that of mammalian cells and does not lead 

to an increase in the expression of ER chaperones such as BiP (Chaubey et al., 2014). 

 

The UPR translational response appears to be more highly conserved, with orthologs of 

PERK and eIF2a identified in several apicomplexan parasites, including P. falciparum 

(Chaubey et al., 2014; Gosline et al., 2011) (Figure 3.1 A). eIF2 is a heterotrimeric G-

protein comprised of alpha, beta and gamma subunits (Figure 3.2 B). Initiation of 

translation involves formation of a complex containing mRNA, the small ribosomal 

subunit (40S), eukaryotic initiation factors including eIF2, GTP and met-tRNA (Proud, 

2005). Translation initiation requires hydrolysis of GTP and following initiation, the 

inactive eIF2-GDP dissociates from the 40S ribosomal subunit. A guanine nucleotide 

exchange factor, eIF2B, must exchange eIF2-GDP for eIF2-GTP before a new round of 

translation can be initiated by the complex. In mammals and yeast, phosphorylation of 

Ser51 of eIF2a enhances the binding affinity for eIF2B, favouring formation of an 

inactive eIF2a-GDP-eIF2B complex (Sudhakar et al., 1999) (Figure 3.1 B). The 

proportion of eIF2B to eIF2a is very low, so the population of eIF2B rapidly becomes 
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inactivated, resulting in fast reductions in protein translation (Van Der Kelen et al., 2009). 

Plasmodium eIF2a (PF3D7_0728000) contains a serine residue at position 59, which 

aligns to Ser51 of mammalian eIF2a (Gosline et al., 2011) and this phosphorylation site 

has been demonstrated to be essential for growth of P. berghei (Zhang et al., 2012). 

Treatment of in vitro P. falciparum cultures with DTT induces substantial 

phosphorylation of eIF2a and ~50% reduction in global protein synthesis, a level of 

translation arrest that is consistent with activation of the UPR (Chaubey et al., 2014). 

Altogether, this indicates that Plasmodium have a limited UPR that involves regulation 

of translation but not of transcription.  

 

In this chapter, the impact of dihydroartemisinin (DHA), a clinically relevant artemisinin 

derivative, on the global level of unfolded protein was assessed using the novel cell-

permeable thiol probe, tetraphenylethene maleimide (TPE-MI) (Chen et al., 2017). 

Activation of the UPR by DHA was then assessed by measuring the amount of 

phosphorylated eIF2a and the level of protein synthesis following short drug pulses. 

Transcriptomic evidence has found ART resistance and K13 mutations to be associated 

with increased expression of unfolded protein response pathways (Mok et al., 2015). A 

constitutively upregulated UPR could therefore contribute to the mechanism of ART 

resistance. To address this hypothesis, DHA-induced activation of the UPR was 

compared between ART resistant and sensitive parasites.  
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Figure 3.1 The Unfolded Protein Response in Homo sapiens and P. falciparum  

(A) In human cells, activation of the UPR is mediated by three ER-transmembrane 

proteins: IRE1, ATF6 and PERK. Under unstressed conditions, IRE1, ATF6 and PERK 

ER-luminal domains are bound by BiP, preventing their activation. During ER stress, 

accumulated unfolded proteins cause BiP to dissociate from IRE1, ATF6 and PERK, 

allowing their activation by autophosphorylation and oligimerisation, resulting in 

activation of UPR signalling pathways. Ire1 and PERK can also be activated directly by 

unfolded polypeptide. IRE1 and ATF6 mediate a transcriptional response. PERK 

phosphorylates eIF2a, leading to reduction of translation initiation and a downstream 

transcriptional response via ATF4. The P. falciparum genome encodes orthologs of 

PERK, BiP and eIF2a, but not of proteins involved in the transcriptional response (IRE1, 

XBP1, ATF6, ATF4). (B) The a subunit of eIF2a is phosphorylated by an eIF2a kinase 

in response to cellular stress. eIF2a phosphorylation inhibits the exchange of GDP for 

GTP on the eIF2-g subunit by the nucleotide exchange factor eIF2B. eIF2-GTP is required 

for translation initiation.  
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3.2 Results 

3.2.1 The effect of DHA on global protein unfoldedness, as measured by the cell 

permeable thiol probe, TPE-MI 

Tetraphenylethene maleimide (TPE-MI) is a fluorogenic dye that can be used to measure 

unfolded protein at the cellular level (Chen et al., 2017). TPE-MI binds to exposed 

cysteine thiols and thus labels only unfolded protein as these thiols are normally buried 

within properly folded globular protein, only becoming exposed with protein unfolding 

(Figure 3.2 A). TPE-MI fluorescence is activated only upon binding and thus the level of 

fluorescence is proportional to the level of unfolded protein (Figure 3.2 B). 

 

To measure the effect of DHA on cellular protein unfolding, 3D7 trophozoite-infected 

RBCs were treated with 1 µM DHA for 3-hrs in the presence of 400 nM epoxomicin (to 

prevent degradation of unfolded proteins) and labelled with TPE-MI. Following 

attachment of cells to glass slides and fixing, fluorescence was examined by confocal 

microscopy. Strong TPE-MI staining was observed in the parasite, whereas the host RBC 

and uninfected RBCs showed very little TPE-MI fluorescence (Figure 3.2 C). Cells that 

had been treated with DHA (and epoxomicin) had significantly higher TPE-MI 

fluorescence compared to cells treated with 0.1% DMSO (carrier solvent) (mean ± SEM 

= 234 ± 16, 172 ± 15, respectively) or 400 nM epoxomicin alone (mean ± SEM = 147 ± 

14, 101 ± 12, respectively), indicating that DHA causes a build-up of unfolded protein in 

the parasite. 
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 Mean ± SEM 

(D) DMSO 172 ± 15 

(D) Epo + DHA 234 ± 16 

(E) Epo 101 ± 12 

(E) Epo + DHA 147 ± 14 
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Figure 3.2. DHA treatment results in a build-up of unfolded protein in the parasite, 

as measured by the unfolded protein dye, TPE-MI 

(A) In normally folded globular protein, cysteine thiols are buried within the protein and 

are not accessible to TPE-MI. Protein unfolding exposes cysteine thiols and facilitates 

TPE-MI binding. (B) Structure of tetraphenylethene (TPE) conjugated to maleimide (MI). 

Binding of TPE-MI to protein results in immobilization of the phenyl rotamers and 

emission of fluorescence. (C) Representative confocal microscopy images of trophozoite-

infected RBCs treated with 0.1% DMSO, 400 nM epoxomicin in the presence or absence 

of 1 µM DHA and labelled with TPE-MI. Scale bar, 3 µm. (D, E) TPE-MI fluorescence 

values (red closed circles), as measured by confocal microscopy, in individual 

trophozoites treated with 0.1% DMSO alone (D), 400 nM epoxomicin alone (E) or 400 

nM epoxomicin and 1 µM DHA for 3-hrs (D, E). Bars represent the mean ± S.E.M. **P 

= 0.0088, *P = 0.0171, two-tailed unpaired t-test. Below, table of values for the mean of 

each sample ± S.E.M. 

3.2.2 DHA induces eIF2a phosphorylation 

To assess whether the DHA-induced build-up of unfolded proteins led to activation of the 

parasite stress responses, phosphorylation of eIF2a, a hallmark of the UPR, was 

examined. 3D7 trophozoite-infected RBCs were treated with DHA or 10 mM DTT 

(dithiothreitol), a reducing agent known to induce ER stress and eIF2a phosphorylation 

in Plasmodium (Chaubey et al., 2014), for 90 minutes and cell lysates were subjected to 

western blot analysis. DHA induced a concentration-dependent increase in the level of 

phosphorylated eIF2a (Figure 3.3 A), while the levels of loading controls, total eIF2a or 

P. falciparum GAPDH remained unchanged. As expected, DTT also strongly induced 

eIF2a phosphorylation, confirming that ER stress induces an eIF2a-mediated stress 

response in P. falciparum. 

 

In this initial experiment, the blot was probed for levels of total eIF2a. No substantial 

difference in the level of total eIF2a was observed across samples, indicating, as 

expected, that DHA does not affect the total level of eIF2a. Subsequent blots were not 

probed for total eIF2a, but instead for a loading control that is standard when probing 

blots of P. falciparum lysates, either PfGAPDH or PfBiP. As evidenced in Fig. 3.3, 

PfGAPDH levels correlated well with the level of total eIF2a. Re-probing with a total 
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eIF2a antibody was avoided in subsequent experiments as, because eIF2a and PfGAPDH 

are approximately the same molecular weight, probing with all three antibodies requires 

the blot to be stripped twice. Stripping can fail to completely remove all antibody from 

the previous probe and signal from the ineffectively stripped antibody can interfere with 

the signal when probing for a similarly sized protein (Bass et al., 2017). Multiple rounds 

of stripping can also lead to loss of antigen, producing inaccurate signal in subsequent 

probes. For these reasons, probing with a standard loading control (PfGAPDH or PfBiP) 

was deemed to be sufficient for subsequent analysis. 

 

To determine the specificity of eIF2a phosphorylation in response to drug treatment, 

WR99210, a potent inhibitor of P. falciparum dihydrofolate reductase (PfDHFR) (Fidock 

et al., 1997), was used as a control. Parasite cultures were treated with 100 nM DHA or 

10 nM WR99210 for 30, 90 or 180 minutes and parasite survival was determined in the 

following cycle, as per the short exposure drug pulse assay described in the methods 

(Figure 3.3 B, C). Under conditions which lead to 0% parasite survival in the drug pulse 

assay (90 mins or 3 hrs), DHA, but not WR99210, induced eIF2a phosphorylation (Figure 

3.3 D). Chloroquine was used as a further control and did not induce eIF2a 

phosphorylation within 1-hr of exposure to 1 µM (Figure 3.3 E). Altogether, this indicates 

that the rapid induction of eIF2a phosphorylation is specific to DHA or inducers of ER 

stress and is not a general response to antimalarial drugs. 
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Figure 3.3 Examination of eIF2a phosphorylation following drug treatment in 3D7 

trophozoite stage parasite cultures 

(A) Parasite cultures were subjected to treatment with 0.1% DMSO (mock) or various 

concentrations of DHA or 1 mM DTT for 90 minutes and cell lysates were analysed by 

western blot for phosphorylated eIF2a.  Loading controls, total eIF2a and P. falciparum 

GAPDH. (B, C) Parasite cultures were subjected to drug pulse assays with DHA (B) or 

WR99210 (C) and survival was measured in the following cycle. (D) Parasite cultures 

were treated with 0.1% DMSO (mock) or 100 nM DHA or 10 nM WR99210 (WR) for 

30 minutes, 90 minutes or 3-hrs and cell lysates were analysed by western blot for 

phosphorylated eIF2a. Loading control, PfGAPDH. (E) Parasite cultures were treated 

with 0.1% DMSO (mock), 1 µM DHA or 1 µM chloroquine (CQ) for 60 minutes and cell 

lysates were analysed by western blot for phosphorylated eIF2a.  Loading control, P. 

falciparum BiP. Blot is representative of two independent experiments. 

3.2.3 Dephosphorylation of eIF2a following drug removal 

eIF2a is rapidly dephosphorylated following the resolution of stress in metazoa (Connor 

et al., 2001; Jousse et al., 2003; Novoa et al., 2001; Ron et al., 2007) and protozoa 

including P. falciparum (Babbitt et al., 2012). To examine the dynamics of eIF2a 

dephosphorylation, trophozoite-infected RBC cultures were subjected to a 90-minute 

pulse with 100 nM DHA or 1 mM DTT. At the conclusion of the 90-minute pulse, cell 

pellets were washed three times to ensure adequate removal of drug to below inhibitory 

concentrations. Cells were then returned to culture and eIF2a phosphorylation was 

examined at 0, 1.5, 3 and 6-hrs post-drug removal (Figure 3.3).  

 

The washing conditions employed in this experiment are in line with those of the “ring 

stage survival” and “drug pulse” assays (described in the methods and introduction) that 

were developed to mimic the in vivo exposure of parasites to DHA. Furthermore, these 

washing conditions have previously been shown to be effective in removing DHA in 

comparison to synthetic endoperoxides, which are less likely to be effectively washed 

from cells (Yang et al., 2016). It is therefore likely that most of the unreacted DHA was 

effectively washed from cells under the method used, largely eliminating any potential 

confounding effects from residual drug. 
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For this experiment, the parasite strain Cam3.II_rev was utilised instead of 3D7, as this 

strain was observed to have a longer asexual lifecycle in comparison to 3D7 (~48-hrs as 

compared to 41-hrs). eIF2a is known to be phosphorylated in the late trophozoite and 

schizont stages of P. falciparum (Zhang et al., 2012) and thus utilisation of a strain with 

a longer asexual lifecycle eliminated potential confounding effects on eIF2a 

phosphorylation that may have arisen at the latest time-point (6-hrs post drug removal). 

 

eIF2a was found to be dephosphorylated within 90 minutes in parasites subjected to a 

DTT pulse (Figure 3.4 A). However, parasites treated with DHA maintained eIF2a in a 

phosphorylated state for over 6-hrs following drug removal. Drug pulse assays revealed 

that under the pulse conditions described above, DHA produces a survival rate of less 

than 10%, while DTT treatment produces a survival rate of more than 90% (Figure 3.4 

B). Altogether, this demonstrates that DHA produces prolonged eIF2a phosphorylation, 

which is associated with parasite death.  
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Figure 3.4 Examination of eIF2a dephosphorylation following drug removal 

(A) Cam3.II_rev trophozoite-infected RBC cultures were treated with 0.1% DMSO 

(mock), 100 nM DHA or 1 mM DTT for 90 minutes before the cell pellet was washed 

extensively to remove drug. Washed cells were returned to culture for 0, 1.5, 3 or 6-hrs 

prior to harvest and analysis of cell lysates by western blot for phosphorylated eIF2a. 

Loading control, PfBiP. P.d.r., post drug removal. Blot is representative of three 

independent experiments. (B) 3D7 trophozoite-infected RBC cultures were subjected to 

a 90-minute pulse with DHA or DTT and parasite survival was measured in the following 

cycle.  

3.2.4 The effect of DHA on protein synthesis 

Phosphorylation of eIF2a inhibits translational initiation in all eukaryotes (Proud, 2005). 

To determine whether DHA treatment lead to a decrease in protein translation, 

incorporation of radioactive (3H) tryptophan into proteins in trophozoite-infected RBC 

cultures was measured over a 1-hr period in the presence of DHA (experiment was kindly 

performed by Dr Charisse Pasaje, University of Melbourne). Parasites treated with 100 

nM DHA were found to have a translation rate ~52% less than parasites treated with 0.1% 
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DMSO and this was similar to rate found for parasites treated with 1 mM DTT (~46%) 

(Figure 3.5). Parasites treated with 10 nM WR99210 did not show significant reduction 

in translation compared to the 0.1% DMSO control, confirming that translation stalling 

is specific to the response to DHA or ER stress inducers. Cycloheximide, an inhibitor of 

translational elongation, was used as a positive control for the assay. 

 

 
Figure 3.5 Examination of protein synthesis following drug treatment in 3D7 

trophozoite stage parasite cultures 

Trophozoite-infected RBC cultures were exposed to 0.1% DMSO (mock), 100 nM DHA, 

1 mM DTT, 5 µM cycloheximide or 10 nM WR99210 in the presence of 3H-Trp for 1-hr 

and incorporation of the radioactive amino acid into newly synthesised protein was 

measured. Values represent the mean ± S.E.M. n = 4. 

3.2.5 Activation of the Unfolded Protein Response in ART-resistant parasites 

To examine whether the DHA-induced activation of the UPR was involved in the 

mechanism of K13-mediated ART resistance, eIF2a phosphorylation and protein 

translation were measured in two parasite strains that are isogenically matched, differing 

only at the K13 allele (kindly provided by Dr David Fidock, Columbia University). 

Cam3.II_R539T was originally collected from a patient presenting with an ART-resistant 

infection in Western Cambodia and carries the K13R539T allele. This strain was then 
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genetically engineered using zinc finger nucleases to revert the R539T allele to wildtype, 

producing the strain Cam3.II_rev (Straimer et al., 2015). Under the RSA0-3 h assay, 

Cam3.II_rev has a survival rate of 0.7%, while that of Cam3.II_R539T is 49% (Straimer 

et al., 2015), demonstrating the vast difference in ART sensitivity conferred by single 

K13 mutations. 

 

Trophozoite (25-35 h.p.i.) and ring stage (13-18 h.p.i.) Cam3.II cultures were analysed 

for DHA-mediated eIF2a phosphorylation as in Section 3.2.2.  Under a 3-hr DHA pulse 

of ring stage parasites, or a 90-minute DHA pulse of trophozoite parasites, no substantial 

difference in the level of phosphorylated eIF2a was observed between Cam3.II_rev and 

Cam3.II_R539T parasites (Figure 3.6 A, B). Protein synthesis, as measured in Section 

3.2.4, was also compared between these strains at the trophozoite stage. Under a 60-

minute DHA pulse, there was no observable difference in the attenuation of protein 

translation induced by DHA (Figure 3.6 C).  
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Figure 3.6 Comparison of DHA-induced UPR activation between ART sensitive and 

resistant parasites 

(A, B) Cam3.II_rev (K13WT, ART sensitive) and Cam3.II_R539T (K13R539T, ART 

resistant) trophozoite (A) or ring (13-18 h.p.i., B)-infected RBC cultures were exposed to 

various concentrations of DHA for 90-minutes (A) or 3-hrs (B) and cell lysates were 
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subjected to western blot analysis to detect the level of phosphorylated eIF2a. Loading 

controls, PfGAPDH, PfBiP. Blots are representative of three independent experiments. 

(C) Cam3.II_rev and Cam3.II_R539T trophozoite-infected RBC cultures were treated 

with 0.1% DMSO (mock), 100 nM DHA, 1 mM DTT, 5 µM cycloheximide or 10 nM 

WR99210 in the presence of 3H-trp for 1-hr and incorporation of the radioactive amino 

acid into newly synthesised protein was measured. Values represent the mean ± S.E.M. n 

³ 3. 
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3.3 Discussion 

In this study, the thiol probe TPE-MI was used to demonstrate that DHA induces an 

accumulation of unfolded proteins in intraerythrocytic parasites. Presumably as a 

consequence of this, DHA was also found to induce eIF2a phosphorylation and reduce 

protein translation, events that are hallmarks of the UPR. The levels of eIF2a 

phosphorylation and translation attenuation produced by DHA were similar to that of 

DTT, which is known to induce ER stress and activate the UPR in Plasmodium (Chaubey 

et al., 2014). However, the rate of eIF2a dephosphorylation following removal of the 

drug was dramatically faster for DTT than for DHA, which correlated with the level of 

parasite death induced by the different treatments. This indicates that unresolved ER 

stress, associated with prolonged eIF2a phosphorylation, is a predictor of parasite death.  

 

Whether prolonged eIF2a phosphorylation occurs as a result of or leads to parasite death 

is unknown in Plasmodium. When proteostasis cannot be restored in multicellular 

eukaryotes, PERK signalling leads to upregulation of ATF4, a transcription factor that 

induces expression of the apoptotic protein CHOP (Han et al., 2013). For multicellular 

organisms, this induction of apoptosis eliminates cells with high levels of unfolded 

protein to protect the organism as a whole (Donnelly et al., 2013). Whether or not 

protozoan parasites undergo a form of programmed cell death is unclear and orthologs of 

ATF4 and CHOP have not been identified in the Plasmodium genome (Gosline et al., 

2011). However, elimination of parasites with the highest level of proteostatic stress could 

reduce competition and provide a growth advantage for parasites with lower levels of 

proteostatic stress.  

 

This work also investigated whether DHA-induced activation of the UPR is affected by 

K13 resistance-causing mutations. Under the conditions tested, there was no significant 

difference between two isogenic parasite lines carrying the WT or R539T K13 allele, in 

either eIF2a phosphorylation or translation attenuation in trophozoite-stage parasites or 

eIF2a phosphorylation in mid-late ring stage parasites. This would suggest that K13 

resistance causing mutations do not alter the ability of parasites to activate the UPR in 

response to DHA treatment.  
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A limitation of this work is that the early ring stage, where the strongest resistance is 

observed, was not studied and as a result, it cannot conclusively be stated that activation 

of the UPR is not involved in the mechanism of ART resistance in the early ring stage. 

Parasites at this age (0-3 h.p.i.) are very small in comparison to trophozoites and later ring 

stages, which makes analysis of parasite proteins by Western blot difficult for a number 

of reasons. Firstly, samples collected at this parasite age have a very small proportion of 

parasite protein in comparison to host red blood cell protein. As a result, it is difficult to 

load enough parasite protein that will produce a signal by western blot without 

overloading the gel with host protein. Secondly, it is difficult to purify parasite protein 

from host red blood cell protein at this stage. At trophozoite stage, parasite protein can be 

largely purified from ghost red blood cell material (produced by saponin lysis) by 

spinning the samples at a low speed following saponin lysis, resulting in pelleting of the 

trophozoite-infected ghost cells, while uninfected ghost cells remain in suspension. 

However, due to the small size of early-ring parasites, early-ring infected ghost cells do 

not differ substantially in weight from uninfected ghost cells and thus cannot be 

differentially pelleted by this method. There is currently no other method to separate 

parasite protein from host protein. Thirdly, production of tightly synchronised, early ring 

cultures requires a large volume of synchronised schizonts. This is not usually an issue 

for drug pulse assays, as the amount of synchronised early ring stage parasites required is 

relatively low, ~32 uL of packed red blood cells at 1-2% parasitemia, per 96-well plate. 

However, the volume required for western blot is much larger, ~50 uL of packed red 

blood cells at >5% parasitemia per sample. For these reasons, it was decided that initial 

analyses should take advantage of the relative ease of using later-stage parasites. The 

information obtained from these experiments could now be used to design early ring stage 

experiments that can address the major question, whether or not eIF2a phosphorylation 

differs between ART sensitive and resistant parasites, in an efficient manner. 

 

Another limitation of this work is the small number of controls used in the experiment 

with TPE-MI (Section 3.2.1.) and the lack of validation by another method. Such controls 

and validation were ultimately not performed due to time constraints. If more time were 

available, it would be valuable to show that other agents that are known to induce protein 

unfolding, such as DTT, also produce an increase in the level of TPE-MI fluorescence in 

P. falciparum. It would also be valuable to look at the effect produced with DHA alone, 
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rather than with DHA and epoxomicin. At the time, epoxomicin was included in the 

treatment to prevent degradation of unfolded proteins. However, it is expected that DHA 

treatment alone will produce an increase in TPE-MI fluorescence, as cells that were 

treated with DHA and epoxomicin had stronger TPE-MI fluorescence than cells that were 

only treated with epoxomicin. 

 

The microscopy results obtained with TPE-MI could be validated by quantitative mass 

spectrometry, which would also identify specific proteins that become unfolded or 

misfolded following DHA treatment. To identify specific proteins, parasites could be 

treated with a short pulse of DHA, stained with TPE-MI and lysates prepared for analysis 

by MS/MS mass spectrometry. Analysis software can be set to identify only peptides that 

are covalently bound to the TPE-MI, as this will produce a mass shift of a known amount. 

This would ultimately output a list of proteins that become unfolded (and thus bound by 

TPE-MI) following DHA treatment and could thus determine whether some proteins are 

more likely to be unfolded or misfolded by DHA. 

 

An ongoing question is the impact of UPR activation on DHA toxicity. It is possible that 

UPR activation assists in recovery or protection from DHA-induced damage, improving 

cell survival. Inactivation of PERK renders mammalian cells more sensitive ER stress but 

this increased sensitivity is only partially rescued by chemical inhibition of protein 

synthesis using cycloheximide (Harding et al., 2000), indicating that PERK-mediated 

ATF4 signalling, which is absent in Plasmodium, is important for protecting cells from 

ER stress (Harding et al., 2003). The absence of ATF4, along with IRE1 and ATF6, is 

likely to render Plasmodium parasites highly sensitive to perturbations in proteostasis and 

therefore molecules that disrupt proteostasis could be highly useful antimalarial agents. 

Conservation of the PERK pathway in protozoans suggests that this pathway developed 

very early on in eukaryotes and is highly important for function. Targeting this pathway 

in particular could represent a new opportunity for antimalarial drug discovery and 

design. 

 

It is possible that Plasmodium parasites have unique mechanisms for dealing with 

excessive unfolded proteins. That Plasmodium lack the machinery for a canonical UPR 

transcriptional response pathway is unsurprising given that apicomplexan parasites lack 

many conventional transcription factor families, such as the bZIP transcriptional 
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regulators to which ATF6 and XBP1 belong (Coulson et al., 2004) and that transcriptional 

machinery in protozoa in generally divergent from metazoa (Clayton, 2002). 

Apicomplexan parasites have a unique class of transcription factors called AP2 

transcription factors, which are plant-like DNA binding proteins containing APetela-2 

domains and have been shown to regulate parasite development (Painter et al., 2011). 

DTT treatment has been demonstrated to lead to upregulation of 155 genes, most notably 

the AP2 family of transcription factors and their targets (Chaubey et al., 2014). However, 

no AP2 transcription factors contain transmembrane domains (Joyce et al., 2013), which 

would be necessary for them to function in a similar manner as to ATF6/IRE1.  

 

In mammalian cells, PERK-mediated eIF2a phosphorylation reduces general translation 

initiation, but also induces preferential translation of some mRNAs, including those that 

encode master regulator transcription factors - ATF4 (activating transcription factor 4) in 

metazoans (Vattem et al., 2004) and GCN4 (general control nonderepressible 4) in yeast 

(Mueller et al., 1986). Translation of these mRNAs is promoted by the presence of 

multiple upstream open reading frames (uORFs) in the 5’ leader sequences (Hinnebusch, 

2005). In this way, PERK also contributes to reprogramming of gene expression to 

alleviate ER stress. eIF2a phosphorylation also regulates gene expression in an ATF4-

independent manner (Harding et al., 2003; Ron et al., 2007). Therefore, although 

Plasmodium lacks a clear ortholog of ATF4/GCN4, it is possible that eIF2a 

phosphorylation promotes the translation of other mRNAs through a similar mechanism.  

 

It would be interesting to investigate this hypothesis by identifying the mRNAs that are 

translated under different eIF2a phosphorylation states and under different cell stresses. 

Such a study would involve inducing eIF2a phosphorylation by different cellular stresses 

(DHA treatment, DTT treatment, amino acid starvation) and collecting lysates for 

analysis. Trophozoite stages should be used as this is the stage at which protein translation 

is most active. Short drug pulses (~1-hr), as have been used in this study, should also be 

used to reduce the likelihood of parasite death within the experiment time. Actively 

translated mRNAs can be distinguished from other RNA by a method that uses sucrose 

density gradients to purify polysomes (multiple ribosomes in complex), which are 

required for active translation of mRNA (Reboll et al., 2014). mRNAs can then be 
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purified and sequenced by microarray or RNA-seq, to produce a list of mRNAs 

selectively translated under each cellular stress. 

 

While this work was in its final stages, Zhang et al. (2017) reported the induction of eIF2a 

phosphorylation in response to ARTs. The authors suggested that ART-induced eIF2a 

phosphorylation promotes latency, improving the ability of parasites to regulate the 

damage induced by ARTs and allowing recrudescence. Recrudescence describes the 

phenomenon where, following ART treatment, a small proportion of parasites can 

remerge from several days to weeks later and this is distinct from ART resistance. In 

support of this, the authors demonstrated that treatment with the eIF2a dephosphorylation 

inhibitor salubrinal increased recrudescence to 100%. Although the study by Zhang et al 

overlaps somewhat with the work described here, their work focuses on the involvement 

of eIF2a phosphorylation in recrudescence several days after treatment with ART, 

whereas the work presented here focuses on the immediate impact of ART.  

 

Zhang et al. (2017) did however study immediate eIF2a phosphorylation in a K13 mutant 

line, where the C580Y allele had been introduced into the strain Dd2 (Straimer et al., 

2015). Using this line, the authors demonstrated that eIF2a was phosphorylated in the 

absence of ART in the early ring stage (>8 hrs) of Dd2C580Y, but not of Dd2. Furthermore, 

DHA treatment was shown to cause a large increase in phosphorylated eIF2a in Dd2 (to 

well above the levels of those observed in Dd2C580Y), while the level of phosphorylated 

eIF2a was unaffected by DHA in Dd2C580Y. The discrepancy between the results reported 

by Zhang et al and those reported in this study could be explained by the different ages 

of the parasites used, as well as the differences in parasite line. Further studies should be 

conducted with parasites lines expressing other K13 resistance alleles. 

 

In summary, this chapter has described the work showing that DHA exposure leads to 

accumulation of unfolded proteins, eIF2a phosphorylation and arrest of protein 

translation and that these events appear to be unaffected by K13 ART resistance-causing 

mutations under the conditions tested. Whether these events protect parasites from or 

contribute to DHA-mediated death is an important ongoing question. 



Chapter 4 
 

 84 

Chapter Four: Protein Kinase 4, mediator of the P. falciparum 

Unfolded Protein Response 

4.1 Introduction 

Phosphorylation of eIF2a is a conserved mechanism of eukaryotic cells for protection 

against stresses by reducing global protein translation and preferentially translating 

mRNAs encoding proteins involved in stress responses (Harding et al., 2000; Harding et 

al., 2003). eIF2a phosphorylation is not only a response to unfolded protein stress, but 

can also be a response to a wide array of different cellular stresses such as amino acid 

starvation, viral infection and low levels of heme (Holcik et al., 2005; Proud, 2005; Wek 

et al., 2006) (Figure 4.1). eIF2a kinases are a family of serine/threonine kinases that, in 

mammalian cells, phosphorylate Ser51 of eIF2a (Donnelly et al., 2013). The eIF2a 

kinases have a similar kinase domain, allowing them to phosphorylate the same substrate 

(eIF2a), but have different accessory domains that respond to different stress signals. 

Mammalian cells express four eIF2a kinases, which are activated by distinct cellular 

stresses. GCN2 (general control nonderepressible 2) is activated by amino acid starvation, 

PKR (protein kinase R) is activated by viral double-stranded RNA, HRI (heme-regulated 

inhibitory kinase) is activated by heme deficiency and PERK (PKR-like ER kinase) is 

activated by ER stress (Donnelly et al., 2013; Wek et al., 2006) (Figure 4.1). 

 

PERK is an ER transmembrane protein that is activated by accumulation of unfolded 

proteins in the ER (Szegezdi et al., 2006). As discussed in Chapter 3, the N-terminal 

stress-sensing region resides in the ER lumen and the C-terminal kinase domain in the 

cytosol. Upon sensing of ER-stress, PERK becomes activated by dimerization at the N-

terminal region and autophosphorylation of the C-terminal region, leading to 

phosphorylation of eIF2a (Harding et al., 2000; Harding et al., 1999). PERK activation 

is proposed to be regulated by its association with the ER luminal chaperone BiP. Under 

normal conditions, the N-terminal region of PERK is bound and maintained in an inactive 

state by BiP. During ER stress, excess unfolded polypeptides compete with PERK for 

BiP binding, causing dissociation of BiP from PERK and thereby allowing PERK 

dimerisation (Bertolotti et al., 2000; Donnelly et al., 2013). Initial PERK signalling is 

cytoprotective, leading to upregulation of protein folding and degradation machinery. 
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However, when ER stress cannot be resolved, prolonged PERK signalling promotes 

apoptosis due to high levels of CHOP (Lin et al., 2009).  

 

Three eIF2a kinases have been identified in Plasmodium (Ward et al., 2004). eIK1 

(PF14_0423), eIK2 (PFA0380w) and PK4 (PFF1370) (Figure 4.2). eIK1 is most closely 

related to GCN2 of the mammalian eIF2a kinases (Fennell et al., 2009). Inactivation of 

eIK1 does not affect growth of asexually replicating parasites, gametocytogenesis or 

formation of sporozoites in the mosquito vector. As for GCN2, eIK1 is activated during 

amino-acid starvation, resulting in eIF2a phosphorylation and reduced global translation 

(Babbitt et al., 2012; Fennell et al., 2009).  

 

eIK2 is predominantly transcribed in salivary gland sporozoites. Transcripts in blood 

stage parasites are barely detectable and PfeIK2 can be inactivated without any obvious 

effect on blood stage growth (Solyakov et al., 2011; Zhang et al., 2010). The P. berghei 

ortholog, PbIK2, mediates eIF2a phosphorylation and translation stalling in salivary 

gland sporozoites. This maintains the sporozoites in an inactive state until they are 

injected into a new mammalian host, at which point eIF2a is dephosphorylated, allowing 

resumption of growth (Zhang et al., 2010).  

 

PK4 is the closest homolog to PERK based on functional domains but not amino acid 

sequence similarity (Figure 4.2) (Gosline et al., 2011) and is the only P. falciparum eIF2a 

kinase that contains a conserved IRE1-like luminal domain for the sensing of unfolded 

proteins (Figure 4.2 C). PERK is unique among mammalian eIF2a kinases in that it is the 

only one to have a transmembrane domain. PK4 has a classical signal sequence and 

transmembrane domain and a C-terminal eIF2a kinase domain. The kinase domain has 

been shown to undergo autophosphorylation and to phosphorylate eIF2a in vitro (Zhang 

et al., 2012). Attempts to inactivate PK4 in P. berghei and P. falciparum have been 

unsuccessful, suggesting that PK4 is essential for blood stage parasites (Solyakov et al., 

2011; Zhang et al., 2010; Zhang et al., 2012). Indeed, PK4 gene expression is highest in 

the erythrocytic stages, compared to other, non-erythrocytic stages of the parasite 

lifecycle (Figure 4.2 D) (Lopez-Barragan et al., 2011). PK4 knockdown in P. berghei 

indicates that PK4 is essential for completion of and progression beyond the schizont 
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stage. eIF2a has been found to be highly phosphorylated in late schizonts, which may be 

mediated by PK4 (Zhang et al., 2012).  

 

This chapter aims to address the hypothesis that PK4 regulates the P. falciparum UPR 

and is an important determinant for parasite sensitivity to ARTs. This chapter describes 

the generation of a PfPK4 conditional knockdown parasite line and its use to identify PK4 

as the regulator of the P. falciparum UPR and of the response to DHA. PfeIK1 and PfeIK2 

knock-out lines (Fennell et al., 2009; Solyakov et al., 2011; Zhang et al., 2010), which 

were kindly provided by Professor Christian Doerig, Monash University, were used to 

rule out the involvement of these kinases. PK4-HA and PK4-GFP, which were also kindly 

provided by Professor Christian Doerig, were used to characterise the subcellular 

localisation and protein interactions of PK4. This work aims to further characterise the 

Plasmodium UPR and to understand its importance to DHA sensitivity. 
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Figure 4.1 The mammalian eIF2a kinase protein family 

The eIF2a kinases are activated by a wide-array of cellular stresses. Signalling 

downstream of eIF2a phosphorylation is termed the integrated stress response (ISR). 

eIF2a phosphorylation blocks the recycling of GDP for GTP on the eIF2-g subunit by 

eIF2B, leading to reduced eIF2-GTP, which is required for translation initiation. In 

mammalian cells, the ISR involves a transcriptional response that is mediated by ATF4 

and upregulates genes involved in redox homeostasis, amino acid metabolism and 

apoptosis.  

 



Chapter 4 
 

 88 

 



Chapter 4 
 

 89 

 
Figure 4.2 The P. falciparum eIF2a kinase protein family 

Bioinformatic analysis has identified three eIF2a kinases in P. falciparum. (A) Summary 

of database identifiers for each protein and amino acid length (aa). (B) Summary of amino 

acid sequence alignment of eIK1, eIK2 and PK4 to PERK, using the NCBI BLASTp tool 

accessed from: 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins. Full sequence alignments are 

presented in Appendix 1. (C) Conserved domains found in PK4. Data are taken from the 

NCBI protein page for PK4 (XP_966265.1) accessed at:  

https://www.ncbi.nlm.nih.gov/protein/XP_966265.1 (D) Illumina-based sequencing of P. 

falciparum 3D7 mRNA from two gametocyte stages (II and V), ookinete and four time 

points of erythrocytic stages representing ring, early trophozoite, late trophozoite and 

schizont. The percentile graph shows the ranking of expression for this gene compared to 

all others in the experiment. Data presented is that for PK4 (PF3D7_0628200). Data is 

from Lopez-Barragan et al. (2011) and was accessed from: 

http://plasmodb.org/plasmo/app/record/gene/PF3D7_0628200#ExpressionGraphs  
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4.2 Results 

4.2.1 eIK1 and eIK2 do not mediate eIF2a phosphorylation in response to DHA or 

DTT 

Three eIF2a kinases have been identified in Plasmodium falciparum however the kinase 

activated by ER stress has not yet been identified. PfeIK1KO and PfeIK2KO lines 

(Donnelly et al., 2013; Fennell et al., 2009; Solyakov et al., 2011; Zhang et al., 2010) used 

in previous studies were obtained to determine whether these kinases regulate eIF2a 

phosphorylation in response to DHA and ER stress. It was found that both of these 

parasite lines were able to phosphorylate eIF2a in response to both DHA and DTT 

(Figure 4.3), indicating that either that they do not mediate the response to ER/DHA 

stress, or that there is some redundancy amongst the eIF2a kinases. 

 

It was noticed that there was a reduction in the level of phosphorylated eIF2a in DTT-

treated eIK1KO and eIK2KO lines, as compared to WT. However, this was not observed 

in every replicate of the experiment and thus it is unknown whether or not this is a real 

result. Additionally, these knock-out lines were made in another lab in another 3D7 

background parasite, whereas the WT line used was from the Tilley Lab. It is possible 

that over time 3D7 lines maintained in different labs will evolve to be quite different. 

These two 3D7 lines may differ in their sensitivity to DTT, resulting in the difference 

observed in eIF2a phosphorylation. Nonetheless, for this experiment, we were primarily 

interested in whether or not eIF2a was phosphorylated in response to drug, rather than 

the level of phosphorylation. 
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Figure 4.3 DHA and DTT mediated eIF2a phosphorylation in eIK1KO and eIK2KO 

lines 

3D7 (WT), eIK1KO or eIK2KO trophozoite-infected RBC cultures were exposed to 0.1% 

DMSO (mock), 1 µM DHA or 10 mM DTT for 1-hr and cell lysates were analysed by 

western blot for phosphorylated eIF2a. Loading control, PfBiP.  

4.2.2 Genetic Knockdown of PK4 using the glmS riboswitch system 

Previous attempts to knock out PK4 by homologous recombination have been 

unsuccessful, indicating that PK4 is essential to the blood stage of P. falciparum 

(Solyakov et al., 2011; Zhang et al., 2012). To determine whether PK4 is responsible for 

ER/DHA stress induced eIF2a phosphorylation, a reverse genetics approach utilising the 

self-cleaving glmS ribozyme, which allows inducible degradation of the mRNA of the 

protein of interest, was undertaken (Figure 4.4).  
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Figure 4.4 Schematic of post-transcriptional knock down using the self-cleaving 

glmS ribozyme 

The glmS riboswitch system involves insertion of a sequence encoding the glmS 

ribozyme, the HA (haemagglutinin epitope)-tag (to allow detection of protein levels), and 

P. berghei dihydrofolate reductase (DHFR) (as a selectable marker) between the stop 

codon and the 3’ UTR of the gene of interest (GOI). The insert is targeted to the gene of 

interest by linking it to a ~500 bp targeting sequence that is homologous to the 3’ end of 

the GOI. Following transcription of the integrated construct, the glmS sequence of the 

mRNA forms a secondary structure that is activated by glucosamine-6-phosphate (GlcN-

6P). Upon addition of GlcN to culture media, the glmS ribozyme becomes activated and 

cleaves the mRNA to which it is linked, encouraging its rapid degradation and thereby 

reducing protein levels. Figure taken from de Koning-Ward et al. (2015). 

4.2.2.1 Cloning strategy and validation 

PK4-glmS transgenic parasites were generated as outlined in Section 2.4.3. Briefly, an 

855 bp fragment corresponding to the 3’ end of pk4, was ligated into the glmS vector 

(incorporating a 3xHA tag to allow detection of protein) (Figure 4.5 A) and transfected 

into 3D7, Cam3.II_rev and Cam3.II_R539T strains by electroporation. Parasites 

reappeared in Giemsa-stained blood smears after ~2 weeks (3D7) or ~3 weeks 

(Cam.II_rev and Cam3.II_R539T). Following this time, parasites were cycled on and off 

the selection drug (WR99210) to select for parasites where the glmS insert had integrated 

into the endogenous pk4 locus. Cycles involved incubation of the cultures in the presence 
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of WR99210 for 5 days, followed by incubation in the absence of selection drug until 

parasites reappeared in Giemsa-stained blood smears (usually 3 days-1 week).  

 

Following 3 cycles of drug selection, integration of the glmS construct into pk4 was 

confirmed by PCR (Section, 2.4.3.5; Figure 4.6 A). Cell lysates of transfectants were then 

analysed by western blot for the presence of HA-tagged protein. No antibody is available 

for the detection of PK4 and thus PK4 could not be probed for in untransfected cells 

(where PK4 is not tagged with HA).  The strongest bands, which were observed in 

transfectant lines but not parental lines, migrated between molecular weight markers 

corresponding to 268-450 kDa (Figure 4.6 B). This is in accordance with the predicted 

size of PK4 of 364 kDa, indicating that PK4 has been successfully tagged with HA and 

is reasonably well expressed in the trophozoite stage. Each transfectant line was then 

cloned by limiting dilution (Section 2.4.3.6). 
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Figure 4.5 pk4-3’-glmS vector map 

Vector map of pk4 3’ insert in glmS plasmid. The vector also incorporates a 3xHA tag, a 

linker region between the HA tag and glmS sequence and the human dhfr sequence to 

enable drug selection.  
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Figure 4.6 Validation of integration of glmS construct into pk4 

(A) DNA agarose gel of PCR product amplified from gDNA of transfectants and parental 

strains (section 2.4.3.5). ~1.3 kb PCR product is only evident in transfectant lines (pk4-

glmS). Molecular sizes in kilobases. (B) Western blot analysis of cell lysates from 

transfectant and parental lines, probing with anti-HA for detection of PK4-HA. A band 
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corresponding to the predicted size of PK4, ~364 kDa is only detected in transfectant 

lines. Loading control, PfBiP. 

4.2.2.2 Validation of protein knockdown 

Inducible knockdown of PK4-HA in glmS transfectant clones was analysed by western 

blot. Tightly synchronised ring stage parasites (0-5 h.p.i.) were incubated in 2.5 mM or 

10 mM glucosamine for ~72 hrs (troph stage of following cycle) and cell lysates were 

analysed for HA-tagged protein. Variable degrees of PK4 knockdown were observed. 

PK4-HA-glmS (3D7) clone F12 showed the highest degree of knockdown in comparison 

to the other clones tested (B9, E10, H5), with near-complete knockdown observed under 

10 mM glucosamine (Figure 4.7 A, B). As such, F12 was selected for further analyses.  

 

PK4-HA-glmS (Cam3.II_rev) clones did not show a large degree of expression of PK4-

HA, however some knockdown was observed in clone C11 (Figure 4.7 C). PK4-HA-glmS 

(Cam3.II_R539T) clone C5 showed the largest degree of knockdown under 2.5 mM 

glucosamine compared to other clones (A11, B3) (Figure 4.7 C). As a result, clones C11 

and C5 were selected for further analyses. 
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Figure 4.7 Glucosamine (GlcN)-regulated knockdown of PK4-HA-glmS 

(A-C) Parental (3D7 WT), transfectant clones in 3D7 background (B9, E10, F12, H5), 

PK4-HA (without glmS) (A, B) or Cam3.II transfectant clones (C11, D4, E8 in 

Cam3.II_rev background; A11, B3, C5 in Cam3.II_R539T background) (C) were treated 

with 2.5 mM (A, C) or 10 mM GlcN (B) for 72 hrs and cell lysates were analysed by 

western blot probing with anti-HA. Loading control, PfBiP.  
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4.2.2.3 Knockdown of PK4 ablates DHA and DTT induced eIF2a phosphorylation 

To determine whether PK4 is involved in activation of the UPR, PK4-HA was knocked 

down by treatment of transgenic (and parental) parasite lines with glucosamine for 72 hrs, 

conditions which were shown to knockdown PK4 at the protein level (section 4.2.2.2). 

Following PK4 knockdown, trophozoite stage parasites were analysed by western blot for 

their ability to phosphorylate eIF2a in response to DHA or DTT.  

 

Parental 3D7 was found to phosphorylate eIF2a in response to DHA or DTT both in the 

absence or presence of glucosamine (Figure 4.8). However, the PK4-glmS transfectant 

(clone F12) only showed substantial levels of eIF2a phosphorylation in the absence of 

glucosamine. Transfectants that had been treated with glucosamine showed only very 

faint bands corresponding to phospho-eIF2a in response to DHA or DTT. This confirms 

that PK4 alone is responsible for eIF2a phosphorylation in response to DTT (ER stress) 

and DHA, which also confirms that DHA induces eIF2a phosphorylation via ER stress, 

rather than another cellular stress. The very faint phospho-eIF2a bands observed in 

transfectant cell lysates following DHA/DTT treatment is likely a result of incomplete 

knockdown of PK4, leading to some residual activity. 

 

 
 

Figure 4.8 DHA/DTT mediated eIF2a phosphorylation following PK4 knockdown 

Parental (3D7 WT) or PK4-glmS (3D7 background, F12 clone) lines were treated with 10 

mM glucosamine (GlcN) for 72 hrs and eIF2a phosphorylation was determined in 

trophozoites. Trophozoites were treated with 0.1% DMSO, 1 µM DHA or 1 mM DTT for 

90 minutes and cell lysates analysed by western blot for eIF2a phosphorylation. Loading 

control, PfBiP. A biological repeat for this experiment is presented in Appendix 2. 
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4.2.2.4 Effect of knockdown on parasite growth 

To determine the effect of PK4 knockdown on parasite growth, 3D7 parental (WT) and 

PK4-HA-glmS clones (E10, F12, H5) were cultured in 2.5 mM glucosamine over two 

cycles and parasitemia was monitored by flow cytometry. Parasite cultures were diluted 

1/10 after the first time-point was taken to prevent overgrowth and thus no increase in 

parasitemia is observed in the first cycle. Parasitemia of the parental (WT) strain was 

found to be unaffected by the presence of 2.5 mM glucosamine (Figure 4.9). However, 

the parasitemia of PK4-HA-glmS clones did noticeably vary depending upon whether 

they were cultured in the presence or absence of glucosamine. In the absence of 

glucosamine, parasitemia after two cycles ranged between 7.3-7.8%, while in the 

presence of glucosamine, parasitemia ranged between 4.8-5.5%. This would suggest that 

PK4 is important for parasite growth, which is in line with the prediction of this protein 

being essential for the blood stage of P. falciparum (Zhang et al., 2012). However, a 

limitation of this data is that it is from only one replicate and thus statistical testing could 

not be performed. 

 

It was noticed that PK-HA-glmS clones replicated to a much higher degree in comparison 

to the WT strain (in the absence of glucosamine) (Figure 4.9). This is most likely due to 

bias during the selection of clones by limiting dilution. Higher-replicating clones would 

have been detected before more lowly-replicating clones and thus selected for further 

analysis, while the parental strain contains a mixture of these highly and more lowly 

replicating parasites. 
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Strain Parasitemia (%) 

 - GlcN + GlcN 

WT 3.2 3.0 

E10 7.3 5.1 

F12 7.8 4.8 

H5 7.6 5.5 

 

Figure 4.9 Effect of PK4 knockdown on parasite growth 

3D7 parental strain (WT) and PK4-HA-glmS clones (E10, F12, H5) were tightly 

synchronised to 0-2 h.p.i., parasitemia was adjusted to 2% and cells were returned to 

culture. At 24-26 h.p.i., parasitemia was analysed by Syto-61 staining and flow cytometry 

(T=24). The infected RBC pellet of each culture was then diluted 1/10 in uninfected RBCs 

and cultures were divided into two, one containing 2.5 mM glucosamine (GlcN) and the 

other containing no glucosamine. Parasitemia was measured again at trophozoite stage of 

the following two cycles (T=72-hrs, 120-hrs). (Bottom) Parasitemia values at T=120-hrs. 

4.2.2.5 Effect of knockdown on parasite sensitivity to DHA 

To determine the importance of UPR activation to DHA susceptibility, PK4 knockdown 

was performed in conjunction with DHA sensitivity pulse assays (section 2.5). Parental 

and PK4-HA-glmS early ring stage (0-5-h.p.i.) cultures were treated with 10 mM 

glucosamine for ~37-48 hrs. In the following reinvading-stage, parasites were re-
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synchronised to 0-3 h.p.i. and pulsed with DHA in the presence of glucosamine for 3- or 

18-hrs. For trophozoite susceptibility assays, ring stage parasites synchronised as above 

were returned to culture in the presence of glucosamine for ~22-hrs (~59-hrs total 

incubation in glucosamine). At trophozoite stage (22-25 h.p.i.), parasites were pulsed with 

DHA for 3-hrs. Following drug wash-out, parasites were returned to standard culture 

conditions in the absence of glucosamine. Parasitemia was determined in the following 

cycle and used as a measure of parasite survival.  

 

Under these conditions, no significant change in susceptibility to DHA, either in LD50 or 

Vmin, was observed in either ring (3-hr or 18-hr pulse) or trophozoite stages between the 

transfectant (F12) and parental (3D7) strains (Figure 4.10 A-C). DHA susceptibility in 

Cam3.II transfectants was also tested under the above conditions and, as for 3D7, no 

significant change in LD50 or Vmin between parental and transgenic lines was observed, 

indicating that PK4 knockdown does not affect DHA sensitivity under these conditions. 

The Cam3.II_rev PK4-HA-glmS clone C11 appeared to be less sensitive to DHA as 

compared to WT at the trophozoite stage, however this could be due to a growth delay, 

as early stage trophozoites or late ring stage parasites are less sensitive to DHA than more 

mature stage trophozoites (Dogovski et al., 2015). The lack of difference in DHA 

sensitivity between Cam3.II_R539T trophozoites suggests that PK4 knockdown does not 

impact DHA susceptibility under these conditions. 
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Figure 4.10 Effect of PK4 knockdown on susceptibility to DHA  

Tightly synchronised parasites that had been pre-treated with 10 mM glucosamine, were 

exposed to a serial dilution of DHA in the presence of glucosamine. Following drug wash-

out, parasites were returned to culture in the absence of glucosamine until the trophozoite 
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stage of the following cycle, at which point parasitemia was determined by flow 

cytometry and used as a measure parasite survival. Data points represent the mean from 

one experiment performed in technical duplicate. (A) 3D7 WT and PK4-HA-glmS (clone 

F12), 0-3 h.p.i., 3 h DHA pulse. (B) 3D7 WT and PK4-HA-glmS (clone F12), 0-3 h.p.i., 

18 h DHA pulse. (C) 3D7 WT and PK4-HA-glmS (clone F12), 22-25 h.p.i., 3 h DHA 

pulse. (D) Cam3.II_rev WT and PK4-HA-glmS (clones C11, D4, E8), 0-3 h.p.i., 3 h DHA 

pulse. (E) Cam3.II_R539T WT and PK4-HA-glmS (clones A11, B3, C5), 0-3 h.p.i., 3 h 

DHA pulse. (F) Cam3.II_rev WT and PK4-HA-glmS (clone C11), 22-25 h.p.i., 3 h DHA 

pulse. (G) Cam3.II_R539T WT and PK4-HA-glmS (clone C5), 22-25 h.p.i., 3 h DHA 

pulse. 

4.2.3 Small molecule inhibition of PK4 

The impact of PK4 function was also investigated using a commercially available small 

molecule inhibitor of PERK, PERK-Inhibitor-I (GSK2606414) (Figure 4.11 A) (Axten et 

al., 2012). Incubation of trophozoite stage parasites with PERK Inhibitor-I for 3-hrs 

prevented phosphorylation of eIF2a in response to a 1-hr pulse with DHA or DTT (Figure 

4.11 B), confirming that DHA-induced eIF2a phosphorylation is due to activation of the 

UPR and not another cellular stress. PERK Inhibitor-I did not cause significant loss of 

parasite viability when administered to rings in a 6-hr pulse (Figure 4.11 C) or 

trophozoites in a 4-hr pulse (Figure 4.11 D), indicating that only longer-term inhibition 

of PK4 is cytotoxic. To investigate the impact of PK4 inhibition on susceptibility to DHA, 

ring stage parasites were treated with PERK Inhibitor-I for 3-hrs, followed by a 3-hr pulse 

with DHA and PERK Inhibitor-I and parasite survival was measured in the following 

cycle. High concentrations of PERK Inhibitor-1 (10-20 µM) lead to an increase in the 

DHA LD50 (Figure 4.11 E), indicating that inhibition of PK4 makes parasite less 

susceptible to DHA. 
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Figure 4.11 Inhibition of PK4 using the small molecule inhibitor PERK Inhibitor-I 

(GSK2606414) 

(A) Chemical structure of PERK Inhibitor-I. (B) Cam3.II_rev trophozoite stage parasite 

culture was incubated in the absence or presence of 20 µM PERK Inhibitor-I for 4-hrs. 

During the final hour of incubation, parasites were additionally exposed to a 1-hr pulse 

with 0.1% DMSO (mock), 1 µM DHA or 1 mM DTT. Parasites were harvested and cell 

lysates analysed by western blot for phosphorylated eIF2a. Loading control, PfBiP.  Blot 

is representative of three independent experiments. (C-D) Cam3.II_rev ring stage (0-20 

hrs) (C) or trophozoite-stage (D) parasite cultures were subjected to a 6-hr (C) or 4-hr (D) 

pulse with PERK Inhibitor-I and parasite survival was measured in the following cycle. 
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(E) Cam3.II_rev ring stage parasite cultures were subjected to a 3-hr pulse with PERK 

Inhibitor-I, followed by an additional 3-hr pulse with DHA and PERK Inhibitor-I and 

parasite survival was measured in the following cycle. 

4.2.4 Subcellular localisation of PK4 

To further confirm that PK4 is the P. falciparum ortholog of PERK, the sub-cellular 

localisation of PK4 was analysed by immunofluorescence assay. Transgenic parasites 

expressing PK4 tagged with either GFP or HA were attached to a glass slide, fixed, 

permeabilised and probed with various antibodies. PK4-GFP and PK4-HA were found to 

partially co-localise with the ER resident protein PfBiP in ring, trophozoite and schizont 

stages (Figure 4.12), consistent with a location within the ER. 
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Figure 4.12 Co-localisation of PK4 with PfBiP 

Immunofluorescence microscopy images of PFA/glutaraldehyde-fixed parasite-infected 

RBCs. Fixed cells were labelled with Dapi stain (blue), anti-PfBiP (Red) and (A) anti-

GFP (green) or (B) anti-HA (green). Top panel, ring; middle panel, trophozoite; bottom 

panel, schizont. Scale bars = 5 µ m. 
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To confirm ER localisation, PK4-GFP transgenic parasites were stained with the live-cell 

dye ER Tracker and GFP fluorescence and ER Tracker fluorescence was observed in live 

cells. PK4-GFP was found to partially co-localise with ER Tracker in ring, trophozoite 

and schizont stages (Figure 4.13), providing further evidence that PK4 is located in the 

ER compartment. 

 

 
Figure 4.13 Co-localisation of PK4 with ER tracker 

Fluorescence microscopy images of unfixed PK4-GFP (green)-infected RBCs stained 

with ER Tracker (Red). Top panel, ring; middle panel, trophozoite; bottom panel, 

schizont. Scale bars = 5 µ m. 

 

PK4-GFP was also examined for co-localisation with eIF2a and phospho-eIF2a using 

immunofluorescence microscopy. PK4-GFP was found to partially co-localise with 

eIF2a in ring, trophozoite and schizont stages (Figure 4.14 A). PK4-GFP was also found 

to partially co-localise with phospho-eIF2a in late ring and trophozoite stages, however 

co-localisation was less evident in rings and schizonts (Figure 4.14 B). Interestingly, 

while eIF2a appeared to be restricted to the cytoplasm, phospho-eIF2a was also found 

to co-locate with Dapi stain in rings, trophozoites and schizonts, indicating that a 

population of phosphorylated eIF2a is present in the nucleus. 
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Figure 4.14 Co-localisation of PK4 with eIF2a and phospho-eIF2a 

Immunofluorescence microscopy images of PFA/glutaraldehyde-fixed parasite-infected 

RBCs. Fixed cells were labelled with Dapi stain (blue), anti-GFP (green) and (A) anti-

eIF2a (red) or (B) anti-phospho-eIF2a (red). Top panel, ring; second panel, late 

ring/early trophozoite; third panel, trophozoite; bottom panel, schizont. Scale bars = 5 µ 

m. 

4.2.5 Co-immunoprecipitation of tagged PK4 to find interacting proteins 

In order to further understand the function of PK4 and its role in the UPR, a study was 

undertaken to identify its protein interactions in the cell. A co-immunoprecipitation 

approach was used with transgenic parasites expressing PK4 tagged with HA or GFP as 

“bait”. GFP or HA antibodies conjugated to agarose beads were then used as the “trap” 

to pull down the PK4 tagged proteins, along with any interacting proteins. Protein samples 

were then trypsin-digested, peptides were analysed by MS/MS mass spectrometry and 

sequenced peptides were matched to full-length proteins.  As a control for non-specific 

binding, GFP-Trap® was also performed with cell lysates of PK4-HA and vice-versa. 

Proteins that were pulled-down by the control were eliminated from the analysis. This 

process of elimination could also result in elimination of true hits or “false negatives”. To 

limit the impact of this, samples were analysed by both GFP-Trap® and HA-Trap® side-

by-side.  

 

It is likely that PK4 interacts with different subsets of proteins between the active and 

inactive states. To identify these changes, Co-IP analysis was undertaken with three 

different drug treatments; mock (0.1% DMSO), 700 nM DHA and 1 mM DTT for 60 

minutes. As only DHA or DTT treatment induces eIF2a phosphorylation, it is expected 

that PK4 will be in an inactive state in mock-treated samples and in an active state in 

DHA or DTT-treated samples.  

 

The strength of a protein hit was based on the number of significant peptide matches that 

were detected in each sample. Proteins for which at least two significant peptides were 

detected between two replicates (and were not detected in the matching control sample) 

are listed in Tables 4.1-4.2 and Appendices 1-4.  
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The strongest hits for PK4-interacting proteins (identified by HA-Trap® in mock-treated 

sample) were the 14-3-3 protein and a protein disulfide isomerase (PDI8) (Table 4.1). 14-

3-3 was also detected in HA-Trap® treated with DHA, but not DTT (Appendices 1-2). 

PDI8 was not detected in DHA or DTT-treated samples. Aside from PK4, a 

phosphatidylinositol 3- and 4-kinase (PI3/4K) was the only protein with peptides 

identified in both replicates of both HA-Trap® and GFP-Trap® (mock-treated) (Tables 

4.1-4.2). This peptide was identified in all mock-treated samples and the first HA-Trap® 

replicate of DHA and DTT-treated samples, however no significant peptides were 

identified in other samples, which could suggest that this PI3/4K is only strongly 

associated with the inactive state of PK4.  
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DMSO (HA-Trap-PK4-HA) 
# significant 

peptide matches 

Gene ID Annotation Expt. 1 Expt. 2 

PF3D7_0628200 protein kinase PK4 (PK4)  28 30 

PFIT_0627100 protein kinase PK4  28 0 

PF3D7_0818200 14-3-3 protein (14-3-3I)  9 6 

PF3D7_0827900 protein disulfide isomerase (PDI8)  4 10 

PF3D7_1236100 clustered-asparagine-rich protein  2 1 

PF3D7_1222300 endoplasmin, putative (GRP94)  1 2 

PF3D7_1451100 elongation factor 2  1 2 

PF3D7_0311300 phosphatidylinositol 3- and 4-kinase, putative  1 1 

PF3D7_1010300 
succinate dehydrogenase subunit 4, putative 

(SDH4)  
1 1 

PF3D7_1038000.1 antigen UB05  1 1 

PF3D7_1106300 exonuclease, putative  1 1 

PF3D7_1308300 40S ribosomal protein S27, putative  1 1 

PF3D7_1203700 nucleosome assembly protein (NAPL)  2 0 

PF3D7_0207600 serine repeat antigen 5 (SERA5)  0 6 

PF3D7_1410400 rhoptry-associated protein 1 (RAP1)  0 4 

PFIT_1228300 merozoite surface protein 9  0 4 

PFIT_0206900 serine repeat antigen 5  0 3 

PF3D7_1010600 
eukaryotic translation initiation factor 2 beta 

subunit, putative  
0 2 

PFIT_1034700 glutamate-rich protein  0 2 

 

Table 4.1 List of PK4-interacting proteins identified by HA-Trap®-PK4-HA Co-IP 

in mock-treated parasite cultures 

PK4-HA trophozoite-infected RBC cultures were treated with 0.1% DMSO (vehicle) for 

60 minutes and cell lysates were subjected to Co-IP followed by mass spectrometry. 

Proteins listed correspond to those for which at least two matching peptides were 

identified between two experiments in the PK4-HA parasite line but not in the control 
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line. Gene ID refers to PlasmoDB gene ID and annotation. Expts. 1 and 2 represent 2 

independent experimental replicates. 

 

 

DMSO (GFP-Trap-PK4-GFP) 
# significant 

peptide matches 

Gene ID Annotation Expt. 1 Expt. 2 

PFIT_0816900 60S ribosomal protein L13-2, putative 24 0 

PF3D7_0628200 protein kinase PK4 (PK4) 10 14 

PF3D7_1410600 
eukaryotic translation initiation factor 2 gamma 

subunit, putative 
3 1 

PF3D7_0511800 myo-inositol 1-phosphate synthase, putative 1 2 

PF3D7_0311300 phosphatidylinositol 3- and 4-kinase, putative 1 1 

PF3D7_0402000 
Plasmodium exported protein (PHISTa), unknown 

function 
1 1 

PF3D7_0625300 DNA polymerase 1, putative 1 1 

PF3D7_0715500 
mitochondrial ATP synthase F1, epsilon subunit, 

putative 
1 1 

PF3D7_0419600 ran binding protein 1, putative 0 4 

PF3D7_0513300 purine nucleoside phosphorylase (PNP) 0 3 

PF3D7_1216300 signal recognition particle SRP19 (SRP19) 0 3 

PF3D7_1434200 calmodulin (CAM) 0 3 

PF3D7_0406200 sexual stage-specific protein precursor (Pfs16) 0 2 

PF3D7_0417400 conserved Plasmodium protein, unknown function 0 2 

PF3D7_0518200 SWIB/MDM2 domain-containing protein, putative 0 2 

PF3D7_1116700 cathepsin C, homolog,dipeptidyl peptidase 1 (DPAP1) 0 2 

PF3D7_1208600 
mitochondrial import inner membrane translocase 

subunit tim10, putative (TIM10) 
0 2 

PF3D7_1333000 20 kDa chaperonin (CPN20) 0 2 

PF3D7_1364800 DNA-directed RNA polymerase 2, putative 0 2 

PF3D7_1416900 prefoldin subunit 2, putative 0 2 

PFIT_0404900 sexual stage-specific protein precursor 0 2 
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PFIT_0824300 conserved Plasmodium protein, unknown function 0 2 

PFIT_1011300 QF122 antigen 0 2 

PFIT_1418900 conserved Plasmodium protein, unknown function 0 2 

 

Table 4.2. List of PK4-interacting proteins identified by Co-IP using GFP-Trap®-

PK4-GFP with mock-treated parasite cultures 

PK4-GFP trophozoite-infected RBC cultures were treated with 700 nM DHA for 60 

minutes and cell lysates were subjected to Co-IP followed by mass spectrometry. Proteins 

listed correspond to those for which at least two matching peptides were identified 

between two experiments in the PK4-GFP parasite line but not in the control line. Gene 

ID refers to PlasmoDB gene ID and annotation. Expts. 1 and 2 represent 2 independent 

experimental replicates. 

 

  



Chapter 4 
 

 114 

4.3 Discussion 

The previous chapter described the induction of eIF2a phosphorylation and arrest of 

protein translation following treatment with DHA. The work described in this chapter 

shows that these events occur as a result of activation of the UPR and that this is mediated 

by the eIF2a kinase PK4. Inactivation of the P. falciparum eIF2a kinases eIK1 or eIK2, 

does not substantially affect DHA or DTT-induced eIF2a phosphorylation, while 

knockdown or chemical inhibition of PK4 almost completely inhibits DHA or DTT-

induced eIF2a phosphorylation. This indicates that PK4 is solely responsible for 

activation of the UPR and does not have functional redundancy with eIK1 or eIK2. This 

work also confirms that the DHA-induced stress response is a response to unfolded 

protein and not another cellular stress such as amino acid starvation. 

 

PK4 is thought to be essential for blood stage parasites. To study PK4 function using a 

reverse genetics approach, a conditional knockdown line utilising the glmS-ribozyme 

system was generated. Knockdown of PK4-HA could be observed in the presence of 

glucosamine, however, long incubation times and high concentrations of glucosamine, 

which inhibit growth in itself, were necessary to achieve substantial knockdown. As a 

result, the usefulness of this parasite line was limited. PK4 knockdown was found to 

inhibit parasite growth in the cycle following the application of glucosamine, suggesting 

that PK4 is important for growth of blood stage parasites. That there was not a complete 

loss of parasite viability is probably a result of incomplete knockdown. However, this 

experiment was only performed once and needs to be repeated. Although PK4 knockdown 

did not appear to significantly affect susceptibility to DHA, these results could have been 

compounded by incomplete protein knockdown, cytotoxicity of glucosamine or 

differences in growth due to knockdown. Using a drug pulse assay, it was found that 

inhibition of PK4, using the small molecule inhibitor PERK Inhibitor-I, reduced 

susceptibility of parasites to DHA. This suggests that PK4 signalling could contribute to 

the mechanism of DHA-induced death. As Plasmodium does not have clear orthologs of 

the pro-apoptotic factors downstream of PERK, the mechanism by which this occurs is 

unclear (Gosline et al., 2011). 

 

A clear limitation of the knockdown work presented in this chapter is that, for most 

experiments involving knockdown of PK4, data represents only one biological repeat and 
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experiments were not always performed with multiple parasite clones, as is standard 

practice. Additionally, while PK4-glmS lines were made in Cam3.II_rev and 

Cam3.II_R539T lines, some key experiments, such as DHA-induced eIF2a 

phosphorylation, were not performed in these lines. The reasons for this were time 

limitations of the PhD and technical difficulties associated with the PK4 knockdown lines. 

Firstly, it was at times difficult to even detect PK4 by western blot (Fig 4.6, 4.7). This 

may because PK4 is a high molecular weight protein (~364 kDa) and did not transfer 

efficiently onto the western blot membrane. However, as detection varied substantially 

between clones (Fig 4.7), it is possible that reduced detection is due to inaccessibility of 

the HA tag, which could be due to the specific construct used. This issue could be 

addressed by altering the PK4 construct to use a GFP tag instead of HA or by introducing 

the HA tag to the N-terminal region rather than the C-terminus. It is also possible to raise 

an antibody that recognises PfPK4, however this is expensive and it is not guaranteed that 

the antibody would specifically and sensitively detect PK4. 

 

Another technical difficulty encountered was that effective knock-down of PK4 was 

difficult to obtain and varied substantially between clones, as evidenced by western blot 

(Fig 4.7). Complete knockdown was only observed under long incubation in high 

concentrations of glucosamine (10 mM, 72 hrs), which were observed to slow parasite 

growth and will thus interfere with the results of the experiments. Due to the limited 

usability of these knockdown lines, important controls, such as the measurement of 

mRNA and protein expression of PK4-glmS and WT PK4, was not performed. Therefore, 

lack of controls are another limitation of the work involving PK4 knockdown. 

 

Ineffective knockdown and poor detection of PK4-HA was particularly evident for the 

Cam3.II_rev and Cam3.II_R539T lines and as a result, it was decided that experiments 

looking at DHA-induced eIF2a phosphorylation would not be repeated in these lines. 

However, the involvement of eIF2a phosphorylation in ART sensitivity is an important 

question and should be addressed in an ART resistant line. PK4 knockdown could be 

trialed using a different approach for regulating protein expression in Plasmodium such 

as the diCre conditional gene deletion system, DD post-translational knockdown system 

or the knock sideways system (Birnbaum et al., 2017; de Koning-Ward et al., 2015).  
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The technical difficulties associated with PK4 knockdown could also be avoided 

altogether by use of the PERK small molecule inhibitor GSK2606414. However, the 

negative of relying on a small molecule inhibitor is the possibility that the inhibitor will 

have other targets. It is therefore acknowledged that the data presented in this chapter is 

only preliminary and would need to be repeated using a different knock down system to 

absolutely demonstrate the significance of these observations. 

 

Parasite lines expressing either GFP or HA-tagged PK4 were used to study the subcellular 

localisation of PK4. PK4 was found to partially co-localise with PfBiP, an abundant ER-

luminal chaperone and live-cell fluorescence microscopy confirmed the location of PK4-

GFP within the ER compartment. In mammalian cells, PERK activity is thought to be 

regulated by its association with BiP. These results therefore suggest that PK4 could also 

be regulated by BiP. BiP (Glucose-Regulated Protein-78/Grp78) belongs to the HSP-70 

class of proteins. It is the most abundant ER luminal resident chaperone in mammalian 

cells and is responsible for binding newly synthesised protein as it enters the ER, holding 

it in an unfolded state before subsequent folding by other ER chaperones. Whether or not 

PK4 interacts directly with BiP could not be determined using the co-IP approach outlined 

in this work, as a substantial number of significant peptides in control samples were 

matched to BiP and thus BiP was eliminated from the analysis.  

 

In an effort to further characterise PK4, co-IP was performed to identify PK4-interacting 

proteins. Aside from PK4, a phosphatidylinositol 3- and 4-kinase (PI3/4K) was the only 

protein with peptides identified in both replicates of both HA-Trap® and GFP-Trap® 

(mock-treated). This peptide was identified in all mock-treated samples and the first HA-

Trap® replicate of DHA and DTT-treated samples, however no significant peptides were 

identified in other samples, which could suggest that this PI3/4K is only strongly 

associated with the inactive state of PK4. PERK has been shown to display intrinsic lipid 

kinase activity, phosphorylating the PI3K class IA p85a subunit leading to PI3K 

activation (Bobrovnikova-Marjon et al., 2012). It is therefore possible that this PI3/4K is 

a substrate of PK4.  

 

The co-IP experiment performed in this study identified a very small number of proteins 

for which more than two significant peptides across two biological replicates were 
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matched. As result, enrichment analyses, PPI maps, Venn diagrams and other ways of 

analysing and presenting large datasets could not be applied. This result may suggest that 

PK4 has only a small number of substrates, which is unsurprising when considering that 

eIF2a kinases may be specific to eIF2a. However, this result may also be due to a 

limitation of the method used. The HA-Trap identified more significant peptide matches 

than the GFP-Trap, indicating that the experimental method used has a large impact in 

the number of proteins identified. The lines used in this experiment, PK4-HA and PK4-

GFP, were tagged at the endogenous PK4 locus. To increase the number of peptide hits, 

Co-IP could be performed in a line that overexpresses PK4-HA. This would result in more 

PK4 and therefore more binding partners, being pulled down. However, the risk of pulling 

down overexpressed proteins is that non-physiological binding partners will be pulled 

down. It is also possible that the transient and short-lived nature of kinase-substrate 

interactions prevented PK4 substrates from being pulled down. Samples were cross-

linked prior to IP analysis in an effort to covalently linked substrates to PK4. However, it 

is not known how successful that cross-linking was and perhaps this step needed to be 

optimised to increase cross-linking efficiency. 

 

Nonetheless, PK4 may have additional substrates beside eIF2a that were not identified 

in this study. PERK has been shown to phosphorylate Threonine80 of the transcription 

factor NRF2, disrupting its binding to KEAP1 and resulting in its translocation into the 

nucleus, where it promotes the transcription of antioxidant response genes (Cullinan et 

al., 2003; Lo et al., 2006; Nguyen et al., 2009; Niture et al., 2010). Interestingly, NRF2 is 

a major substrate of the K13 homolog KEAP1. However, a transcription factor 

orthologous to NRF2 has not been identified in Plasmodium. 

 

During the final stages of this work, Zhang et al. (2017) reported the activation of PK4 

by ARTs. The authors demonstrated co-localisation of PK4 with BiP in P. berghei using 

immunofluorescence, which confirms the results of this study. The authors also showed 

using co-IP that PbBiP interacted directly with PbPK4 and that this interaction was 

disrupted by treatment with artesunate. Furthermore, the authors showed that PfPK4 

oligomerised into higher molecular weight complexes upon treatment with DHA. The 

study reported by Zhang et al. (2017) focused on the role of PK4 in recrudescence 

following ART treatment. The authors demonstrated that treatment with PERK Inhibitor-
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I abolished recrudescence. The authors also studied the ART resistant line Dd2C580Y. They 

reported that pre-treatment of early ring stage parasites with PERK Inhibitor-I increased 

sensitivity of Dd2C580Y, but not Dd2 parasites to DHA using the ring stage survival assay. 

These results are contrary to those reported in the current study. This discrepancy could 

be explained by the differences in drug pulse: this study used a 3-hr pre-treatment with 

PERK Inhibitor-I, followed by a 3-hr DHA pulse and parasites were aged 0-20 hrs. Zhang 

et al used a 2-hr pre-treatment with PERK Inhibitor-I, followed by a 6-hr DHA pulse and 

parasites were aged 0-2 h. Furthermore, this study only examined a K13 WT strain 

(Cam3.II_rev) and the experiment was only performed once due to time restraints. The 

results reported in this study should therefore be repeated to obtain more biological 

replicates and should also be repeated with a K13 mutant strain, such as Cam3.II_R539T, 

using tightly synchronised ring stage parasites.  

 

In summary, the work described in this chapter identifies PK4 as the kinase that is solely 

responsible for activation of the UPR in response to DHA and the ER stress inducer DTT. 

Inhibition of PK4 may make parasites less susceptible to DHA, indicating that PK4 

signalling contributes to DHA-induced cell death. PK4 is located at the ER, where it may 

interact with ER chaperones including BiP and may associate with other regulators or 

substrates. The work contributes to understanding of DHA action and of the P. falciparum 

UPR. 
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Chapter Five: Effect of DHA on the ubiquitin-proteasome 

system 

5.1 Introduction 

The ubiquitin-proteasome system (UPS) is the major pathway for protein degradation in 

Plasmodium parasites. The UPS is therefore largely responsible for steady-state protein 

levels and protein quality control, which has implications for many critical cellular 

processes including cell cycle control and proliferation, transcription, signal transduction, 

protein trafficking and cell stress response (Preston et al., 2017).  

 

Misfolded or damaged proteins, such as those produced by ARTs, must be degraded in 

order to prevent aggregation and aberrant effects. Activation of the UPR, leading to arrest 

of protein translation, not only gives the ER time to refold misfolded proteins but also to 

dispose of terminally misfolded proteins via the ER-associated degradation pathway 

(ERAD), a UPS-dependent protein degradation pathway (Donnelly et al., 2013). In 

mammalian cells, UPR activation leads to upregulated expression of ERAD components 

via XBP1, ATF4 and ATF6 (Christianson et al., 2008; Ruggiano et al., 2014; Smith et al., 

2011; Travers et al., 2000; Vembar et al., 2008). Bioinformatic and biochemical evidence 

suggests that Plasmodium parasites lack the regulation required to upregulate ERAD in 

response to UPR activation (Chaubey et al., 2014; Gosline et al., 2011). However, ERAD 

occurs even in the absence of UPR signalling and is involved in the regulation of many 

proteins, such as transcription factors (Preston et al., 2017; Schröder et al., 2005). 

 

ERAD involves four main steps: (1) Recognition of terminally-misfolded substrates, (2) 

Translocation through the ER membrane, (3) Ubiquitin ligation and (4) Substrate 

extraction and delivery to the proteasome. Once a polypeptide has been selected for 

ERAD by molecular chaperones, it is retrotranslocated across the ER membrane. During 

retrotranslocation, the portion of the protein that is exposed to the cytosol can be 

polyubiquitylated. This promotes the recruitment of p97 (in mammalian cells) or Cdc48 

(in yeast), which extracts the protein from the ER (Bays et al., 2001; Rabinovich et al., 

2002; Ye et al., 2001). A subpopulation of proteasome can associate with the ER 

membrane and rapidly degrade ERAD substrates following their extraction from the ER 
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(Brooks et al., 2000; Hiller et al., 1996; Jensen et al., 1995; Ward et al., 1995; Werner et 

al., 1996). P. falciparum possesses fewer components of the ERAD machinery in 

comparison to mammalian cells, making parasites highly sensitive to ERAD inhibition 

(Harbut et al., 2012). Small molecule inhibition of the ERAD translocation step in the P. 

falciparum erythrocytic stage has been shown to cause ubiquitylated proteins to 

accumulate and cause parasite death, indicating that ERAD is essential (Chung et al., 

2012; Cross et al., 2009; McKibbin et al., 2012). 

 

Protein ubiquitylation is a post-translational modification involving the covalent 

attachment of a ubiquitin protein to a substrate protein. Ubiquitin is a 76-amino acid long 

(8.5 kDa) protein that is highly conserved across eukaryotes and is found in almost all 

tissues of eukaryotic organisms. The amino acid sequence of human and P. falciparum 

ubiquitin differs by only one residue (E16 in H. sapiens, D16 in P. falciparum) (Ponts et 

al., 2008). Protein ubiquitylation is a well-established signal for protein degradation, but 

can also serve many alternate functions, including altering sub-cellular location, 

regulating activity and altering protein interactions and thus protein ubiquitylation is 

involved in a wide array of cell processes (Preston et al., 2017). 

 

Protein ubiquitylation occurs in an ATP-dependent manner involving three main steps: 

activation, conjugation and ligation, catalysed by E1 ubiquitin-activating enzymes, E2 

ubiquitin-conjugation enzymes and E3 ubiquitin-ligases respectively. Orthologs of E1, 

E2 and E3 enzymes have been identified in P. falciparum and some have been shown to 

have ubiquitylating activity in vitro (Chung et al., 2012; Ponts et al., 2008). Protein 

ubiquitylation can result in attachment of a single ubiquitin (mono-ubiquitylation) or a 

chain of ubiquitin proteins (polyubiquitylation). Polyubiquitin chains form when the C-

terminus of a ubiquitin protein is conjugated to any one of seven lysine residues (K6, 

K11, K27, K29, K33, K48, K63) of a ubiquitin protein that is conjugated to protein or 

another ubiquitin. The lysine residue through which ubiquitin molecules are linked can 

determine the fate of the substrate protein. K48-linked polyubiquitin chains (containing 

4 or more ubiquitin molecules) signal for proteasomal degradation of the attached protein. 

The proteasome is also able to less efficiently degrade proteins that are conjugated to 

polyubiquitin chains linked through other lysine residues, with the exception of K63 (Xu 

et al., 2009).  
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The proteasome is a 2.5 MDa multi-subunit protein degradation complex that is conserved 

across all eukaryotes. The P. falciparum 26S proteasome has been well characterised and 

is expressed in all lifecycle stages (Lasonder et al., 2016; Le Roch et al., 2003; Lopez-

Barragan et al., 2011; Wang et al., 2015b). Proteasome inhibition in Plasmodium parasites 

inhibits growth of multiple different stages of the lifecycle, including liver stages, asexual 

blood stages, gametocytes and mosquito stages (Czesny et al., 2009; Gantt et al., 1998; 

Li et al., 2016; Li et al., 2012; Li et al., 2014; Lindenthal et al., 2005; Prasad et al., 2013; 

Reynolds et al., 2007). Proteasome complexes can exist in 20S or 26S forms (Coux et al., 

1996). The 20S core particle (CP) is a barrel-shaped structure consisting of four stacked 

hepatmeric rings and can exist freely. The top and bottom rings are composed of a-

subunits 1-7 and the middle two rings are composed of b-subunits 1-7. The b1, b2 and 

b5 subunits are catalytically active, having caspase-like, trypsin-like and chymotrypsin-

like activity respectively. The active sites face into the center of the barrel and thus only 

polypeptides that have been inserted into the CP are degraded (Groll et al., 2000). In the 

absence of regulators, the aperture of the 20S CP normally remains in a closed state. The 

19S regulatory particle (RP) can cap the CP at either or both ends, forming singly-capped 

or doubly-capped 26S proteasome, respectively. Six AAA-ATPases at the base of the 19S 

RP regulate opening of the 20S aperture and drive threading of polypeptides into the CP 

(Rubin et al., 1998; Smith et al., 2005). Without an attached 19S RP, the 20S is capable 

of degrading only a small number of misfolded and oxidatively damaged polypeptides 

(Bader and Grune 2006, Davies 2001, Livnat-Levanon 2014). 

 

Other subunits of the 19S are responsible for recognition of polyubiquitin chains, 

unfolding of substrate proteins and protein deubiquitylation (Finley, 2009). Rpn13 is a 

subunit of the 19S RP that interacts with K48-linked polyubiquitin chains (Husnjak et al., 

2008). Upon binding to ubiquitin, Rpn13 activates UCH37, a deubiquitylating enzyme 

(DUB) that is associated with the proteasome (Jiao et al., 2014; Randles et al., 2016; 

Vander Linden et al., 2015). Proteasome-associated DUBs catalyse the removal of 

ubiquitin from protein substrates prior to proteasomal degradation. Several DUBs have 

been identified in Plasmodium including USP14 (PF3D7_0527200), inhibition of which 

leads to accumulation of proteasomal substrates and parasite death (Lee et al., 2016; Ponts 

et al., 2008; Wang et al., 2015b). P. falciparum homologs of Rpn13 (PF3D7_1414000) 

and UCH37 (PfUCH54, PF3D7_1117100) have also been identified (Wang et al., 2015b). 
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Section 3.2.1 of this work described the observation that DHA-treatment of P. falciparum 

in vitro parasites caused an increase in the level of unfolded proteins. This chapter 

addresses the hypothesis that DHA causes an accumulation of damaged or malfolded 

proteins, which are degraded by the ubiquitin-proteasome system. In this chapter, the 

effects of DHA treatment on the level ubiquitylated proteins and proteasome cleavage 

activity was studied in P. falciparum in vitro cultures. These effects were compared to 

those of small molecule inhibitors with known targets in the ubiquitin-proteasome system, 

in an effort to understand the mechanism of DHA action. The ubiquitin-proteasome 

system has been proposed to be involved in the mechanism of ART resistance (Mok et 

al., 2015; Tilley et al., 2016). The effects of DHA on the ubiquitin-proteasome system 

were therefore compared between ART sensitive and ART resistant parasite lines.  
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Figure 5.1 The ubiquitin-proteasome system 

Ubiquitin is first activated by an E1 ubiquitin-activating enzyme in an ATP-dependent 

step. Activated ubiquitin is then transferred to an E2 ubiquitin-conjugating enzyme. 

Depending on the class of E3 ubiquitin ligase, ubiquitin is either transferred directly to a 

protein substrate that is bound by E3 or is transferred to an E3 and then conjugated to the 

protein substrate. Polyubiquitylated (predominately K48-linked chains) proteins are 

recognised by ubiquitin-receptor subunits (RPN13) of the 19S regulatory particle (RP) of 

the 26S proteasome. The 19S then unfolds and deubiquitinates (via deubiquitinase 

enzymes (DUBs)) protein substrates and drives threading of the polypeptide into the core 

particle (CP), where catalytically active b subunits cleave the polypeptide. 
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5.2 Results 

5.2.1 ARTs cause ubiquitylated proteins to accumulate 

To gain insights into the effect of ARTs on the ubiquitin-proteasome system, parasites in 

culture were treated with artemisinin (QHS) and cell lysates were analysed for the level 

of polyubiquitylated proteins by western blot, probing with a polyclonal anti-ubiquitin 

antibody serum, a method that has been applied in previous studies (Livnat-Levanon et 

al., 2014; Williams et al., 2016). As relatively low levels of polyubiquitylated proteins 

are found in ring stages, trophozoite stages, which contain substantially more 

polyubiquitylated proteins (Ponts et al., 2011), were examined. QHS was found to cause 

a dramatic increase in the level of polyubiquitylated proteins relative to an untreated 

sample within a 90-minute exposure (Figure 5.2). The selective proteasome inhibitor 

epoxomicin (epo) (Meng et al., 1999) was used as a positive control and as expected, it 

also caused a substantial increase in the level of polyubiquitylated proteins. Co-treatment 

of parasites with QHS and epoxomicin did not appear to increase polyubiquitylated 

proteins beyond that resulting from treatment with QHS or epoxomicin alone, which 

could indicate that both conditions alone cause a maximal increase in polyubiquitylated 

proteins.  

 

RBCs have previously been demonstrated to contain a substantial level of 

polyubiquitylated proteins (Kakhniashvili et al., 2004). Cell lysates were depleted of host-

cell cytoplasmic components prior to western blot analysis by saponin lysis, however, it’s 

possible that some polyubiquitin conjugates remained in insoluble host ghost cell 

material. To ensure that the increases in polyubiquitylated proteins are localised to the 

parasite and not the host RBC, the level of polyubiquitylated proteins under different drug 

treatments was also measured in uninfected RBCs (uRBCs) (Figure 5.2 A). The level of 

polyubiquitylated proteins in untreated sample was low compared to 3D7-infected RBCs 

and did not increase upon QHS or epoxomicin exposure. 

 

It is possible that increases in polyubiquitylated proteins occur as a general response of 

the parasite to drug treatment. To assess the specificity of this phenotype to the response 

to ARTs, parasite cultures were treated with the anti-folate antimalarial WR99210. No 

change in the level of polyubiquitylated proteins was observed following a 90-minute 
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exposure to WR99210 (Figure 5.2 B), consistent with the suggestion that the rapid protein 

damage caused by ARTs induces accumulation of polyubiquitylated proteins. 
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Figure 5.2 Artemisinin (QHS) causes an increase in ubiquitylated proteins 

Cell cultures were subjected to drug treatment for 90 minutes and cell lysates were 

analysed by western blot, probing with a polyclonal anti-ubiquitin antibody. (A) 3D7 

trophozoite-infected RBC culture (3D7) or uninfected RBCs (uRBCs) were treated with 

no drug, either 1 µM QHS or 400 nM epoxomicin (epo) or both in combination. (B) 3D7 
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trophozoite-infected RBC culture was treated with no drug, 1 µM QHS or 20 nM 

WR99210. Loading control, PfGAPDH.  

5.2.2 ART-induced accumulation of polyubiquitylated proteins in ART-sensitive 

and ART-resistant field strains 

Analysis of the level of polyubiquitylated proteins following ART-treatment was then 

carried out with an ART-sensitive and an ART-resistant strain to assess whether the 

ubiquitin-proteasome system might be affected by ART-resistance. These strains were 

originally sourced from patients in the Pailin region of western Cambodia and have been 

shown to have marked differences in ART-susceptibility in vitro at the early ring stage 

(Dogovski et al., 2015). The resistant strain PL7, harbors the K13 mutation R539T and 

the sensitive strain PL2, has maintained the wild-type allele. A 90-minute incubation with 

QHS led to a substantial increase in the level of polyubiquitylated proteins in the ART 

sensitive line PL2, while the increase was much lower in the ART resistant line PL7 

(Figure 5.3), indicating that ART resistance may be associated with lower levels of 

polyubiquitylated proteins. 

 

 
Figure 5.3 Artemisinin (QHS) induced polyubiquitylated proteins in an ART-

sensitive and an ART-resistant field strain 

PL2 (ART sensitive) and PL7 (ART resistant) trophozoite stage parasite cultures were 

treated with no drug or 1 µM QHS for 90 minutes and cell lysates were analysed by 

western blot for ubiquitylated proteins. Loading control, PfGAPDH. Blot is 

representative of the results from at least three independent experiments (see Appendix 

7). Solid lines between lanes of this indicate that samples were run on the same gel, but 

not in adjacent lanes and were therefore spliced together in the final image. 
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5.2.3 The influence of K13 mutation on ART-induced polyubiquitylated proteins 

The Pailin parasite strains used in section 5.2.2 have a large degree of genetic variation, 

including at known drug resistance markers such as MDR2, and PfCRT (Dogovski et al., 

2015). These experiments begun in 2014, the same year that K13 SNP mutations were 

identified as a molecular marker of ART resistance (Ariey et al., 2014). A result, 

genetically matched isogenic lines, such as the Cam3.II strains, were not yet available. 

The Pailin strains were therefore the best tool available to investigate ART resistance. 

The Cam3.II strains became available to our lab in early 2015 and were used for further 

investigations into the effect of K13 mutation alone on the response to ARTs. 

Additionally, further investigations switched to using DHA instead of QHS, as DHA is a 

clinically used ART and is also the activate metabolite of all ARTs. 

 

Cam3.II trophozoite stage cultures were exposed to a concentration range of DHA for 90 

minutes and the level of polyubiquitylated proteins in cell lysates visualised by western 

blot. Consistent with the results observed for the Pailin field strains, Cam3.II_R539T 

appeared to experience a lower increase in polyubiquitylated proteins in response to DHA 

treatment, compared to Cam3.II_rev (Figure 5.4 A, C).  

 

As the largest differences in ART susceptibility are observed in ring stages parasites, the 

experiment was also performed with mid-ring stages. Consistent with observations in the 

trophozoite stage, DHA-induced a lower level of polyubiquitylated proteins in 

Cam3.II_R539T parasites, compared to Cam3.II_rev (Figure 5.4 B, D). These results 

confirm that ARTs induce an accumulation of polyubiquitylated proteins, which may be 

reduced in ART resistant parasites. 
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Figure 5.4 DHA-induced polyubiquitylated proteins in K13WT/K13R539T isogenic 

strains 

(A-B) Cam3.II_rev and Cam3.II_R539T trophozoite (A) or ring (13-18 hrs) (B)-infected 

RBCs were treated with a concentration range of DHA for 90 minutes (A) or 3-hrs (B) 

and cell lysates were analysed by western blot for ubiquitylated proteins. Loading 

controls, PfGAPDH, PfBiP. Blots are representative of at least three independent 

experiments (see Appendix 8 and 9). 

5.3.4 DHA inhibits the parasite proteasome 

An accumulation of polyubiquitylated proteins observable by western blot is often 

indicative of proteasome inhibition (Preston et al., 2017). To gain insight into the 

mechanism of ART-mediated polyubiquitylated accumulation, parasite lysates were 

analysed for activity of proteasome complexes. Parasites in culture were treated with a 

concentration range of DHA for 60 minutes and cell lysates were subjected to non-
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denaturing, non-reducing PAGE to allow separation of intact protein complexes. The 

native gel was then soaked in Suc-LLVY-AMC solution, which generates a UV-

fluorescent product upon cleavage at the proteasome active site.  

 

Three distinct proteasome complexes could be visualised on the gel (Figure 5.5 A). These 

correspond to 20S, 20S plus one 19S regulatory particle and 20S plus two 19S regulatory 

particles. The signal corresponding to the 20S was very faint, probably due to its existence 

in a more closed state in comparison to the 26S, thereby preventing access of Suc-LLVY-

AMC to the active site (Preston et al., 2017). DHA treatment was observed to result in a 

reduction of 26S proteasome activity and this difference was statistically significant at 10 

µM DHA (Figure 5.5 B). The sample treated with 10 µM DHA still maintained more 

proteasome activity than the sample treated with 1 µM epoxomicin, suggesting that DHA 

is not as effective in inhibiting the proteasome as a specific proteasome inhibitor. The 

anti-folate antimalarial WR99210, did not significantly affect proteasome activity. 

 

It is possible that DHA reduces abundance of proteasome subunits, rather than reducing 

activity of the proteasome. To address this possibility, parasite lysates were analysed by 

western blot for the abundance of alpha subunits. It was observed that the abundance of 

proteasome alpha subunits did not differ substantially between samples that had been 

treated with DHA or epoxomicin, in comparison to the mock-treated sample (Figure 5.5 

C). This confirms that DHA reduced proteasome activity, rather than abundance. 
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Figure 5.5 DHA treatment results in a loss of proteasome activity 

Cam3.II_rev late trophozoite-stage culture was treated with 0.1% DMSO (mock), DHA, 

1 µM epoxomicin or 10 nM WR99210 for 60 minutes and cell lysates were analysed for 

Suc-LLVY-AMC cleavage activity (proteasome activity) by native gel. Cleaved AMC 

peptide was visualised by UV fluorescence. (A) Native gel. Loading control, coomassie 

stain. Arrows indicate the main proteasome complexes; 20S, singly-capped 20S (R126S) 

and doubly-capped 20S (R226S). (B) Densitometry analysis. UV fluorescence represents 

the fluorescence value for each lane (with background subtracted) normalised to mock-

treated sample. Data represent the mean ± SEM from four experiments. **p<0.01, 

***p<0.001 (ANOVA). (C) Western blot analysis of 20S proteasome a sub-units (1-3, 

5-7) after treatment of trophozoite-stage parasites with 0.1% DMSO (mock), DHA or 

epoxomicin for 1-hr. Blot is representative of three independent experiments. Loading 

control, PfBiP. 
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In Section 5.2.3, it was observed that a parasite line carrying the K13 mutation R539T, 

showed lower accumulation of ubiquitylated proteins following DHA treatment in 

comparison to an isogenic line carrying the WT allele. To examine if this was due to 

differences in proteasome activity, proteasome activity following DHA treatment was 

measured in these two lines using the proteasome-GLO assay (experiment kindly 

performed by Dr Stanley Xie, University of Melbourne) (Dohmen et al., 2005).  

 

A proteasome-GLO assay was used for this experiment instead of the native gel method 

employed previously due to limitations of the native gel method. The native gel method 

requires a relatively large amount of protein to be loaded onto the gel (~50-100 µg), which 

requires the use of a 10-well gel, so that wells are large enough to load a high volume of 

sample. Use of a molecular weight marker means that no more than 9 samples can be 

analysed on one gel. The proteasome-GLO assay however, can be performed in a 96-well 

plate and thus is more amenable to analysing a larger number of samples. The capacity 

for a larger number of samples to be analysed also means that technical replicates can be 

included, giving more reliable quantitation of activity. Densitometric analysis of protein 

gels is an unreliable method for quantitation (Gassmann et al., 2009) and thus the 

proteasome-GLO assay is a superior method to compare activity between different 

strains.  

 

No significant difference in the loss of proteasome activity following treatment with DHA 

was observed, indicating that both ART sensitive and ART resistant lines are sensitive to 

proteasome inhibition mediated by DHA (Figure 5.6).  
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Figure 5.6 DHA-induced loss of proteasome activity in K13WT/K13R539T isogenic 

strains 

Proteasome-GLO activity was assessed in lysates of trophozoite-infected RBCs 90 min 

after exposure to DHA, using a luciferin-linked substrate (Suc-LLVY-GLO). Data 

represent mean ± SEM, n=3. 

5.2.5 Proteasome inhibitors cause parasite death, accumulation of polyubiquitylated 

proteins and induction of eIF2a phosphorylation 

The finding that DHA inhibits the parasite proteasome lead to the suggestion that 

proteasome inhibition could underlie the mechanism of ART action. To investigate this 

hypothesis, the action of three proteasome inhibitors, with different sites of action, was 

investigated in P. falciparum (Figure 5.7 A). Epoxomicin is a specific proteasome 

inhibitor targeting the CP active site (Meng et al., 1999). b-AP15 is an inhibitor of the 

proteasome regulatory particle-associated DUBs USP14 and UCHL5 and has been shown 

to have activity against P. falciparum (D'Arcy et al., 2011; Wang et al., 2015b). By 

inhibiting protein deubiquitylation, b-AP15 inhibits degradation of ubiquitylated 

proteins. RA190 is an inhibitor of the proteasome regulatory particle-associated ubiquitin 

receptor, RPN13 (Anchoori et al., 2013). By blocking binding of ubiquitylated proteins 

to the regulatory particle, RPN13 inhibits the degradation of ubiquitylated proteins. 

 

To mimic exposure to DHA, parasite viability following a 3-hr pulse of each proteasome 

inhibitor was measured. All three proteasome inhibitors produced a nano-molar IC50 

value (Figure 5.7 B), indicating that proteasome inhibition is highly toxic to P. 

falciparum, even for a short 3-hr pulse. 
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Figure 5.7 Proteasome inhibition is lethal to P. falciparum 

(A) b-AP15 is an inhibitor of proteasome-associated DUBs. RA190 is an inhibitor of the 

proteasome-associated ubiquitin receptor RPN13. Epoxomicin is an inhibitor of the 

proteasome active site. (B) Concentration-response curves for proteasome inhibitors b-

AP15 (blue), RA190 (mauve), and epoxomicin (purple). Cam3.II_rev early ring stage 

parasites (0-3 h.p.i.) were pulsed with drug for 3-hrs and parasitemia was measured in the 

following erythrocytic cycle. Survival (%) represents the proportion of parasites alive in 

following cycle relative to “no drug” and “kill” controls. Data for b-AP15 and RA190 

represent the mean ± SEM from three experiments. Data for epoxomicin represent the 

mean from two technical replicates in one experiment. 

 

The biochemical consequences of proteasome inhibition were then examined. 

Cam3.II_rev trophozoite-stage parasite culture was treated with b-AP15, RA190 or 
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epoxomicin for 3-hrs and the level of polyubiquitylated proteins and phosphorylated 

eIF2a in cell lysates was examined by western blot. As expected, all three proteasome 

inhibitors were found to cause concentration-dependent increases in polyubiquitylated 

proteins (Figure 5.8 A, B). All three proteasome inhibitors were also found to induce 

phosphorylation of eIF2a (Figure 5.8 C).  

 

 
 

Figure 5.8 Proteasome inhibitors cause polyubiquitylated proteins to accumulate 

and eIF2a phosphorylation 

Cam3.II_rev trophozoite stage parasite cultures were treated with 0.1% DMSO (mock), 

b-AP15, RA190 or epoxomicin (epo) for 3-hrs and cell lysates were subjected to western 

blot analysis, probing with (A) anti-ubiquitin or (B) anti-phospho-eIF2a. Loading 

control, PfBiP. Blots are representative of four (A) or two (B) experiments. See Appendix 

10 for replicates. 
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5.3 Discussion 

It was previously observed that DHA treatment caused an increase in the level of unfolded 

proteins in P. falciparum-infected RBCs (Section 3.2.1). The work described in this 

chapter shows that DHA also induces an accumulation of ubiquitylated proteins. Proteins 

targeted for degradation via the ERAD or UPS pathways are normally rapidly degraded 

by the proteasome (Preston et al., 2017). The observed accumulation of ubiquitin 

conjugates therefore suggests their degradation is inhibited. To address this hypothesis, 

the activity of proteasome complexes in cell lysates was examined by non-denaturing 

PAGE and it was observed that DHA treatment led to reduced activity of 26S proteasome 

complexes. It is therefore likely that ubiquitylated proteins build up in the cell as a result 

of reduced proteasomal degradation.  

 

The biochemical mechanism by which DHA inhibits proteasome activity remains to be 

elucidated. It is possible that activated DHA directly alkylates sub-units of the 

proteasome. Proteasome complexes are highly abundant in the cell, providing ample 

opportunity for reaction with ARTs. Indeed, a proteasome a-subunit was identified as a 

binding partner of a “clickable” ART analogue, however, the precise binding site was not 

reported (Wang et al., 2015a). Artemisinin is able to covalently react with thiol and amino 

moieties and is also capable of alkylating carbon atoms of heme (O'Neill et al., 2010; Wu 

et al., 2003; Wu et al., 1999). However general alkylation of cysteine residues is thought 

to be the mechanism by which ARTs interfere with protein function and the Plasmodium 

proteasome does not contain cysteine residues at its active sites (Li et al., 2016; O'Neill 

et al., 2010). Nonetheless, it is possible that ARTs bind other residues at the active sites 

or inhibit proteasome function allosterically. The structure of the P. falciparum 20S 

proteasome bound to an active-site inhibitor has previously been determined by cryo-

electron microscopy (EM) and this method could therefore be used to investigate if and 

where DHA binds to proteasome complexes (Li et al., 2016). 

 

It was observed in the current study that DHA is a substantially less potent inhibitor of 

proteasome activity in comparison to epoxomicin, which directly inhibits the proteasome 

catalytic site. This may suggest that DHA does not directly bind the proteasome, but may 

regulate its function through another mechanism. One such possibility is that DHA 

inhibits ubiquitin-dependent proteasomal activity by causing disassembly of the 26S 
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complex. Under normal conditions, most proteasomes exist as 26S complexes (Livnat-

Levanon et al., 2014). However, it has been observed that certain cellular stresses, such 

as oxidative stress, can lead to a reduction in the level of 26S proteasome and an increase 

in the level 20S proteasome, leading to reduced ubiquitin-dependent proteolysis (Demasi 

et al., 2003; Livnat-Levanon et al., 2014; Wang et al., 2010b). This disassembly is only 

temporary and complexes can reassemble into 26S proteasomes. It has been suggested 

that this short-term reduction in the turnover of ubiquitylated proteins allows cells to 

redirect resources and protect proteasome complexes from oxidative damage to thiol 

groups (Livnat-Levanon et al., 2014). In the current work, a faint band corresponding to 

the 20S proteasome could be observed by native gel. The fluorescence of this band did 

not change in response to DHA treatment, indicating that DHA does not cause an increase 

in 20S activity. However, a limitation of this assay is that it measures only proteasome 

activity, rather than abundance of proteasome complexes. As a result, it cannot be ruled 

out that DHA does not cause disassembly of the 26S into 20S. This question could be 

addressed by transferring proteins from the native gel onto a nitrocellulose membrane and 

performing Western blot, probing with antibodies that bind to proteasome subunits. A 

decrease in the abundance of 26S and an increase in the abundance of 20S complexes 

would be observed if DHA causes disassembly of 26S complexes. 

 

It was observed that Cam3.II_rev showed a larger loss of proteasome activity at 1 µM 

DHA under the proteasome-GLO assay (Fig 5.6), as compared to the native gel assay, 

where, although some loss of proteasome activity is observed at 1 µM, more substantial 

loss is observed at 10 µM DHA (Fig 5.5). An explanation for this could be that the 

proteasome-GLO assay measures activity of both the 26S and 20S proteasome, whereas 

the native gel method measures activity of the 26S proteasome only. As a result, vehicle-

treated samples would give a higher baseline reading of activity in the proteasome-GLO 

assay and loss of activity would appear larger in DHA-treated samples. 

 

Other mechanisms independent of proteasome activity could also contribute to the build-

up of ubiquitylated proteins. It is possible that DHA inhibits delivery of ubiquitylated 

proteins to the proteasome. Inhibition of the translocation step of ERAD has previously 

been shown to cause accumulation of ubiquitin conjugates and cell death in P. falciparum 

(Chung et al., 2012). Furthermore, Cdc48, which is involved in extraction of ERAD 
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substrates from the ER and delivery to the proteasome (Bays et al., 2001; Rabinovich et 

al., 2002; Ye et al., 2001), has been identified in a list of proteins bound by an ART 

analogue (Ismail et al., 2016). Therefore, inhibition of Cdc48 activity could lead to 

accumulation of ubiquitylated proteins at the ER. P. falciparum encodes relatively little 

ERAD machinery in comparison to higher eukaryotes and ERAD inhibitors have been 

demonstrated to be more potent against P. falciparum than a human cell line (Harbut et 

al., 2012). The ERAD pathway could therefore represent a good target for the 

development of future antimalarials. 

 

Comparison of two isogenic parasite lines carrying either the WT K13 allele or the R539T 

resistance-causing allele revealed that while these lines experience equivalent loss of 

proteasome activity in response to DHA, the build-up of ubiquitylated proteins is lower 

in the resistant line. Densitometric analysis of the western blots to quantitate this 

difference was not performed as the reliability of this method is poor (Gassmann et al., 

2009). However, biological repeats have been provided in Appendices 7-9 to show that 

some level of reduction is evident across many independent experiments. The primary 

cause of this difference in accumulated ubiquitylated proteins has not been identified in 

this study.  

 

One hypothesis is that ubiquitylated proteins accumulate differently between ART 

sensitive and resistant parasites due to differences in susceptibility to proteasome 

inhibition. Measurement of the accumulation of ubiquitylated proteins in ART sensitive 

and resistant strains following treatment with specific proteasome inhibitors such as 

epoxomicin, RA190 and b-AP15, would identify whether differences in accumulated 

ubiquitylated proteins are specific to DHA, or are an outcome of proteasome inhibition 

itself. There is however, no evidence to suggest that K13 forms complexes with the 

proteasome or participates in proteasome function and so it is difficult to imagine how 

K13 mutations could alter susceptibility of the proteasome to inhibition. 

 

Another possibility is that K13 mutations introduce a defect into the ubiquitylation 

pathway. K13 has been proposed to function as a substrate adaptor for an E3 ubiquitin 

ligase (Ariey et al., 2014; Tilley et al., 2016). Propellor-domain mutations could result in 

a defect in K13 function that could lead to reduced K13-facilitated protein ubiquitylation, 

thereby reducing the overall rate of protein ubiquitylation. Studies that focus directly on 
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elucidating the function of K13, by for example, genetic manipulation, will be extremely 

important for understanding ART resistance. 

 

To understand the impact of proteasome inhibition to the parasite, the effects of three 

direct proteasome inhibitors were studied. b-AP15 and RA190 both inhibit ubiquitin-

dependent activity of the 26S proteasome, while epoxomicin inhibits the proteolytic 

active site of the CP (Anchoori et al., 2013; Meng et al., 1999; Wang et al., 2015a). As 

expected, all three inhibitors caused ubiquitylated proteins to accumulate within a 3-hr 

pulse. A 3-hr pulse of b-AP15, RA190 or epoxomicin was also lethal to parasites, 

highlighting that ubiquitin-dependent protein degradation is essential for parasite 

survival, which could therefore represent the mechanism by which ARTs induce parasite 

death.  

 

Proteasome inhibition with b-AP15, RA190 and epoxomicin also induced 

phosphorylation of eIF2a. However, a limitation of this study is that mechanism of 

proteasome-inhibitor induced eIF2a phosphorylation was not investigated. The PK4-

knockdown line or the PERK inhibitor described in Chapter 4 could have been used to 

determine if proteasome inhibition with epoxomicin, RA190 or b-AP15 lead to activation 

of PK4. This would have then identified if proteasome inhibition causes ER stress or 

induces eIF2a phosphorylation by another mechanism. eIF2a phosphorylation in 

response to proteasome inhibition has been observed in mammalian cells lines, however 

the eIF2a kinase through which this is mediated is not clear. One study found that 

proteasome inhibition in mouse embryo fibroblast (MEF) cells led to GCN2-mediated 

eIF2a phosphorylation (Jiang et al., 2008), while another study, also in MEFs, found 

heme-regulated inhibitor kinase (HRI) to be primarily responsible (Yerlikaya et al., 

2008). Yet, in a further study, HRI was found not to mediate eIF2a phosphorylation in 

response to proteasome inhibitors in melanoma and breast cancer cells (Yerlikaya et al., 

2010). These conflicting findings could reflect the nature of eIF2a phosphorylation as a 

general cell stress response that can be induced via many pathways. I propose, however, 

that the propensity of proteasome inhibitors to induce eIF2a phosphorylation in 

Plasmodium is mediated by PK4, due to the evidence that UPR signaling is activated in 

mammalian cells by proteasome inhibition (Lee et al., 2003; Obeng et al., 2006). The 

most likely mechanism for this is that proteasome inhibition would also prevent 
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degradation of ER proteins via the ERAD pathway, leading to accumulation of proteins 

in the ER lumen. 

 

There has been considerable interest in the development of proteasome inhibitors as 

antimalarials (Ng et al., 2017). However, due to the large degree of conservation, it has 

been difficult to identify compounds that are selective for the parasite proteasome. A 

recent report detailing the crystal structure of the P. falciparum proteasome identified 

some key structural differences between the Plasmodium and human proteasomes, that 

could be exploited in the design of inhibitors (Li et al., 2016). Efforts to identify potent 

and selective parasite proteasome inhibitors are currently underway (Ng et al., 2017). 

 

In summary, the work in this chapter demonstrates that DHA causes an accumulation of 

polyubiquitylated proteins, probably through a combination of causing protein damage 

and inhibiting activity of the proteasome. 
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Chapter Six: Interactions of DHA with compounds with known 

mechanisms of action 

6.1 Introduction 

ARTs have been shown to act synergistically with proteasome inhibitors when the two 

drugs are administered in combination to P. falciparum in vitro cultures or to P. berghei-

infected mice (Dogovski et al., 2015; Li et al., 2016). “Synergism” is used to describe the 

phenomenon where the effect produced by two drugs in combination is greater than that 

predicted based on the individual effect of each drug alone. Synergism can arise through 

a number of mechanisms, such as when the targets of two drugs act in parallel pathways 

(Ye et al, 2009) or serial inhibition of an enzymatic chain (Black, 1963). The synergism 

observed between proteasome inhibitors and DHA therefore raised the possibility that 

DHA acts on the ubiquitin-proteasome system, which is supported by the findings 

described in Chapter 5. To further understand the mechanism of DHA action and its effect 

on the proteasome pathway, a study of the interactions between DHA and small molecular 

inhibitors of the ubiquitin-proteasome system was undertaken. 

 

“Drug interaction” refers to the effect produced when two drugs are used in combination, 

which can be more or less than the effect predicted based on their individual actions. If 

the effect is less than that predicted, the interaction is antagonistic. If the effect is greater 

than that predicted, the interaction is synergistic. If the effect is not different to that 

predicted based on the individual actions of each drug, the interaction is additive. 

Isobolograms can be constructed from experimental concentration-response data and 

used to classify the interaction between two compounds (Chou, 2006; Tallarida, 2006) 

(Figure 6.1). The IC50 values of each drug at each concentration of the second drug are 

plotted and a hypothenuse is drawn between the IC50 values of each drug alone. This 

hypothenuse represents the additive isobole. If two drugs are additive, the IC50 data points 

will fall along the additive isobole. If two drugs are synergistic, the data points will fall 

to the left of the additive isobole and resemble a concave curve. If two drugs are 

antagonistic, the data points will fall to the right of the additive isobole and resemble a 

convex curve.  
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Figure 6.1 Use of an isobologram to classify the nature of the interaction between 

two drugs 

The IC50 values for each drug at a known concentration of the second drug and alone are 

plotted. A hypothenuse is drawn between the IC50 values of each individual drug when 

used alone. Shown are hypothetical IC50 data points (a-e). For an additive effect, the data 

points will fall on the hypothenuse or additive isobole (black line, a). For a synergistic 

effect, the data points will fall to the left of the hypothenuse (blue dotted lines, b, c). For 

an antagonistic effect, the data points will fall to the right of the hypothenuse (red dotted 

lines, d, e). Figure is adapted from Chou (2006). 

 

To understand the importance of the ubiquitin-proteasome pathway to DHA action, 

interactions between DHA and several small molecule inhibitors targeting different stages 

of the ubiquitin-proteasome pathway were studied. The chemical structures of each 

inhibitor are shown in Figure 6.2 and their cellular targets are shown in Figure 6.3.  
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The experimental design used to produce data points is described in detail in section 2.5.3. 

Briefly, tightly synchronised parasites at ring stage (0-3 h.p.i.) or trophozoite stage (24-

27 h.p.i.) were subjected to a pulse drug treatment. The length of the pulse was determined 

by optimisation experiments or based on previous studies. Serial dilutions of two drugs 

were prepared in separate 96-well plates and then combined together in one 96-well plate, 

to which the parasites in culture are added. The layout of the plate includes 8 

concentrations of each drug, combined with 8 concentrations of the second drug (to create 

64 unique concentration combinations) and 6 concentrations of each drug alone (to 

facilitate determination of the IC50 of each drug alone). 4 “no drug” and 4 “kill” control 

wells are also included for normalization of the data to 0% survival and 100% survival. 

 

 
Figure 6.2 Chemical structures of inhibitors used in this study 
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Figure 6.3 Cellular targets of inhibitors used in this study 

Cycloheximide (CHX) is an inhibitor of protein synthesis, reducing the amount of 

substrate (unfolded protein, red) for ubiquitylation. Compound 1 (C1) is an inhibitor of 
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the mammalian ubiquitin activating enzyme E1 and thus depletes the pool of active 

ubiquitin (Ub) that can be used for protein conjugation. MLN4924 is an inhibitor of the 

mammalian NEDD8 activating enzyme (NAE). Activated NEDD8 is necessary for 

activation of cullin-RING E3 ubiquitin ligases and thus NAE inhibition leads to reduced 

ubiquitin ligase activity. Eeyarestatin I (ES1) is an inhibitor of the ER-associated 

degradation pathway (ERAD) via which misfolded proteins in the ER are targeted for 

ubiquitylation and proteasomal degradation. b-AP15 is an inhibitor of deubiquitinase 

(DUB) enzymes associated with the 26S proteasome. RA190 is an inhibitor of the 19S 

regulatory particle-associated ubiquitin receptor RPN13. 
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6.2 Results 

6.2.1 Eeyarestatin I (ES1), an ER-associated degradation pathway inhibitor 

The ER-associated degradation pathway (ERAD) is a ubiquitin-dependent quality-control 

pathway that facilitates proteasomal degradation of proteins from the ER lumen, such as 

misfolded proteins or properly folded regulatory proteins. Proteins are identified for 

degradation by molecular chaperones, then unfolded and translocated through a 

translocon complex in the ER membrane. During translocation, the cytoplasmic exposed 

portion of the protein target becomes ubiquitylated, targeting it for destruction at the 26S 

proteasome (Preston et al., 2017).  

 

Eeyarestatin I (ESI) is a small molecule compound that targets the ER membrane 

translocon subunit Sec61 and thus blocks translocation of ubiquitylated misfolded 

proteins (Cross et al., 2009; McKibbin et al., 2012). Treatment of P. falciparum in vitro 

cultures with ES1 leads to parasite death at low µM ranges (72h IC50 3.5 +/- 1.0 µM) and 

causes ubiquitylated proteins to accumulate within 8-hrs of exposure (Chung et al., 2012). 

To examine the importance of ERAD to the mechanism of DHA action, interaction assays 

with ES1 were conducted.  

 

ES1 treatment alone caused parasite death within a 3-hr pulse at low µM ranges (Figure 

6.4). Ring stages were slightly more sensitive to ES1 in comparison to trophozoite stages, 

though the difference was no significant. There was also no significant difference in 

susceptibility to ES1 between K13R539T and K13WT isogenic lines, indicating that K13 

mutation does not provide a survival advantage against ERAD inhibition under the 

conditions tested. 
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Figure 6.4 Comparison of ES1 susceptibility between Cam3.II isogenic K13 mutant 

strains 

Cam3.II_rev and Cam3.II_R539T tightly synchronised parasite cultures at ring stage (0-

3 h.p.i.) or trophozoite stage (24-27 h.p.i.) were treated with ES1 for 3-hrs and parasitemia 

was determined in the following cycle.  

 

Treatment of parasites with ES1 in combination with DHA lead to further decreases in 

parasite survival at both ring and trophozoite stages and in both K13 isogenic parasites 

lines (Figure 6.5, left panels). 

 

The IC50 value for DHA in the presence of each concentration of ES1 and vice-versa was 

plotted as an isobologram, revealing that the interaction between ES1 and DHA is 

additive in both ring and trophozoite stages and in both K13 isogenic parasite lines 

(Figure 6.5, right panels).  
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Figure 6.5 Effect of ES1 on parasite susceptibility to DHA 

Tightly synchronised parasite cultures were subjected to a short pulse (ring stage, 3-hrs; 

trophozoite stage, 1-hr) of ES1 and DHA in combination and parasitemia was measured 

in the following cycle. (A) Cam3.II_rev ring stage, 0-3 h.p.i. (B) Cam3.II_rev trophozoite 
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stage, 24-27 h.p.i. (C) Cam3.II_R539T ring stage, 0-3 h.p.i. (D) Cam3.II_R539T 

trophozoite stage, 24-27 h.p.i. Left, concentration-survival curves. Right, isobolograms. 

Data presented in isobolograms represent the IC50 of DHA in the presence of the 

corresponding concentration of ES1 and vice-versa. Data are representative of two 

experiments. Dotted line represents the theoretical additive effect. 

6.2.2 b-AP15, an inhibitor of 19S deubiquitinase (DUB) activity 

PfUSP14 is a 19S regulatory particle-associated DUB (Wang et al., 2015b). b-AP15 is a 

PfUSP14 inhibitor and has previously been shown to inhibit growth of late trophozoite 

stage P. falciparum in vitro cultures within a 4-hr exposure (68h IC50 1.10 +/- 0.4 µM) 

(Wang et al., 2015b). A 4-hr exposure to b-AP15 was also shown to result in accumulation 

of K48-linked polyubiquitylated proteins, supporting its mechanism as an inhibitor of 

ubiquitin-dependent protein degradation. In Chapter 5 (section 5.2.5) it was demonstrated 

that a 3-hr pulse of b-AP15 lead to accumulation of polyubiquitylated proteins, eIF2a 

phosphorylation and parasite death. To gain further insights into the importance of 

ubiquitin-dependent proteasomal degradation to the mechanism of DHA action, assays 

measuring the interaction between b-AP15 and DHA were performed.  

 

Construction of interaction data into concentration-survival curves and isobolograms 

revealed that the interaction between b-AP15 and DHA is additive, at both ring and 

trophozoite stages and in both K13 isogenic parasite lines (Figure 6.6). There also did not 

appear to be any difference in susceptibility to b-AP15 alone between K13 isogenic 

parasite lines (Figure 6.7), indicating that K13 mutation does not provide a survival 

advantage against 26S proteasome inhibition under the conditions tested. 
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Figure 6.6 Effect of b-AP15 on DHA susceptibility  

Tightly synchronised parasite cultures were subjected to a short pulse (ring stage, 3-hrs; 

trophozoite stage, 1-hr) of b-AP15 and DHA and parasitemia was measured in the 
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following cycle. (A) Cam3.II_rev ring stage, 0-3 h.p.i. (B) Cam3.II_rev trophozoite stage, 

24-27 h.p.i. (C) Cam3.II_R539T ring stage, 0-3 h.p.i. (D) Cam3.II_R539T trophozoite 

stage, 24-27 h.p.i. Left, concentration-survival curves. Right, isobolograms. Data 

presented in isobolograms represent the IC50 of DHA in the presence of the corresponding 

concentration of b-AP15 and vice-versa. Data are representative of two experiments. 

Dotted line represents the theoretical additive effect. 

 

 
Figure 6.7 Comparison of b-AP15 susceptibility between Cam3.II isogenic K13 

mutant strains 

Cam3.II_rev and Cam3.II_R539T tightly synchronised parasite cultures at ring stage (0-

3 h.p.i.) or trophozoite stage (24-27 h.p.i.) were treated with b-AP15 for 3-hrs (ring stage) 

or 1-hr (trophozoite stage) and parasitemia determined in the following cycle. Values 

represent the mean from two technical replicates in one experiment. 

6.2.3 RA190, a RPN13 ubiquitin receptor inhibitor 

RPN13 is a ubiquitin receptor associated with the 19S regulatory particle, facilitating 

recognition of ubiquitin chains prior to deubiquitylation, unfolding and degradation 

(Finley, 2009). RA190 is an inhibitor of RPN13. Treatment of HeLa cells with RA190 

has been shown to result in accumulation of K48-linked ubiquitylated proteins within a 

4-hr exposure and subsequent ER stress (Anchoori et al., 2013). In Chapter 5 (section 

5.2.5) RA190 was demonstrated in P. falciparum in vitro cultures to cause accumulation 

of polyubiquitylated proteins, phosphorylation of eIF2a and parasite death. To 

understand the importance of ubiquitin-dependent protein degradation to the mechanism 

of ART action, the interaction between RA190 and DHA was studied. 
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Interaction assays using RA190 and DHA were carried out the data was constructed into 

concentration-survival curves and isobolograms (Figure 6.8). The IC50 data points from 

the interaction assays fell close to the line of additivity, indicating that the interaction 

between RA190 and DHA is additive, in both ring and trophozoite stages and in both K13 

isogenic lines. Ring stage parasites were slightly more sensitive to RA190 alone in 

comparison to trophozoite stage parasites (Figure 6.9). There did not appear to be a 

difference between K13 isogenic lines in susceptibility to RA190 alone, indicating that 

K13 mutation does not provide a survival advantage against inhibition of ubiquitin-

dependent proteasome inhibition, under the conditions tested. 
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Figure 6.8 Effect of RA190 on DHA susceptibility 

Tightly synchronised parasite cultures were subjected to a short pulse (ring stage, 3-hrs; 

trophozoite stage, 1-hr) of various concentrations of RA190 and DHA and parasitemia 

was measured in the following cycle. (A) Cam3.II_rev ring stage, 0-3 h.p.i. (B) 
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Cam3.II_rev trophozoite stage, 24-27 h.p.i. (C) Cam3.II_R539T ring stage, 0-3 h.p.i. (D) 

Cam3.II_R539T trophozoite stage, 24-27 h.p.i. Left, concentration-survival curves. 

Right, isobolograms. Data presented in isobolograms represent the IC50 of DHA in the 

presence of the corresponding concentration of RA190 and vice-versa. Data are 

representative of two experiments. Dotted line represents the theoretical additive effect. 

 

 
Figure 6.9 Comparison of RA190 susceptibility between Cam3.II isogenic K13 

mutant strains 

Cam3.II_rev and Cam3.II_R539T tightly synchronised parasite cultures at ring stage (0-

3 h.p.i.) or trophozoite stage (24-27 h.p.i.) were treated with RA190 for 3-hrs (ring stage) 

or 1-hr (trophozoite stage) and parasitemia determined in the following cycle. Values 

represent the mean from two experiments performed in technical duplicate. 

6.2.4 Cycloheximide, an inhibitor of global protein synthesis 

Cycloheximide is an inhibitor of eukaryotic protein synthesis. It blocks translation 

elongation by interfering with the translocation step of protein synthesis. Cycloheximide 

is known to inhibit protein synthesis in P. falciparum in vitro cultures, resulting in parasite 

death (Budimulja et al., 1997; Geary et al., 1989; Geary et al., 1983). As shown in Section 

3.4.2, DHA also inhibits protein synthesis, but not to the same degree as cycloheximide. 

To gain insight into the impact of protein translation on DHA susceptibility, the 

interaction between DHA and cycloheximide was studied. 

 

Cam3.II tightly synchronised parasite cultures were subjected to pulses of cycloheximide 

and DHA and parasite viability was determined in the following cycle. Pulses with 
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cycloheximide of up to 18-hr did not result in significant parasite killing (Figure 6.10 A). 

Cycloheximide was found to have an antagonistic effect on DHA susceptibility when the 

drugs were used in combination (Figure 6.10 B-G, Table 6.1). Several conditions were 

tested to confirm the interaction. The strongest antagonism was observed when cells were 

pre-treated with cycloheximide alone for 3-hrs prior to a 3-hr pulse with DHA and CHX 

(Figure 6.10 B-C). The antagonism was also observed to be considerably stronger in the 

ring stage compared to the trophozoite stage. 

 

The interaction was also compared between Cam3.II_rev and Cam3.II_R539T lines. 

Strong antagonism was observed in both parasite lines. The level of antagonism appeared 

to be correlated with DHA sensitivity as K13R539T ring stage parasites showed a higher 

level of antagonism in comparison to K13WT ring stage parasites (Figure 6.10 D, E), while 

the level of antagonism in the trophozoite stage was roughly the same between the two 

lines (Figure 6.10 F, G). DHA IC50 values are listed in Table 6.1. 
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Figure 6.10 Survival curves from DHA-cycloheximide (CHX) interaction assays 

Tightly synchronised parasites were subjected to pulse drug treatment and parasitemia 

was measured in the following cycle. (A) Response of Cam3.II parasite lines to CHX 

alone, in ring (0-3 h.p.i.) and trophozoite (24-27 h.p.i.) stages. (B-C) Response of 

Cam3.II_rev to 3-hr pulse of CHX alone, followed immediately by 3-hr pulse of DHA 

and CHX, in ring (B) and trophozoite (C) stages. (D-G) Response of Cam3.II_rev (D, F) 
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or Cam3.II_R539T (E-G) ring stage parasites to an 18-hr pulse (D, E) or trophozoite stage 

parasites to a 6-hr pulse (F, G) of DHA and CHX. Data in A, D-G are from one experiment 

and are representative of three experiments. Data in B-C are the mean ± SEM from three 

experiments. 

 

[CHX]  (µM)   0   0.156   0.3125   0.625   1.25   2.5   5   10   20  

(B)  Cam3.II_rev,  0-3  
h.p.i.,  3-hr  DHA  +  6-hr  

CHX  

25.6  

±3.09  

65.6      

±10.7  

90.8  

±17.0  

154  

±30.1  

248  

±68.7  
N.D.(>1µM)   N.D.(>1µM)   N.D.(>1µM)   N.D.(>1µM)  

(C)  Cam3.II_rev,  24-
27  h.p.i.,  3-hr  DHA  +  

6-hr  CHX  

8.56  

±0.12  

16.3  

±0.17  

21.1  

±0.55  

21.7  

±4.0  

22.8  

±1.9  

30.6  

±4.3  

42.9  

±4.3  

54.7  

±4.1  

60.2  

±7.3  

[CHX]  (µM)   0   0.391   0.781   1.56   3.13   6.25   12.5   25   50  

(D)  Cam3.II_rev,  0-3  
h.p.i.,  18-hr  pulse    

6.16   8.96   12.9   13.0   15.0   22.3   31.5   46.8   57.5  

(E)  Cam3.II_R539T,  0-
3  h.p.i.,  18-hr  pulse  

11.2   22.1   24.0   35.63   N.D.(>1µM)   N.D.(>1µM)   N.D.(>1µM)   N.D.(>1µM)   N.D.(>1µM)  

(F)  Cam3.II_rev,  24-27  
h.p.i.,  6-hr  pulse  

10.0   19.5   20.3   20.5   21.4   21.3   22.2   22.6   21.0  

(G)  Cam3.II_R539T,  
24-27  h.p.i.,  6-hr  pulse  

14.8   21.2   17.8   22.1   23.0   22.6   27.4   34.0   30.6  

 

Table 6.1 List of DHA IC50 values from cycloheximide interaction assays 

Values presented are the DHA IC50 (in nM) in the presence of the indicated concentration 

of cycloheximide (CHX) and correspond to concentration-survival curves presented in 

Figure 6.9. N.D., not determined as the highest concentration of DHA tested (1 µM) did 

not cause more than 50% parasite killing. Data in A, D-G are from one experiment and 

are representative of three experiments. Data in B-C are the mean ± SEM from three 

experiments. 

 

Interestingly, a study in Saccharomyces cerevisiae found that cycloheximide exposure 

also leads to depletion of the free ubiquitin pool, presumably by blocking synthesis of 

new ubiquitin proteins, resulting in cell death, while overexpression of ubiquitin 

conferred resistance to cycloheximide (Hanna et al., 2003). It has also been demonstrated 

that cycloheximide can prevent the accumulation of ubiquitylated proteins that is 

observed when cells are treated with proteasome inhibitor (Kim et al., 2011), suggesting 
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that a significant proportion of proteasome substrate is newly synthesised protein. In fact, 

it has been reported that up to 30% of total newly synthesised proteins are rapidly 

degraded by the proteasome (Schubert et al., 2000). As a result, the effect of 

cycloheximide on the DHA-induced build-up of ubiquitylated proteins and eIF2a 

phosphorylation was also examined. 

 

Cam3.II_rev trophozoite stage cultures were treated with DHA and cycloheximide for 6-

hrs and cell lysates were analysed by western blot. Cycloheximide was observed to 

prevent the increase in polyubiquitylated proteins that is observed when parasites are 

treated with DHA alone (Figure 6.10 A) and to also reduce the level of eIF2a that is 

phosphorylated in response to DHA exposure, indicating a reduction to DHA-induced ER 

stress. 

 

 

 

 

 

 



Chapter 6 
 

 160 

 
 

Figure 6.11 Cycloheximide (CHX) prevents build-up of polyubiquitylated proteins 

and reduces eIF2a phosphorylation 

Cam3.II_rev trophozoite stage parasites were treated with 0.1% DMSO (mock) or 100 

nM DHA alone or in the presence of CHX and cell lysates were analysed by western blot 

for (A) ubiquitylated proteins or (B) phosphorylated eIF2a. Loading control, PfBiP.  

6.2.5 Compound 1, an inhibitor of ubiquitin-activating enzyme E1 

To strengthen the evidence that accumulated polyubiquitylated proteins are important to 

the mechanism of DHA-killing, a more specific inhibitor of ubiquitylation needed to be 

tested. Ubiquitin conjugation to protein substrates is mediated by an ATP-dependent 

enzymatic cascade, beginning with ubiquitin activation by an E1 enzyme. Compound 1 

(C1) is an adenosine sulfamate analogue and a nonselective E1 inhibitor. C1 inhibits E1-

dependent ATP-PPi exchange, forming a covalent adduct with ubiquitin and thereby 
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preventing E1-E2 transthiolation. C1 has been shown in human cells, to inhibit the 

accumulation of polyubiquitylated proteins (Chen et al., 2011b). 

 

To verify that C1 acts in the same fashion in Plasmodium, its effect on polyubiquitylated 

proteins was examined in Cam3.II_rev trophozoite stage parasites. Parasites that had been 

treated with 10 µM C1 in the presence of 100 nM DHA for 6-hrs showed a dramatic 

reduction in polyubiquitylated proteins in comparison to parasites that had been treated 

with DHA alone (Figure 6.11 A). The level of phosphorylated eIF2a was also slightly 

lower in these parasites, compared to those treated with DHA alone (Figure 6.11 B), 

indicating that treatment with C1 also reduces the level of DHA-induced ER stress. 
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Figure 6.12 Compound 1 (C1) prevents build-up of polyubiquitylated proteins and 

reduces eIF2a phosphorylation 

Cam3.II_rev trophozoite stage parasites were treated with 0.1% DMSO (mock) or 100 

nM DHA alone or in the presence of C1 and cell lysates were analysed by western blot 

for (A) ubiquitylated proteins or (B) phosphorylated eIF2a. Loading control, PfBiP.  

 

The interaction between C1 and DHA was then examined. C1 did not cause significant 

parasite death within a 6-hr pulse (Figure 6.12 A), even at a concentration that was shown 

to almost completely deplete the level of polyubiquitylated protein (10 µM). Tightly 

synchronised parasite cultures were subjected to pulses with C1 and DHA in combination 

and it was revealed that C1, like cycloheximide, antagonises DHA-mediated killing 

(Figure 6.12 B-G), leading to dramatic increases in parasite survival at high 

concentrations of C1. Similar to cycloheximide, the strongest antagonism was observed 

when parasites were pre-treated with C1 for 3-hrs, prior to a 3-hr pulse with C1 and DHA 
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(Figure 6.12 B-C) and ring stages generally showed stronger antagonism than trophozoite 

stages. 

 

The interaction was also compared between Cam3.II_rev and Cam3.II_R539T lines. It 

was difficult to distinguish if C1 could antagonise DHA in K13R539T early ring stage 

parasites, as the K13 mutation itself leads to high levels of parasite survival. When K13WT 

early ring stage parasites were treated with DHA in the presence of high concentrations 

of C1 (25 and 50 µM), the survival curves resembled those observed when K13R539T early 

ring stage parasites were treated with DHA alone (Figure 6.12 D, E), demonstrating that 

C1 antagonism can effectively mimic the level of K13-mediated resistance. C1-DHA 

antagonism in trophozoite stages appeared to be at a similar level between K13WT and 

K13R539T lines (Figure 6.12 F, G), in keeping with the trend observed for cycloheximide, 

that the level of antagonism is correlated with DHA sensitivity. DHA IC50 values are 

listed in Table 6.2. 
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Figure 6.13 Survival curves from DHA-Compound 1 (C1) interaction assays 

Tightly synchronised parasites were subjected to pulse drug treatment and parasitemia 

was measured in the following cycle. (A) Response of Cam3.II_rev to a 6-hr pulse of C1 

alone, in ring (0-3 h.p.i.) and trophozoite (24-27 h.p.i.) stages. (B-C) Response of 

Cam3.II_rev to a 3-hr pulse of C1 alone, followed immediately by 3-hr pulse of DHA and 

C1, in ring (B) and trophozoite (C) stages. (D-G) Response of Cam3.II_rev (D, F) or 
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Cam3.II_R539T (E-G) ring stage parasites (D, E) or trophozoite stage parasites (F, G) to 

a 3-hr pulse of DHA and C1. Data in D-G are from one experiment and are representative 

of three experiments. Data in A-C are the mean ± SEM from three experiments. 

 
[C1]  (µM)   0   0.156   0.3125   0.625   1.25   2.5   5   10   20  

(B)  Cam3.II_rev,  0-2  
h.p.i.,  3-hr  C1  +  3-hr  

DHA+C1  

24.9  

±2.5  
              

34.6  

±4.9  

40.8  

±4.1  

  

32.4  

±8.3  

  

(C)  Cam3.II_rev,  24-27  
h.p.i.,  3-hr  C1  +  3-hr  

DHA+C1  

8.57  

±0.14  
              

12.7  

±0.10  

13.7  

±0.18  

16.2  

±1.1  

(F)  Cam3.II_rev,  24-27  
h.p.i.,  3-hr  pulse  

13.7   20.1   20.2   20.6   20.8   21.8   23.1   32.0   58.5  

(G)  Cam3.II_R539T,  24-
27  h.p.i.,  3-hr  pulse  

14.2   15.2   12.8   16.4   21.1   18.1   23.3   20.8   38.5  

[C1]  (µM)   0   0.391   0.781   1.56   3.13   6.25   12.5   25   50  

(D)  Cam3.II_rev,  0-3  
h.p.i.,  3-hr  pulse  

65.1   65.4   73.3   80.3   75.9   86.2   11.8   N.D.(>1µM)   N.D.(>1µM)  

(E)  Cam3.II_R539T,  0-3  
h.p.i.,  3-hr  pulse  

N.D.(>1µM)   N.D.(>1µM)   N.D.(>1µM)   N.D.(>1µM)   N.D.(>1µM)   N.D.(>1µM)   N.D.(>1µM)   N.D.(>1µM)   N.D.(>1µM)  

 

Table 6.2 List of DHA IC50 values from Compound 1 interaction assays 

Values presented are the DHA IC50 (in nM) in the presence of the indicated concentration 

of Compound 1 (C1) and correspond to concentration-survival curves presented in Figure 

6.12. N.D., not determined as the highest concentration of DHA tested (1 µM) did not 

cause more than 50% parasite killing. Data in D-G are from one experiment and are 

representative of three experiments. Data in B-C are the mean ± SEM from three 

experiments. 

6.2.6 MLN4924, an inhibitor of NEDD8-activating enzyme, NAE 

NEDD8 is a ubiquitin-like protein, sharing about 60% sequence similarity with ubiquitin 

(Kerscher et al., 2006). As for ubiquitin, NEDD8 must be activated by an E1 enzyme 

(NEDD8-activating enzyme, NAE), which then facilitates the transfer to an E2. NEDD8 

conjugation is required for the catalytic activity of cullin RING E3 ligases (Petroski et al., 

2005). MLN4924 is a covalent inhibitor of mammalian NAE and therefore acts as an 

indirect inhibitor of cullin RING ligases (Soucy et al., 2009).  
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The effect of MLN4924 on protein ubiquitylation was assessed in P. falciparum. 

Treatment of trophozoite stage parasites with 20 µM MLN4924 in the presence of 100 

nM DHA for 6-hrs led to a reduced level of polyubiquitylated protein (Figure 6.13 A) and 

phosphorylated eIF2a (Figure 6.13 B), in comparison to sample treated with DHA alone. 

 

 
 

Figure 6.14 MLN4924 prevents build-up of polyubiquitylated proteins and reduces 

eIF2a phosphorylation 

Cam3.II_rev trophozoite stage parasites were treated with 0.1% DMSO (mock) or 100 

nM DHA alone or in the presence of MLN4924 and cell lysates were analysed by western 

blot for (A) ubiquitylated proteins or (B) phosphorylated eIF2a. Loading control, PfBiP.  

 

MLN4924 did not cause significant parasite death within a 6-hr pulse (Figure 6.14 A). 

Examination of the interaction between MLN4924 and DHA revealed that MLN4924 is 
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weakly antagonistic to DHA killing (Figure 6.14 B-D), in both ring and trophozoite stages 

and in both Cam3.II_rev and Cam3.II_R539T lines. DHA IC50 values are listed in Table 

6.3. 

 

 
Figure 6.15 Concentration-survival curves from DHA-MLN4924 interaction assays 

Tightly synchronised parasites were subjected to pulse drug treatment and parasitemia 

was measured in the following cycle. (A) Response of Cam3.II_rev ring stage to a 6-hr 

pulse of MLN4924 alone, in ring (0-3 h.p.i.) and trophozoite (24-27 h.p.i.) stages. (B-D) 

Parasites were pre-treated with MLN4924 for 3-hr and then pulsed with DHA and 

MLN4924 for a further 3-hrs. (B) Cam3.II_rev, 0-3 h.p.i. (C) Cam3.II_R539T, 0-3 h.p.i. 

(D) Cam3.II_rev, 24-27 h.p.i. Data are the mean ± SEM from three experiments. 
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[MLN4924]  (µM)   0   10   20  

(B)  Cam3.II_rev,  0-3  h.p.i.,  3-hr  

MLN  +  3-hr  DHA  +  MLN  pulse  
37.0  ±0.14   66.4  ±0.10   74.0  ±0.14  

(C)  Cam3.II_R539T,  0-3  h.p.i.,  3-

hr  MLN  +  3-hr  DHA  +  MLN  pulse  
29.7  ±1.4   42.3  ±2.2   51.9  ±4.5  

(D)  Cam3.II_rev,  24-27  h.p.i.,  3-

hr  MLN  +  3-hr  DHA  +  MLN  pulse  
8.44  ±6.0   12.7  ±9.5   11.4  ±11.0  

 

Table 6.3 List of DHA IC50 values from MLN4924 interaction assays 

Values presented are the DHA IC50 (in nM) in the presence of the indicated concentration 

of MLN4924 and correspond to concentration-survival curves presented in Figure 6.14. 

Data are the mean ± SEM from three experiments. 

6.2.7 Interactions of the proteasome inhibitor epoxomicin, with compounds 

targeting the ubiquitin-proteasome system 

The 20S core particle of the proteasome contains three catalytic subunits; b1, b2 and b5, 

which each have caspase, trypsin and chymotrypsin-like activities respectively. 

Epoxomicin is a covalent inhibitor of the b5 subunits, inhibiting chymotrypsin-like 

proteolysis. Proteasome inhibitors targeting the b-subunit catalytic sites are known to 

interact synergistically with ARTs (Dogovski et al., 2015). To gain insights into the 

biochemical mechanism of this interaction, examination the interactions between 

epoxomicin and inhibitors of 26S-mediated degradation of ubiquitylated proteins was 

undertaken.  

 

Tightly synchronised Cam3.II_rev early ring stage parasites were exposed to a 3-hr pulse 

of epoxomicin in the presence of b-AP15 or RA190 for 3-hrs and the effect to parasite 

survival was graphed (Figure 6.16). Construction of isobolograms revealed that the 

interaction of epoxomicin with both b-AP15 and RA190 is weakly antagonistic, as 

indicated by the plotted values forming a convex curve (Figure 6.16). 
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Figure 6.16 Interaction of epoxomicin with inhibitors of 26S ubiquitin-mediated 

proteasome activity 

Tightly synchronised Cam3.II_rev ring stage parasites were subjected a 3-hr pulse with 

epoxomicin (epo) in combination with (A) b-AP15 or (B) RA190 and parasite viability 

was measured in the following cycle. Right panel, concentration-survival curves. Left 

panel, corresponding isobolograms of IC50 values. Data are representative or three 

experiments. 

 

Examination of the interactions between epoxomicin and antagonisers of DHA activity 

(identified in sections 6.2.4-6.2.6) was undertaken to understand if the antagonistic 

activity was related to the proteasome inhibition activity of DHA. Tightly synchronised 

Cam3.II_rev ring stage parasites were exposed to a 3-hr pulse of epoxomicin in the 

presence of cycloheximide (CHX), Compound 1 (C1) or MLN4924 and effects to parasite 

survival were graphed (Figure 6.16). All three compounds were observed to antagonise 

epoxomicin killing. CHX and C1 were more strongly antagonistic in comparison to 

MLN4924, in keeping with the levels of antagonism observed for DHA. These results 
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indicate that these inhibitors antagonise proteasome active site inhibition more generally 

and thus antagonise DHA due to its effects on proteasome activity. 

 

 
Figure 6.17 Interaction of epoxomicin with compounds that antagonise DHA activity 

Tightly synchronised Cam3.II_rev ring stage parasites were subjected to a 3-hr pulse with 

epoxomicin (epo) and (A-B) cycloheximide (CHX), (C-D) Compound 1 (C1) or (E-F) 

MLN4924 and parasite viability was measured in the following cycle. (A, C, E) 

Concentration-survival curves). (B, D, F) Parasite survival (%) at 50 nM (B, D) or 12.5 
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nM (F) epoxomicin in the presence of antagonizing compound. Data in A, C, E are 

representative of three experiments. Data in B are from one experiment. Data in D, F are 

the mean ± SEM from two experiments. 

 

  



Chapter 6 
 

 172 

6.3 Discussion 

The work presented in the previous chapters showed that DHA induces ER stress and 

causes an accumulation of ubiquitylated proteins due to inhibition of proteasome activity. 

In an effort to further understand the mechanism of DHA-mediated parasite death, the 

interactions of DHA with a number of small molecule inhibitors with known targets in 

these pathways was studied. 

 

As described in Chapter 3, DHA induces activation of the UPR and thus would be 

expected to cause an increase in the rate of ERAD. Eeyarestatin I, an inhibitor of ERAD, 

was found to have an additive interaction with DHA. That inhibition of ERAD does not 

potentiate or prevent DHA-mediated death suggests that the ERAD pathway is not central 

to the cytotoxic effects of DHA. Although the work in this thesis has shown that DHA 

induces ER stress, DHA is predicted to also cause protein damage and accumulation of 

misfolded/damaged proteins throughout other compartments of the cell. ERAD therefore 

represents only a portion of the protein degradation pathway required to deal with DHA-

induced damage. Therefore, to study the importance of global protein degradation to the 

mechanism of DHA action, the interactions between DHA and inhibitors of protein 

ubiquitylation and proteasomal degradation were studied further. 

 

b-AP15 and RA190, inhibitors of ubiquitin-dependent degradation, were also found to 

have additive interactions with DHA. This is particularly interesting given that previous 

work has demonstrated a strong synergistic interaction between ARTs and proteasome 

inhibitors that target the catalytic b subunits (Dogovski et al., 2015; Li et al., 2016). This 

would therefore suggest that synergism is produced by inhibition of total protein 

degradation (i.e. ubiquitin-dependent and independent), rather than ubiquitin-dependent 

degradation only. It is also interesting that the interactions of b-AP15 and RA190 with 

epoxomicin were found to be antagonistic. The synergism between DHA and epoxomicin 

therefore cannot be explained by the inhibitory action of DHA on 26S proteasomal 

degradation. It is likely that this synergism arises as a result of the protein damaging effect 

of DHA, leading to accumulation of unfolded proteins that cannot be degraded when the 

proteasome is inhibited. 
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Perhaps the most interesting finding of the work reported in this chapter is that 

compounds that inhibit protein ubiquitylation; cycloheximide, C1 and MLN4924, have 

an antagonistic interaction with DHA. C1, cycloheximide and MLN4924 were also found 

to have an antagonistic interaction with epoxomicin, indicating that antagonism with 

these compounds results from the inhibitory effect of DHA on proteasomal activity. This 

antagonism suggests that the accumulation of polyubiquitylated proteins is in itself 

largely responsible for DHA-mediated cell death. C1, cycloheximide and MLN4924 were 

also found to reduce the level of DHA-induced eIF2a phosphorylation, indicating that 

accumulated polyubiquitylated proteins can contribute to ER stress. It was noticed that 

C1 produced the greatest reduction in polyubiquitylated proteins, followed by 

cycloheximide. However, cycloheximide showed stronger antagonism against DHA in 

comparison to C1. A likely explanation for this is that inhibiting protein synthesis will 

reduce the amount of newly synthesised unfolded protein entering the ER, thus reducing 

the level of ER stress. This finding indicates that both the level of polyubiquitylated 

proteins and the level of ER stress contribute to DHA-mediated cell death. 

 

It is interesting to consider the mechanism by which accumulated polyubiquitylated 

proteins and ER stress could induce cell death in Plasmodium. In mammalian cells, 

prolonged ER stress triggers apoptosis through ATF4, ATF6 and CHOP. However, clear 

homologues of these and other apoptotic proteins, such as caspases and BCL-2, are not 

found in Plasmodium (Wu 2003), making the existence of programmed cell death in 

Plasmodium controversial. It has been reported that high concentrations of chloroquine 

lead to permeabilisation of the digestive vacuole membrane and release of cysteine 

proteases into the cytoplasm, which in turn causes mitochondrial membrane 

depolarisation and DNA fragmentation, hallmarks of programmed cell death (Ch’ng 

2010, Ch’ng 2011, Ch’ng 2012). The question of ART-induced programmed cell death 

could therefore be investigated by looking at DNA fragmentation and mitochondrial 

membrane depolarisation. It is possible that prolonged ER stress in Plasmodium does not 

trigger a cell death pathway, but simply prevents growth of parasites due to lack of protein 

translation. Inhibition of protein translation is known to lead to parasite death, with these 

pathways representing the targets of many antimalarial drugs (Jackson et al., 2011). 
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Ubiquitylation plays a role in the regulation of most cellular pathways, including 

apoptosis. The abundance of anti-apoptotic molecules can be regulated by ubiquitylation 

and proteasomal degradation and ubiquitylation is often dysregulated in different cancer 

types (Chen et al., 2013). Proteasome inhibitors are effective for cancer therapy, with 

Bortezomib being the first proteasome inhibitor used clinically. The proteasome 

inhibitory effect of Bortezomib is thought to be lethal due to loss of amino acid 

homeostasis, triggering apoptosis (Suraweera et al., 2012). The involvement of amino 

acid homeostasis in ART action in P. falciparum has been investigated briefly and it was 

found that amino acid starved parasites did not differ significantly in their sensitivity to 

DHA (Babbitt et al., 2012). Proteasome inhibition has however, a substantial effect on 

parasite sensitivity to DHA (Dogovski et al., 2015), and thus it is unlikely that amino acid 

homeostasis is central to the mechanism of ART action. 

 

The scientific literature is lacking in evidence for mechanisms by which accumulated 

ubiquitylated proteins could cause cell death by non-apoptotic pathways. However, 

ubiquitylated proteins are known to form cytosolic aggregates that are toxic to 

mammalian cells and this has been shown to cause ER stress (Liu et al., 2012). Whether 

DHA-induced accumulations of ubiquitylated proteins form aggregates could be 

investigated using microscopy. 

 

MLN4924, an inhibitor of NAE and thus an indirect inhibitor of E3 RING ligases, was 

found to slightly reduce the levels of DHA-induced polyubiquitylated proteins and mildly 

antagonise the activity of DHA. This indicates that the polyubiquitylation activity of E3 

RING ligases contributes to, but is not solely responsible for, DHA-mediated death and 

thus other E3 ligases are likely involved. A complicating factor however, is that the 

activity of MLN4924 on Plasmodium NAE has not been characterised and so it is unclear 

how effectively E3 RING ligases were inhibited in this study. Investigation of the 

capacity of MLN4924 to inhibit Plasmodium NEDD8 activation, using assays that study 

neddylation of proteins directly, could help to determine whether use of this inhibitor is 

appropriate to study the activity of Plasmodium E3 ligases. It should also be noted that 

MLN4924 is also a weak inhibitor of E1 ubiquitin ligases (Chen et al., 2011b) and so it 

cannot be ruled out that the observed effects are due to inhibition of E1.  
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Study of E3 RING ligases was of interest to this work as K13 has been proposed to 

function as a substrate adaptor for an E3 Cullin RING ligase (Tilley et al., 2016). It has 

been hypothesised that resistance-causing mutations in the propeller domain could result 

in a loss of substrate binding, leading to less polyubiquitylation, which, as shown in this 

chapter, is protective against DHA. However, If MLN4924 is able to effectively reduce 

the activity Plasmodium E3 RING ligases, the minimal antagonism observed between 

DHA and MLN4924 would suggest that E3 RING ligases play only a small role in the 

DHA-induced accumulation of ubiquitylated proteins. The roles of other groups of E3 

ligases, such as HECT ligases, could therefore be investigated using a suite of readily 

available small molecule E3 ligase inhibitors that have demonstrated activity in 

Plasmodium ((Chung et al., 2012); Jain et al. (2017).  

 

In this work, interactions between DHA and small molecule inhibitors were examined in 

both a K13WT ART sensitive and K13R539T ART resistant line. The nature of the 

interactions was consistent between both lines. Although the degree of the interaction 

sometimes changed between lines, this is likely due to differences in sensitivity to DHA. 

Therefore, the interactions studied do not reveal much about the mechanism of ART 

resistance. 

 

In summary, the work described in this chapter has identified DHA-induced 

accumulations of polyubiquitylated proteins to be largely responsible for parasite death. 

I propose that accumulation of polyubiquitylated proteins triggers an ER-stress induced 

death pathway via a novel mechanism. 
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Chapter Seven: Insights into the mechanisms of ART action 

and resistance 

ACTs are the current first line treatment recommended by the WHO for uncomplicated 

P. falciparum malaria. In recognition of their importance to malaria control, Youyou Tu, 

the Chinese scientist who led the team that discovered artemisinin as an antimalarial 

treatment in 1971, was awarded a share in the 2015 Nobel Prize for Medicine. Yet, despite 

the widespread use and success of ARTs, their precise mechanism of action is not well 

understood. It is widely accepted that ARTs must be activated by iron-catalysed cleavage 

of the endoperoxide bridge (O'Neill et al., 2010; Tilley et al., 2016). The resultant radical 

species is thought to react rapidly with accessible nucleophiles of parasite proteins, lipids 

and heme. Rather than targeting a specific protein or organelle, ARTs have been 

demonstrated to alkylate hundreds of different parasite proteins (Ismail et al., 2016; Wang 

et al., 2015a) and to impair the function of several organelles including the endoplasmic 

reticulum, mitochondria and digestive vacuole (del Pilar Crespo et al., 2008; Eckstein-

Ludwig et al., 2003; Maeno et al., 1993; Wang et al., 2010a). ARTs have also been 

demonstrated to cause oxidative stress (Hartwig et al., 2009; Klonis et al., 2011). 

Altogether, this suggests that ARTs induce a large degree of cellular damage.  

 

The overarching hypothesis of this thesis was that ART-mediated cell death is triggered 

by an accumulation of cellular and protein damage, which involves the unfolded protein 

response (UPR) and ubiquitin proteasome system. This thesis therefore aimed to 

investigate the effects of DHA on the UPR and ubiquitin proteasome system, in P. 

falciparum in vitro cultures. 

 

In the first part of this thesis, it was demonstrated that a 3-hr duration treatment of parasite 

cultures with the clinically relevant ART, dihydroartemisinin (DHA), caused a significant 

increase in the level of unfolded or misfolded proteins (Chen et al., 2017), confirming 

that DHA causes a rapid and substantial level of protein damage. 

 

Accumulations of unfolded proteins are prone to aggregation and thus protein folding and 

turnover is tightly regulated in the cell. Eukaryotic cells are known to activate a stress 

response pathway, called the unfolded protein response (UPR), in response to 
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accumulation of unfolded protein (Amm et al., 2014; Ron et al., 2007). It was therefore 

hypothesised that DHA-mediated protein damage would result in activation of the 

parasite UPR. Bioinformatic analysis has previously revealed that orthologs of many key 

proteins of the mammalian UPR do not exist in Plasmodium (Gosline et al., 2011). 

However, the PERK-eIF2a phosphorylation pathway, which results in arrest of protein 

translation, is well conserved. Arrest of translation halts the influx of newly synthesised 

polypeptides into the ER and thus prevents further increases in ER stress. It was 

demonstrated that DHA treatment induced eIF2a phosphorylation and arrest of protein 

translation, in a manner similar to that induced by the reducing agent DTT, which is well 

known to induce ER stress. However, eIF2a phosphorylation and translation arrest can 

be a response to other cellular stresses, such as amino acid starvation. The work therefore 

endeavored to confirm that the DHA-induced stress response was activated by ER stress. 

 

Plasmodium encodes three eIF2a kinases (eIK1, eIK2 and PK4) that are activated by 

different cellular stresses or at different developmental stages (Fennell et al., 2009; Zhang 

et al., 2010; Zhang et al., 2012). The eIF2a kinase activated by unfolded protein has not 

been previously identified. PK4 is the closest homolog of PERK, the mammalian eIF2a 

kinase that is activated by ER stress. In this work, it was shown that DHA and DTT-

induced eIF2a phosphorylation is mediated by PK4 and not eIK1 or eIK2. This confirms 

both that PK4 mediates the UPR in Plasmodium and that DHA activates the UPR. Using 

a small molecule inhibitor of PERK, it was additionally demonstrated that inhibition of 

the UPR is protective against DHA-mediated death, suggesting that UPR activation 

contributes to the mechanism by which ARTs induce cell death. Prolonged activation of 

the mammalian UPR is well known to trigger apoptosis, however the components 

involved in this signalling pathway are not found in Plasmodium and a programmed cell 

death pathway has not been well defined (Gosline et al., 2011; Schröder et al., 2005). 

Future studies could therefore aim to characterise the mechanism by which prolonged ER 

stress or UPR activation triggers cell death in Plasmodium. One method to address this 

question would be to measure global changes in gene transcription by RNA seq and 

protein expression by quantitative mass spectrometry, before treatment, upon short 

exposure and upon long exposure to DHA and an inducer of ER stress such as DTT. Such 

an analysis would generate large datasets that could be analysed to identify genes and 

proteins that are differentially regulated in response to DHA and unfolded proteins. 
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Differentially regulated proteins could then be investigated specifically through genetic 

manipulation to identify those that directly regulate ER stress induced cell death. This 

would improve understanding not only of DHA action but also of Plasmodium cell death 

pathways.  

 

The UPR, in addition to preventing further increases in the level of unfolded protein, also 

disposes of terminally misfolded proteins via a pathway called ER-associated degradation 

(ERAD). ERAD involves translocation of proteins from the ER to the cytoplasm and 

degradation via the ubiquitin-proteasome system (Ruggiano et al., 2014). The ubiquitin-

proteasome system is responsible for the majority of protein degradation in the cell and 

has been characterised in Plasmodium (Chung et al., 2012; Wang et al., 2015b). The 

second part of this thesis therefore focused on the effect of ARTs on the ubiquitin-

proteasome system. It was firstly demonstrated that DHA treatment of parasites induced 

a rapid and substantial increase in the level of ubiquitylated proteins. Ubiquitylated 

proteins are normally rapidly degraded by the proteasome and thus this accumulation 

suggested that proteasome activity was inhibited. Activity of proteasome complexes was 

investigated using a native gel technique and it was found that DHA treatment led to a 

loss of 26S proteasome cleavage activity. ARTs therefore have a dual action: inducing 

protein damage and unfolding and impairing the capacity for protein degradation, thus 

leading to a rapid accumulation of unfolded, ubiquitylated proteins. 

 

The precise mechanism by which DHA inhibits proteasome activity is unclear. A previous 

report found that an ART analogue became covalently attached to an a subunit of the 

proteasome CP (Wang et al., 2015a) and thus ARTs may inhibit proteasome activity by 

direct alkylation. A separate report found that an ART analogue formed an adduct with 

the protein Cdc48, which is involved in translocation of ER substrates and delivery to the 

proteasome (Ismail et al., 2016). Thus, ARTs may interfere with delivery of substrate 

proteins to the proteasome. It is also possible that oxidative stress induced by DHA causes 

disassembly of the 26S proteasome into the 20S CP, reducing the capacity for ubiquitin-

dependent degradation (Livnat-Levanon et al., 2014).  

 

Investigation of the mechanism by which ARTs inhibit proteasome activity, and 

specifically whether ARTs inhibit proteasome directly or indirectly, could be a subject of 
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future studies. Direct binding of ARTs to proteasome subunits could be investigated by 

structural studies. The structure of the P. falciparum 20S proteasome bound to an active-

site inhibitor has previously been determined by cryo-electron microscopy (EM) and this 

method could therefore be used to investigate if and where DHA binds to proteasome 

complexes (Li et al., 2016). Furthermore, proteasome complexes could be 

immunoprecipitated from parasite lysates following DHA treatment and analysed by 

mass spectrometry for covalent DHA binding. Indirect modulation of proteasome activity 

could be investigated using an extension of the native gel assay described in this work. 

By transferring proteins to a nitrocellulose membrane and probing with antibodies against 

proteasome subunits, the relative abundance of 20S and 26S complexes could be 

compared in the absence and presence of DHA, which would determine whether or not 

DHA induces disassembly of the 26S proteasome. 

 

Previous work has demonstrated that ARTs exhibit strong synergy with proteasome 

inhibitors (Dogovski et al., 2015). Synergism is a phenomenon where the effect produced 

by two drugs in combination is much greater than that predicted based on the individual 

effect of each drug alone and is thought to arise through serial inhibition of an enzymatic 

chain (Black, 1963). This therefore suggested that proteasome-mediated degradation of 

proteins damaged by activated ARTs is important for parasite survival, thus implicating 

accumulated damaged proteins as triggers for ART-mediated death. While DHA does 

inhibit proteasome activity, the level of inhibition is much lower than that of the direct 

inhibitor, epoxomicin. Synergy is therefore likely to be the outcome of complete 

proteasome inhibition. 

 

To further this work, the interaction of DHA with several inhibitors with known targets 

in the ubiquitin-proteasome system was studied. DHA was found to have an additive 

interaction with the ERAD inhibitor eeyarestatin I. RA190 and b-AP15, inhibitors of 

ubiquitin-dependent proteasomal degradation, were found to have additive interactions 

with DHA and antagonistic interactions with epoxomicin. This suggests that inhibition of 

ubiquitin-dependent degradation does not underlie the synergy observed between ARTs 

and proteasome inhibitors that target the 20S CP catalytic site. I therefore propose that 

this synergy arises as a result of inhibition of total protein degradation (i.e. both ubiquitin-

dependent and -independent) and the ART-mediated production of proteasome substrates 

(unfolded and damaged protein).  
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The interaction of DHA with compounds that inhibit protein ubiquitylation was also 

studied. C1, an inhibitor of the E1 ubiquitin activating enzyme, was found to almost 

completely abrogate protein ubiquitylation and to strongly antagonise DHA-induced 

killing. This indicates that accumulated ubiquitylated proteins are themselves largely 

responsible for DHA-mediated death.  

 

Cycloheximide, an inhibitor of protein translation, was found to prevent DHA-induced 

increases in ubiquitylated proteins and also to strongly antagonise DHA action. It was 

noticed that C1 produced a greater reduction in the level of ubiquitylated proteins, in 

comparison to cycloheximide, yet, cycloheximide showed stronger antagonism of DHA 

toxicity. A likely explanation for this is that inhibiting protein synthesis reduces the 

amount of newly synthesised unfolded protein entering the ER, thus reducing the level of 

ER stress. This finding indicates that both the level of ubiquitylated proteins and the level 

of ER stress contribute to DHA-mediated cell death.  

 

A mechanism by which ER stress and accumulated ubiquitylated proteins trigger cell 

death could be a subject for future studies. Prolonged ER stress has been well 

characterised to trigger apoptosis in mammalian cells via the pro-apoptotic factors ATF4, 

ATF6 and CHOP. However, clear homologues of these and other apoptotic proteins, such 

as caspases and BCL-2, are not found in Plasmodium (Wu 2003), making the existence 

of a programmed cell death pathway in Plasmodium controversial. However, hallmarks 

of programmed cell death, such as DNA fragmentation and loss of mitochondrial 

membrane potential, have been observed in P. falciparum in response to treatment with 

antimalarials such as chloroquine (Ch’ng 2010, Ch’ng 2011, Ch’ng 2012). The question 

of ART-induced programmed cell death could therefore be investigated by looking at 

these hallmarks following DHA treatment.  

 

Clinical resistance to ARTs was first confirmed in Cambodia in 2009 (Dondorp et al., 

2009). Since that time, resistance has spread to Thailand, Laos, Vietnam, Myanmar and 

South China (Menard et al., 2016). ARTs remain the only class of antimalarial for which 

widespread resistance hasn’t yet developed. If ARTs were to be rendered ineffective by 

parasite resistance, there is currently no fully effective first-line antimalarial ready to 

replace them (Dondorp et al., 2017). As a result, widespread ART resistance is predicted 
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to cause more than 116, 000 deaths per year and cost US$ 146 million and US$ 385 

million per year in medical expenses and productivity losses (Lubell et al., 2014). 

Containment of ART resistance is therefore a high priority.  

 

In 2014, it was reported that SNP mutations in the parasite protein K13 were a robust 

molecular marker of ART resistant parasites (Ariey et al., 2014). It was later confirmed 

that K13 SNP mutations are causal of ART resistance in vitro (Ghorbal et al., 2014; 

Straimer et al., 2015). The function of K13 is still unknown. However, K13 carries two 

conserved domains: BTB/POZ and the Kelch Repeat propeller domain (Ariey et al., 

2014). BTB-POZ Kelch proteins in mammalian cells can function as substrate adaptors 

for an E3 Cullin 3 RING ubiquitin ligase (Dhanoa et al., 2013). This raises the possibility 

that K13 performs this function in Plasmodium. Propeller domain mutations could 

interfere with substrate binding, reducing the amount of substrate that can be 

polyubiquitylated. To address this question, the action of ARTs in an ART resistant 

parasite line carrying the R539T K13 allele was investigated and compared to that of an 

isogenically matched parasite line, where the K13 allele had been reverted to WT 

(Straimer et al., 2015). 

 

Large-scale transcriptomic analysis had previously led to the suggestion that UPR 

machinery is constitutively upregulated in ART resistant parasites (Mok et al., 2015). 

However, there was no evidence to suggest that resistant parasites exhibited an enhanced 

UPR in response to DHA treatment, as measured by eIF2a phosphorylation and arrest of 

protein translation. It should be noted however, that this study did not examine the UPR 

in very early ring stage parasites, where the highest level of ART resistance is detected.  

 

A difference in the ART-induced response was however detected in the accumulation of 

ubiquitylated proteins. ART resistant, K13R539T parasite lines were found to have a lower 

increase in the level of polyubiquitylated proteins following ART treatment, as compared 

to ART sensitive parasite lines. Coupled with the knowledge that inhibition of protein 

ubiquitylation is protective against DHA-toxicity, a reduced rate of protein ubiquitylation 

could underlie the mechanism of ART resistance.  
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Studies that examine the direct function of K13 will be extremely important for 

understanding the mechanism of ART action and resistance. As a largely unstudied 

protein, there is much work that can be done to characterise the function of K13. For 

example, co-immunoprecipitation experiments coupled with mass spectrometry could 

identify its binding partners, which would undoubtedly shed light on its function. Genetic 

manipulation of the K13 gene to delete or insert different regions or make chimera 

proteins could identify domains or regions are the central or disposable to the influence 

of K13 on ART sensitivity. For example, the N-terminal region of K13 is thought to be 

Plasmodium specific and its function is unknown. Deletion of this region would identify 

if it is involved in regulation of K13 function. An important question is whether K13 

mutations change the function or expression of K13. Knockdown of K13 expression 

using, for example the glmS riboswitch system, could show that only a reduction in K13 

expression is necessary for conferring ART resistance. Alternatively, such an experiment 

could show that expression level is not involved in the mechanism of ART resistance and 

therefore K13 mutations may alter the protein function. These experiments should 

additionally be performed in the presence and absence of DHA to understand the effect 

of DHA on K13 function.  

 

While this work was in its final stages, Zhang et al. (2017) reported the PK4-mediated 

induction of eIF2a phosphorylation in response to ARTs. They suggest that ART-induced 

eIF2a phosphorylation enhances the ability of parasites to enter a latent state, which then 

allows recrudescence. Recrudescence describes the phenomenon where, following ART 

treatment, a small proportion of parasites can remerge from several days to weeks later 

and this is distinct from ART resistance. While eIF2a phosphorylation may be involved 

in the mechanisms of latency and recrudescence, I propose that it is also important for the 

immediate stress response elicited by ART treatment.  

 

Zhang et al. (2017) also compared induction of eIF2a phosphorylation between an ART 

sensitive line (Dd2) and an isogenic line carrying the C580Y allele (Dd2C580Y) (Straimer 

et al., 2015). They found that in the sensitive line, eIF2a was minimally phosphorylated 

in the absence of ART but became heavily phosphorylated following ART treatment, 

consistent with the results of this study. However, contrary to our findings, Zhang et al. 

(2017) found that eIF2a was basally phosphorylated in the resistant line in the absence 
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of ART and phosphorylation was not enhanced in response to ART exposure. The authors 

speculate that basally phosphorylated eIF2a enhances the stress response, resulting in 

decreased ART sensitivity. This hypothesis could be tested using the eIF2a 

dephosphorylation inhibitor salubrinal, to increase the level of phosphorylated eIF2a 

prior to treatment with DHA. If the authors are correct in their hypothesis, pre-treatment 

with salubrinal should reduce the sensitivity of K13 WT parasites to DHA. 

 

It is important to note that there are some limitations of the study described here. Firstly, 

the work comparing DHA-induced eIF2a phosphorylation and accumulation of 

ubiquitylated proteins between ART sensitive and resistant parasites was largely 

performed in trophozoite and late ring stages, rather than at the very early ring stage, 

where the biggest change in ART sensitivity is observed. This early ring stage presents a 

technical challenge for western blot experiments because there is a small amount of 

parasite protein and it cannot be purified from host red blood cell protein using traditional 

methods. In addition, generation of the quantity of tightly synchronised parasites in the 

amount needed for analysis is laborious and difficult.  

 

To overcome this challenge, other methods for analysis of protein content could be used. 

eIF2a phosphorylation can be measured using the AlphaScreen® SureFire® Assay Kit 

(PerkinElmer), which allows analysis of samples in a 384-well plate. This assay has 

multiple benefits in that only a small amount of sample is required and it provides 

medium-throughput quantitative analysis. Ubiquitylated proteins in the early ring stage 

could be analysed by quantitative mass spectrometry. Various advances in mass 

spectrometry have made it possible to analyse minute amounts of protein, such as those 

found in in vivo samples. Pairing with quantitative approaches such as stable isotope 

labelling with amino acids in cell culture (SILAC) allows robust quantitation and in 

addition, ubiquitylated proteins can be purified by immunoprecipitation, to improve 

quality control (Na et al., 2012). Use of mass spectrometry would have the added benefit 

of identifying the specific pool of proteins that are ubiquitylated in response to DHA, 

which could indicate whether ubiquitylated proteins accumulate as a result of proteasome 

inhibition or if specific proteins are targeted for ubiquitylation upon DHA treatment. 
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Another limitation of this work concerns the use of the PK4-glmS knockdown parasite 

line. The use of this line was limited due to the difficulty in obtaining consistent protein 

knockdown and the toxic amount of glucosamine that was required to observe substantial 

knockdown. This meant that less time was invested in knockdown experiments and as a 

result, much of the work presented represents only one biological replicate, in only one 

clone and many important controls are lacking. The knockdown work should therefore be 

interpreted as preliminary data. Further work could use a modified PK4-glmS construct 

or could utilise other methods to mediate protein expression in P. falciparum, such as the 

diCre conditional gene deletion system, DD post-translational knockdown system or the 

knock sideways system (Birnbaum et al., 2017; de Koning-Ward et al., 2015). The 

technical difficulties associated with PK4 knockdown could also be avoided altogether 

by use of the PERK small molecule inhibitor GSK2606414.  

 

A remaining question of this study is whether the increase in unfolded and ubiquitylated 

proteins is a primary or secondary response to DHA, i.e. does DHA induce ER stress and 

protein unfolding and these unfolded proteins are then ubiquitylated and clog the 

proteasome or does DHA inhibit proteasome activity, which then leads to accumulation 

of unfolded and ubiquitylated proteins and ER stress. This question could be tested using 

a quantitative mass spectrometry approach to analyse ubiquitylated proteins following 

drug treatment (Na et al., 2012). If the accumulation of unfolded and ubiquitylated 

proteins is due primarily to proteasome inhibition, the profiles of ubiquitylated proteins 

should be similar between DHA and epoxomicin-treated samples. If, however, DHA 

induces ER stress and protein unfolding and some sites such as free thiols are particularly 

sensitive, the profiles of ubiquitylated proteins should differ between DHA and 

epoxomicin-treated samples, but be similar between DHA and DTT-treated samples and 

proteins carrying cysteines should be enriched in DHA-treated samples. Proteins that are 

folded in the ER and whose folding will therefore be inhibited during ER stress, should 

also be enriched in the DHA-treated samples. Determination of whether DHA directly or 

indirects inhibits proteasome activity, as discussed above, would also help to answer this 

question. 

 

In summary, this thesis proposes a dual mechanism of ART action. At one end, ARTs 

induce substantial protein damage and unfolding. At the other end, ARTs prevent the 

degradation of damaged and unfolded protein by inhibiting the proteasome. This leads to 
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an accumulation of unfolded, ubiquitylated protein, which causes prolonged ER stress 

and leads to parasite death. Parasites can be largely rescued from death, simply by 

inhibiting protein ubiquitylation, indicating that accumulated ubiquitylated proteins in 

themselves somehow trigger cell death. ART resistant parasites appear to accumulate a 

lower level of ubiquitylated proteins following ART treatment, indicating that a lower 

rate of protein ubiquitylation could underlie the mechanism of resistance. This thesis 

enhances our understanding of the mechanism of action of an extremely important class 

of antimalarials. It is hoped that the knowledge revealed here can assist in future studies 

to understand the mechanism of ART resistance and overcome its spread. 
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Figure 7.1 Proposed model for mechanism of ART action and K13-mediated 

resistance in P. falciparum 

ARTs are activated by iron-catalysed cleavage of the endoperoxide bridge. Activated 

ARTs alkylate parasite proteins and cause substantial cellular damage. The resultant 

accumulation of unfolded and misfolded proteins causes ER stress, leading to activation 

of the Unfolded Protein Response, which is mediated by PK4. The ubiquitin-proteasome 

system is engaged to degrade damaged proteins. ARTs inhibit activity of the proteasome, 

leading to a build-up of polyubiquitylated proteins. Small molecule inhibitors have been 

shown to have an antagonistic (green), synergistic (red) or additive (blue) effect on ART-
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mediated killing. K13 resistance causing mutations may result in a lower rate of protein 

polyubiquitylation, which would protect against ART-mediated cell death. 
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Appendix 1. Amino acid sequence alignment of P. falciparum eIK2a kinases with 

PERK. 

The amino acid sequences of P. falciparum eIK2a kinases eIK1 (XP_001348597.1), eIK2 

(XP_024328881.1) and PK4 (XP_966265.1) were aligned to that of PERK 

(NP_004827.4) using the NCBI BLASTp tool:  

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins. 
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Appendix 2. Biological repeat of Figure 4.8: DHA/DTT mediated eIF2a 

phosphorylation following PK4 knockdown 

Parental (3D7 WT) or PK4-glmS (3D7 background, F12 clone) lines were treated with 10 

mM glucosamine (GlcN) for 72 hrs and eIF2a phosphorylation was determined in 

trophozoites. Trophozoites were treated with 0.1% DMSO, 1 µM DHA or 1 mM DTT for 

90 minutes and cell lysates analysed by western blot for eIF2a phosphorylation. Loading 

control, PfBiP. 
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DHA (HA-Trap-PK4-HA) 
# significant 

peptide matches 

Gene ID Annotation Expt. 1 Expt. 2 

PF3D7_0628200 protein kinase PK4 (PK4)  43 25 

PFIT_0627100 protein kinase PK4  42 24 

PF3D7_0818200 14-3-3 protein (14-3-3I)  12 8 

PF3D7_1203700 nucleosome assembly protein (NAPL)  4 2 

PF3D7_1451100 elongation factor 2  3 2 

PF3D7_0402000 
Plasmodium exported protein (PHISTa), unknown 

function  
1 1 

PF3D7_0629200 DnaJ protein, putative  1 1 

PF3D7_0713500 conserved Plasmodium protein, unknown function  1 1 

PF3D7_0935100 conserved protein, unknown function  1 1 

PF3D7_1227700 conserved Plasmodium protein, unknown function  1 1 

PF3D7_1408700 conserved Plasmodium protein, unknown function  1 1 

PF3D7_0311300 phosphatidylinositol 3- and 4-kinase, putative  3 0 

PF3D7_1437900 HSP40, subfamily A, putative  3 0 

PF3D7_0527000 
DNA replication licensing factor MCM3, putative 

(MCM3)  
2 0 

PF3D7_0706400 ribosomal protein, L37e, putative  2 0 

PF3D7_0903700 alpha tubulin 1  2 0 

PF3D7_1003500 40S ribosomal protein S20e, putative  2 0 

PF3D7_1130200 60S ribosomal protein P0 (PfP0)  2 0 

PF3D7_1410600 
eukaryotic translation initiation factor 2 gamma 

subunit, putative  
2 0 

PF3D7_1441200 60S ribosomal protein L1, putative  2 0 

PF3D7_0202500 early transcribed membrane protein 2 (ETRAMP2)  0 2 

PF3D7_0206800 merozoite surface protein 2 (MSP2)  0 2 

PF3D7_0611700 60S ribosomal protein L39, putative  0 2 

PF3D7_1035700 
duffy binding-like merozoite surface protein 

(DBLMSP)  
0 3 

PF3D7_1242700 40S ribosomal protein S17, putative  0 3 
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PF3D7_1410400 rhoptry-associated protein 1 (RAP1)  0 3 

PFIT_1228300 merozoite surface protein 9  0 2 

PFIT_1411400 rhoptry-associated protein 1  0 2 

 

Appendix 3. List of PK4-interacting proteins identified by Co-IP using HA-Trap®-

PK4-HA with DHA-treated parasite cultures 

PK4-HA trophozoite-infected RBC cultures were treated with 700 nM DHA for 60 

minutes and cell lysates were subjected to Co-IP followed by mass spectrometry. Proteins 

listed correspond to those for which at least two matching peptides were identified 

between two experiments in the PK4-HA parasite line but not in the control line. Gene 

ID refers to PlasmoDB gene ID and annotation. Expts. 1 and 2 represent 2 independent 

experimental replicates. 
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DTT (HA-Trap-PK4-HA) 
# significant 

peptide matches 

Gene ID Annotation Expt. 1 Expt. 2 

PF3D7_0628200 protein kinase PK4 (PK4)  35 11 

PF3D7_0210900 
conserved Plasmodium protein, unknown 

function  
1 1 

PF3D7_0408900.1 peptidase, M22 family, putative  1 1 

PFIT_0627100 protein kinase PK4  33 0 

PF3D7_0903900 60S ribosomal protein L32, putative  7 0 

PF3D7_0708400 heat shock protein 90 (HSP90)  5 0 

PF3D7_1351400 60S ribosomal protein L17, putative  5 0 

PF3D7_1004000 60S ribosomal protein L13, putative  4 0 

PF3D7_1202900 high mobility group protein B1 (HMGB1)  4 0 

PF3D7_1402500 40S ribosomal protein S31/UBI, putative  3 0 

PF3D7_1452000 rhoptry neck protein 2 (RON2)  3 0 

PF3D7_1465900 40S ribosomal protein S3, putative  3 0 

PF3D7_1019400 60S ribosomal protein L30e, putative  2 0 

PF3D7_1027800 60S ribosomal protein L3, putative  2 0 

PF3D7_1203700 nucleosome assembly protein (NAPL)  2 0 

PF3D7_1246200 actin I (ACT1)  2 0 

PF3D7_1309100 60S ribosomal protein L24, putative  2 0 

PF3D7_1412500 actin II (ACT2)  2 0 

PF3D7_0904800 replication protein A1, small fragment  0 2 

PF3D7_0935100 conserved protein, unknown function  0 2 

PF3D7_1228600 merozoite surface protein 9 (MSP9)  0 2 

PFIT_0700800 
Plasmodium exported protein, unknown 

function  
0 2 
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Appendix 4. List of PK4-interacting proteins identified by Co-IP using HA-Trap®-

PK4-HA with DTT-treated parasite cultures 

PK4-HA trophozoite-infected RBC cultures were treated with 1 mM DTT for 60 minutes 

and cell lysates were subjected to Co-IP followed by mass spectrometry. Proteins listed 

correspond to those for which at least two matching peptides were identified between two 

experiments in the PK4-HA parasite line but not in the control line. Gene ID refers to 

PlasmoDB gene ID and annotation. Expts. 1 and 2 represent 2 independent experimental 

replicates. 
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DHA (GFP-Trap-PK4-GFP) 
# significant 

peptide matches 

Gene ID Annotation Expt. 1 Expt. 2 

PF3D7_0628200 protein kinase PK4 (PK4)  11 5 

PF3D7_0107000 centrin-1 (CEN1)  1 1 

PF3D7_1441100 
conserved Plasmodium protein, unknown 

function  
1 1 

PF3D7_1447200 
conserved Plasmodium protein, unknown 

function  
1 1 

PFIT_0302200 
erythrocyte membrane protein 1 (PfEMP1), 

pseudogene  
1 1 

PF3D7_1402500 40S ribosomal protein S31/UBI, putative  2 1 

PF3D7_0600800 rifin, pseudogene (RIF)  2 0 

PF3D7_1134000 heat shock protein 70 (Hsp70-3)  2 0 

PF3D7_0419600 ran binding protein 1, putative  0 4 

PF3D7_0513300 purine nucleoside phosphorylase (PNP)  0 3 

PF3D7_1416900 prefoldin subunit 2, putative  0 3 

PF3D7_0420700 erythrocyte membrane protein 1, PfEMP1 (VAR)  0 2 

PF3D7_0815600 eukaryotic translation initiation factor, putative  0 2 

PF3D7_1105000 histone H4 (H4)  0 2 

PF3D7_1145200 serine/threonine protein kinase, putative  0 2 

PF3D7_1224300 polyadenylate-binding protein, putative (PABP)  0 2 

PF3D7_1228600 merozoite surface protein 9 (MSP9)  0 2 

PF3D7_1349200 glutamate--tRNA ligase, putative  0 2 

PF3D7_1368600 
mitochondrial import inner membrane translocase 

subunit Tim9, putative (TIM9)  
0 2 

PFIT_0206900 serine repeat antigen 5  0 2 

PFIT_0824300 
conserved Plasmodium protein, unknown 

function  
0 2 
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Appendix 5. List of PK4-interacting proteins identified by Co-IP using GFP-Trap®-

PK4-GFP with DHA-treated parasite cultures 

PK4-GFP trophozoite-infected RBC cultures were treated with 700 nM DHA for 60 

minutes and cell lysates were subjected to Co-IP followed by mass spectrometry. Proteins 

listed correspond to those for which at least two matching peptides were identified 

between two experiments in the PK4-GFP parasite line but not in the control line. Gene 

ID refers to PlasmoDB gene ID and annotation. Expts. 1 and 2 represent 2 independent 

experimental replicates. 
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DTT (GFP-Trap-PK4-GFP) 
# significant 

peptide matches 

Gene ID Annotation Expt. 1 Expt. 2 

PF3D7_1105000 histone H4 (H4)  6 1 

PF3D7_0628200 protein kinase PK4 (PK4)  5 13 

PF3D7_1010600 
eukaryotic translation initiation factor 2 beta 

subunit, putative  
1 2 

PF3D7_0311800 conserved protein, unknown function  1 1 

PF3D7_0400100 erythrocyte membrane protein 1, PfEMP1 (VAR)  1 1 

PF3D7_0525200 conserved Plasmodium protein, unknown function  1 1 

PF3D7_0619400 cell division cycle protein 48 homologue, putative  1 1 

PF3D7_1032300 conserved Plasmodium protein, unknown function  1 1 

PF3D7_1212500 glycerol-3-phosphate acyltransferase (GAT)  1 1 

PF3D7_1444100 conserved Plasmodium protein, unknown function  1 1 

PFIT_0627100 protein kinase PK4  5 0 

PF3D7_1412500 actin II (ACT2)  3 0 

PF3D7_0632500 erythrocyte membrane protein 1, PfEMP1 (VAR)  2 0 

PF3D7_0907200 GTPase activator, putative  2 0 

PF3D7_1434200 calmodulin (CAM)  2 0 

PF3D7_0802200 1-cys peroxiredoxin (1-CysPxn)  0 4 

PF3D7_1120100 phosphoglycerate mutase, putative (PGM1)  0 4 

PF3D7_1323200 vacuolar ATP synthase subunit g, putative  0 4 

PFIT_0416000 conserved Plasmodium protein, unknown function  0 4 

PF3D7_0608800 ornithine aminotransferase (OAT)  0 3 

PF3D7_0624000 hexokinase (HK)  0 3 

PF3D7_0913200 elongation factor 1-beta (EF-1beta)  0 3 

PF3D7_1130200 60S ribosomal protein P0 (PfP0)  0 3 

PFIT_1145900 serine/threonine protein kinase, putative  0 3 

PF3D7_0419600 ran binding protein 1, putative  0 2 

PF3D7_0519700 conserved Plasmodium protein, unknown function  0 2 

PF3D7_0815600 eukaryotic translation initiation factor, putative  0 2 

PF3D7_0817500 protein kinase c inhibitor-like protein, putative  0 2 
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PF3D7_1204300 eukaryotic translation initiation factor 5A (EIF5A)  0 2 

PF3D7_1323100 60S ribosomal protein L6, putative  0 2 

PF3D7_1343000 phosphoethanolamine N-methyltransferase (PMT)  0 2 

PF3D7_1408000 plasmepsin II  0 2 

PF3D7_1408100 plasmepsin III,histo-aspartic protease (HAP)  0 2 

 

Appendix 6. List of PK4-interacting proteins identified by Co-IP using GFP-Trap®-

PK4-GFP with DTT-treated parasite cultures 

PK4-GFP trophozoite-infected RBC cultures were treated with 1 mM DTT for 60 minutes 

and cell lysates were subjected to Co-IP followed by mass spectrometry. Proteins listed 

correspond to those for which at least two matching peptides were identified between two 

experiments in the PK4-GFP parasite line but not in the control line. Gene ID refers to 

PlasmoDB gene ID and annotation. Expts. 1 and 2 represent 2 independent experimental 

replicates. 
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Appendix 7. Immunoblot replicates of artemisinin (QHS)-induced 

polyubiquitylated proteins in an ART-sensitive and an ART-resistant field strain 

(Figure 5.3) 
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PL2 (ART sensitive) and PL7 (ART resistant) trophozoite stage parasite cultures were 

treated with no drug or 1 µM QHS for 90 minutes and cell lysates were analysed by 

western blot for ubiquitylated proteins. Loading control, PfGAPDH.  
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Appendix 8. Immunoblot replicates of DHA-induced polyubiquitylated proteins in 

K13WT/K13R539T isogenic strain trophozoite stage parasites (Figure 5.4 A) 

Cam3.II_rev and Cam3.II_R539T trophozoite-infected RBCs were treated with a 

concentration range of DHA for 90 minutes and cell lysates were analysed by western 

blot for ubiquitylated proteins. Loading control, PfGAPDH. 
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Appendix 9. Immunoblot replicates of DHA-induced polyubiquitylated proteins in 

K13WT/K13R539T isogenic strain ring stage parasites (Figure 5.4 B) 

Cam3.II_rev and Cam3.II_R539T ring (13-18 hrs)-infected RBCs were treated with a 

concentration range of DHA for 3-hrs and cell lysates were analysed by western blot for 

ubiquitylated proteins. Loading control, PfBiP. 
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Appendix 10. Immunoblot replicates of proteasome inhibitor-induced accumulation 

of polyubiquitylated proteins and phosphorylation of eIF2a (Figure 5.8) 

Cam3.II_rev trophozoite stage parasite cultures were treated with 0.1% DMSO (mock), 

b-AP15, RA190 or epoxomicin (epo) for 3-hrs and cell lysates were subjected to western 

blot analysis, probing with anti-ubiquitin. Loading control, PfBiP.  
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Appendix 11. Immunoblot replicates of the effect of cycloheximide (CHX), 

Compound 1 (C1) and MLN4924 on the DHA-induced accumulation of 

polyubiquitylated proteins (Figures 6.11A, 6.12A, 6.14A) 

Cam3.II_rev trophozoite stage parasites were treated with 0.1% DMSO (mock) or 100 

nM DHA alone or in the presence of CHX, C1 or MLN4924 and cell lysates were 

analysed by western blot for ubiquitylated proteins. Loading control, PfBiP.  
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