
 

 

 

Investigation of novel antimalarial agents and 

novel target identification approaches 

 

 

 

Subathdrage Dulangi Madushika Sumanadasa 

Bachelor of Science (Hons) 

 

 

  

 

School of Biomolecular and Physical Sciences 

Griffith Sciences 

Griffith University 

 

 

 

Submitted in fulfilment of the requirements of 

the degree of Doctor of Philosophy 

 

September, 2014



ii 

 

Abstract 

Malaria remains a major global health problem causing >600,000 deaths annually [1]. 

Efforts to control malaria are hampered by parasite drug resistance, insecticide 

resistance in mosquitoes, and the lack of an effective vaccine. In the last decade only 

one new chemotype, the spiroindolones, has progressed to clinical trials for malaria 

treatment [2, 3]. To address this significant problem the identification and development 

of new antimalarial agents is a priority. Part of this process includes ensuring that 

sufficient drug leads are available to prime the drug discovery pipeline, particularly 

those with novel modes of action in order to limit issues of cross-resistance with existing 

drugs [4]. While high throughput screening campaigns have identified thousands of 

potential antimalarial compounds from big Pharma libraries [5, 6], antimalarial target 

information on most compounds are lacking. Screening different libraries and 

pharmacophores is also recognised as being crucial to ensure chemical diversity [7]. 

There is also an increasing interest in repurposing existing drugs or drug classes or using 

them as starting point for discovery of new antimalarial agents. One of the aims of this 

thesis was to address the need for new antimalarial drug leads by investigating three 

compound classes with demonstrated clinical efficacy against cancer, HIV and other 

human diseases in a so called “piggyback” approach.  

 

The first class of compounds investigated were primary sulphonamides, clinically used 

as antibacterial and antiglaucoma drugs for decades [8]. A panel of 14 novel 

glycosyltriazole benzene sulphonamides were tested for in vitro growth inhibition 

against Plasmodium falciparum 3D7 parasites, with one compound (3-1) exhibiting a 

sub-micromolar 50% inhibitory concentration (IC50) and a good selectivity for parasites 

versus mammalian cells (Selectivity Index (SI) >50). Despite this promising in vitro 

activity, 3-1 did not attenuate parasite growth in vivo in a murine malaria model 
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following oral treatment at 50 mg/kg twice daily for four days. While this compound, 

and several of the others examined, were found to bind to recombinant human carbonic 

anhydrase I and/or II (the main target of primary sulphonamides in humans) using a 

biomolecular interaction tool (OctetRED, ForteBio), the P. falciparum enzyme was not 

available for testing. Thus the mode of action of 3-1 and analogues remains to be 

determined. 

 

The second class of compounds examined were histone deacetylase (HDAC) inhibitors, 

members of which (e.g. SAHA Vorinostat®, Merck & Co., Inc., USA) are clinically 

approved for treatment of T cell Lymphoma [9]. A panel of 31 experimental HDAC 

inhibitor analogues, largely containing a hydroxamic acid moiety that is known to 

interact with zinc in the active site of eukaryotic HDACs, were tested for their 

antiplasmodial activity. In addition, the second generation anti-cancer hydroxamate 

SB939, which has improved pharmacokinetic properties over first generation 

compounds such as SAHA, was also examined. Two of the 32 compounds had potent 

in vitro activity against P. falciparum parasites (IC50 <100 nM), with SB939 being the 

most potent. Several of the compounds also displayed promising in vitro parasite-

specific selectivity compared to mammalian cells (SI>100). The mode of action of a 

sub-set of the compounds was examined, with all found to inhibit P. falciparum 

PfHDAC1 or P. falciparum nuclear lysate deacetylase activity and to hyperacetylate P. 

falciparum proteins in vitro. As SB939 had the most promising in vitro profile in terms 

of potency and selectivity, and the pharmacokinetic properties of this compound are 

known [10], this compound was tested for oral efficacy in a murine model of malaria. 

Following administration of 50 mg/kg twice daily for four days, SB939 significantly 

reduced parasitemia, but failed to cure mice. Despite the improved pharmacokinetic 

profile of SB939 compared to compounds such as SAHA, these data indicated that 
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additional improvements to this compound are needed to improve in vivo antimalarial 

efficacy.  

 

The final class of compounds examined were selected based on structural similarity to 

aspartic protease inhibitors, including HIV protease inhibitors used clinically to treat 

HIV/AIDS [11]. These compounds were selected from the CSIRO Compound Library, 

a unique Australian resource comprising ~30,000 pure, largely novel, compounds 

resulting from decades of research at the CSIRO. A set of 103 compounds were 

identified from an in silico similarity screen and investigated for their 

antiplasmodialpotential against P. falciparum 3D7 parasites. Of these, 17 hit 

compounds were identified. All 17 hit compounds were investigated for their in vitro 

antiplasmodial activity, with five compounds comprising a phenyl β-methoxyacrylate 

functional group having P. falciparum IC50s 0.02-0.55 µM and promising selectivity 

for the parasite versus mammalian cells (SI 29–1000). To assess the mode of action of 

these compounds, enzyme inhibition assays were carried out with recombinant P. 

falciparum plasmepsin II (PfPMII), which had previously been shown to be inhibited 

by some clinically used HIV protease inhibitors (e.g. saquinavir). No PfPMII inhibition 

was observed. A literature search revealed that the compounds contained a β-

methoxyacrylate functional group found in strobilurin class of compounds. Strobilurins 

are best known as fungicides, demonstrating minimal risk for human health [12], and 

have been shown to target cytochrome bc1 [13]. To assess if cytochrome bc1 binding 

was a potential target of these compounds, the in vitro growth inhibitory activity of 

these compounds was compared for an atovaquone sensitive (3D7) versus resistant 

(C2B) P. falciparum line. Atovaquone is known to target cytochrome bc1 in P. 

falciparum. Four compounds (5-1 – 5-4) appeared cross resistant with atovaquone, 

suggesting they target cytochrome bc1. One compound (5-5) appeared to differ, having 
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a calculated resistance index indicative of a different mode of action to the other four 

compounds (RI < 10).  

 

Finally, to address the problem of limited target identification tools for novel 

antiplasmodial compounds, the second aim of this thesis was to investigate a novel 

target identification approach (Bio-layer Interferometry) to assess biomolecular 

interactions between small molecule inhibitors and protein targets. To determine if this 

approach was feasible, two biotin conjugated control compounds (a primary 

sulphomanide and geldanamycin) were immobilized onto biosensor tips and interacted 

with control target proteins (human carbonic anhydrase II and human heat shock protein 

90, respectively) using the OctetRED (ForteBio) platform. Unfortunately this approach 

was not successful with the limitations such as lack of protein binding to immobilized 

small molecules and non-specific bindings of protein to biosensor tips at high 

concentrations. While this approach may be useful for target validation studies its 

application for target identification may be limited.  
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1.1 Overview of malaria 

Malaria is the most deadly tropical parasitic disease in the world, with an estimated 200-

300 million clinical cases and >600,000 deaths annually [1]. Malaria is present in 103 

countries (Figure 1.1) however the disease is predominantly found in tropical and 

subtropical regions in Sub-Saharan Africa, Central and South America, the Caribbean 

island of Hispaniola, the Middle East, the Indian subcontinent and South East Asia. 

More than 90% of malaria cases and the majority of the malaria deaths occur in Sub-

Saharan Africa [1]. 

 

 

 

Figure 1.1 Malaria, countries/areas at risk of transmission. The majority of 

populations at high risk of malaria reside in Africa. Map generated with the Global 

Malaria Mapper 2014, MMV 

 

Malaria is caused by protozoan parasites of the genus Plasmodium, with six parasite 

species infecting humans; Plasmodium falciparum, P. vivax, P. ovale (two species [14, 

15]), P. malariae and P. knowlesi [16, 17]. P. falciparum is the species most commonly 

associated with severe and complicated disease [1, 18-20] however P. vivax can also 

cause severe disease [21-25]. The simian malaria parasite P. knowlesi has recently been 

reported to cause severe human infection by zoonotic transmission [26-28]. Large 
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numbers of P. knowlesi infections have been reported in Malaysia and other parts of 

South East Asia [29-32].  

 

All human malaria parasite species have a complicated life cycle that requires a female 

Anopheles mosquito and a human host [18]. Anopheles gambiae, An. arabiensis and An. 

funestus, are the vectors responsible for transmitting most of the human malaria 

parasites in Africa [33-35]. An. gambiae is considered the primary vector due to its 

greater longevity, strong anthropophily (targets humans for blood meal) and endophily 

(enters and rests inside houses) [17, 18, 36]. The principal vectors of malaria in South 

Asia are An. culicifacies, An. fluviatilis, An. minimus and An. stephensi [17, 37, 38]. 

Apart from transmission by mosquitoes, Plasmodium parasite infections may 

occasionally occur through exposure to infected blood products and by congenital 

transmission, usually due to birth trauma [39-42].  

 

1.2 Plasmodium life cycle 

In their human hosts Plasmodium parasites go through several developmental stages, 

exo-erythrocytic stage development in the liver and the asexual erythrocytic stage 

development which includes the formation of gametocytes [43]. When an infected 

female Anopheline mosquito takes a blood meal, Plasmodium sporozoites are 

inoculated into the subcutaneous tissue or directly into the host bloodstream [43]. 

Sporozoites then travel to the liver and ultimately invade hepatocytes within ~30 min 

of inoculation (Figure 1.2C). This is followed by asexual replication of the parasite to 

form thousands of merozoites per hepatocyte over a period of 5-10 days [44]. For some 

malaria parasite species (P. vivax and P. ovale) parasites can remain dormant in the liver 

as hypnozoites and cause relapses weeks to years after the primary infection [45, 46].   
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Figure 1.2 Plasmodium parasite lifecycle. Female Anopheles mosquitoes carrying 

infective sporozoites that have developed in the mosquito gut (A) are released into the 

human peripheral bloodstream after a blood meal (B). Sporozoites travel to the liver 

where they can infect hepatocytes producing thousands of merozoites (C). Following 

rupture of the hepatocytes (D), merozoites travel to the blood system where they can 

infect erythrocytes and undergo intraerythrocytic development (ring, trophozoite and 

schizont stages) (E). During the blood stage, gametocytes may form and be ingested by 

the female Anopheles mosquito where they then undergo sexual reproduction in the 

mosquito gut. Infectious sporozoites are formed, travel to the mosquitoes salivary 

glands, completing the life cycle [47]. Figure and legend were reproduced, with 

permission from reference [47] (licence number 3576890035480) 

 

The asexual blood stage begins when merozoites are released from hepatocytes and 

travel to the bloodstream where they can invade host erythrocytes (Figure 1.2D). 

Following invasion, merozoites develop from a “ring” form into trophozoites as the 

parasite matures within the host erythrocyte (Figure 1.2E). During this stage the 

growing parasite modifies the host erythrocyte and ingests 60-80% of the host cell 

haemoglobin through structures called endocytic vesicles which transport red cell 

cytosol into the parasite [48]. Within the digestive vacuole, hemoglobin degradation is 

catalyzed by a range of exo- and endo-proteases. Aspartic proteases (called 
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plasmepsins) I, II, and IV [49] together with a histo-aspartic protease (HAP) [50] and 

cysteine proteases (falcipains and falcilysins) [51] are the key endo-proteases within the 

digestive vacuole. Hemoglobin degradation provides the parasite with a source of amino 

acids, and is also thought to help maintain osmotic balance, and make space available 

for growth of the parasite within the erythrocyte [52].  

 

In the latter part of the intraerythrocytic life cycle, the parasite divides to form daughter 

merozoites within a schizont (Figure 1.2E). Finally the infected erythrocyte ruptures 

and releases merozoites into the blood stream which may then go on to invade 

erythrocytes and begin another cycle of red blood cell (RBC) infection [18]. The process 

of merozoite invasion has become intensively studied in recent years, with a number of 

parasite proteins implicated in this process (recently reviewed in [53]). During the 

intraerythrocytic part of the life cycle, asexual stage parasites may be triggered to form 

male and female gametocytes which can be taken up by a mosquito during a blood meal 

(Figure 1.2A). The molecular mechanisms of gametocytogenesis are not yet fully 

understood [54-56], however, the first insight into control of the sexual/asexual 

development decision was recently found to involve an essential regulator, AP2-G, 

which belongs to the apicomplexan AP2 (ApiAP2) family of DNA-binding proteins 

[57]. Inside the mosquito mid-gut, gametes fuse and ookinetes are formed which then 

develop into sporozoites that eventually migrate to the salivary gland of the mosquito, 

completing the Plasmodium parasite’s life cycle [18]. 
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1.3 Clinical manifestations of malaria  

The intraerythrocytic stage of the Plasmodium lifecycle is responsible for the clinical 

symptoms associated with malaria. As infected erythrocytes rupture, merozoites and 

residual debris, which are toxic to the human host, are released into the blood stream. 

These can trigger cytokine release by the host, causing fever [58]. Other non-specific 

symptoms caused by Plasmodium parasite infection include anaemia, chills, malaise, 

headache, myalgia and gastrointestinal symptoms [58]. Sometimes uncomplicated 

malaria may progress to severe malaria, causing major complications such as 

pulmonary oedema, acute renal failure, severe anaemia and cerebral malaria [18, 59]. 

Children and pregnant women who live in endemic areas, non-immune and immuno-

deficient people are at greatest risk of severe forms of malaria [1, 18]. Children under 

the age of five are most vulnerable to severe effects of malaria due to their immature 

immune system and lack of sufficient naturally acquired immunity. Currently in Africa, 

~20% of childhood deaths are caused by malaria [1]. Pregnant women are also at high 

risk of severe malaria with pregnancy associated malaria contributing to an estimated 

200,000 infant deaths in Africa annually [1].  

 

1.4 Prevention, control and treatment of malaria 

1.4.1 Vector control 

Control of mosquitoes is an effective method for protecting against malaria parasite 

infection [17]. Chemical control of adult mosquitoes by indoor residual house spraying 

is a common method, in which the inside walls and ceiling are sprayed with insecticides 

such as carbamates and pyrethroids [17, 60]. For example, a significant reduction in the 

number of An. gambiae from 25.5 to 1.9 per trap per 100 nights and zero sporozoite 

prevalence was reported after the introduction of a carbamate insecticide in the Central 

African tropical island of Bioko, Equatorial Guinea [61]. Another promising approach 
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is to use larvicides, such as organophosphate insecticides to control mosquito larvae 

before they leave water [17, 62]. Applications of pyriproxyfen at a rate of 0.01 mg/l 

three times a year, has been able to control the An. culicifacies and An. 

subpictus vectors in Sri Lanka and was able to reduce malaria incidence by 75% [63]. 

However, the development of mosquito resistance to insecticides is an ongoing problem 

and insect control approaches require stable political environments and coordinated 

efforts to remain effective [17, 64]. The use of insecticide treated bed nets (ITNs) and 

long lasting impregnated bed nets (LLIN) is another strategy that has resulted in 

decreases in disease in endemic areas by repelling mosquitoes from biting thereby 

acting as mechanical barriers [17, 65, 66]. In a study in Gambia, which has a good 

primary health care system, a 25% reduction in mortality in children aged 1-9 years was 

achieved using ITNs [65]. In Kenya a 44% reduction in child (aged 1-59 months) 

mortality has been observed by mass free distribution of ITNs [66]. However this level 

of protection is not sufficient to completely control malaria parasite transmission in 

endemic areas.  

 

1.4.2 Vaccine development  

While a vaccine is the ultimate goal for malaria prevention [67], researchers have been 

searching for an effective vaccine for decades. Traditionally vaccine development 

focused on targeting one of the three stages of the parasite development; pre-

erythrocytic, erythrocytic or transmission stages [68]. However, in order to achieve a 

high level of protection, vaccines targeting multiple parasite life cycle stages are now 

often investigated [69]. In the mid-1990’s, SPf66, targeting pre erythrocytic and asexual 

blood stage proteins of P. falciparum, underwent field trials. Unfortunately, the vaccine 

had low immunogenicity and induced only a temporary humoral immune response [70-

72]. RTS,S is currently the most advanced malaria vaccine [73], and market release is 
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anticipated to be during 2015 [74]. RTS, S targets the pre-erythrocytic stage of the 

parasite and consists of part of the P. falciparum circumsporozoite protein (CSP) fused 

to the hepatitis B surface antigen (HBsAg) and is formulated with the adjuvant AS01 

[73, 75]. In Phase III efficacy trials of RTS,S at 11 sites in seven African countries 

(Burkina Faso, Gabon, Ghana, Kenya, Malawi, Mozambique, and Tanzania) ~30-40% 

efficacy for 3-4 months was achieved [73, 76]. Thus, RTS,S is only modestly protective 

in clinial trials and new vaccines with improved profiles are still needed. Many new 

vaccines are being evaluated in clinical trials. At the time of writing this thesis, 13 pre-

erythrocytic stage vaccines and nine blood stage vaccines were under investigation, 

with the target being to develop a highly effective vaccine (~80% efficacy) with a 

duration of protection of at least 4 years by 2025 [77]. 

1.4.3 Antimalarial drugs and drug resistance 

While vector control and vaccines are important strategies for reducing malaria 

associated morbidity and mortality, antimalarial drugs are still crucial for malaria 

prevention and treatment as part of the global eradication agenda [78-80]. Currently 

asexual blood stage malaria parasite treatment relies on the following main families of 

compounds: 4-aminoquinolines (e.g. chloroquine), aryl amino alcohols (e.g. quinine 

and mefloquine), antifolates (e.g. sulphadoxine and pyrimethamine (SP)), and 

peroxides (artemisinin and derivatives) [80, 81]. Drugs for liver stage infection and 

gametocytes (causal prophylactic and transmission blocking agents, respectively) are 

limited, with primaquine being one such example that targets both stages.  

 

Quinine, a natural product extracted from the bark of Cinchona calisaya, and related 

quinolone antimalarial agents such as chloroquine and primaquine have been widely 

used to treat malaria [82]. Unfortunately, increasing parasite drug resistance to 
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chloroquine [83] has resulted in a need for alternative effective and inexpensive drug 

regimens. SP in a fixed dose combination was chosen to replace chloroquine in many 

African countries [84-86]. However, malaria parasite resistance to SP has developed 

more rapidly than to chloroquine, resulting in reduced efficacy in many regions [87-

89]. In order to combat the increasing problem of resistance to therapies like 

chloroquine and SP, artemisinin, first isolated from Artemisinia annua in 1972 [90], is 

now recommended for use as part of combination therapy [81]. Artemisinin and its 

derivatives act on all asexual blood stage parasites (rings, trophozoites, and schizonts) 

[91], are potent and fast acting, but have short elimination half-lives (t1/2 ~2 hr) [92, 93] 

and so are partnered for clinical use with drugs with longer elimination half-lives and a 

different mode of action [94, 95]. Over the past two decades, more derivatives of 

artemisinin (e.g. artemether and artesunate) have been developed to improve the 

pharmacological properties and in some cases antimalarial potency of this class of 

compounds giving promising activity against asexual and sexual forms of all six human 

malaria parasite species [96, 97]. Combining artemisinin derivatives with longer acting 

drugs that have different actions has reduced the development of resistance [98]. 

Artemisinin Combination Therapies (ACTs) are now recommended as first-line 

treatment for uncomplicated malaria in most malaria endemic countries [98]. 

 

Despite the availability of effective antimalarial drugs, the ability of malaria parasites 

to develop resistance to these agents is an ongoing problem. P. falciparum drug 

resistance, or reduced clinical efficacy, has now been reported for every antimalarial 

drug in use [99], including ACTs [1] (Table 1.1).   
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Table 1.1 Existing antimalarial drugs and resistance  

Comp/s  Clinical use Resistance 

Artemisinina Artemisinin-based combination therapies 

(ACTs) 

Exists in South East 

Asia 

Lumefantrine Most common first-line antimalarial therapy 

in Africa, in combination with artemether 

No evidence of high-

level resistance 

Amodiaquine In combination with artesunate in parts of 

Africa 

Limited cross-

resistance to 

chloroquine 

Piperaquine In combination with dihydroartemisinin in 

parts of southeast Asia 

Observed in China 

following single-

drug therapy 

Mefloquine In combination with artesunate in parts of 

southeast Asia 

Prevalent in 

southeast Asia 

Pyronaridine Being registered for combined use with 

artesunate 

No cross-resistance 

reported 

Quinine/ 

quinidine 

Mainly for treating severe malaria, often 

with antibiotics 

Exists at a low level 

Atovaquone In combination with proguanil 

(a biguanide) for treatment or prevention 

Has been observed 

clinically 

Chloroquine Former first-line treatment for 

uncomplicated malaria 

Widespread 

Pyrimethamine For intermittent preventive treatment, 

combined with sulphadoxine (a 

sulphonamide) 

Widespread 

Primaquine For eliminating liver-stage parasites, 

including dormant forms of P. vivax 

Unknown 

Reproduced with permission from the reference [100] (Licence no. 3576880093752). a 

Derivatives include artemether, artesunate, and dihydroartemisinin; ACT resistance has 

been reported [1, 101, 102] 
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Chloroquine resistant strains of P. falciparum are now present in most malaria endemic 

countries and, as discussed above, this drug is increasingly ineffective for treatment of 

P. falciparum infections [103, 104]. Resistance has also been reported for alternative 

treatments such SP and mefloquine [103, 105, 106]. Artemisinin-resistant P. falciparum 

has also been discovered in four South East Asian countries of the Greater Mekong 

subregion: Cambodia, Myanmar, Thailand and Viet Nam [1, 101, 102]. The problem of 

malaria parasite resistance to current drugs is of great concern and efforts are underway 

around the world to discover new combinations of existing drugs or new drugs with 

novel mode of actions to combat multi-drug resistant parasites.  

 

1.5 Antimalarial drug discovery approaches 

Widespread resistance of Plasmodium parasites to commonly available antimalarial 

drugs [1, 102, 107-109] and the lack of an effective licensed vaccine [1, 77], have 

necessitated increased efforts in the discovery and development of new antimalarial 

agents. Of particular interest are new antimalarial drug candidates that have novel 

mechanisms of action and the ability to rapidly clear a Plasmodium infection upon 

administration [110-112]. New drugs/drug combinations also need to have appropriate 

pharmacokinetic properties, be affordable and safe for use by children or pregnant 

women [111-113], the two groups at most risk of malaria. Broadly, four major strategies 

have been used to identify new lead antimalarial compounds, including: 1) 

Development of new drug formulations and combinations of existing drugs; 2) 

Serendipitous drug discovery via phenotypic screening; 3) Target based screening; and 

4) “Piggyback” drug discovery [114-116]. These approaches are briefly discussed 

below. 
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1.5.1 Development of new drug formulations and combinations of existing drugs 

The reformulation of existing drugs to increase their therapeutic efficacy by improving 

their bioavailability, decreasing pharmacokinetic variability, and lowering the total 

daily intake has extended the life of some antimalarial drugs [117]. The Medicines for 

Malaria Venture (MMV), the world’s leading not-for-profit drug discovery and 

development organisation has prioritized this strategy in recent years [118]. One good 

example is the reformulation of bitter crushed artemether/lumefantrine tables to 

palatable and rapidly dispersible (<1 min) formulations which has improved their 

efficacy in children [119]. This sweet tasting paediatric formulation has now been 

approved in 24 African countries [119]. More effective treatments have also been 

discovered by combining different antimalarial drugs [95, 115, 116]. As an example, 

combination therapies (e.g. ACTs) are currently recommended for malaria in order to 

avoid the risk of emerging drug resistance with monotherapies. Pyronaridine-artesunate 

[120] and azithromycin-chloroquine [121] are two such new drug combinations 

currently in clinical trials for malaria treatment. 

 

1.5.2 Serendipitous drug discovery via phenotypic screening 

This approach focusses on identifying new chemical entities by phenotypic screening 

against whole cells. While this approach has taken a back seat to target-based 

approaches in the past, many drug screening programs are now advocating screening of 

structurally diverse small molecule or natural product libraries using whole cell assays. 

This has led to the identification of thousands of hit compounds in recent years. 

Guiguemde et al., (2010) screened nearly 310,000 compounds against asexual blood 

stage P. falciparum parasites using a phenotypic forward chemical genetic approach 

[6]. More than 1,100 compounds were found to cause 80% growth inhibition at 

concentrations of 2 µM. Most of these biologically active compounds were highly 
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selective for P. falciparum and some were efficacious in a mouse model of malaria (P. 

yoelii; 100 mg/kg doses). Chemical structure information for 1,536 compounds is now 

publicly accessible and provides a resource with great potential to provide new leads 

for antimalarial drugs [6]. Likewise, Gamo and colleagues screened a GlaxoSmithCline 

(GSK) chemical library comprising ~2 million compounds against asexual blood stage 

P. falciparum using a 384-well format modified parasite lactate dehydrogenase (pLDH) 

assay. They identified 13,500 active compounds with 80% growth inhibition against P. 

falciparum at 2 µM. Of these, 8,000 were active against both drug-sensitive and drug-

resistant P. falciparum lines. In that study many active compounds were predicted to be 

a target of kinase enzymes opening a new direction for antimalarial drug development 

[5]. While this approach has been successful in identifying numerous new hit 

compounds it provides little or no information on compound mode of action.  

 

1.5.3 Target based screening 

Another promising drug discovery approach is the identification of new compounds by 

screening for activity against protein targets [122, 123]. The availability of the whole 

genome sequences [124] has opened up exciting possibilities for this approach, 

including the annotation of putative proteins essential for parasite survival. Several 

crucial and unrelated biochemical pathways or enzymes present in malaria parasites, 

but absent from humans, have already been explored as drug targets using this approach. 

These include protein kinases [125], plasmepsins [126, 127] and dihydroorotate 

dehydrogenase [128]. While an advantage of this approach is the availability of 

mechanism of action information, no new antimalarial had yet been developed using 

this approach.   
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1.5.4  “Piggyback” drug discovery approach 

The “piggy back" approach utilizes compounds or compound classes that have already 

been evaluated or approved for clinical use against other diseases as a starting point for 

the discovery of new antimalarial agents [114, 129, 130]. As safety and tolerability data 

may already be available a potential advantage of this approach is time and cost 

efficiency [114, 129, 130]. Availability of information on mode of action and possible 

resistance mechanisms in the parasite are other advantages of this approach [114]. The 

value of this approach for malaria and other parasitic diseases [114] is being recognised 

with recent interest in “clinical” drug libraries. Screens for antiplasmodial activity with 

some of the libraries have been carried out against asexual blood stage [131-133], liver 

stage [134] and gametocyte stage P. falciparum parasites [135].  

 

The potential of this drug discovery approach is highlighted by the availability of 

antiparasitic drugs that have arisen having first been investigated against other disease 

indications. For example, atovaquone was used as an antimalarial after it was clinically 

used to treat Pneumocystis carinii and toxoplasmosis in immune deficient patients [136, 

137]. Atovaquone is currently used as a chemoprophylaxis agent in combination with 

proguanil (Malarone®) [138]. Some broad spectrum antibiotics including doxycycline 

[139] and clindamycin [140, 141] are now used for malaria prophylaxis. In addition to 

these clinically used drugs, the “piggyback” approach is being utilized to investigate a 

number of experimental antimalarial agents, including kinase inhibitors [142-145], 

phosphodiesterase inhibitors [146-148], primary sulphonamide compounds [149-152], 

histone deacetylase (HDAC) enzymes (reviewed in [153, 154], and human 

immunodeficiency virus (HIV) protease inhibitors [49, 155, 156]. In this thesis, the 

latter three validated drug classes were investigated in order to potentially identify new 



 

- 15 - 

 

antimalarial drug leads. Each of these compound classes is discussed in more detail in 

the following sections and in chapters 3, 4, and 5.  

1.5.4a Sulphonamides 

Members of the sulphonamide compound class have been clinically used as 

antibacterial and antiglaucoma drugs for many years [8]. Over 100 sulphonamide 

containing drugs are available on the market, varying in their properties except for a 

sulphonamide group in the structure[157]. With respect to malaria, the secondary 

sulphonamide sulphadoxine (Table 1.2), which was initially designed as an anti-

bacterial, is clinically used in combination with pyrimethamine [84]. Additionally, the 

antiglaucoma drug, acetazolamide (a primary sulphonamide) has shown moderate 

activity (IC50 20 µM) against P. falciparum in vitro [152] (Table 1.2). Various other 

primary sulphonamides such as sulphamide, sulphanilamide, homosulphanilamide, 4-

aminoethylbenzenesulphonamide, substituted-aromatic aldehydes and ureido-

substituted sulphonamides have also shown to be active against malaria parasites but 

have not progressed to clinic studies [151, 152]. Of the compounds in this class 

examined to date, 4-(3,4-dichlorophenylureido-ethyl)thioureido-benzenesulphonamide 

(1-1; Table 1.2), had the best in vitro antiplasmodial activity against P. falciparum (IC50 

1 µM) [152]. This compound also had in vivo efficacy in a murine model of malaria, 

with an ID50 (amount of compound giving 50% protection) of 10 mg/kg [152]. 

Compound 4-(3,4-dichlorophenylureido-ethyl)-benzenesulphonamide (1-2, Table 1.2), 

a structural analogue of compound 1-1 [151], was less potent than 1-1 against P. 

falciparum (Table 1.2). Another set of 31 primary sulphonamide compounds from the 

publicly available GlaxoSmithKline (GSK) database, have shown >95% inhibition at 5 

µM against 3D7 and Dd2 P. falciparum parasite lines ([158] Appendix 3).   
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Table 1.2 Examples of selected experimental sulphonamides with antiplasmodial 

activity 

 

 
a The sulphonamide moiety shown in red functional group and tail region (Figure 3.2A) 

in blue; b Reference [159]; c Reference [152]; d Reference [151]; primary sulphonamide 

and nd, not determined 

 

Little information is available on the mechanism of action of anti-Plasmodial primary 

sulphonamides. The only published report showed that a panel of 34 compounds 

inhibited the activity of a recombinant fragment of the P. falciparum carbonic anhydrase 

(PfCA) enzyme [152]. CA enzymes are involved in maintaining several important 

physiological (e.g. respiration, pH and CO2 homeostasis and biosynthetic reactions) and 

physio-pathological functions (reversible hydration of CO2 to bicarbonate) [149, 160-

163]. Carbonic anhydrases (CA) are known to be the target of primary sulphonamide 

compounds in several pathogens, including Helicobacter pylori, Mycobacterium 

tuberculosis, Candida albicans and Cryptococcus neoformans, and are potential anti-

infective drug targets [163]. PfCA has <25% similarity to human CA isozymes and only 

~40% identity to the rodent malaria parasite species P. berghei, P. chabaudi and P. 

yoelii [164-167]. A PfCA homologue has not yet been identified in the genomes of 

compound 
Structurea 

PfIC50 

(µM) 

PfCA 

(µM) 

Sulphadoxine 

 

0.01b nd 

Acetazolamide 

 
20c 0.31c 

1-1 

 

1c 0.18c 

1-2 

 

2d 0.08d 
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other human infecting Plasmodium species [164] including P. vivax, although given 

that ~50% of the Plasmodium genome is not yet annotated orthologues of this protein 

may exist. As discussed in more detail in chapter 3, given the success of this compound 

class for other human diseases, “piggybacking” onto drug discovery efforts using 

primary sulphonamides may be an avenue for malaria. 

 

1.5.4b Histone deacetylase (HDAC) inhibitors  

HDAC inhibitors are a class of therapeutics with demonstrated efficacy as anticancer 

drugs. More than 20 HDAC inhibitors have entered clinical trials as anticancer agents 

(reviewed in [168]), three of which, suberoylanilide hydroxamic acid (SAHA, 

Vorinostat®, Merck & Co., Inc., USA)) [9], FK-228 (Romidepsin (Istodax®), 

Gloucester Pharmaceuticals Inc., USA) [169], and belinostat (BELEODAQ®, 

Spectrum Pharmaceuticals, Inc., USA) (www.fda.gov) are approved for the treatment 

of T Cell lymphoma. This class of compounds also have promising therapeutic effects 

against non-malignant diseases such as autoimmune and inflammatory diseases [170], 

metabolic disorders and some parasitic diseases [154, 171, 172]. While no HDAC 

inhibitors are currently approved for malaria therapy some compounds have been shown 

to have antiplasmodial activity. As an example the cyclic tetrapeptide apicidin, the first 

HDAC inhibitor investigated against malaria parasites, displays potent in vitro (IC50 0.2 

µM against Dd2 P. falciparum; Table 1.3) and in vivo efficacy (~1% parasitemia with 

50mg/kg of oral dose) [173]. A panel of apicidin analogues containing basic moieties, 

such as tertiary amines were also tested with some showing 20-100 fold improved 

selectivity for P. falciparum malaria parasites versus mammalian cells compared to 

apicidin. [174, 175].Compounds containing a hydroxamate zinc binding group (ZBG), 

which interacts with the zinc in the active site of HDAC enzymes (see chapter 4.1 for 

more detail), have been the most investigated type of HDAC inhibitors in terms of 
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antimalarial activity. The natural product derived HDAC inhibitor trichostatin A (TSA) 

had potent activity against P. falciparum chloroquine sensitive (3D7 IC50 0.01 µM; 

Table 1.3) and resistant (Dd2 IC50 0.008 µM) parasites [176]. However, reduced in 

vitro parasite selectivity and metabolic instability were recorded [176]. The 

hydroxamate SAHA was less toxic towards normal mammalian cells and was the first 

clinically approved anti-cancer HDAC inhibitor [29, 177, 178]. Likewise, when tested 

against Plasmodium parasites in vitro, SAHA was found to have nanomolar activity 

(IC50 <0.3 µM) and increased selectivity compared to TSA [179] (Table 1.3). An 

experimental hydroxamate compound, suberic bis-hydroxamic acid (SBHA), showed 

four fold improved in vitro activity against P. falciparum parasites and selectivity 

against normal mammalian cells than it structural analogue azelaic bishydroxamic acid. 

SBHA (200 mg/kg) also controlled peripheral parasitemia for up to 12 days in vivo but 

did not cure mice [180].  

 

Several hydroxamate based HDAC inhibitors have since been identified with more 

potent activity than SAHA or SBHA. As an example, a series of 14 hydroxamate based 

HDAC inhibitors has demonstrated low nonomolar activity (<0.2 µM) against P. 

falciparum parasites. Better parasite-specific selectivity (up to 200 fold, versus 

mammalian cells) was recorded for 2-aminosuberic acid (ASA) compounds [181]. 

Another set of 50 phenyl-thiazolyl-hydroxamate based HDAC inhibitors have in vitro 

antiplasmodial IC50 values in the nanomolar range (IC50 0.0005-1 µM) and improved 

parasite-selective activity compared to mammalian cells [179]. The most active 

compound of this series, WR301801 (Table 1.3), cured mice infected with a murine 

malaria parasite species (single dose 50mg/kg intraperitoneal (i.p.) dose; prophylactic 

model) [182]. Mice were also cured if the drug was administered orally in combination 

with chloroquine (chloroquine 64 mg/kg and WR301801 52 mg/kg; curative model) 
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[179]. However, oral administration as a monotherapy did not cure mice infected with 

murine Plasmodium parasites [179]. Another series of HDAC inhibitors (17 of ~2000 

compounds from a HDAC based chemical library), showed promising antiparasitic 

activity (3D7 IC50 0.015-0.5 µM) [183]. These data illustrate the potential of HDAC 

inhibitors as antiplasmodial agents. Some limitations must, however, be noted. Many 

of the compounds examined to date are pan-HDAC inhibitors and target multiple human 

HDAC isoforms, and for those tested, most are metabolically unstable and display poor 

pharmacokinetic properties such as short elimination half-lives (SAHA: 0.75 hr, 

WR301801: 3.5 hr) leading to poor in vivo efficacy.  

 

Table 1.3 Examples of antiplasmodial HDAC inhibitors  

 

a Selectivity index, mammalian cell IC50/ P. falciparum IC50; 
b Reference [173]; c 

Reference [179]; Chemical structures are shown in Figure 1.3 

  

Name MW 
P. falciparum 

IC50 (µM) 

Mammalian IC50 

(µM) 
SIa 

bApicidin 625 0.2 0.0005–0.1 0.2-0.5 

bTSA 302 0.008 – 0.011 0.2 18 – 25 

bSAHA 264 0.12 – 0.31 2.2 – >20 7 – >183 

SBHA 204 0.8–2.3 50–300 62–130 

cWR301801 362 0.0006 – 0.0018 0.6 333–1000 
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Figure 1.3 Structures of selected antiplasmodial HDAC inhibitors. The general 

structure of HDAC inhibitors includes a capping group (blue), a connecting unit 

hydrocarbon linker and a metal binding moiety (red). Additional details can be found 

in chapter 4. 

 

HDACs post-translationally modify proteins by catalysing the removal of an acetyl 

group from an ε-N-acetyl lysine amino acid of histone and non-histone proteins, while 

histone acetyltransferases (HAT) catalyse the reverse reaction [184-186]. These 

enzymes play crucial roles in modulating the acetylation state of histone proteins, 

contributing to alterations in chromatin structure and transcription [184-186]. There are 

18 human HDACs, classified into four classes [187, 188]. The activity of class I, II and 

IV HDACs is zinc (Zn2+) dependent, while the activity of class III HDACs (Sirtuins) is 

nicotinamide-adenine dinucleotide (NAD+) dependent [184, 188, 189].  

 

HDACs have been recognized as an antiparasitic target in all the major human parasitic 

pathogens; Plasmodium, Toxoplasma, Trypanosoma, Schistosoma and Lieshmania 

Apicidin

TSA

SAHA

WR301801

Apicidin

TSA

SAHA

WR301801

SBHA
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[154]. There are five HDAC genes annotated in the P. falciparum genome (Table 1.4). 

PfHDAC1 has ~55% homology to other eukaryotic HDACs and is localised to the 

parasite nucleus [173, 190]. A recombinant form of PfHDAC1 has been expressed in 

insect cells and is commercially available (Genway Biotec Inc., USA catalogue number 

GWB-403A1F; Sigma-Aldrich, USA catalogue number SRP0101), and can be inhibited 

by various antiplasmodial HDAC inhibitors, including apicidin, trichostatin A (TSA) 

and SAHA [183]. PfHDAC2 and PfHDAC3 share less than 14% amino acid identify 

with each other and are predicted to be high molecular weight proteins. PfHDAC3 (or 

PfHda2 [164]) has recently been characterised and identified as essential to control of 

virulence gene expression and gametocytogenesis [191]. PfSir2 and 3 are not essential 

for the parasite survival in vitro, however have been shown to play a role in in vitro 

regulation of P. falciparum virulence gene (the var multi-gene family) expression [192-

194].  

 

Table 1.4 P. falciparum HDACs  

Name PlasmoDB ID Homology Mol Wt. (kDa) 

PfHDAC1a PF3D7_0925700 Class I HDACs ~51 

PfHDAC2b PF3D7_1472200 Class II HDACs ~269 

PfHDAC3b PF3D7_1008000 Class II HDACs ~282 

PfSir2Ac PF3D7_1328800 Class III HDACs ~30 

PfSir2Bd PF3D7_1451400 Class III HDACs ~155 

 

 a Reference [164, 190, 195, 196]; b Reference [164, 197]; c Reference [164, 194, 198, 

199]; d Reference [164, 199]  
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1.5.4c HIV protease inhibitors  

Human immunodeficiency virus (HIV) protease inhibitors control the progression of 

human immunodeficiency virus type-1 (HIV-1), the cause of acquired 

immunodeficiency syndrome (AIDS) [200, 201]. Knowledge of the structure and the 

biology of the HIV protease enzyme led to the discovery of highly potent HIV proteases 

inhibitors with specificity for the virus [200, 201]. Currently there are nine HIV protease 

inhibitors in clinical use as drugs to treat HIV/AIDS - saquinavir, lopinavir, indinavir, 

ritonavir, nelfinavir, amprenavir, atazanavir, tipranavir and darunavir (www.fda.gov). 

This class of compound was first investigated for antimalarial potential in 2004, with 

the rationale being that there may be some beneficial effect against the parasite in people 

co-infected with Plasmodium parasites and HIV [202]. Since then a number of studies 

have identified HIV protease inhibitors with antimalarial activity at clinically relevant 

concentrations. Lopinavir was the most potent in vitro, demonstrating antiplasmodial 

activity 0.9–2.1 µM against HB3, D6, Dd2 and W2 P. falciparum lines (Table 1.5 [203-

205]). Saquinavir displayed activity against P. falciparum in vitro (IC50 values <5.5 µM) 

(Table 1.5 [202, 203, 206, 207]) and in vivo in a murine model of malaria [208]. In 

addition, this compound was inhibitory against P. berghei liver stage parasites [209]. 

Ritonavir was also effective against P. falciparum parasites (IC50 <8 µM) [202, 206]. 

Sera from patients receiving ritonavir boosted saquinavir or lopinavir inhibited parasite 

growth by 50–96% [210]. Next generation HIV protease inhibitors such as tipranavir 

was active against Dd2, 3D7 and D10 P. falciparum lines (IC50 21, 20 and 12 µM), well 

below the Cmax value for humans (Cmax 185 µM) [207]. Moreover this compound also 

displayed promising gametocytocidal activity [207].  

  

http://www.fda.gov/
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Table 1.5 In vitro activities of selected HIV protease inhibitors against P. 

falciparum asexual stage parasites and HIV 

a Reference [202-205, 207, 208]; b Reference [211]; c Reference [212]; d Reference [156]; 

Pepstatin A is a non-specific aspartic protease inhibitor and is shown as a reference; e 

As reported in the US prescribing information; SI Selectivity index (Mammalian cell 

IC50/ P. falciparum 3D7 IC50); na data not available 

 

 

The exact mechanism for the antiparasitic activity of HIV protease inhibitors is unclear, 

but P. falciparum aspartic proteases (called plasmepsins (PMs)), have been proposed as 

a possible target [156, 213]. Currently ten PMs have been identified in P. falciparum 

genome [124]. PfPMI, II, IV and Histo Aspartic Protease (HAP) are involved in 

haemoglobin digestion within the digestive vacuole of the parasite [49, 155, 156]. Some 

antiplasmodial HIV protease inhibitors have been shown to inhibit the activity of 

PfPMII and PfPMIV (e.g. IC50 0.75 and 0.37 µM, respectively for saquinavir; [208]). 

However, in vitro knockout studies have shown that these PMs are not essential to 

parasite survival and hence cannot be the primary target of antiplasmodial HIV protease 

inhibitors in asexual stage parasites [49, 155, 214]. Therefore research focus has shifted 

to the non-digestive vacuole PMs, in particular PfPMV, PfPMIX, and PfPMX, all of 

which are expressed in the asexual blood stage of the parasite where HIV protease 

inhibitors have been shown to act. More recently, HIV protease inhibitors have been 

reported to inhibit PfPMV, a protein involved in Plasmodium EXport ELement 

Compound 
P. falciparum 

IC50 (µM) 

Mammalian cell 

IC50 (µM) 
SI 

HIV 

IC50 (µM) 

Saquinavir 0.6–5.5a 40b 33.3–66.6 1–30e 

Lopinavir 0.9–2.1a 8.5–40bc 0.4–40 4–27e 

Ritonavir 0.8–8.0a 18.2–40.9c 10.7–51.1 3.8–153e 

Tipranavir 12–21a 30 1.9 - 

Pepstatin A 7.5d na na 3.4e 
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(PEXEL) cleavage [215]. This activity was not potent (50-200 µM) [216], suggesting 

the existence of other PMs as a target of these compounds in the parasite.  

 

1.6 Antimalarial drug target identification approaches 

As discussed in section 1.5.2, the search for new antimalarial drug leads with novel 

modes of action has resulted in the identification of thousands of hit compounds, most 

of which have no associated target information [5, 6, 131, 217]. Thus in parallel to the 

discovery of new compounds (section 1.5) methods to identify their mode of action are 

also an important part of the antimalarial drug discovery process. In the following 

section, different target identification approaches are discussed. 

 

1.6.1 Phenotypic approaches 

A common target identification approach is to investigate phenotypic changes in 

parasites so that a putative mode of action, or pathways that may be involved in drug 

action, can be identified. Examining the stage/s of parasite development sensitive to 

compounds, determining a compound’s speed of action, determining if parasite 

populations can be chemically rescued from growth inhibition or identifying phenotypic 

changes in inhibitor-resistant parasites can all aid in elucidating mode of action [112].  

 

Investigating the stage-specific activity of an antimalarial compound can provide useful 

information about when and how quickly a compound acts on the parasite and together 

with transcription and translation profiles can aid drug target identification. As an 

example, arrest of schizont rupture and merozoite release was recently used to identify 

compounds that target P. falciparum calcium dependant protein kinase [218] and 

dipeptidyl aminopeptidase 3 [219]. Determining speed of action can also provide mode 
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of action information, with drugs that target the apicoplast having a slow action or 

“delayed death” phenotype [220].  

 

Chemical rescue is another drug target identification approach that can effectively 

demonstrate the involvement of a specific metabolic pathway in drug action. This 

process involves circumventing the effect of an inhibitor thought to act on a pathway 

by providing an alternative source or method to obtain a required product. In P. 

falciparum, the purine derivative hypoxanthine can rescue the effect of transition state 

analogue inhibitors of purine nucleoside phosphorylase (PNP), an enzyme that catalyses 

inosine phosphorolysis to hypoxanthine [221]. Likewise, the antimalarial effects of the 

broad spectrum antimicrobial agent fosmidomycin, which targets the Plasmodium non-

mevalonate pathway of isoprenoid biosynthesis (DOXP), can be rescued by 

supplementation by isoprenoid metabolites [222]. Chemical rescue has also been used 

to validate the P. falciparum apicoplast as an essential, and therefore druggable, 

organelle. Isoprenoid synthesis has been established as the only essential apicoplast 

metabolic function and cultures supplemented with isopentenyl pyrophosphate (IPP) 

are rescued from antibiotic treatment [223]. Parasites continue to grow and replicate in 

the presence of IPP even in the absence of the apicoplast organelle [223].  

 

Another phenotypic approach to examine mode of action involves the evaluation of 

drug resistant parasites in vitro. Resistant parasite lines are first generated or isolated by 

cloning [224], using genetic crosses [225, 226] or through in vitro or in vivo selection 

protocols [227]. Drug resistant lines are then investigated to determine whether hit 

compounds are cross-resistant [133, 228]. As an example, recent high throughput 

screening of ~3,000 compounds against 61 drug resistant P. falciparum lines, including 

the progeny of genetic crosses, has resulted in the identification of 161 compounds with 
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differential chemical phenotypes [133, 229] showing unique responses to 

compounds. While these phenotypic approaches can be useful to help confirm or 

define the involvement of a molecular pathway as a target of anti-parasitic agents further 

validation assays are generally required to confirm the target. 

 

1.6.2 Genomic approaches 

Various genomic approaches such as genome scanning methods and piggyBac based 

transposon vectors are now being employed to determine parasitic drug targets [112]. 

Genetic mutations acquired via selection for parasite tolerance or resistance to inhibitors 

can be detected by genome scanning using high density microarrays or sequencing 

[112]. This strategy has recently been used to identify the targets of pyrimethamine 

(PfDHFR [230]), sulphadoxine (PfDHPS [231]) and atovaquone (PfCytb [232]).  

 

The piggyBac (a class II transposable element that exclusively targets the tetra 

nucleotide target site TTAA) based transposon vector approach [233] generates random 

mutations in the genome of P. falciparum parasites that can be further analysed to 

identify the role of proteins and pathways in parasites. The impact of individual 

compound treatments on parasites with specific, identified mutations can also help to 

dissect possible mode of actions. As an example, identification of 177 unique P. 

falciparum mutant clones with mostly single piggyBac insertion have been led to the 

identification of metabolic pathways important for intra-erythrocytic stage parasite 

development [234]. 

 

1.6.3  Other approaches 

A variety of other approaches have been used to identify the mode of action of small 

molecules. These approaches include examining an organism’s transcription profile 
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(transcriptomics), production of metabolites (metabolomic profiling) and production of 

proteins (proteomics).  

 

Various methods can be used to identify the genes that are transcribed in different stages 

of the parasite's development in response to a drug pressure. Analysis of RT-PCR 

products by hybridizations using specific oligonucleotide probes is one such example 

approach, where the inhibition of rpoB/C gene transcription in the apicoplast after the 

minocycline treatment have been identified [235]. Other methods such as microarrays 

have also been utilized to compare the under expressed parasite plastid genes after 

doxycycline treatments [236]. These findings aided in the identification of the 

apicoplast as a promising therapeutic site for antibiotics. 

 

Analysis of metabolites in the parasites offers a viable platform for highly sensitive and 

specific analysis of the metabolic pathways of P. falciparum. Metabolite labeling is one 

such strategy which has been utilized for many years to identify novel metabolic 

pathways of P. falciparum. As an example, two labelled metabolites folinic acid and 

geranylgeranyl diphosphate were useful to identify the importance of the folate pathway 

[237] and the carotenoid biosynthesis pathways [238] of Plasmodium parasites. 

Analysis of parasites grown in aromatic deficient mediums ((6R)-6-Fluoro-shikimate, 

(6S)-6-fluoro-shikimate and 2-fluoro-shikimate) [239] was another strategy which led 

to discover the importance of the shikimate pathways in the 3D7 P. falciparum 

parasites. 

 

The profile of the compound binding proteome of a parasite, generally suggests the 

important functions in its biology [240]. Many techniques have been developed to 

facilitate this process. “Proteome mining” is one such successful strategy, where 
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quinoline-binding proteins from P. falciparum-infected erythrocytes have been 

identified using displacement affinity chromatography by their ability to bind to the 

purine ring of γ-phosphate-linked ATP–sepharose [241].  

 

Proteomics approaches can also be used in combination with chemical probes, including 

tagged inhibitors, designed to label proteins targets within cells or cell extracts [242, 

243]. These probes comprise a functional group to bind with the target and a chemical 

tag (biotin or fluorophore) for visualization. Chemical probes, JCP104 [244], MH01 

[245] and FY01 [244], with a biotin moiety as the visualization tag have identified the 

P. falciparum serine protease PfSUB1, metallo-aminopeptidases and DPAP1/DAP3, 

respectively, as drug targets. However, incorporation of bulky tags limited the probe 

uptake and circulation in living cells [242]. As a result two step labelling was later 

introduced via a Cu-catalyzed azide–alkyne 1,3-dipolar cycloaddition (CuAAC 

reaction) with a ligation handle which clicks with a chemical tag after the enzyme 

capturing [246-248]. These directed chemical probes have not yet been exploited 

effectively for malaria drug discovery, but have potential for application to target 

identification and screening strategies. 

 

In recent years, biomolecular interaction platforms have generated a great deal of 

interest for drug target identification as a result of simple operational procedures and 

the possibility of using both labelled/tagged molecules and label-free approaches [249]. 

The most well-known biomolecular interaction platform is Surface Plasmon Resonance 

(SPR, Biacore systems) which has been used widely over many years to analyse 

biomolecular interactions [250]. SPR takes place when the incident light strikes the 

metal surface at a specific angle. Depending on the thickness of a molecular layer at the 

metal surface, graded reduction in intensity of the reflected light will result (Figure 
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1.4A). This change can be measured in real time [251]. The use of SPR biosensors in 

drug discovery, especially the characterization of molecular targets related to various 

diseases has been documented [252-254]. However, Dickopf and colleagues are the 

only group that have investigated the applicability of this approach for target based 

screening. They identified a total of 60 fragments as targets of human factor VIIa belong 

to various structural classes [255]. More recently, Bio-layer Interferometry (BLI), a 

platform that employs technology complementary to SPR, but with differences in the 

method of detection and sample delivery has been introduced. In BLI the interference 

pattern of white light reflected from two surfaces are measured. Binding of molecules 

to the biosensor tip alters the thickness of the biological layer and causes a shift in the 

interference pattern measured in nano meters (nm) (Figure 1.4B) [256]. This interaction 

is measured in real-time, providing the ability to monitor binding specificity, rate of 

association and dissociation or concentration with precision and accuracy [256]. Unlike 

SPR no microfluidics are needed for this system. One of the aims of this thesis was to 

investigate a commercial BLI platform, the OctetRED system (ForteBio, distributed by 

Pall Corporation, USA), as a novel antimalarial drug target identification tool. Specific 

information related to this system has been provided in chapter 3, where BLI was used 

to validate small molecule binding to an immobilized target protein and Chapter 6, 

where the aim was to use BLI to find the targets of immobilized antimalarial small 

molecules. While the former approach is essentially a validation strategy, the later 

approach has the potential to investigate the small molecule interactions at a protein 

level. 
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Figure 1.4 Schematic of biomolecular interaction platforms. (A) Surface Plasmon 

Resonance (SPR) Incident light which is reflected by the gold coating present on sensor 

chips creates a surface plasmon wave at the sample and gold surface interface at a 

certain angle (B) BLI measures small changes in the surface topology of biosensor tips 

caused by an analyte binding to an immobilized ligand, allowing identification of 

analyte-ligand interactions 
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1.7 Hypotheses and Aims 

There are a number of unmet needs in the antimalarial drug discovery and development 

pathway, two of which were the focus of this thesis. Firstly, the requirement for new 

drug leads ideally with novel modes of action in order to limit issues of resistance. 

Secondly, the need for new tools to help dissect and prioritize the mode of action of 

antiplasmodial hit compounds arising from serendipitous phenotypic screening efforts. 

These issues led to the investigation of three compound classes with proven clinical 

efficacy against other diseases as new antimalarial drug leads and to investigation of 

BLI as a novel target identification approach.  

 

The hypotheses of this thesis were; 

That a “piggy back” approach can be used to identify new antimalarial drug leads and 

that Bio-layer Interferometry can be employed to identify the targets of antimalarial 

compounds with an unknown mode of action. 

 

To address these hypotheses, the specific aims are: 

 

A. To identify novel antimalarial compounds using a “piggyback” approach focusing 

on primary sulphonamides, HDAC inhibitors and HIV protease inhibitors as a 

starting point and to begin investigate the mode/s of action of identified compounds.  

 

B. To investigate the potential of a biomolecular interaction platform as a novel 

antimalarial drug target identification tool by using control small molecules 

inhibitors and protein targets to validate the approach. 
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Chapter 2 General Methods  
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2.1 Human blood and sera preparation for P. falciparum culture 

Human RBCs (O+) and plasma were obtained from the Australian Red Cross Blood 

Service under a research contract agreement (see page xx). RBCs were aliquoted (~25 

ml per tube) aseptically into sterile 50 ml centrifuge tubes (Greiner Bio-One, Germany) 

and washed three times in an equal volume of RPMI 1640 media containing Phenol Red 

supplemented with L-glutamine, 2 g/l NaHCO3 and 2 g/l D-glucose (Gibco, USA) by 

centrifuging at 726 g for 5 min. Washed RBCs were resuspended in complete parasite 

culture media (Appendix 1.1) and stored at 4 oC for up to four weeks. 

  

Human plasma was pooled (4–6 units; 300-1000 ml per unit) and mixed with 2 mM 

CaCl2 in a sterile glass beaker or flask and stirred continuously for 5-10 min at room 

temperature. The mixture was transferred into 50 ml centrifuge tubes (Greiner Bio-One, 

Germany) and incubated at 37 ºC in a water bath until clotted. The tubes were shaken 

vigorously to dislodge the clot, and then centrifuged at 3220 g for 10 min in an Allegra® 

X-15R Beckman COULTER centrifuge. Complement factors were heat inactivated by 

incubation at 57 ºC for 45 min. Aliquots of sera were stored at -20 ºC until needed. 

  

2.2 P. falciparum in vitro culture  

P. falciparum 3D7, Dd2 (chloroquine, quinine, pyrimethamine, sulphadoxine and 

clycloguanil resistant [257-259]) and C2B (atovaquone and chloroquine resistant [260]) 

were obtained from QIMR Berghofer Medical Research Institute. Parasites were 

cultured in O+ human RBCs and complete parasite culture media (Appendix 1.1) 

supplemented with 10% heat activated human serum (Section 2.1), 50 µg/ml 

hypoxanthine (Sigma-Aldrich, USA), and 5 µg/ml gentamycin (Sigma-Aldrich, USA). 

Cultures were maintained at a 5% hematocrit and incubated in sterile petri dishes (3596 

Costar®, Corning, USA) at 37 oC in a gas mixture of 5% O2, 5% CO2 and 90% N2 (BOC, 
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Australia) [261]. Cultures were monitored every 1–3 days by preparation of Giemsa-

stained thin blood smears according to the manufacturer’s instructions (Diffquick 

solution, POCD Healthcare, Australia). Parasitemia was maintained at ~1–5% by sub-

culturing.  

 

2.3 Cryopreservation of Plasmodium infected RBCs 

Predominant ring stage P. falciparum parasitized RBCs were pelleted using an Allegra® 

X-15R Beckman COULTER centrifuge at 726 g for 2 min and resuspended in an equal 

volume of sterile freezing solution (Appendix 1.3). The solution was then aliquoted 

into cryovials (Greiner Bio-one, Belgium) and frozen in an ethanol dry ice bath. 

Cryovials were transferred to -80 oC for at least 24 hr and then stored in liquid nitrogen 

for long term storage. 

 

2.4 Thawing of Plasmodium infected RBCs 

Cryovials containing frozen RBCs infected with P. falciparum parasites were removed 

from liquid nitrogen storage and thawed quickly at 37 °C in a water bath. Thawed cells 

were immediately transferred to a 50 ml centrifuge tube (Greiner Bio-One, Germany) 

and 0.2 pellets volume of sterile 12% NaCl solution added drop wise with continuous 

mixing followed by 5 min incubation at room temperature. Following the addition of 

10 pellet volumes of 1.6% NaCl drop by drop, the solution was centrifuged at 726 g for 

2 min in a Allegra® X-15R Beckman COULTER centrifuge. The resulting pellet was 

resuspended in complete parasite culture media (Appendix 1.1) at 5% hematocrit and 

cultured as in section 2.2. 
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2.5 Sorbitol synchronization 

Synchronous cultures of ring stage parasites were obtained by sorbitol treatment, 

essentially as described previously [262]. Briefly, P. falciparum infected RBC cultures 

containing predominantly ring stage parasites were centrifuged at 726 g for 2 min in a 

Allegra® X-15R Beckman COULTER centrifuge, then the parasite media discarded. 

The pellet was resuspended in 10 volumes of sterile 5% D-sorbitol (Sigma-Aldrich, 

USA) prepared in deionised water. Following incubation for 5 min at room temperature, 

the mixture was centrifuged at 726 g for 2 min and the sorbitol supernatant removed. 

The RBC pellet was then quickly resuspended in complete parasite culture media to 5% 

hematocrit and the cells returned to culture in a new 90 mm x14 mm petri dish and 

cultured as described in section 2.2. To obtain highly synchronous cultures, multiple 

sorbitol treatments were carried out over a 12–24 hr period.  

 

2.6 Saponin lysis of P. falciparum infected RBCs 

Synchronous cultures of trophozoite or shizont stage parasites were pelleted by 

centrifuging at 726 g for 2 min to remove RPMI 1640 media (Gibco, USA). The infected 

RBC pellet was resuspended in 10 volumes of fresh 0.15% saponin (Sigma-Aldrich, 

USA) prepared in PBS (Appendix 1.4) and incubated on ice for 5 min. This solution 

was centrifuged at 726 g for 2 min in a Allegra® X-15R Beckman COULTER centrifuge 

and pelleted parasites were washed with ice cold PBS (until a clear supernatant was 

obtained). Washed parasite pellets were stored at -20 ºC until further use or resuspend 

in 1x loading dye (Appendix 1.6). 

 

2.7 P. falciparum in vitro growth inhibition assays  

The antiplasmodial activity of compounds was tested against P. falciparum using a 72 

hr isotopic microtest, as previously described [179]. Briefly, synchronous ring-stage P. 

falciparum infected RBCs (0.5% parasitemia and 2.5% final hematocrit) were seeded 
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into 96-well tissue culture plates (3596 Costar®, Corning, USA) containing serial 

dilutions of control or test compounds. After incubating for 48 hr under standard P. 

falciparum culture conditions in incomplete parasite culture media (Appendix 1.2), 0.5 

µCi [3H]-hypoxanthine (PerkinElmer®, USA) was added to each well followed by 

culturing for a further 24 hr. Cells were harvested onto 1450 MicroBeta filter mats 

(Wallac, USA) and 3H incorporation was determined using a 1450 MicroBeta liquid 

scintillation counter (PerkinElmer®, USA). The percentage inhibition of growth 

compared to that of matched DMSO (0.5%; Sigma-Aldrich, USA) controls was 

determined for at least three independent experiments, each carried out in triplicate 

wells. IC50 values were calculated using linear interpolation of inhibition curves [263]. 

Each compound was assayed in triplicate wells, in at least three independent 

experiments and chloroquine (Sigma-Aldrich, USA) was used as a positive control in 

all assays. 

 

2.8 Mammalian cell toxicity assays  

Neonatal foreskin fibroblast (NFF) cells were cultured in RPMI medium (Life 

Technologies, USA) supplemented with 10% heat-inactivated fetal calf serum (CSL 

Biosciences) and 1% Penicillin Streptomycin (Life Technologies, USA). 5,000 cells 

were seeded into wells of a 96-well flat bottom tissue culture plate (Corning, USA) and 

cultured for 24 hr at 37 °C in 5% CO2. Cells were treated with test compounds dissolved 

in 100% DMSO (1% final DMSO concentration in the assay). Control cells were treated 

with the equivalent amount of DMSO. After 72 hr, medium was removed from each 

plate and cells were washed with PBS and fixed in methylated spirits (Recochem, 

Australia). After 30 min incubation at room temperature, cells were washed with reverse 

osmosis water and stained for 1 hr with sulphorhodamine B (0.4%; Sigma-Aldrich, 

USA). After the staining, the plates were washed three times with 1% acetic acid and 1 



 

- 37 - 

 

µM of unbuffered Tris (pH>9) was added and plates read at 570 nm after 30 min 

incubation using an enzyme-linked immunosorbent assay microplate reader as 

previously described [264]. IC50 values were calculated using linear interpolation of 

inhibition curves [263]. Each compound was assayed in triplicate wells. 

 

2.9 In vivo mouse malaria growth inhibition studies 

In vivo antimalarial efficacy was carried out using an experimental cerebral malaria 

model. This model uses P. berghei ANKA parasites constitutively expressing the 

luciferase reporter gene (termed P. berghei ANKAluc) [265]. This allows total 

bioluminescence to be examined as a measure of parasite burden within the animal. This 

is important as parasites are able to sequester in blood vessels, limiting the use of 

peripheral parasitemia analysis. Groups of five C57BL/6J mice were infected via 

intraperitoneal (i.p.) injection with 105 P. berghei ANKAluc infected-RBCs taken from 

a passage mouse previously infected with cryopreserved (see section 2.3) and thawed 

P. berghei ANKAluc parasites (see section 2.4). Mice were treated orally by gavage with 

compound or vehicle only (50% DMSO; 100 µl) for three days, beginning 2 hr post 

infection (p.i.) either as a single dose or as a split dose (BID). In each case, chloroquine, 

administered orally at 10 mg/kg once daily for three days, was used as an antimalarial 

control. Peripheral parasitemia was monitored every 1–2 days from day 4 p.i. by 

microscopic examination of Giemsa-stained (section 2.2) thin blood films. Total 

parasite burden was assessed using a Xenogen IVISTM 100 imaging system (Caliper 

Life Sciences, USA) following injecting mice with luciferin (5 mg/ml in PBS; Caliper 

Life Sciences, USA). For ethics and agreements see page xx and for clinical scoring 

refer to Appendix 2.  
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2.10 Western blot 

Protein samples or parasite extracts (section 4.2.3) were resuspended in 6x SDS loading 

dye (Appendix 1.6), heated at 93 °C for 3 min in a heating block (Select BioProducts, 

Australia), then immediately passed 3–4 times through a blunt end Terumo 27x1/2 

gauge needle to shear DNA and membranes that might interfere with loading. Samples 

were chilled on ice for at least 5 min, and then centrifuged for 1 min in a microcentrifuge 

5415R (Eppendorf, USA). The supernatants of the resulting samples (usually 5–10% of 

the total sample volume) were separated using 12–15% SDS-PAGE (Appendix 1.7 and 

1.8) in 1x SDS running buffer (Appendix 1.9) and transferred to a polyvinylidene 

difluoride (PVDF) membrane (Roche, Australia) at 100 V for 1 hr in 1x transfer buffer 

(Appendix 1.12). Transfer was carried out using a Mini Trans-Blot® Electrophoretic 

Transfer Cell (Bio-Rad, USA) according to manufacturer’s instructions. Membranes 

were transferred to 50 ml centrifuge tubes (Greiner Bio-One, Germany) and blocked 

with 5 ml OdysseyTM Blocking Buffer (LI-COR®, USA) for 1 hr at room temperature 

(or overnight at 4 oC) on a BTR10 – Blood Tube Roller (Adelab Scientific, Australia) 

followed by addition of specific primary rabbit polyclonal antibody (1:2000 dilution in 

Odyssey blocking buffer containing 0.1% Tween-20). Membranes were incubated 

overnight at 4 °C then washed three times for 5 min in PBS/0.1% Tween-20. 

Membranes were protected from light by wrapping tubes in foil then incubated for 45 

min with fluorescent labelled Goat anti-rabbit IRDye® 800CW (LI-COR®, USA) 

diluted 1:10,000 in Odyssey blocking buffer containing 10% SDS and 0.1% Tween-20. 

Membranes were washed three times for 5 min in PBS/0.1% Tween-20 and analysed 

using an Odyssey digital imaging system (LI-COR® CLx; 680 nm wavelength).  

  

http://adelab.com.au/product/btr10-blood-tube-roller/
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2.11 Protein biotinylation 

Proteins (20–50 µg/ml) were biotinylated using NHS-Biotin (Sigma-Aldrich, USA), 

according to the manufacturer’s instructions. Briefly, protein was mixed with biotin at 

an appropriate molar coupling ratio (1:1–1:10) and incubated for 30 min at room 

temperature. Biotinylation reactions were stopped by removing excess biotin with 

ZebaTM Spin Desalting columns (Pierce Biotechnology, USA) first by centrifuging at 

1500 g for 1 min to remove the storage solution followed by centrifuging at 1500 g for 

2 min after adding the sample. Biotinylated protein samples were collected as filtrate 

and prepared before use. 

 

2.12 General procedure for small molecule screening using the OctetRED 

platform 

OctetRED platform (ForteBio, Pall Corporation, USA) is used for a range of 

applications including determining and evaluating the affinity of small molecules 

binding to a prospective therapeutic target. In a typical small molecules binding 

experiment, ligand (recombinant protein) was first loaded onto appropriate biosensors 

(Pall Corporation, USA) and analyte (small molecule) association and dissociation 

monitored online using the OctetRED platform (Figure 2.1). Two reference biosensors 

were used in each experiment to ensure data accuracy. The first reference was a 

biocytin-coated biosensor or blank sensor run serially to test biosensors background 

binding to target proteins. The second reference acted as a negative control via exposure 

to assay buffer alone and was run in parallel with the test biosensors. Double-reference 

subtractions using these reference sensors were performed using OctetRED data 

analysis software 6.4 to remove drift due to immobilized protein leaching off the 

biosensor and well-to-well artefacts and minor buffer inconsistencies.  

http://fortebio.com/small_molecule.html
http://fortebio.com/small_molecule.html
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Figure 2.1 Small molecule binding to immobilized proteins on biosensor tips 

 

Loading ligands onto biosensors was performed and monitored online on the OctetRED 

instrument and analyte analysis performed in the same run. If testing involved ligands 

at a low concentration (<20 µg/ml), overnight “offline” loading at 4 oC was carried out. 

Prepared samples (analytes and ligands) were placed in the appropriate wells of 96-well 

black flat bottom polypropylene microplates (Greiner Bio-One, UK; Figure 2.2A) and 

biosensors rehydrated with appropriate assay buffer for at least 5 min before starting an 

experiment. Primary screening was carried out (i.e. at 10 fold analyte dilutions: 100 μM, 

10 μM, 1 μM, 0.1 μM etc.), followed by a second analyte analysis with 2 to 3 fold 

dilutions in order to obtain more accurate kinetic parameters (Figure 2.2B). Kinetic 

buffer (Appendix 1.5) was used to rehydrate the biosensors and kinetic buffer 

containing 1% DMSO was used as the assay buffer in all binding experiments.   

Analyte

(Small molecule)

Ligand 

(protein)

Biosensor 

tip surface
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Figure 2.2 Schematic of OctetRED sample plate layout, ligand loading and analyte 

binding. A) Sample plate layout. Wells containing assay buffer are shown in blue, with 

coloured wells (columns 7–12 excluding rows C and F) representing different assay 

samples. For KD scouting, analytes in assay buffer (rows A, B, D, E, G and H; columns 

7–12) or assay buffer alone (rows C and F, columns 1–6) are dispensed into a 96–well 

polypropylene microplate. A reference biosensor exposed to buffer only (row C and F, 

column 7-12) is analysed in parallel with a biosensor undergoing sample analysis. B) 

Chart showing real-time ligand loading, quenching, and equilibration, followed by 

baseline equilibration, analyte association and dissociation corresponding movement of 

biosensors in the assay plate. A biosensor is moved to a well with assay buffer recording 

a baseline signal following ligand loading (e.g. protein), quenching, and equilibration. 

Ligand-loaded biosensor is then moved to analyte containing wells where analytes bind 

to target protein recording a ligand analyte interaction as an association signal. The 

biosensor then moves to a well containing assay buffer to monitor the dissociation of 

analytes completing a kinetic cycle for a single tested concentration for one analyte 

  

B

Figure 8. Sample tray layout and target protein loading and small molecule binding.

(A) Sample tray lay out. For KD scouting, analytes (e.g. furosemide) and assay buffers are

placed in a 96 well sample tray. To correct for signal drift associated with the analytes,

reference biosensors exposed to buffer (rows: C:7-12, F:7-12) are analyzed in parallel with

the biosensors undergoing sample analysis and is corrected during data analysis. (B)

Movement of a biosensor in the assay plate when running a kinetic experiment. A

biosensor is moved to a well with assay buffer recording a baseline signal, following

ligand (eg. protein ) loading in the second. Then moved to a third well recording a second

baseline. Ligand loaded biosensor is then moved to a solution of the analytes (eg. small

molecules) and analytes are bound with their targets record ing ligand and analyte

interaction as an association signal. Biosensor is moved to a well containing assay buffer to

monitor the dissociation of analytes completing a kinetic cycle for a single tested

concentration. (C) Chart showing real time protein loading, small molecule association

and dissociation (ForteBio).

Ligand loading
Analyte

association

Analyte

dissociation
BaselineBaseline

B

A C

Figure 6.  Sample tray layout and target protein loading and small molecule binding. 

(A) Sample tray lay out. For KD scouting, analytes (e.g. furosemide) and assay buffers are 

placed in a 96-well sample tray. To correct for signal drift associated with the analytes, 

reference biosensors exposed to buffer (rows: C:7-12, F:7-12) are analyzed in parallel with 

the biosensors undergoing sample analysis and is corrected during data analysis. (B) 

Movement of a biosensor in the assay plate when running a kinetic experiment. A 

biosensor is moved to a well with assay buffer recording a baseline signal, following 

ligand (eg. protein) loading in the second. Then moved to a third well recording a second 

baseline. Ligand loaded biosensor is then moved to a solution of the analytes (eg. small 

molecules) and analytes are bound with their targets recording ligand and analyte 

interaction as an association signal. Biosensor is moved to a well containing assay buffer to 

monitor the dissociation of analytes completing a kinetic cycle for a single tested 

concentration. (C) Chart showing real time protein loading, small molecule association 

and dissociation (ForteBio). 
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Chapter 3 Antimalarial profiling of primary sulphonamide 

compounds 

 

 

Publications arising from this work  

 

1. Andrews KT, Fisher GM, Sumanadasa SDM, Skinner-Adams T, Moeker J, 

Lopeza M and Poulsen S-A. Antimalarial activity of compounds comprising a 

primary benzene sulfonamide fragment. (2013) Bioorganic and Medicinal 

Chemistry Letters 23: 6111-6117  

 

Contribution to publication: I carried out P. falciparum and mammalian cell 

toxicity assays for Table 1 and contributed to writing the sections of this 

manuscript.  
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3.1 Introduction 

Carbonic anhydrases (CA) are zinc-dependent enzymes that catalyse the reversible 

hydration of CO2 producing HCO3
- ions that act as essential precursors in pyrimidine 

biosynthesis and other important biosynthetic pathways [266, 267]. While there are 15 

human CAs [268] only one CA, (PlasmoDB Gene ID: PF3D7_1140000) recently 

reassigned as the first member of the η-CA class [269], has been annotated in the P. 

falciparum genome [124, 164]. As discussed in chapter 1, human CAs are strongly 

inhibited by sulphonamide-containing small molecules and have been investigated as 

therapeutics for a variety of diseases [270, 271]. While some of the ‘antibacterial 

sulphonamides’ developed in 1930s are toxic, this toxicity is attributable to the aniline 

group of these compounds and not their sulphonamide group [270]. The antimalarial 

drug sulphadoxine, contains a secondary sulphonamide and an aniline toxicophore (4-

amino) (Figure 3.1).  

Figure 3.1 Schematic of sulphadoxine showing aniline and secondary 

sulphonamide moieties. The antimalarial drug sulphadoxine comprises an aniline 

moiety (red) and a secondary sulphonamide (blue) 

 

In contrast to secondary sulphonamides which are substituted on the nitrogen, primary 

sulphonamides (RSO2NH2) differ structurally and functionally. Primary sulphonamides 

have been clinically used for many years as diuretics and anti-glaucoma drugs [8]. 

Aniline group        Secondary sulphonamide group
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Recently, several novel applications have emerged, including the use of primary 

sulphonamides as anti-convulsants, anti-obesity and anti-pain drugs [161]. 

 

As described in section 1.5.4a, very little work has been carried out on primary 

sulphonamides and malaria, with only one compound demonstrating activity in vivo in 

a mouse malaria model [152]. Therefore, to extend our understanding of the 

antiplasmodial potential of primary sulphonamides, in this chapter the in vitro 

antiplasmodial activity and mammalian cell toxicity of a panel of 14 glycosyltriazole 

benzene primary sulphonamides was investigated. A structure activity relationship 

(SAR) analysis was also carried out to determine the effects of chemical modifications 

on potency and selectivity. The activity of the compound showing the most potent in 

vitro antiplasmodial activity was tested in vivo in a mouse malaria model. Finally, the 

mode of action of selected compounds was assessed using biomolecular interaction 

experiments with recombinant human CA I and II. 

 

3.2 Materials and methods 

3.2.1 Compounds 

A panel of 14 glycosyltriazole benzene sulphonamides with S and O linked glucose 

moieties tethered to a benzene sulphonamides fragment were provided by Assoc. Prof. 

Sally-Ann Poulsen (Griffith University, Australia). Details on compound synthesis can 

be found in [272, 273], with additional details provided in the results section below 

(section 3.3.1a). The two control primary sulphonamide inhibitors, furosemide and 

acetazolamide, were purchased from Sigma-Aldrich, USA. All compounds were 

dissolved in 100% DMSO as 10 mM stock solutions and stored at -20 oC until further 

use.  
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3.2.2 Recombinant proteins  

Human carbonic anhydrase I (CA I) was obtained from Sigma-Aldrich, USA 

(Catalogue number C4396). Human carbonic anhydrase II (CA II) was purchased from 

Andreas Hofmann (Griffith University, Australia).  

 

3.2.3 Statistical analysis 

Statistical analysis was performed as follows: for in vitro antiplasmodial activities and 

mammalian cell toxicities a paired t test (Minitab 15 statistical Software) was used; and 

for in vivo efficacies a two-tailed t test (Graph Pad Prism Data Analysis Software) 

was used.  

 

3.3 Results 

3.3.1 Antiplasmodial activity of primary sulphonamide compounds 

3.3.1a Compounds 

The general structure of a primary sulphonamide CA inhibitor incorporates a zinc 

chelating group [274], an organic scaffold and a tail fragment (Figure 3.2A). The 

compounds studied in this chapter (primary sulphonamides; Figure 3.3) all contain a 

carbohydrate moiety (tail) linked to benzene sulphonamide (zinc chelating group) 

separated by a triazole moiety (organic scaffold; Figure 3.2B). The use of carbohydrate 

moieties as the tail region of the structure of sulphonamide-based CA inhibitors has led 

to the development of effective and selective inhibitors with improved physiochemical 

properties [272, 275, 276] compared to compounds lacking this moiety.  

  

http://its.yale.edu/news/prism-data-analysis-software-available-free-charge
http://its.yale.edu/news/prism-data-analysis-software-available-free-charge
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Figure 3.2 General features of a primary sulphonamide inhibitor and a schematic 

diagram of glycosyltriazole benzene sulphonamides. (A) Metal chelating group 

which interacts with the active site of the enzyme (light blue), organic scaffold or the 

ring which interacts with the active site hydrophobic and hydrophilic sites (dark blue) 

and a tail (green) which attaches to the organic scaffold (B) The primary benzene 

sulphonamide group (light blue) interacts with the active site metal ion of CA enzymes 

[277]. The carbohydrate group (green) recognises subtle differences in the active site 

providing isozyme specificity [277]. Triazole groups (dark blue) act as a synthetic 

handle joining main groups together [161, 277]. The glycosidic linker is depicted in red  

 

3.3.1b In vitro antiplasmodial activity of primary sulphonamides  

A panel of 14 glycosyltriazole benzene sulphonamides were tested for their in vitro 

antiplasmodial activity against the chloroquine-sensitive P. falciparum parasite line 

3D7. A range of in vitro antiplasmodial activities were observed, with IC50s ranging 

from 0.9 to >50 µM (Table 3.1). The best activities (IC50≤1 µM) were obtained for 3-1 

(IC50 0.9 µM) and 3-2 (IC50 1.0 µM). Four compounds (3-3, 3-4, 3-5 and 3-6) out of 14 

compounds, displayed only moderate activity (IC50 1–3 µM; Table 3.1), and no activity 

was observed at the highest concentration tested (50 µM) for three compounds (3-12, 

3-13 and 3-14; Table 3.1).   

 
A B 
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Figure 3.3 Structures of 14 the glycosyltriazole benzene sulphonamides (and 

acetazolamide) tested in this study  
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Table 3.1 Activity of glycosyltriazole benzene sulphonamides against P. 

falciparum and mammalian cells 

 ac Mean of three independent experiments (+ SD); b azd (acetazolamide) IC50 is similar 

to previously reported values [152], Mammalian cell IC50 for azd was against fetal lung 

fibrolast cell line [278]; d Selectivity index: Mammalian cell IC50/ P. falciparum 3D7 

IC50, larger values indicate better selectivity; LogP was calculated using ChemDraw Pro 

12.0 suite software (PerkinElmer); sugar fragment (either glucose, galactose, glucuronic 

acid or maltose where R = Ac or H), a glycosidic linker (X = S, O, or SO2) and a triazole 

substituent (Y = I or H); nd Not determined 

 

 

Structure activity relationship analysis (carried out in collaboration with Assoc. Prof. 

Sally-Ann Poulsen, Griffith University, Australia) revealed that significantly potent 

activity (p<0.05) was observed for iodine substituted triazole compounds (3-1, 3-2, 3-

4, 3-6 and 3-8) compared with their matching compounds with hydrogen substitutions 

(3-7, 3-12, 3-9, 3-10 and 3-13 respectively; Table 3.1). The activity of glyconjugates 

with different carbohydrate groups varied. For example 3-6 with an acetylated maltose 

substitution, was ~2-3-fold less active (p<0.05) than the corresponding 3-1 with an 

Comp LogP sugar R Y X 
PfIC50 

(µM)a 

Mammalian 

IC50 (µM)c 

SId 

 

3-1 1.37 Glc Ac I S 0.9 (±0.3) 51.1 (±0.1) 57 

3-2 -1.48 Glc H I S 1.0 (±0.5)  >100  >100 

3-3 1.35 Gal Ac I S 1.4 (±0.5)  >100  >71 

3-4 0.73 Glc Ac I O 2.8 (±1.8)  >100  >36 

3-5 1.18 GlcOMe Ac I S 2.1 (±1.2)  >100  >48 

3-6 -1.24 Mal Ac I SO2 2.3 (±1.8)  >100  >43 

3-7 0.93 Glc Ac H S 31.0 (±10.7) nd nd 

3-8 -0.72 Glc Ac I SO2 5.3 (±4.6)  >100  >19 

3-9 0.21 Glc Ac H O 9.7 (±6.1) nd - 

3-10 -1.46 Mal Ac H SO2 20.7 (±13.1) nd - 

3-11 -2.40 Glc H I SO2 28.6 (±19.0) nd - 

3-12 -1.99 Glc H H S  >50 nd - 

3-13 -1.06 Glc Ac H SO2  >50 nd - 

3-14 -2.98 Glc H H SO2  >50 nd - 

azdb -1.02 - - - - 31.6 (±19.0) 514 16 
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acetylated glucose substitution (Table 3.1). Activity appeared to decrease as the 

bulkiness of the acetylated carbohydrate groups increased (IC50 glucose<glucuronic 

acid<maltose; 3-1<3-5<3-6, respectively). Compounds with acetylated sugar groups (3-

1, 3-8 and 3-7) were more active than their corresponding analogues with free sugars 

groups (3-2, 3-11 and 3-12, respectively; Table 3.1). Compounds with glycosidic 

linkers with O or S substitutes were more potent than those with corresponding SO2 

substitution (Table 3.1). 

 

The calculated LogP values of the primary sulphonamides (ChemDraw Pro 12.0 suite 

software (PerkinElmer)), which is the partition coefficient between n-octanol and water 

and a measure of ability to cross biological membranes, correlated with the 

antiplasmodial activities of compounds with different substitutions (Table 3.1). 

Compounds with LogP<+0.4 or >+5.6 are predicted to have poor absorption or cell 

permeation [279-281]. Compound 3-1, with a calculated LogP +1.37 gave the best 

antiplasmodial activity. In contrast, all compounds with SO2 glycosidic linkers (3-6, 3-

8, 3-10, 3-11, 3-13 and 3-14) are predicted to have poor cell permeability (LogP<-0.4) 

and displayed reduced antiplasmodial activities (IC50>2.3 μM).  

 

3.3.1c Cytotoxicity of primary sulphonamides against mammalian cells 

Selected primary sulphonamides from section 3.3.1b with P. falciparum IC50<5.5 µM 

were examined for mammalian cell toxicity using the NFF cell line (section 2.8 for 

method). No mammalian cell toxicity was observed at 100 µM for six of seven 

compounds tested, the exception being 3-1 which had a NFF IC50 51.1 µM (Table 3.1). 

Selectivity indices (SI) were also calculated in order to determine the selective activity 

of compounds for P. falciparum parasites versus mammalian cells. Calculated SI of >50 

were obtained for three compounds (3-1, 3-2 and 3-3; Table 3.1).  
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3.3.2 Mode of action studies on antiplasmodial primary sulphonamides  

To begin to assess the possible mode of action of the antiplasmodial primary 

sulphonamides tested above, the activity of these compounds was examined against the 

two major isozymes of human CA present in human erythrocytes [282]. While the 

ultimate aim of this work was to compare the binding affinities (affinity constant (KA), 

association rate constant (kon), dissociation rate constant (koff) and the equilibrium 

constant (KD); KD= 1/ KA= koff/ kon; Figure 3.4) for the human CA enzymes with that 

of the P. falciparum CA, recombinant PfCA was not available in sufficient quantities 

to complete these studies.  

 

 

 

 

 

 

 

Figure 3.4 Schematic presentation of protein/inhibitor interactions. The 

immobilized protein interacts with the inhibitor forming a complex. This complex is 

formed at the association rate constant kon and dissociates at the dissociation rate 

constant koff. The affinity of this binding is KD= 1/ KA= koff/ kon 

 

3.3.2a Establishing conditions to test small molecule binding to human CA protein 

using the OctetRED system  

To establish OctetRED System conditions for testing of primary sulphonamide binding 

to CA protein, commercially available human CA II was immobilized onto OctetRED 

biosensor tips as the ligand and analyte binding was tested using the control CA 

inhibitors acetazolamide and furosemide. Briefly, human CA II was biotinylated 

(section 2.11) and immobilized onto Super-Streptavidin (SSA) biosensors (500 sec), 

kon

koff

Protein Inhibitor Protein/Inhibitor complex
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followed by quenching biosensors with 20 µM biocytin (300 sec) and equilibration in 

1x kinetic buffer (500 sec). Binding to acetazolamide and furosemide was monitored 

using the OctetRED system. Kinetic cycles were obtained as baseline signals in kinetic 

buffer and 1% DMSO (60 sec), associations in wells containing compounds (90 sec) 

and dissociations in assay buffer (150 sec). Each compound was allowed to dissociate 

to baseline before analysis of the next sample. Data analysis was performed using a 

double reference subtraction in the OctetRED Software Version 6.4, as described in 

section 2.12. 

 

To determine the amount of human CA II required to achieve biosensor tip loading 

signals high enough for small molecule binding analysis (>2 nm shift; ForteBio), 

control loading experiments were carried out using three different concentrations of 

human CA II (20, 40, 80 µg/ml). Protein concentrations of 40 and 80 µg/ml produced 

the highest saturated loading signals with up to 3.5 nm shifts (not shown). A ligand 

concentration of 40 µg/ml human CA II was used for subsequent binding experiments 

using control CA inhibitors acetazolamide (0.03–0.9 µM) and furosemide (0.1–33 µM). 

As expected, following double subtraction, dose dependent human CA II binding 

responses were observed for both compounds (Figure 3.5). A maximum association 

signal of ~0.03 nm and ~0.04 nm were observed for azetazolamide and furosemide, 

respectivly (Figure 3.5). Non-specific binding of the compounds to the biocytin 

blocked SSA biosensors was not observed in the tested concentration range. KD values 

were calculated separately using OctetRED software. KD values of 29 nM and 573 nM 

were obtained for acetazolamide and furosemide, respectively (Table 3.2).  
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Figure 3.5 Sensorgrams of acetazolamide and furosemide binding to human CA 

II. (A) Association of acetazolamide (0.003–0.9 µM) to immobilized human CA II (90 

sec) followed by dissociation (150 sec) (B) Association of furosemide (0.1 –33.0 µM) 

to immobilized human CA II (90 sec) followed by dissociation (150 sec). Data are 

shown following double subtraction using OctetRED software version 6.4 

 

 

Table 3.2 Comparison of equilibrium constants (KD) for acetazolamide and 

furosemide with human CA II from this study and published work  

 a Data from [283]; b KD (nM) values were calculated using OctetRED Software Version 

6.4; Average KD of two biosensor replicates in one experiment is shown  

 

Compounds 

 

Structure 

 

Molecular 

weight 

(Da) 

Human CA II KD (nM) 

Publisheda This studyb 

Acetazolamide 

 
 

222 19–39 29 (±0.01) 

Furosemide 

 

 

330 510–1200 573 (±0.04) 
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3.3.2b Assessing binding of primary sulphonamides to human CA I and II 

All 14 glycosyltriazole benzene sulphonamides (from section 3.2.1) were tested for 

binding to human CA I and CA II using the OctetRED system. For this, human CA 

proteins (40 µg/ml) were biotinylated (section 2.11) and then bound to SSA biosensors. 

A primary screen (section 2.12) was performed at compound concentrations from 4 nM 

to 40 µM. A positive result (“binders”) was defined as a compound that bound to human 

CA I or CA II or both at, or below, 4 µM. Of the 14 compounds tested six compounds 

(3-2, 3-4, 3-5, 3-8, 3-9 and 3-11) bound to both human CA I and CA II. 3-13 and 3-14 

did not bind with either of the human CA isoforms at 4 µM and were identified as non-

binders.  

 

Secondary screening (section 2.12) was then carried out with the 12 “binders” which 

were able to bind with at least one of the CAs. High KD values (or low affinities; 

KD=1/KA; KD>100 nM)) were obtained for four compounds (3-1, 3-3, 3-4 and 3-6) 

against human CA I and CA II and three compounds (3-8, 3-9 and 3-11) only against 

human CA I. The highest KD values (lowest affinities) excluding non-binders were 

recorded againt 3-4 (KD 331.7 nM) and 3-6 (KD 169.7 nM) for human CA I and CA II, 

respectively (Table 3.3). Overall, higher KD values (lower affinity) were observed for 

CA I over CA II where calculation of KD was possible the selectivity indices (KD against 

human CA I/ KD against human CA II) ranged from 1.3 to >123. These compounds 

have previously been tested for enzymatic inhibition of human CA I and II by Assoc. 

Prof. Sally-Ann Poulsen (Table 3.3; [272, 273, 284]) and a similar trend was observed 

for those Ki values with higher Ki values for CA I verses CA II and SI (Ki against human 

CA I/ Ki against human CA II) from 2.0 to 79.7. Significant variations were observed 

for individual association (kon) and dissociation (koff) constants, as shown in the Figure 
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3.6 affinity map. The compounds with the lowest affinities are in the bottom right hand 

corner of the map (e.g. compound 3-6).  

 

 

Table 3.3 Equilibrium constants (KD) for glycosyltriazole benzene sulphonamides 

against human CA I and II 

 

a KD values were generated from OctetRED using steady state analysis considering four 

sensorgrams for each compound; b SI Selectivity Index= KD against human CA I/ KD 

against human CA II; c Reference [272, 273, 284]; dSI Selectivity Index= Ki against 

human CA I/ Ki against human CA II; enon-binder KD> 4,000 nM; na (not available); 

Azd Acetazolamide   

Comp 
KD (nM)a 

SIb 
Published Ki (nM)c 

SId 
hCA I hCA II hCA I hCA II 

3-1 >4,000e 137.8 >29.0 112 5.3 21.1 

3-2 61.2 48.0 1.3 119 5.5 21.6 

3-3 >4,000e 128.7 >31.0 115 11.2 10.3 

3-4 331.7 100.1 3.3 125 12.1 10.3 

3-5 23.8 18.9 1.3 na na - 

3-6 >4,000e 169.7 >23.6 101 49.8 2.0 

3-7 >4,000e 32.8 >121.9 91 5.3 17.2 

3-8 199.7 10.3 19.0 103 10.6 9.8 

3-9 200.5 41.7 4.8 1500 46 32.6 

3-10 >4,000e 84.6 >47.3 184 44.5 4.1 

3-11 325.6 40.9 8.0 3920 49.2 79.7 

3-12 >4,000e 32.5 >123.0 114 5.6 20.3 

3-13 >4,000e >4,000e >1 97 6.9 14.0 

3-14 >4,000e >4,000e >1 101 7.6 13.3 

Azd 13.0 29.0 2.2 900 12 75 
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Figure 3.6 Kinetic map demonstrating interactions of glycosyltriazole benzene 

sulphonamides with human CA II. Data shown for all binders tested in this study and 

are presented as association versus dissociation constants kon (per molarity per second) 

and koff (per second) 

 

3.3.3 In vivo efficacy of primary sulphonamide 3-1 in P. berghei ANKA infected 

mice 

Compound 3-1, which had the most potent in vitro antiplasmodial activity of the 14 

compounds tested (IC50 0.9 µM; Table 3.1) and showed good parasite-specific 

selectivity (SI>50; Table 3.1), was selected for in vivo studies using a murine model of 

experimental cerebral malaria. This work was carried out with assistance from Assoc. 

Prof. Kathy Andrews, Griffith University, as described in section 2.9. Groups of five 

mice (C57BL/6) were infected with P. berghei ANKA parasites via i.p. injection, 

followed by oral administration of 3-1 or vehicle as a control (50% DMSO/PBS). Mice 

received twice daily doses of 50 mg/kg 3-1 for 3 days, beginning 2hr p.i.. Examination 
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of peripheral parasitemia and total parasite burden from days 3–6 p.i. revealed no 

significant reduction in either peripheral blood parasitemia or total parasite burden for 

3-1 treated compared to vehicle control mice (Figure 3.7). Both control and treated 

mice groups developed experimental cerebral malaria-like symptoms (shivering, 

hunching and immobility; Appendix 2) on day 6 and were euthanized according to 

QIMR Berghofer Medical Research Institute Animal ethics approval protocol (see page 

xx for details). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 In vivo efficacy of primary sulphonamide 3-1 on P. berghei ANKA 

infected mice. Groups of five P. berghei ANKAluc infected C57BL/6j mice were treated 

orally with 50 mg/kg 3-1 (red) or vehicle only (50% DMSO in PBS) as a control (blue) 

twice a day, for three days, beginning 3 hr post infection. (A) Mean (± SEM) peripheral 

blood parasitemia was determined by microscopic examination of Giemsa-stained thin 

blood smears. (B) Mean (± SEM) parasite-derived bioluminescence (Flux) was 

determined using a Xenogen IVISTM 100 imaging system (Caliper Life Sciences, USA) 
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3.4 Discussion 

In this study 14 glycosyltriazole benzene sulphonamides containing various 

carbohydrate moieties (glucose, galactose, glucuronic acid or maltose), glycosidic 

linkers (S, O or SO2) and triazole substitutes (I or H) were tested to examine their 

potential as a new antiplasmodial agent. These compounds had been previously 

assessed for in vitro anticancer activity and have demonstrated varying potency and 

affinity for human CA isozymes [272, 273, 284].  

 

Antimalarial structure activity relationship (SAR) analysis revealed that combinations 

of different substitutions (carbohydrate moieties, glycosidic linkers and triazoles) 

resulted in compounds with different antiplasmodial activities. Compound 3-1, 

containing an iodine group, acetylated glucose and S glycosidic linker, displayed the 

best antiplasmodial activity (IC50 0.9 µM) and some P. falciparum selectivity (SI ~50; 

Table 3.1). This compound has been previously shown to selectively block CA IX-

induced survival in human fibroblast cells and reduced the activity of other membrane 

associated CAs (CA XII) [284]. Testing of an additional multi-drug resistant P. 

falciparum line (Dd2) by another member of the laboratory [285], indicated that 3-1 is 

not cross resistant with antimalarial drugs such as chloroquine. Unfortunately, 

preliminary in vivo studies with 3-1 orally administered to P. berghei ANKA infected 

mice (50 mg/kg; BID; 3 days) did not demonstrate any significant attenuation of 

parasitemia. Thus, the profile of 3-1 fulfils some, but not all, of the selection criteria for 

lead-like antimalarial compounds as defined by the MMV. These criteria, and those 

fulfilled by 3-1, are summarized in Table 3.4.  
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Table 3.4 MMV criteria for progression of “hit” candidates to “lead” compounds  

 

 

The lack of in vivo efficacy for 3-1 is in contrast to that observed for the thio urea based 

benzene sulphonamide 1-1 discussed in chapter 1(Table 1.2) [152]. Primary 

sulphonamide 1-1 displayed a reported ID50 (amount of compound protecting 50% of 

tested animals against a malaria infection) of 10 mg/kg [152]. It is difficult to compare 

those data with that obtained in this study, however, as both primary sulphonamides are 

different structurally. Due to the limited similarity between P. falciparum and P. 

berghei putative CAs (44% amino acid identity; see Appendix 4 for sequence 

alignment) it may be that these aromatic sulphonamides target different or multiple 

proteins other than P. berghei CA in mice. If this class of compound is pursued in the 

future, further validation studies are needed to understand the in vivo target/s of these 

compounds. Recently, recombinant PfCA has been generated in this laboratory and 

MMV criteria [118] Profile of primary 

sulphonamide 3-1 

 IC50<1 µM for P. falciparum drug resistant & 

sensitive lines; no cross-resistance apparent  

 

0.9 µM 

IC50 normal mammalian cell line /IC50 P. 

falciparum >10-fold (“hit”) or 50-fold (“lead”)  

~50 

 Clear IP space/novel pharmacophore 

 

   No (Primary sulphonamide)  

"Druggable" properties and some structure activity 

relationship (SAR) apparent  

 

Yes 

Compound stable as solid/in test media with good 

solubility in PBS  

 

Yes 

Compound stable in mouse & human plasma. 

Microsome CaCo-2 stability >2x10-6 cm-1/s 

 

Not determined 

No known toxic reactive groups; no toxicity in 

mice  

 

None; no toxicity observed  

Oral efficacy (or protection) in mouse model of 

malaria 

no 
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studies now under way to examine the effect of 3-1 on PfCA. It should be noted that it 

has not yet been determined whether PfCA is essential to P. falciparum growth. 

Therefore additional targets in the parasite must also be considered. A 3-1 resistant line 

has now been generated in this laboratory that may shed light upon the target of this 

compound in the future. In addition to lack of mode of action data on 3-1, detailed 

pharmacokinetic information is also lacking for both of these compounds and the 

differences in efficacy may be due to variations in compound clearance (CL), volume 

of distribution (Vd), half-life (t½) and oral bioavailability (F). All of these factors need 

to be considered for compound progression from the discovery to lead-optimization 

stage. Given the relatively poor in vitro potency of 3-1 relative to clinically used 

antimalarials (e.g. chloroquine IC50 30 nM; SI ~1300), further structural modifications 

to improve potency and selectivity, as well as drug-like properties, would be required 

for progression of this hits further along the antimalarial drug discovery pipeline. 

 

In parallel to in vitro and in vivo efficacy studies, the primary sulphonamides examined 

in this study were also investigated for their mode of action as CA binders, using BLI 

technology, which allows interactions between molecules to be assessed. Since human 

CA I and II are abundant (human CA I>85% of human erythrocytes enzyme 

concentration) and very active (human CA II) in human erythrocytes [286], the host cell 

for asexual Plasmodium parasites, any lead P. falciparum CA inhibitor needs to be able 

to selectively target PfCA versus human CA I and II isoforms [167], and potentially 

other human CAs. The initial aim was therefore to use the OctetRED system to compare 

binding kinetics of recombinant P. falciparum CA (PfCA) to human CA isoforms. The 

OctetRED system was used for these target validation studies in order to try to 

complement its planned use for target identification (Chapter 6). Unfortunately, 

recombinant PfCA was not available in time for these studies, so only human CA I and 
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II isoforms were able to be tested. The use of human CA I and II isoforms effectively 

validated the OctetRED system as the inhibitory activities (Ki) of these compounds has 

previously been reported (Table 3.3), allowing comparison with the OctetRED data. 

However, the OctetRED system allowed further kinetic parameters (KA, KD kon and koff) 

of the 14 glycosyltriazole benzene sulphonamides against human CA I and CA II to be 

obtained. Binding affinity (KA; related to association) or the equilibrium constant (KD; 

related to dissociation) is the quotient of both association (kon) and dissociation rates 

(koff) (Figure 3.4). Generally potent compounds exhibit nanomolar range KD values, 

having rapid kon rates (106 ) M-1 s-1 and slow koff rates (10-3) s-1 [287, 288]. As an 

example, the control compound acetazolamide, showed a KD value of ~30 nM in this 

study which was similar to the previously reported values against human CA II [289]. 

Since glycosyltriazole benzene sulphonamides were tested against human CA, 

compounds with higher KD values (or lower KA) values were considered as potent 

human CA inhibitors for selectivity comparisons. 

  

Affinity itself is not the only consideration for binding interactions since compounds 

with different combinations of kon and koff values may have identical affinities, 

providing misleading information [290, 291]. Therefore individual kinetic rates (kon and 

koff) were also considered for generation of a kinetic map for these inhibitors. When 

PfCA enzyme is available, this kinetic map should be replotted including PfCA kinetic 

data to obtain more detailed information on compound specificity at the enzyme level. 

Compounds with lower PfCA KD values (KD<100 nM on the top left hand corner of the 

map) and higher human CA I and II KD values producing higher SIs (SI human CA/ 

PfCA) would be considered as more parasite-selective compounds (Figure 3.6). 
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In conclusion, in this chapter 14 primary sulphonamides were screened, and one 

compound (3-1) was identified with in vitro antiplasmodial activity in the sub-

micromolar range and a good selectivity (SI>50) for parasite versus mammalian cells. 

This compound didn’t attenuate parasite growth in vitro in a murine malaria model, and 

further studies are needed to confirm the target of this compound. Overall the profile of 

3-1 fails to meet the criteria for a new lead-like compound, therefore, structural 

modifications would be required to further improve the potency and drug like properties 

of this compound.   
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Chapter 4 Antimalarial activity of histone deacetylase 

(HDAC) inhibitors 

 

Publications arising from this work  

 

1. Sumanadasa SDM, Goodman CD, Lucke AJ, Skinner-Adams T, Sahama I, 

Haque A, Do TA, McFadden GI, Fairlie DP, Andrews KT. (2012). Antimalarial 

activity of the anti-cancer HDAC inhibitor SB939. Antimicrobial Agents and 

Chemotherapy 56(7):3849-3856 

 

Contribution to publication: I carried out P. falciparum and mammalian cell 

toxicity assays for Table 2, hyperacetylation assays for Figure 2, and in vivo 

antimalarial assays for Figure 3. I contributed to writing the first draft of this 

manuscript and editing different versions.  

 

2. Hansen FK, Skinner-Adams T, Duffy S, Marek L, Sumanadasa SDM, Kuna K, 

Mordmüller B, Avery V, Andrews KT and Kurz T (2013) Synthesis, 

antimalarial properties and SAR studies of alkoxyurea-based HDAC inhibitors. 

ChemMedChem 9(3):665-670 

 

Contribution to publication: I carried out P. falciparum and mammalian cell 

toxicity assays for Table 1 and 2 and contributed to writing the sections of this 

manuscript.  

 

3. Hansen FK, Sumanadasa SDM, Stenzel K, Duffy S, Meister S, Marek L, 

Schmetter R, Kuna K, Hamacher A, Mordmüller B, Kassack MU, Gohlke H, 
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Inhibitors with Potent Activity against multiple malaria parasite life cycle 

stages. European Journal of Medicinal Chemistry 82: 204-213 

 

Contribution to publication: I carried out P. falciparum inhibition assays for 

Table 2, hyperacetylation assays for Figure 1 and contributed to writing the 

sections of this manuscript.  
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4.1 Introduction 

As discussed in greater detail in section 1.5.4b, histone deacetylases (HDACs) are a 

validated therapeutic target for certain cancers, with three HDAC inhibitors, 

suberoylanilide hydroxamic acid (SAHA, Vorinostat®, Merck & Co., Inc., USA)) [9], 

FK-228 (Romidepsin (Istodax®), Gloucester Pharmaceuticals Inc., USA) [169], and 

belinostat (BELEODAQ®, Spectrum Pharmaceuticals, Inc., USA) now clinically 

approved. A number of HDAC inhibitors, including apicidin, TSA, SAHA, and 

WR301801 have been shown to have in vitro or ex vivo antiplasmodial activity against 

P. falciparum or P. vivax malaria parasites [173, 176, 179, 233]. Some antiplasmodial 

HDAC inhibitors have shown to inhibit PfHDAC1 [183], the only P. falciparum class 

I/II HDAC homologue so far recombinantly expressed. Despite the promising in vitro 

antiplasmodial profiles of some HDAC inhibitors, to date compounds have been limited 

in their in vivo efficacy in murine malaria models in monotherapy [173, 179, 180]. This 

may be due to metabolic instability or poor pharmacokinetic properties such as short 

elimination half-lives leading to poor in vivo efficacy (e.g. SAHA, 0.75 hr following 50 

mg/kg oral dosing in mice [10]; WR301801, 3.5 hr following 50 mg/kg oral dosing in 

mice [179]). Next generation compounds with improvements in these “drug-like” 

properties, with retained potency and selectivity, are therefore clearly needed.  

 

Current HDAC inhibitor drug design in the human arena is focused on designing next 

generation inhibitors that have superior potency, isoform specificity, and improved 

pharmacokinetic profiles compared to first generation compounds such as SAHA [187, 

292]. This has been achieved by changing the basic HDAC inhibitor pharmacophore 

(Figure 4.1). The general structure of HDAC inhibitors includes a capping group, a 

connecting unit hydrocarbon linker and a metal binding moiety (Figure 4.1) [293].  
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Figure 4.1 General pharmacophore model of HDAC inhibitors. The structure 

comprises a hydrophobic “cap region” (blue) that blocks the entrance to the active site, 

a “linker region” and “connecting unit (CU-green)” separate the cap region, and the 

functional group chelates metal ions (ZBG-red) 

 

The hydrophobic capping group interacts with external non-conserved amino acid 

residues around the pocket entrance of the HDAC enzyme. This group is mainly 

aromatic or hetero-aromatic and accounts for the isoform selectivity of some HDAC 

inhibitors [187, 294-296]. The functional zinc binding group (Figure 4.1 ZBG, red), 

which can include hydroxamic acids, carboxylic acids, phenylene diamines and 

epoxyketones, chelate the metal cation in the active site pocket. The linker and 

connecting unit (Figure 4.1, green) mimic that of lysine and forms van der Waals 

interactions with the residues lining the binding pocket [296]. Linear, aromatic and 

cinnamoyl linkers are widely used for anti-cancer HDAC inhibitors [297]. Linker-less 

HDAC inhibitors are also reported [298]. A number of HDAC inhibitors with varying 

potency have been developed by altering this basic structure (reviewed in [187, 294, 

295]). As examples, FK-228 with a modified macrocyclic cap group (Figure 4.2) has 

now been clinically approved for T Cell Lymphoma treatment [169, 299, 300]. 

Benezamide derivatives, such as MS-275 (Figure 4.2), have displayed improved 

pharmacokinetic profiles in patients with advanced solid malignancies and lymphomas 

[301]. Similar structural modification approaches may also improve the selectivity and 

pharmacokinetics of antiplasmodial HDAC inhibitors. These medicinal chemistry 

advances also provide an opportunity to assess the efficacy of next generation HDAC 

inhibitors with improved profiles against malaria in a “piggyback” approach. 

 

 

 

 CU 
 Linker 

  Cap  ZBG 



 

- 65 - 

 

Figure 4.2 Representative examples of next generation HDAC inhibitors. MS-275 

and FK-228 have improved potency, isoform specificity, and pharmacokinetic profiles 

compared to first generation HDACs such as SAHA  

  

In this chapter, a panel of HDAC inhibitors, including experimental alkoxyurea and 

alkoxyamide based HDAC inhibitors and the commercially available compound SB939 

[10], which is undergoing clinical testing for cancer, were tested for in vitro activity 

against P. falciparum parasites and mammalian cells. A structure activity relationship 

(SAR) analysis was performed to determine biological effects of chemical modification 

to the capping group and linking region (Figure 4.1). The mode of action of selected 

compounds was assessed with hyperacetylation and deacetylase activity assays. Finally, 

the in vivo efficacy of anti-cancer compound SB939 was examined in a murine model 

of malaria.  

4.2 Materials and methods  

4.2.1 Compounds 

A panel of 31 synthetic hydroxamic acid derivatives (22 alkoxyamide-based 

hydroxamates, seven alkoxyurea-based hydroxamates and two alkoxyurea alkyl 

substituted compounds) were provided by Prof. Thomas Kurz (Heinrich-Heine-

University, Germany). Details of compound synthesis have previously been published 

[302, 303]. The hydroxamate-based HDAC inhibitor 3-[2-butyl-1-[2-

(diethylamino)ethyl]-1H-benzimidazol-5-yl]-N-hydroxy-2E-propenamide (SB939 

(Pracinostat); S*Bio, Singapore) and N-hydroxy-N′-phenyl-octanediamide, 

MS-275 FK-228 (Romidepsin)



 

- 66 - 

 

suberoylanilide hydroxamic acid (SAHA (Vorinostat®), Sigma-Aldrich, USA) were 

purchased from Selleck Chemicals, USA. The antimalarial control, chloroquine 

diphosphate salt, was purchased from Sigma-Aldrich, USA. All compounds were 

prepared as 20 mM stock solutions in 100% DMSO (Sigma-Aldrich, USA) and stored 

at -20 oC for in vitro studies. For in vivo mouse malaria studies, SB939 and SAHA were 

prepared immediately prior to use by first adding DMSO to solubilize compound, 

followed by PBS to achieve a 50% DMSO final concentration. Chloroquine (10 mg/kg) 

was prepared in MilliQ ultrapure water for in vivo studies. 

 

4.2.2 Recombinant PfHDAC1 protein 

Recombinant P. falciparum HDAC1 (PfHDAC1) was purchased from Sigma-Aldrich, 

USA (catalogue number SRP0101). Codon optimized PfHDAC1 was incorporated into 

pAc5.1 expression vector using Gateway cloning (Life Technologies, USA) and 

transfected into S2 insect cells. Successful transfectants were selected using blasticidin 

as the antibiotic targeting the selectable marker in the vector [183]. 

 

4.2.3 Protein lysates  

P. falciparum nuclear-protein lysates were prepared using a NucBuster™ Protein 

Extraction Kit (Calbiochem, USA), according to the manufactures instructions. Briefly, 

trophozoite-stage P. falciparum infected erythrocytes (~6 x 107 parasites; 50 µl packed 

cell volume per lysate) were saponin lysed (section 2.6) to remove haemoglobin and 

intra-erythrocytic cytosolic proteins and to enrich parasites. Enriched P. falciparum 

parasites were then washed twice with ice-cold PBS before being resuspended in 150 

µl of NucBuster Reagent 1. Samples were vortexed for 15 sec, incubated on ice for 5 

min, then centrifuged for 5 min at 16,200 g at 4 oC. Supernatants containing cytosolic 

material were transferred into a new tube for storage at -80 oC until further analysis, or 

http://www.selleckchem.com/
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discarded if not required. The remaining pellet was washed twice with ice-cold PBS 

(500 µl/wash) before being resuspended in 75 µl of NucBuster Reagent 2 by vortexing 

for 15 sec. Samples were centrifuged for 5 min at 16,200 g at 4 oC and the supernatant 

containing nuclear proteins was stored at -80 oC until further analysis. 

 

4.2.4 Deacetylase activity assays 

Recombinant PfHDAC1 (section 4.2.2) and nuclear protein lysates (section 4.2.3) from 

P. falciparum parasites were tested for deacetylase activity using a HDAC Assay Kit 

(Merck Millipore, USA), as per the manufacturers’ instructions. Briefly, ~0.5 ng of 

PfHDAC1 or nuclear lysate was plated into duplicate wells of a 96-well black flat 

bottom polypropylene microplate (Greiner Bio-One, UK) and incubated with 10 µl 

inhibitor, or no-inhibitor (vehicle) control, for 15 min at room temperature. Fluorogenic 

peptide substrate (267 µM final concentration) was added to give a final volume of 40 

µl. For nuclear protein lysates the substrate in the HDAC Assay Kit was used. For 

recombinant PfHDAC1, Fluorogenic HDAC Substrate 3 (BPS Bioscience, USA) was 

utilized. Reactions were incubated at 37 oC in the dark and the reaction was stopped 

after 1 hr by adding 20 µl of activator solution. Deacetylase activity was measured using 

PolarStar plate reader (BMG Labtech, USA) at 370 nm (emission) and 460 nm 

(excitation). Each assay was carried out in duplicate wells, in two independent 

experiments. HeLa nuclear extracts, incubated with and without 1 μM TSA, served as 

an assay control. Results were expressed as mean percent enzymatic activity (± SD) 

compared to DMSO vehicle controls.  

  



 

- 68 - 

 

4.2.5 Histone hyperacetylation assays 

Histone hyperacetylation assays were carried out by incubating trophozoite stage 3D7 

P. falciparum infected erythrocytes (~3% parasitemia; 5% haematocrit) under standard 

in vitro culture conditions (section 2.2) for 3 hr with different concentrations of test 

compounds, positive (HDAC inhibitor SAHA) and negative (antimalarial drug 

chloroquine) controls. Infected erythrocytes were then saponin lysed (section 2.6) and 

Western blot carried out using anti-tetra-acetylated histone H4, anti-N-terminally 

acetylated histone H3 or anti-(pan) acetyl lysine antibodies (all from Upstate 

(Millipore), USA) using 15% SDS PAGE gels, as described in section 2.10.  

 

4.2.6 Statistical analysis 

Statistical analysis was performed as follows: for in vitro antiplasmodial activities and 

mammalian cell toxicities a paired two-tailed t test (Minitab 15 statistical Software) was 

used; and for in vivo efficacies a paired two-tailed t test (Graph pad 

Prism Data Analysis Software) was used.  

 

  

http://its.yale.edu/news/prism-data-analysis-software-available-free-charge
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4.3 Results 

 

4.3.1 In vitro activity of HDAC inhibitors against asexual P. falciparum parasites, 

mammalian cell toxicity and structure activity relationship (SAR) analysis 

 

[Note: SAR analysis was carried out in collaboration with Dr Finn Hansen and Prof. 

Thomas Kurz, Heinrich-Heine-University, Germany; In vitro activities of 

compounds 4-23, 4-26, 4-28, 4-29, 4-30 and 4-22 have not been published].  

 

A panel of 32 HDAC inhibitor analogues, including 22 alkoxyamide-based 

hydroxamate compounds (4-1–4-22; Table 4.1), seven alkoxyurea-based hydroxamate 

compounds (4-23–4-29; Table 4.2), two alkoxyurea-based alkyl substituted compounds 

(4-30 and 4-31) and the commercially purchased hydroxamate SB939 (Table 4.3), were 

tested for in vitro antiplasmodial activity against the chloroquine sensitive P. falciparum 

3D7 line. Overall, compounds with a free hydroxamic acid (-C(O)NH2) as the metal 

chelating group (ZBG) gave IC50 values <2 µM (Table 4.1 (4-1– 4-22), Table 4.2 (4-

23–4-29) and Table 4.3 (SB939)). SB939 showed the best activity among 32 

compounds tested (IC50 0.08 µM; Table 4.3). Compounds with alkoxyurea-based alkyl 

substituents in the ZBG were the least active (IC50>5 µM; 4-30 and 4-31; Table 4.3). In 

all assays, the antimalarial activity of the antimalarial drug chloroquine were similar to 

previously reported values [179, 180] (Table 4.1 - 4.3). 

 

The cytotoxicity of all HDAC inhibitors was examined using NFF or liver 

hepatocellular carcinoma (HepG2) mammalian cells and the SI (mammalian cell IC50/P. 

falciparum 3D7 IC50) calculated (Table 4.1, 4.2, and 4.3). A wide range of mammalian 

cell toxicities (IC50 ~1 to >50 µM) and SI (1 to >294) were observed, with 4-16, 4-17 
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and 4-18 having the best selectivities of all compounds examined (Table 4.1; SI >140-

>238). However, this selectivity index was still five times less than the selectivity of the 

antimalarial control compound chloroquine (SI 1318; Table 4.1–4.3). The mammalian 

cell toxicities of the antimalarial drug chloroquine were similar to previously reported 

values [179, 180]. For each series tested, a more detailed SAR follows.  

 

4.3.1a SAR analysis of alkoxyamide-based hydroxamate compounds 

All alkoxyamide hydroxamate compounds contained a hydroxamic acid ZBG and, with 

the exception of compound 4-22, a five carbon linker. All compounds were found to be 

active at ~1 µM or less against P. falciparum 3D7, with 4-1 having the most potent 

activity (IC50 0.09 µM Table 4.1). Alkoxyamides bearing aromatic substitution of the 

methyl group in the meta (4-3 IC50 0.19 µM) or para position (4-4 IC50 0.22 µM) were 

significantly more active (p<0.05) than compounds with ortho-substitutions (4-5 IC50 

1.12 µM; Table 4.1). Dimethyl aromatic substituted compounds 4-9 and 4-10 (Table 

4.1) were significantly more active (p<0.05) than mono methyl substituted compounds 

(4-3 and 4-4; Table 4.1). While not significantly different (p>0.05), the antiplasmodial 

activity of compounds appeared to increase as the bulkiness of the groups increased 

(Table 4.1). For example, the activity of 4-20 (IC50 0.16 µM) with a (1,1’-biphenyl)-4-

yl cap group was significantly better (p<0.05) than 4-3 (IC50 1.12 µM). 4-1 with 4-t-Bu 

aromatic substitution was more active than compounds with a 4-i-Pr (4-2; IC50 0.12 

µM) or 4-methyl (4-4; IC50 0.22 µM) substitution in the cap region (Table 4.1). Thus, 

it seems that generally bulky substituents were well tolerated (Table 4.1).  
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Table 4.1 In vitro antiplasmodial activity and selectivity of alkoxyamide-based 

hydroxamic acid derivatives  

Cmp LogP Structure 
IC50 (μM)a 

SIb 
Pf3D7 HepG2 

4-1 2.82 

 

0.09 (±0.03) 12.47 139 

4-2 2.47 

 

0.12 (±0.02) 8.76 73 

4-3 1.59 
 

0.19 (±0.06) 4.69 25 

4-4 1.59 
 

0.22 (±0.02) 12.11 55 

4-5 1.59 

 

 

1.12 (±0.19) 12.74 11 

4-6 1.35 
 

0.58 (±0.14) 10.33 18 

4-7 0.76 
 

0.73 (±0.05) 9.10 12 

4-8 2.10 
 

0.26 (±0.03) 12.96 50 

4-9 2.05 
 

0.10 (±0.02) 1.26 13 

4-10 2.05 
 

0.12 (±0.03) 3.24 27 

4-11 3.18 

 

0.26 (±0.08) 10.77 41 

4-12 1.82 
 

0.23 (±0.05) 7.68 33 

4-13 2.36 
 

0.24 (±0.04) 7.04 29 

4-14 2.36 
 

0.21 (±0.02) 16.86 80 
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aMean of three independent experiments (+ SD); b Selectivity Index (mammalian cell 

IC50/P. falciparum 3D7 IC50); Larger SI values indicate better parasite selectivity; CQ 

chloroquine; All data in this table except for 4-22 have been published in [304] 
 

The cytotoxicity of alkoxyamide-based hydroxamate compounds against HepG2 cells 

was tested by Prof. Elizabeth Winzelers group, University of California, USA (Table 

4.1). The 22 compounds tested showed SI ranging from 11 to >294. All compounds 

with a methyl group in the meta position showed only moderate parasite selectivities 

(SI 13-27; Table 4.1). However, several compounds showed increased selectivity for 

the parasites compared to the control HDAC inhibitor SAHA (SI 41; Table 4.1). As 

observed for antiplasmodial activity, the parasite selectivity also increased with the 

bulkiness of the alkyl group in para position (4-t-Bu (4-1 SI 139) >4-i-Pr (4-2 SI 73) 

>4-CH3 (4-4 SI 55)) (Table 4.1).  

4-15 1.92 

 

0.24 (±0.02) 8.12 34 

4-16 2.89 
 

0.17 (±0.03) >50 >294 

4-17 3.42 
 

0.21 (±0.04) >50 >238 

4-18 3.95 
 

0.35 (±0.05) >50 >143 

4-19 2.17 
 

0.15 (±0.03) 9.76 65 

4-20 2.77 
 

0.16 (±0.03) 10.24 64 

4-21 -0.08 
 

0.62 (±0.16) 8.03 13 

4-22  2.43 
 

0.62 (±0.15) 7.51 12 

CQ 4.69 
 

0.03 (± 0.09) 39.53 1318 

SAHA 0.86 
 

0.13 (± 0.02) 4.90 41 
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Higher selectivity for parasites versus mammalian cells was observed for the bulky bi 

phenyl substituted compound 4-20 (SI 64) compared to the control compound SAHA 

(Table 4.1). An interesting range of SIs were observed for some of the alkoxy-

substituted compounds. Compound 4-14 with a 4-propoxy substitution in the para 

position was more selective than its ortho (4-15, SI 34) or meta analogues (4-13, SI 29) 

(Table 4.1). Increased selectivities were shown by all elongated alkoxy substitutes 

(butoxy SI>294 (4-16), pentoxy SI>238 (4-17) and hexoxy SI>143 (4-18; Table 4.1). 

Together these data suggest that the introduction of bulky- and alkoxy- substituted cap 

regions on HDAC inhibitors might be useful tool for the development of antiplasmodial 

lead compounds with potent and selective activity against P. falciparum. 

 

4.3.1b SAR analysis of alkoxyurea-based hydroxamate compounds 

The seven alkoxyurea hydroxamate compounds tested in this study all contain a 

hydroxamic acid ZBG and a 5 carbon linker with different capping groups (Table 4.2). 

The compounds displayed a range of in vitro activities against P. falciparum parasites 

(IC50 0.1- 1.1 µM). The best activity was observed with compound 4-28 (IC50 0.1 µM; 

Table 4.2). Compound 4-25, with 4-t-Bu aromatic substitution was the second most 

active in this series (IC50 0.16 µM; Table 4.2). Interestingly this was similar to 

alkoxyamide analogues where same 4-t-Bu substitution yielded the best activity. 

However alkoxyureas 4-24 and 4-25 (Table 4.2) were significantly less potent (p<0.05) 

than their analogue alkoxyamide compounds 4-4 and 4-1 respectively (Table 4.1).   
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Table 4.2 In vitro antiplasmodial activity and cytotoxicity of alkoxyurea-based 

hydroxamic acid derivatives  

aMean of three independent experiments (+ SD); b Selectivity Index (mammalian cell 

IC50/P. falciparum 3D7 IC50) and larger SI values indicate better parasite selectivity. 

Data on compound 4-24, 4-25 and 4-27 have been published [303], CQ chloroquine 

 

 

The mammalian cell cytotoxicity of the alkoxyurea hydroxamate compounds was tested 

against NFF cells (Table 4.2). All seven compounds showed SI ranging from 1-31. As 

seen for alkoxyamides, selectivity for P. falciparum versus NFF cells increased as the 

bulkiness of the alkyl group increased in the para position (4-t-Bu (4-25 SI 31)> 4-i-Pr 

(4-24 SI 10)> 4-CH3 (4-23 SI 8)) (Table 4.2). However, the results were not statistically 

significant (p>0.05).  

 

Cmp LogP Structure 
IC50 (μM)a 

SIb 
Pf3D7 NFF 

4-23 0.54 
 

0.45 (±0.05) 3.66 (±0.36) 8 

 

4-24 

 

1.00 
 

0.44 (±0.08) 4.47 (±0.05) 10 

4-25 2.23 
 

0.16 (±0.04) 4.90 (±2.0) 31 

4-26 1.77 
 

0.25 (±0.04) 6.80 (±3.18) 27 

4-27 

 
0.49 

 
0.48 (±0.11) 7.60 (±1.86) 16 

4-28 0.94 
 

0.10 (±0.04) 2.30 (±1.42) 23 

4-29 0.33 
 

1.10 (±0.27) 1.52 (±1.56) 1 

SAHA 0.86 
 

0.13 (± 0.02) 4.90 (± 1.20) 41 

CQ 4.69 
 

0.006(± 0.002) 39.53 (±1.32) 
13

18 
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4.3.1c In vitro profiling of alkoxyurea-based alkyl substituted compounds and SB939 

The two alkoxyurea-based alkyl substituted compounds (4-30 and 4-31) tested in this 

study for in vitro activity against P. falciparum parasites showed no activity at the 

highest concentration tested (5 µM; Table 4.3). Because of this lack of activity 

cytotoxicity studies against mammalian cells were not performed. SAR analyses were 

also not performed due to the limited number of compounds in this series. 

 

Table 4.3 In vitro antiplasmodial activity against P. falciparum 3D7 asexual stage 

parasites, cytotoxicity and SI of alkoxyurea-based alkyl substituted compounds 

and SB939 

 

aMean of three independent experiments (+ SD); b Selectivity Index (mammalian cell 

IC50/P. falciparum 3D7 IC50) and larger SI values indicate better parasite selectivity, 

CQ chloroquine; nd not determined; Data on SB939 has been published [305] 

  

Cmp LogP Structure 
IC50 (μM)a SIb 

 Pf3D7 NFF 

4-30 1.24 
 

>5 nd nd 

4-31 3.40 

 

>5 nd nd 

SB939 3.2 

 

0.08 (± 0.03) 1.98 (±0.60) 25 

SAHA 0.86 
 

0.12 (± 0.04) 4.90 (± 1.20) 41 

CQ 4.69 
 

0.03 (± 0.09) 39.53 (±1.32) 1318 
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SB939, the only commercially available HDAC inhibitor tested in this study (apart from 

the control SAHA), showed the best in vitro activity against P. falciparum parasites of 

all compounds tested. SB939 also showed a moderate inhibitory activity against NFF 

cells (IC50 2 µM), yielding a selectivity index of 25 (Table 4.3). This NFF toxicity was 

similar as seen for SAHA (Table 4.3). It should be noted, however, that lower toxicities 

have been recorded for SB939 against other cell lines, including normal human dermal 

fibroblasts (IC50>100 µM) [10], which would result in SI>1000 when compared to the 

P. falciparum IC50. This variation in SIs for different cell lines is well documented in 

the literature [173, 306, 307]. 

 

4.3.2 Confirmation of the mode of action of antiplasmodial HDAC inhibitors  

A subset of antiplasmodial compounds from section 4.2.1 were investigated to assess a 

possible mode of action in targeting P. falciparum HDAC activity. Two approaches 

were used; the ability of compounds to inhibit deacetylase activity of recombinant 

PfHDAC1 or P. falciparum nuclear protein lysate and the ability of compounds to cause 

in situ hyperacetylation of P. falciparum proteins. These approaches have previously 

been published for various antiplasmodial HDAC inhibitors [179, 181, 183]  

 

4.3.2a In vitro deacetylase activity assay 

The deacetylase activities of SB939 and eight alkoxyamide hydroxamate-based 

compounds were tested using P. falciparum 3D7 nuclear protein extracts and 

recombinant PfHDAC1. TSA (1 µM) and SAHA (1 µM) were used as positive controls 

(Table 4.4) and gave ~70-90% inhibition, as previously reported [183]. All HDAC 

inhibitors, which had approximately similar P. falciparum growth inhibitory activity 

(3D7 IC50 0.08-0.16 µM; Table 4.4) caused >~50% inhibition of both recombinant 

PfHDAC1 and P. falciparum nuclear protein extracts, with the exception of 4-19. 4-19 
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gave ~60% inhibition against recombinant PfHDAC1, but only ~10% inhibition of 

deacetylase activity using P. falciparum nuclear protein extracts. The reason for a lack 

of deacetylase inhibition by 4-19 is not yet known; however compound appeared to be 

stable as the same batch retained activity in other mode of action assays (Figure 4.5). 

Once additional recombinant PfHDAC proteins become available it will be important 

to profile this compound and other HDAC inhibitors against different malaria HDAC 

enzymes to ascertain if this effect is due to different isozymes in the parasite.  

 

Table 4.4 Inhibition of P. falciparum nuclear lysates and recombinant PfHDAC1 

 

Comp 
Pf3D7 

IC50 [μM] 

Pf nuclear lysate 

% inhibition @ 1 μMa 

PfHDAC1 

% inhibition @ 1 μMa 

SIb 

 

SB939 0.08 (±0.03) 82.6 (±6.8) 73.4 (±9.3) 0.9 

4-1 0.09 (±0.03) 48.3 (±7.3) 68.6 (±1.2) 1.4 

4-2 0.12 (±0.02) 72.9 (±10.4) 67.2 (±0.5) 0.9 

4-3 0.19 (±0.06) 73.9 (±16.3) 75.5 (17.8) 1.0 

4-9 0.10 (±0.02) 58.6 (±12.5) 73.8 (±7.5) 1.2 

4-10 0.12 (±0.03) 93.3 (±2.4) 82.6 (±4.2) 0.9 

4-16 0.17 (±0.03) 50.3 (±11.5) 72.1 (±5.0) 1.4 

4-19 0.15 (±0.03) 9.3 (±4.6) 62.4 (±10.1) 6.7 

4-20 0.16 (±0.03) 89.3 (±0.2) 64.2 (±19.4) 0.7 

bTSA 0.008 78.1 (±12.6) 93.3 (±10.9) 1.2 

SAHA 0.12 (±0.04) 75.2 (±8.9) 67.4 (±9.0) 0.9 

a Average (±SD) of two independent assays, each carried out in duplicate wells; b 

Reference [173] b SI selectivity index (PfHDAC1 inhibition/nuclear lysate inhibition) 
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Additional deacetylase-inhibition dose response assays were carried out using SB939 

in order to determine an IC50 value (Figure 4.3). Dose-dependent inhibition of activity 

was observed for both recombinant PfHDAC1 (Figure 4.3) and parasite nuclear 

extracts. The IC50 values of SB939 against nuclear protein extracts and recombinant 

PfHDAC1 were 0.24 µM (SD ±0.11) and 0.26 µM (SD ±0.13), respectively. n 

 

 
 

Figure 4.3 Dose response deacetylase inhibitory curve of SB939 and SAHA against 

PfHDAC1. Mean deacetylase activities of SB939 and SAHA (± SD; n=2) shown in 

black and white bars, respectively. These data have not been published 

 

 

Thus, the deacetylase inhibition IC50 of SB939 was similar to that of the control 

compound SAHA. The SB939 IC50 against recombinant PfHDAC1 compared with the 

published activity of SB939 against human HDACs is shown in Figure 4.4 [10]. Until 

other PfHDACs become available, it is not possible to make an accurate comment on 

the relative selectivity for the parasite versus human enzymes, although this is clearly 

achieved at the whole cell level. 
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Figure 4.4 A comparison of in vitro deacetylase activities of SB939 and SAHA 

against PfHDAC1 and human HDACs. Deacetylase activity data for human class I 

and II HDACs from [10]. Data against PfHDAC1 have not been published. SB939 and 

SAHA shown in black bars and grey bars, respectively 

 

 4.3.2b Histone hyperacetylation assays 

To assess the ability of compounds to cause hyperacetylation of histone and non-histone 

proteins, in situ hyperacetylation assays were performed. SAHA or TSA served as 

positive controls and the antimalarial drug chloroquine and vehicle only (0.05% 

DMSO) as negative controls. Compared to vehicle control and chloroquine, compounds 

4-9, 4-10, 4-2, 4-3, 4-1, 4-16, 4-19, and 4-20 all increased the acetylation levels of 

histone H4 and histone H3 (Figure 4.5A). SB939, like SAHA caused hyperacetylation 

of H4 and an ~80 kDa uncharacterized non-histone protein (Figure 4.5B; anti-(pan) 

acetyl lysine). This protein maybe P. falciparum Heat shock protein 90 (PfHsp90), 

which has been identified as being hyperacetylated in TSA-treated P falciparum 

parasites using the same anti-(pan) acetyl lysine antibodies [308].  
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Figure 4.5 Hyperacetylation of P. falciparum histones. Synchronous trophozoite-

stage P. falciparum 3D7 parasites were treated for 3 hr with 50 or 500 nM chloroquine 

(CQ), TSA (500 nM), or test compounds (all compounds from (A) were tested at 500 

nM). Parasites treated with vehicle only (0.05% DMSO) and chloroquine served as 

negative controls. Protein lysates were analysed by Western blot with antisera that 

recognize tetra-acetylated histone H4 (anti-acetyl H4) (A and B) or N-terminally 

acetylated histone H3 (anti-acetyl H3) (A) or anti-(pan) acetyl lysine (K103) (B). 

Membranes were probed with antisera that recognizes P. falciparum RAP2 (anti-

IC3/94) (A) or Coomassie blue-staining (B) were carried out as a loading control; theses 

data have been published in (A) [304] and (B) [305]  
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Similar acetylated levels were observed with the positive controls SAHA and TSA 

treated samples, but no hyperacetylation was seen for the negative control chloroquine 

(Figure 4.5A and B). Membranes probed with antisera that recognizes P. falciparum 

rhoptry associated protein (RAP2; anti-IC3/94) or Coomassie blue-staining (Appendix 

1.10) were carried out as loading controls (Figure 4.5).  

 

4.3.3 In vivo antimalarial efficacy of the HDAC inhibitor SB939 

One of the most potent HDAC inhibitors examined in this study, SB939, which is also 

under clinical investigation for cancer was tested in vivo. In addition to having the best 

potency, SB939 was selected for further studies because detailed in vivo 

pharmacokinetic and safety data have been previously published [10]. This met our 

ethics criteria and allowed in vivo studies to be fast tracked. As this information was 

lacking for other compounds, including 4-1 which showed similar potency and better 

selectivity than SB939, in vivo mouse malaria trials were not able to be undertaken 

within the scope of this project. As described in Chapter 3 and Section 2.9, an 

experimental cerebral malaria murine model was used in this study by infecting mice 

with P. berghei ANKA parasites.  

 

SAHA, chloroquine, and vehicle only (50% DMSO/PBS) served as controls in this 

study. Oral administration of 25 mg/kg SB939 twice a day for 3 consecutive days 

resulted in a significant reduction in peripheral parasitemia (p<0.05 for days 3 to 7 p.i.) 

and bioluminescence which is a marker of parasite biomass (p<0.05 for days 3, 4, 6, 

and 7) compared to those of control mice (Figure 4.6). Mice treated with chloroquine 

(10 mg/kg; single oral dose daily for 3 days) had sub-patent peripheral blood 

parasitemia until day 8–9 p.i. (e.g. parasitemia on day 9 p.i. ranged from 0 to 3.1% 

(mean parasitemia of 1.0%)). Despite the attenuation of parasite biomass, none of the 
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mice in the SB939 treated group were cured of their infections. As expected, mice in 

the untreated control group developed experimental cerebral malaria-like symptoms on 

day 6 or 7 p.i. and were euthanized. None of the mice in the chloroquine or SB939-

treated groups developed experimental cerebral malaria-like symptoms by day 9 p.i. 

when the experiment was ended due to a recrudescence of parasitemia in the SB939 

treated group.   

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 4.6 Effect of twice daily treatment with 25 mg/kg SB939 on P. berghei 

ANKA infected mice. Groups of five P. berghei ANKAluc infected C57BL/6j mice 

were treated orally with 25 mg/kg SB939 (dashed line) or vehicle only (50% DMSO in 

PBS) as a control (solid line) twice a day, for three days, beginning 2 hr post infection. 

(A) Mean (± SEM) peripheral blood parasitemia was determined by microscopic 

examination of Giemsa-stained thin blood smears. (B) Mean (± SEM) parasite-derived 

bioluminescence (Flux) was determined using a Xenogen imager. (C and D) Images of 

mice on day 6 post infection show increasing parasite-derived bioluminescence 

intensity from purple to red (luminescence scale shown). Significant differences 

(*p<0.05; **p<0.01) of treated groups compared to controls are indicated. These data 

have been published [305] 
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4.4 Discussion 

In this study, a panel of 32 HDAC inhibitor analogues, including 22 alkoxyamide-based 

hydroxamate compounds (4-1–4-22), seven alkoxyurea-based hydroxamate compounds 

(4-23–4-29), two alkoxyurea-alkyl substituted hydroxamate compounds (4-30 and 4-

31) and the benzimidazole hydroxamate SB939 were tested for their in vitro 

antiplasmodial activity. The alkoxyamide hydroxamates and alkoxyurea hydroxamates 

have previously shown activity against human HDAC4 and HDAC5 and chemoresistant 

cancer cells [302]. SB939 is a pan-HDAC inhibitor acting on class I, II and IV HDACs 

[10, 309] and currently in multiple phase 2 clinical trials in patients with solid tumours 

and haematological malignancies [310]. Importantly this compound has been reported 

to display good drug-like physiochemical properties (high aqueous solubility (>100 

mg/ml in water for the HCl salt of SB939), permeability with low efflux (logP 3.2 and 

logD7.4= 2.1), and an improved pharmacokinetic profile compared to SAHA and other 

first generation HDAC inhibitors (e.g. oral bioavailability (SB939 34% versus SAHA 

8%), plasma availability (SB939 6.1 µM versus SAHA 1.8 µM) and increased 

elimination half-life (SB939 2 hr versus SAHA 0.75 hr)) [309]. 

 

As previously published for various antimalarial HDAC inhibitors [179, 181, 311], SAR 

analysis of the antiplasmodial IC50s obtained for the compounds examined in this study 

revealed that alterations to the capping group altered potency (Figure 4.1). Related 

compounds 4-16, 4-17 and 4-18 containing 4-substituted aromatic alkyl ethers of 

differing lengths in the cap region, were the most selective compounds (SI >143-294) 

in this series of HDAC inhibitors. These compounds also showed promising 

antiplasmodial activity (IC50 ~0.2-0.3 µM; Figure 4.1), and 4-16 (the representative 

compound tested) hyperacetylated P. falciparum proteins (Figure 4.5) and inhibited the 

deacetylase activity of PfHDAC1 and parasite nuclear proteins (Table 4.4). Thus, 4-16 
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and its analogues are promising ‘hit’ compounds, which warrant further investigation. 

Detailed pharmacokinetic information (compound clearance (CL), volume of 

distribution (Vd), half-life (t½) and oral bioavailability (F)) is currently lacking for this 

compound set and needs to be further investigated in addition to in vivo efficacy studies 

in a murine model of malaria. 

 

The most potent of all the HDAC inhibitors tested was the hydroxamate based 

compound SB939, which contains a benzimidazole ring cap group. SB939 also 

demonstrated promising P. falciparum selectivity (SI ~ 4-1250), based on assays carried 

out in this project and published findings [10, 305]. Because of the potency, selectivity 

and the availability of safety and dosing data in mice [10] (and the fact that the 

compound was commercially available in large quantities), this compound was further 

investigated. Testing against an additional multi-drug resistant P. falciparum line as part 

of this project (Dd2; IC50 0.15 µM ±0.03) indicated that SB939 is not cross-resistant 

with antimalarial drugs such as chloroquine [305]. In collaboration with Prof. Geoff 

McFadden (Melbourne University, Australia), SB939 was also found (the first time for 

an HDAC inhibitor) to have potent activity when tested against liver stage P. berghei 

ANKA parasites (IC50 155 nM). This is a very interesting finding, given that the only 

compound clinically available to target this stage, primaquine, has side effects (e.g. 

haemolysis in glucose-6-phosphate dehydrogenase (G6PD) deficient individuals [312]) 

that limit its use [313]. SB939 also showed promising in vivo efficacy by protecting 

mice from developing experimental cerebral malaria like symptoms (at 50 mg/day per 

oral), although cures were not achieved. In additional work carried out outside this 

project with higher doses of SB939 (at a maximum tolerated dose of 100 mg/day [10]) 

increased the in vivo survival of mice up to 21 days (work carried out by Assoc. Prof. 

Kathy Andrews, Griffith University, Australia). However, as with the previously 
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published HDAC inhibitors WR301801 [179], SBHA [180], SAHA (Andrews, 

unpublished) or apicidin [173] complete elimination of Plasmodium parasite growth 

was not observed in mice. Despite SB939 having a better pharmacokinetic profile than 

first generation compounds like SAHA, it is likely that the incomplete in vivo efficacy 

of this compound is due to a short in vivo elimination half-lives (<2 hr) [10, 179, 314]. 

Therefore, future medicinal work will still need to focus on improving the elimination 

half-lives of antimalarial HDAC inhibitors by changing their basic structures. One such 

example is hydroxamate-based HDAC inhibitor Panobinostat, (LBH589) which has an 

elimination half-life of 16 hr. This compound exhibits more potent anti-tumour activity 

than SAHA in pre-clinical models against hematological solid tumours [315, 316], 

however has not yet been evaluated for malaria.  

 

Compound combinations may also help to overcome the poor elimination half-lives 

shown by HDAC inhibitors. As an example artemisinin, the current gold standard 

antimalarial, has an elimination half-life of ~2 hr [317], however it is highly potent and 

kills all asexual stages and therefore is very effective in combination with partner drugs 

with longer elimination half-lives (e.g. ACTs artesunate–mefloquine, artemether–

lumefantrine, and dihydroartemisinin–piperaquine [318]). Moreover, in terms of 

HDAC inhibitors, complete clearance of Plasmodium parasites has been achieved with 

the combination of HDAC inhibitor WR301801 (64 mg/kg/day) and chloroquine (52 

mg/kg/day (t½ 30-60 days [319]) [179]. SB939 has also shown promising synergistic 

effects in vivo in combination with a tyrosine kinase inhibitor (SB1518 (Pacritinib)) 

against acute myeloid leukaemia [320]. Other antimalarials with longer elimination 

half-lives, such as mefloquine (t½ 12-22 days) [321] and piperaquine (t½ 11-33 days) 

[322] could be considered as partner drugs. While some in vitro combination studies 

have been carried out [179], in reality in vivo studies are required to take into account 
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possible drug-drug interactions that may impact on absorption, distribution, metabolism 

and excretion (ADME) outcomes versus single compounds/drug alone.  

 

The recent development of class or isoform selective HDAC inhibitors that target 

mammalian HDAC inhibitors is also an exciting development as it may pave the way 

for developing isoforms selective compounds to target Plasmodium HDACs. Not only 

can class or isoform selective HDAC inhibitors act as tools to help understand the 

function of individual HDACs, but they may act as better chemotherapeutics than pan-

inhibitors that may have multiple effects. In recent studies, some isoform selective 

HDAC inhibitors have already been developed against human HDACs by changing 

their basic structure [323-325]. This suggests the feasibility of a similar approach to 

design selective inhibitors that specifically target PfHDAC isoforms. The residues 

lining the binding pocket of HDAC inhibitors are well conserved between human 

HDACs and PfHDAC1 [326], the only PfHDAC yet structurally modelled. Therefore, 

improvements probably cannot be achieved by only changing the linker region. Several 

HDAC inhibitors with bulky cyclic peptide moieties in the cap region (e.g. FK-228) 

have been reported to be selective against class I mammalian HDACs [327]. Therefore 

changing the capping group that interacts with external non-conserved amino acid 

residues around the pocket entrance of the enzyme could result in more parasite 

selective antimalarial HDAC inhibitors, as also indicated by SAR data presented in this 

thesis.  

 

Changes in the ZBG might also lead to some improvements in compound selectivity. 

Some non-hydroxamate HDAC inhibitors such as (benzamides (MS275) [181] and 

thiols (HDAC-6 inhibitor) [181]), have been investigated for antimalarial activity, but 

poor activities were recorded against malaria parasites (MS275 IC50 7.8-8.3 µM and 
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HDAC6 inhibitor IC50 15.2-19.9 µM) [181]. The lack of recombinant forms of all 

PfHDAC isoforms (only PfHDAC1 is currently available), crystallization studies and 

functional studies with these enzymes makes designing of selective inhibitors more 

challenging. 

 

In addition to improving selectivity, next generation HDAC inhibitors should ideally 

target multiple parasite life cycle stages in the context of malaria eradication due to 

occasional persistence of dormant hypnozoites and gametocytes after antimalarial 

treatments [45, 327, 328]. It is promising that some HDAC inhibitors have liver stage 

activity (e.g. SB939 [305]) as well as gametocytocidal activity (e.g. TSA IC50 0.07 µM 

and 0.09 µM against both early and late stage gametocytes respectively) [329].  

 

In summary, in this chapter SB939 was found to be the most potent of the HDAC 

inhibitors examined and to satisfy some of the selection criteria for a lead-like 

antimalarial compound, as defined by the MMV (SB939 and 4-16; Table 4.5). These 

include in vitro antiplasmodial potency, lack of cross resistance with drug resistant 

lines, selectivity for parasite versus mammalian cells, and generally “druggable" 

properties. However the lack of cures in the in vivo murine malaria model indicates that 

SB939 still has chemical liabilities that need to be improved. Testing of additional hit 

compounds arising from this study (e.g. 4-16 and analogues) will form part of future 

work, as will continued focus on developing next generation isoform selective, multi-

stage targeting HDAC inhibitors that are effective in vivo. 
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Table 4.5 Profile of SB939 and 4-16 according to MMV criteria for progression 

of “hit” to “lead” compounds [118] 

 

 a Reference [309]; b Reference [305] 

 

  

MMV criteria for progression of “hit” 

candidates to “lead” compounds 
SB939 4-16 

IC50<1 µM for P. falciparum drug resistant 

& sensitive lines; no cross-resistance 

apparent 

 

0.08 µM 0.17 µM 

IC50 normal mammalian cell line /IC50 P. 

falciparum >10-fold (“hit”) or 50-fold 

(“lead”) 

25-1250 294 

Clear IP space/novel pharmacophore 

No - Hydroxamic 

acid HDAC 

inhibitor 

No - 

Hydroxamic 

acid HDAC 

inhibitor 

"Druggable" properties and some structure 

activity relationship (SAR) apparent 

 

yes yes 

Compound stable as solid/in test media 

with good solubility in PBS 

 

>100 mg/ml in 

water for the HCl 

salt of SB939a 

Not known 

Compound stable in mouse & human 

plasma. Microsome Caco-2 stability 

>2x10-6 cm-1/s 

 

Yesa Not known 

No known toxic reactive groups; no 

toxicity in mice 

 

Yesa Not known 

Oral efficacy (or protection) in mouse 

model of malaria 

Yes (twice daily 

dosing; cures not 

achievedb 

Not known 
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Chapter 5 Antimalarial screening of a sub-set of the CSIRO 

Compound Library selected using an antimalarial aspartic 

protease inhibitor search  
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5.1 Introduction 

The human immunodeficiency virus (HIV) aspartic protease is an essential enzyme for 

retroviral maturation and is a target for antiretroviral therapy in patients with HIV 

infection [330-332]. Several HIV protease inhibitors have been approved by the Food 

and Drug Administration (www.fda.gov) as drugs to reduce the morbidity and mortality 

associated with HIV/AIDS. Interestingly, as discussed in greater detail in the 

introduction (section 1.5.4c), some HIV protease inhibitors (e.g. saquinavir, lopinavir, 

ritonavir; Figure 5.1) also have antimalarial activity at clinically relevant 

concentrations against intra-erythrocytic asexual and gametocyte stage Plasmodium 

parasites [202, 203, 207, 208] against P. chabaudi murine malaria parasites in 

vivo [208], and ex vivo in sera from patients receiving HIV protease inhibitors [210, 

333]. Although the antiparasitic action of these compounds is not well understood, it is 

believed these agents inhibit the growth of parasites by targeting an essential malarial 

aspartic protease or Plasmepsins (PMs) and that these enzymes may represent new 

targets for drug development as discussed in details in the introduction (section 1.5.4c).  

 

While the antimalarial activity of HIV protease inhibitors is promising, these inhibitors 

have not been designed to selectively target Plasmodium aspartic proteases 

(plasmepsins) and therefore do not have the potency or selectivity needed to be an 

antimalarial drug lead. These findings do, however, provide a starting point to use the 

basic compound structure (chemotype) of HIV aspartic proteases to identify or develop 

analogues that may have more potent anti-plasmodial activity.  
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Figure 5.1 Structures of the clinically used HIV protease inhibitors utilized for in 

silico structural screening of CSIRO Compound Library 
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In this chapter the structures of a panel of 12 antimalarial aspartic protease inhibitors 

(Figure 5.1 and 5.2) were used to search for compounds with structurally similar 

chemical scaffolds in a library of ~18,000 pure compounds deposited at Compounds 

Australia® at the Eskitis Institute for Drug Discovery, Griffith University, Australia.  

 

 

Figure 5.2 Structures of the non-clinical HIV protease inhibitors utilized for in 

silico structural screening of CSIRO Compound Library 
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This library is part of the Commonwealth Scientific and Industrial Research 

Organisation (CSIRO) Compound Library, a unique Australian resource comprising 

~30,000 small molecules assembled from historical research at the CSIRO over the past 

several decades. The majority of this library comprises unique structures never before 

reported in the literature and, as they were prepared in-house, all have synthetic schemes 

available. A comparison of the CSIRO library with the GSK antimalarial library on 

ChEMBL (TCAMS) (https://www.ebi.ac.uk/chembldb/) using Daylight-like 

fingerprints software indicates it shares only 0.4% similarity (Dr. Simon Saubern, 

CSIRO, personal communication). Following an in silico search of the Compounds 

Australia® component of the CSIRO Compound Library using HIV aspartic proteases 

inhibitors, a set of 103 compounds was selected for further analysis. The screening 

approach also included criteria such as molecular weight <500 Da and LogP<5 [334] to 

ensure compounds had some “drug-like” physiochemical properties. Compounds were 

screened for in vitro growth inhibition activity against P. falciparum asexual stage 

parasites and for mammalian cell toxicity in order to determine whether they were 

selective for malaria parasites. A structure activity relationship (SAR) analysis was also 

carried out to determine the effects of different chemical scaffolds on potency and 

selectivity. Finally, to begin to dissect the mode of action of compounds displaying 

antiplasmodial activity, enzyme assays and OctetRED binding experiments with 

recombinant P. falciparum Plasmepsin II (PfPMII) and screening of additional P. 

falciparum lines with resistance to known antimalarial drugs were carried out. 
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5.2 Materials and methods 

5.2.1 Analysis of the CSIRO Compound Library  

[Note: this analysis was kindly performed by Dr Simon Saubern, CSIRO Materials 

Science and Engineering, Australia]  

To select compounds from the CSIRO Compound Library that may have a similar 

structure as antimalarial HIV aspartic protease inhibitors, in silico structural screening 

of CSIRO Compound Library deposited at Compounds Australia® was carried out using 

a Tanimoto similarity distance measure [335, 336], retrieving structures with Tc>0.75 

to each of the inhibitor structures (Saquinavir, Ritonavir, Indinavir, Lopinavir, 

Atazanavir, Amprenavir, Nelfinavir and Tipranavir (Figure 5.1); BR124, Pepstatin A, 

EH58 and BR314 (Figure 5.2)). The aspartic protease inhibitor structures utilized for 

these searches were encoded as canonical SMILES (see Appendix 5). Compounds with 

a molecular weight over 550 Da were removed, as were compounds with calculated 

logP over 5.5. Duplicate entries were removed, resulting in a list of 103 compounds for 

testing. The Table 5.1 below shows the breakdown of numbers of compounds with 

highest similarity to individual aspartic protease inhibitors. 

 

Table 5.1 Number of CSIRO Compound Library compounds with structural 

similarity to aspartic protease inhibitors  

 

Compound # of similar compounds 

Ritanovir 81 

Atazanavir 10 

BR124 5 

BR314 1 

Tipranavir 6 
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5.2.2 Compounds 

CSIRO compounds were provided as 5 mM stocks in 100% DMSO from Compounds 

Australia®, Griffith University, Australia. Pepstatin A for enzyme assays was purchased 

from Sigma-Aldrich, USA and 10 mM stocks prepared in 100% DMSO. All compounds 

were stored at -20 oC until required.  

 

5.2.3 Recombinant PfPMII protein 

Recombinant PfPMII for mode of action studies was obtained from Prof. Ben Dunn, 

University of Florida, USA. PfPMII, comprising the the last 48 residues of the pro-

region and the whole of the mature PfPMII protein, was cloned and expressed and stored 

as a precursor at 1 mg/ml in 0.1 M Tris-HCl/0.8 M NaCl, pH 8.5 [337]. To generate 

mature enzyme, auto-activation of PfPMII full length protein was carried out by 

incubating for 30-40 min in an acidic medium (100 mM NaAc, pH 4.5) at room 

temperature, as previously described [337].  

 

5.2.4 PfPMII activity assay  

To assay PfPMII activity, 4 µg mature recombinant PfPMII (section 5.2.3) diluted in 

assay buffer (100 mM NaAc, pH 4.5) was plated into duplicate wells of a 96 well plate 

(Sarstedt, Germany) with and without inhibitor (10 µM). Fluorescence was measured 

at intervals of 30 sec for 50 min at 37 oC using a PolarStar Plate Reader (BMG Labtech, 

USA) immediately after adding 25 µM of fluorogenic substrate, M-2445 (Bachem, 

Switzerland). Recombinant PfPMII and substrate only (incubated with and without 

inhibitor (10 µM)) served as positive and negative assay controls, respectively. Results 

were expressed as mean percent PfPMII enzymatic activity (± SD) from two 

independent experiments. The non-selective aspartic protease inhibitor pepstatin A with 
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reported PfPMII activity in the low nanomolar range (Ki 0.006 nM) [338] was used as 

a control inhibitor. 

5.2.5 Assessing the binding of CSIRO compounds to PfPMII using the OctetRED 

system 

Antiplasmodial hit compounds were tested for binding to PfPMII using the OctetRED 

system (described in more detail in chapter 3.3.2). PfPMII precursor was converted to 

the mature form (section 5.2.3) prior to biotinylation (section 2.11) and immobilization 

(1000 sec) onto Superstraptavidin (SSA) and Streptavidin (SA) biosensor tips (Pall 

Corporation, USA). Quenching with 20 µM biocytin (300 sec) was then carried out 

followed by and equilibration of sensor tips in assay buffer (100 mM NaAc, pH 4.5; 

500 sec). Binding to compounds was monitored using the OctetRED System with 

kinetic cycles obtained as baseline signals in assay buffer (100 mM NaAc buffer, pH 

4.5) containing 0.05% surfactant P20 (GE Healthcare Life Sciences, USA) and 1% 

DMSO for 60 sec. Association was carried out in wells containing compound diluted in 

assay buffer (90 sec) and dissociation in assay buffer alone (150 sec). Each compound 

was allowed to dissociate to baseline before analysis of the next sample. Data analysis 

was performed using a double reference subtraction in the OctetRED software version 

6.4. Pepstatin A was used as a positive control in this study. 

 

5.2.6 Statistical analysis 

Statistical analyses were performed on in vitro antiplasmodial activities and 

mammalian cell toxicities and PMII activities using the paired t test (Minitab 15 

statistical software).  
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5.3 Results 

5.3.1 In vitro antiplasmodial activity of CSIRO compounds 

Primary screening of the “aspartic protease inhibitor” CSIRO set comprising 103 

compounds (section 5.2.1) was carried out against the drug-sensitive P. falciparum line 

3D7 at 10 µM (Appendix 6). From this primary screen, 13 hit compounds were 

identified with >50% P. falciparum growth inhibition compared to DMSO vehicle 

controls (Appendix 6). In a parallel screen being carried out in the lab by Assoc. Prof. 

Kathy Andrews, a further four compounds were identified as antiplasmodial hits in a 

primary screen of 189 CSIRO Compound Library compounds selected based on 

similarity to compounds with antiplasmodial activity in the CHEMBL-NTD data set 

(Andrews and Saubern, unpublished). These compounds were included in this study as 

they were found to be structurally related to the 13 hit compounds identified from the 

“aspartic protease inhibitor” set. All 17 compounds were further investigated to 

determine their 50% inhibitory concentrations (IC50s). From this set, 12 compounds had 

IC50>1 µM (Table 5.2 (compound 5-6 to 5-11) and Appendix 6 (compounds 5-12 to 5-

17)) and five compounds had P. falciparum IC50 0.02-0.55 µM (Table 5.2). The 

structures of 5-12 to 5-17 (Appendix 6) cannot be revealed due to intellectual property 

constraints, however the remaining structures are shown in Figure 5.3. Two of the 

compounds examined, 5-1 and 5-2, had potent activity, similar to the antimalarial drug 

CQ which was included as a control in all assays (chloroquine IC50 0.022 µM; Table 

5.2). 
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Table 5.2 Comparative toxicities of CSIRO compounds against 3D7 P. falciparum 

and NFF mammalian cells 

 
a Mean of three independent experiments (+ SD); b Selectivity index: NFF IC50/ P. 

falciparum 3D7 IC50; nd Not determined; CQ chloroquine.  

 

5.3.2 In vitro mammalian cell toxicity of the CSIRO Compound Library 

“aspartic protease inhibitor” set  

In order to determine whether the five compounds with P. falciparum IC50<1 µM were 

selective for the parasite versus mammalian cells, cytotoxicity was tested against NFF, 

as per Section 2.8. The NFF IC50 was >16 µM for all five compounds, resulting in 

calculated selectivity indices (SIs) of 29 - 1000. The most P. falciparum-selective 

compound was 5-1 (SI>1,000) which is similar to that of the control compound 

chloroquine (SI ~1,182; Table 5.2).  

 

Compd LogP HBA HBD 
P. falciparum 3D7 

IC50 (µM)a 

NFF 

IC50 (µM)a 
SIb 

5-1 4.5 4 0 0.02 (±0.01)  > 20 1000 

5-2 4.9 4 0 0.04 (±0.01)  > 20 500 

5-3 3.9 5 0 0.14 (±0.01)  > 20 143 

5-4 4.5 5 0 0.23 (±0.06)  > 20 87 

5-5 3.4 8 1 0.55 (±0.16)  > 16 29 

5-6 3.8 7 0 4.02 (± 1.53) nd nd 

5-7 4.4 5 0  >10 nd nd 

5-8 3.7 6 0 5.81 (±1.62) nd nd 

5-9 4.3 6 0  >10 nd nd 

5-10 2.6 6 0 7.24 (± 2.43) nd nd 

5-11 4.4 6 0 7.83 (±2.64) nd nd 

CQ 3.9 3 1 0.02 (±0.07) 26 1182 
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Figure 5.3 Structures of CSIRO hit compounds (5-1 to 5-11). IC50 of these 

compounds are shown in (Table 5.2)  
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5.3.3 SAR analysis of antiplasmodial activity and mammalian cell toxicity 

[Note: SAR analysis was carried out with the help of Dr Oliver Hutt and Dr Jack 

Ryan, CSIRO Materials Science and Engineering, Australia]  

A structure activity relationship (SAR) analysis of the antiplasmodial activity of 

compounds in Table 5.2 revealed that the five compounds with P. falciparum IC50<1 

µM (5-1-5-5) all contained a common β-methoxyacrylate functional group. Further 

analysis of this functional group revealed that it is typical of the strobilurin family of 

natural products (Figure 5.4; red), members which have previously been reported to 

have antifungal [339], antibacterial [340, 341], and antiplasmodial activity [342, 343]. 

Compound 5-1, had the greatest growth inhibitory activity against P. falciparum 

parasites (IC50 0.02 µM). In addition to the β-methoxyacrylate functional group, this 

compound possesses a second potential electrophilic site through the presence of an 

iminyl chloride moiety, which is also present in 5-2 (IC50 0.04 µM). The main difference 

between these two compounds is the substitution on the aromatic ring (para-fluoro 

versus ortho-methyl) suggesting the conformation and electronics of this ring is 

important. However, with such a limited data set it is difficult to speculate further. On 

first inspection the excellent activity of iminyl chloride 5-1 and 5-2 could simply be 

dismissed as non-specific toxicity of the iminyl chloride moiety group, but the 

selectivity index, as determined by NFF was also excellent - comparable to the 

antimalarial control chloroquine. Moreover, the related compounds 5-3 and 5-4, which 

lacks an iminyl choloride moiety, and 8-11 fold less active (p<0.05) than 5-1, still 

exhibited good activity against P. falciparum parasites, but less selectivity against 

mammalian cell lines. 
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Figure 5.4 Representative natural strobilurins. β-methoxyacrylate functional group 

is highlighted in red [12] 

 

Other strobilurin analogues identified possess a heterocycle linking unit. These 

compounds exhibited modest activity against P. falciparum parasites, with the 

exception of 5-5 with a 3,4,5-trimethoxyphenyl substitution with a 2,5,6-triazine linker 

being the least active among all five compounds. A more detailed discussion on the 

nature of the phenyl β-methoxyacrylate functional group relevant to published literature 

is given in the discussion.  

 

5.3.4 Mode of action studies on CSIRO Compound Library “aspartic protease 

inhibitor” set sub-micromolar hits 

5.3.4a Screening PfPMII using fluorogenic activity assays and the OctetRED system  

To begin to determine a possible mode of action of the five most active antiplasmodial 

hits arising from screening of the CSIRO Compound Library “aspartic protease 

inhibitor” set (5-1–5-5), studies were carried out using recombinant P. falciparum 

aspartic protease enzyme. While it was hoped that recombinant PfPMIX and PfPMX 

would be available for these studies as a part of another PhD project being carried out 

in parallel to this one, the lack of success in generating those proteins resulted in only 

PfPMII being available for testing. 

 

Oudemansin A Strobilurin A
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The ability of the CSIRO compounds to inhibit recombinant PfPMII activity was first 

tested using the fluorogenic substrate M-2445 (Bachem, Switzerland), as described in 

section 5.2.4. No significant difference in the inhibition of PfPMII was observed for 

any of the five compounds when compared to the PfPMII activity alone (p>0.05; Figure 

5.5). As expected, the activity of PfPMII was significantly inhibited (p<0.05) by the 

aspartic protease inhibitor pepstatin A (100% inhibition Figure 5.5), validating this 

assay.  

Figure 5.5 Comparison of the inhibition of PfPMII activity by selected CSIRO 

compounds. Inhibition of PfPMII activity by CSIRO compounds (5-1-5-5) was tested 

at 10 μM. There was no significant different (p>0.05) between no compound control 

(untreated) activity versus with compound activity (5-1 to 5-5). Pepstatin A gave 100% 

inhibition. Data are the mean (± SD) of two independent experiments. 

 

 

Next the OctetRED system, technology that had previously been successfully utilized 

to assess binding of small molecules to recombinant human CA protein (chapter 3), was 

used to confirm these findings. Prior to OctetRED analysis, the activity of biotinylated 

PfPMII was tested to ensure that addition of biotin did not inhibit enzyme activity. 

Recombinant PfPMII (16 µg) was biotinylated using NHS-Biotin (Sigma-Aldrich, 

USA), according to the manufacturer’s instructions (section 2.11). Biotinylated PfPMII 

was incubated for 30 min in 100 mM NaAc, pH 4.5 at room temperature and 
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biotinylated mature PfPMII was tested for enzyme activity using the fluorogenic 

substrate M-2445 (Bachem, Switzerland). In comparison to un-biotinylated PfPMII, no 

significant difference in aspartic protease activity was observed following biotinylation 

(p>0.05; Figure 5.6). As expected, the activity of both PfPMII and biotinylated-PfPMII 

was significantly inhibited (p<0.05) by the aspartic protease inhibitor pepstatin A 

(Figure 5.6). These data confirmed that biotinylated PfPMII was still active and could 

therefore be used in OctetRED analysis.  

 

 

Figure 5.6 Comparison of the activity of PfPMII and biotinylated-PfPMII. Graph 

showing activity of PfPMII (black) and biotinylated-PfPMII (black) in the presence of 

the fluorogenic substrate M-2445 with inhibition with pepstatin A (10 μM) (grey bars). 

There is no significant difference in the activity of biotinylated PfPMII versus PfPMII 

alone (p>0.05). Inhibition of PfPMII by pepstatin A is significantly different (*p<0.05). 

Data are the mean (± SD) of two independent experiments 

 

 

To assess binding of antiplasmodial compounds to PfPMII using the OctetRED system, 

processed PfPMII (10 µg/ml) was loaded onto super SSA and SA OcteRED biosensor 

tips. Protein loading levels of 1.3 nm and 0.6 nm, respectively, were obtained (Figure 

5.7A and B).  
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Figure 5.7 Online loading of PfPMII onto biosensors and binding to CSIRO 

antiplasmodial compounds. Loading of 10 µg/ml of PfPMII on to SSA (A) and SA 

(B) for 1000 sec followed by biocytin quenching for 500 sec and equilibration for 500 

sec. A1, B1 and C1 are biosensors loaded with PfPMII and A2, B2 and C2 are reference 

biosensors without PfPMII. (C and D) Corresponding sensograms showing binding of 

selected compounds (5-4, 5-5 and 5-1) to immobilized PfPMII. None of the compounds 

bound to PfPMII. 

 

 

This level of ligand loading is lower than the levels recommended by the manufacturer 

for small molecule binding using these biosensors (>2 nm shifts for and ~37 kDa 

protein), however binding to inhibitors was still assessed. When binding experiments 

were carried out using three most potent antiplasmodial compounds (5-1, 5-4 and 5-5) 

and the control inhibitor pepstatin A (all at 10 µM) no binding was observed (Figure 

5.7C and D).   

Time 

(sec)

A

loading
quenching

equilibration

B

loading

quenching

equilibration

sh
if

t 
(n

m
)

C

z

D

association dissociation association dissociation

sh
if

t 
(n

m
)

B1A1 C1 B2A2 C2
B2A2 C2B1A1 C1

Time 

(sec)



 

- 105 - 

  

 

 

As it is possible that immobilization of biotinylated PfPMII masks entry to the binding 

site of the protein, thereby blocking binding of an inhibitor, a second method of 

immobilization was attempted. Non-biotinylated PfPMII (10 µg/µl) was directly loaded 

(1,440 sec) onto activated AR2G biosensors (Direct immobilization of proteins using 

primary amines; Pall Corporation, USA), quenching carried out with 1M ethanolamine 

(pH 8.5), and then binding to inhibitors using the OctetRED System carried out as in 

section 5.3.4a. The final level of loading was 1-1.4 nm following the quenching step 

which, again, is lower than advised for small molecule binding analysis. As for SSA 

and SA biosensors, no association of small molecule to AR2G biosensors was observed, 

including for the positive control pepstatin A (Figure 5.8). Given that recombinant 

PfPMII was active in enzyme assays above, these negative data suggest a technical 

problem with utilization of PfPMII with the OctetRED system. These data were, 

however, included in this thesis to demonstrate potential limitations associated with the 

OctetRED system. While insufficient protein was available to carry out troubleshooting 

experiments, possible factors that would need to be considered include investigating 

variations in protein concentration and ensuring optimal loading onto sensor tips.  
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Figure 5.8 Online loading of PfPMII on to AR2G biosensors and binding to CSIRO 

compounds (A) Activation of AR2G biosensors in EDC:NHS solution and loading of 

10 µg/ml of PfPMII on to AR2G for 1440 sec followed by ethanolamine quenching for 

500 sec and equilibration for another 500 sec. A1, B1 and C1 are biosensors loaded with 

PfPMII and A2, B2 and C2 are reference biosensors without PfPMII. (B) Corresponding 

sensorgrams showing binding of selected compounds (5-4, 5-5 and 5-1) to immobilized 

PfPMII. None of the compounds bound to PfPMII 

 

 

5.3.4b Screening CSIRO compounds against drug resistant P. falciparum lines  

To provide additional mode of action information by determining whether 

antiplasmodial compounds from the CSIRO Compound Library are cross-resistant with 

existing antimalarial drugs, two additional P. falciparum lines were tested. P. 

falciparum line Dd2 [257-259] is resistant to chloroquine, quinine, pyrimethamine, 

sulphadoxine and cycloguanil, while P. falciparum line C2B [260] is resistant to 

atovaquone. When the growth inhibitory activity of 5-1 to 5-5 against the multi-drug 

resistant P. falciparum line Dd2 was compared with that obtained with the drug 

sensitive line 3D7 no significant difference in IC50s was observed (Table 5.3; p>0.05). 

In contrast, a significant difference in IC50 values was observed for the atovaquone-

sensitive line C2B compared to drug sensitive line 3D7 (p<0.05; Table 5.3). This is 

reflected in the calculated resistance indices (RIs), which is the ratio of the IC50s of the 

resistant line to the sensitive line for the compounds. According to the previously 
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published work, compounds with RI>10 or <0.1 are likely to have clinically relevant 

levels of cross-resistance with atovaquone [334, 344]. Compounds 5-1, 5-2, 5-3 and 5-

4 had RIs >10, indicating potential cross resistance with atovaquone (Table 5.3). Only 

one compound had an RI<10 (5-5; Table 5.3; RI ~6), suggesting a potentially different 

mode of action to the other four compounds. As detailed in the Discussion, atovaquone 

acts against Plasmodium parasites by targeting ubiquinol oxidation (Qo) pocket of the 

cytochrome bc1 complex [345]. The IC50s and RIs of the control compounds 

chloroquine [346] and atovaquone [347, 348] were as previously published. 

 

 

Table 5.3 Comparative toxicities of compound CSIRO compounds against 

different P. falciparum lines and a normal mammalian cell line 

 

 
a Mean (± SD) of three independent experiments, each carried out in triplicate; b 

Reference [305]; nd not determined, CQ chloroquine, ATQ atovaquone 

  

Cmp  

P. falciparum IC50 (µM)a Resistance Index 

3D7 Dd2 C2B Dd2/3D7 C2B/3D7 

5-1 0.02 (±0.01) 0.07 (±0.02) 0.89 (±0.21) 3.5 44.5 

5-2 0.04 (±0.01) 0.10 (±0.03) 1.60 (±0.15) 2.5 40.0 

5-3 0.14 (±0.01) 0.37 (±0.12) 3.38 (±1.73) 2.6 24.1 

5-4 0.23 (±0.06) 0.62 (±0.07) 2.64 (±0.34) 2.7 11.5 

5-5 0.55 (±0.16) 0.23 (±0.07) 3.07 (±0.5) 0.4 5.6 

ATQ 0.05 (±0.56) nd 5.77 (±0.01) nd 115.4 

CQ 0.022 (±0.07) 0.15 (±0.04) b nd 6.8 nd 
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5.4 Discussion 

In this study 103 compounds from the CSIRO Compound Library having a basic 

chemotype of previously published HIV aspartic proteases inhibitors were investigated 

for their antiplasmodial activity. All compounds also displayed some drug-like 

physicochemical properties such as LogP<5, HBA<10 and HBD<5 (Table 5.2). 

Following a primary screen for in vitro growth inhibition activity against P. falciparum 

line 3D7, 17 compounds were selected for further analysis. Five compounds, all 

comprising a phenyl β-methoxyacrylate functional group, a substituted phenyl group 

and a diene linker, displayed promising antiplasmodial activity, with IC50s ranging from 

0.02-0.55 µM. All of these compounds also displayed good selectivity for P. falciparum 

parasites versus a mammalian cell line (SI: 29-1000; Table 5.2).  

 

Since the selection of the set of compounds examined in this chapter was based on the 

previously published aspartic protease pharmacophore, initial mode of action studies on 

the five hit compounds were carried out using the Plasmodium aspartic protease 

Plasmepsin II (PfPMII). When the five hit compounds (compounds 5-1 to 5-5) were 

examined, no PfPMII inhibition was observed, in contrast to the general aspartic 

protease inhibitor pepstatin A which completely inhibited activity of this enzyme. 

Unfortunately, PfPMII was the only PM available for these studies, and while previous 

work from our laboratory has shown that antimalarial HIV aspartic proteases can inhibit 

the activity of recombinant PfPMII [208], as discussed in the introduction to this 

chapter, PMIX and PMX are also potential targets. The lack of recombinant forms of 

PfPMIX and PfPMX is a limitation of this study.  
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In the absence of these enzymes, and in order to further profile the compounds a 

literature search was carried out on the β-methoxyacrylate functional group present in 

all of these compounds. This search revealed the β-methoxyacrylate functional group is 

present in the strobilurin compound class [12]. Strobilurins are best known as fungicides 

and have not yet been used therapeutically in humans, but have demonstrated minimal 

risk for human health. For example, exposure to 0.04-0.36 mg/kg/day of azoxystrobin 

(Figure 5.9) for life did not result in any adverse impacts on human health [12]. In 

fungi, strobilurins target cytochrome bc1 and block electron transfer/ATP production 

[12]. It is widely accepted that the β-methoxyacylate functional group of these agents 

is essential for activity, while the diene linker can be replaced by a number of different 

linking groups. Based on these data, we reasoned that cytochrome bc1 binding may be 

a potential mechanism of action the five hit compounds identified as being active 

against P. falciparum. The cytochrome bc1 complex is a validated antimalarial drug 

target [349] with atovaquone clinically used to target this complex, although issues of 

resistance are compromising this drug [260, 350]. To assess whether the compounds 

identified in this study have any cross-resistance with atovaquone, and therefore 

potentially target P. falciparum cytochrome bc1, growth inhibition assays were carried 

out against an atovaquone-resistant P. falciparum line (C2B). Comparison of the IC50 

against C2B with that obtained against an atovaquone-sensitive line (3D7) allows a 

resistance index (RI) to be determined. While four compounds showed apparent cross-

resistance with atovaquone, 5-5, had an RI<10 and >0.1, suggesting a potentially 

different mode of action to the other compounds. Thus, future studies should focus on 

testing 5-5 analogues that may yield compounds with improved potency and selectivity 

while maintaining a low atovaquone RI, and therefore a potential different mode of 

action to strobilurin class compounds.  
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Figure 5.9 Chemical structures of cytochrome bc1 complex binders 
 

 

Further studies are also needed to dissect the mode of action of this class of compounds. 

While 5-1 to 5-4 appeared to be cross resistant with atovaquone, these compounds may 

still be worth further study given that the cytochrome bc1 complex is a validated 

antimalarial target. It is worth noting that 5-1 (IC50 0.02 µM) has similar potency to 

atovaquone (IC50 0.05) against the 3D7 atovaquone sensitive line and that its potency is 

still quite high (IC50 0.89) compared to atovaquone (IC50 5.77) against the C2B 

atovaquone resistant line (Table 5.3). Compound 5-5 is also worth further investigation. 

For example, although apparently not cross resistant with atovaquone, it is possible that 

the low RI of 5-5 may still be due to binding to cytochrome bc1 complex, potentially at 

a different site than atovaquone (which binds in the Qo) [345]. For example, compounds 

belonging to the pyridine structural class can bind differently at the Qo pocket of the bc1 

complex in P. falciparum [349]. Several pyridines have been progressed to pre-clinical 
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(GW844520; Figure 5.9) [351]) and clinical trials (GSK932121; Figure 5.9) reviewed 

in [349]) in the past. The compound 1-hydroxy-2-dodecyl-4(1H)quinolone (HDQ) 

(Figure 5.9) belongs to the class of quinolones binds at the Qi site of the bc1 complex 

in P. falciparum [352]. Thus a combination of compounds targeting the Qo and Q i sites 

could prevent emergence of resistance with respect to the cytochrome bc1 complex.  

 

Compounds with the β-methoxyacrylate functional group have been investigated for 

their in vitro antiplasmodial activity in two other studies showing activities in a similar 

range as in this study. In the first study, compound 15i (Figure 5.9) showed low 

nanomolar activity (IC50 0.013-0.028 µM) when tested against P. falciparum 

chloroquine and pyrimethamine resistant K1 strain [343]. In the second study, 9-

methoxystrobilurin (Figure 5.9) also showed potent antiplasmodial activity (IC50: 0.06 

µM) and good selectivity for P. falciparum K1 versus Vero cells (up to 800 fold) [342]. 

Interestingly, 15i also showed a promising in vivo efficacy, superior to that of 

chloroquine by a factor of 5, when administered sub-cutaneously (P. berghei ED50/90 

0.28/0.96 mg/kg) [343]. If the CSIRO Compound Library hits were to warrant further 

investigation in the future, it should be noted that they have better predicted membrane 

permeability than 15i, with LogP values ≤~5 compared to 6.9. 

 

In summary, in this chapter five structurally new compounds from the CSIRO 

Compound Library that are related to strobilurins were identified as having promising 

in vitro antiplasmodial growth inhibitory activity and selectivity. Two compounds had 

a mode of action apparently different to the others, which appear to be cross-resistant 

with the antimalarial drug atovaquone and therefore potentially target the P. falciparum 

cytochrome bc1 complex. Thus future studies will focus on further development of 5-5 

as a new antimalarial drug lead, including additional mode of action studies. 
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Importantly, the CSIRO Compound Library contains >250 additional strobilurin 

analogues, many of which are completely novel structures and none of which have been 

reported to have been screened for antimalarial activity. This represents a valuable 

starting point for further studies, including rapid generation of SAR data.  
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Chapter 6 Investigating a biomolecular interaction platform 

as an antimalarial target identification tool 
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6.1 Introduction 

Over the past decade, no new chemical class (chemotype) of drug has been introduced 

for the treatment of malaria and only one compound class (spiroindolones) has been 

progressed to clinical trials [2, 3, 112, 353]. This problem is driving the search for new 

antimalarial chemotypes, resulting in increased efforts to screen compound libraries. 

Almost 20,000 asexual-stage antiplasmodial hit compounds have been identified as a 

result of recent HTS screening campaigns (e.g. [5, 6, 131, 217]). These HTS screens 

have largely focused on whole cell approaches and information on the target/targets of 

most of these compounds are not available [112]. A lack of target information, while 

not necessarily essential to progress a candidate to clinical trials, could aid in the 

selection of compounds for future studies. Information on mechanism of action, in 

particular a novel target that may help limit potential issues of resistance, can help 

prioritize candidates for further investigation [112, 354]. Furthermore, knowledge of a 

molecular target can help in the selection of a suitable combination partner which may 

aid in preventing the development of drug resistance [112]. Mode of action information 

can also aid in monitoring the emergence of drug resistant parasites once clinically 

developed [112].  

 

A range of antimalarial target identification approaches can be employed to help 

facilitate antimalarial drug discovery. These include the in vitro evaluation of drug 

resistant parasites [355-357], forward and reverse genetics approaches [356, 358], 

enzymatic assays and chemical genetic approaches involving tagging the compound of 

interest to try to “pull down” its molecular target from a complex mixture of parasite 

proteins [112, 244, 246] (section 1.6). In recent years, biomolecular interaction 

platforms have also emerged as a tool to investigate the interactions between molecules. 

These platforms involve simple operational procedures and the possibility of utilizing 
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labelled or label-free approaches [249, 359-361]. Surface Plasmon Resonance (SPR 

Biacore systems, GE healthcare life sciences, USA) is an example for a widely-used 

biomolecular interaction platform [250, 362, 363], however limitations include the use 

of microfluidics and the inability to analyse crude samples. As discussed in detail in 

section 1.6.3, BLI, has also recently been introduced as a potential tool for drug 

discovery, employing biosensors without the need for microfluidics [364-366]. BLI has 

shown a similar sensitivity to SPR and has the potential to analyse crude samples. To 

date this platform has not been used for malaria drug target identification. In this 

chapter, the OctetRED BLI system (ForteBio, Pall Corporation, USA) was investigated 

for its potential use for antimalarial drug target identification using small molecules 

containing a biotin tag. The aim was to establish the BLI system for target identification, 

using small molecule and human protein combinations known to interact, and once 

established to use this platform to identify novel antimalarial drug targets using P. 

falciparum recombinant proteins and protein lysates. The control small molecules used 

to establish the BLI technology were a biotinylated primary sulphonamide compound 

and a biotinylated geldanamycin (Figure 6.1) against their human protein targets 

(human carbonic anhydrase II and human heat shock protein 90, respectively). Human 

proteins were utilized as they were available commercially. As detailed in the discussion 

of this chapter, obtaining high quality P. falciparum proteins is a challenge, making it 

unfeasible to test the technology using Plasmodium proteins. 
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6.2 Materials and methods 

6.2.1 Compounds and chemicals 

A biotin conjugated primary sulphonamide compound, 4-(2-Aminoethyl) 

benzenesulphonamide (PS1; provided by Assoc. Prof. Sally-Ann Poulsen, Griffith 

University, Australia)) and a biotinylated form of the human heat shock protein 90 

(Hsp90) inhibitor geldanamycin (StressMarq Biosciences Inc, Canada) (Figure 6.1) 

were used in this study. Biotin conjugates were dissolved in 100% DMSO as 10 mM 

stock solutions and stored at -20 oC until further use.  

 

Figure 6.1 Structures of the biotinylated compounds. (A) Biotinylated 4-(2-

Aminoethyl) benzenesulphonamide (B-PS1) and (B) Biotinylated geldanamycin 

 

6.2.2 Recombinant proteins  

Human carbonic anhydrase II (CA II) was purchased from Assoc. Prof. Andreas 

Hofmann, Griffith University, Australia. Human Hsp90 was purchased from 

StressMarq Biosciences Inc. (catalogue number SPR-101C).  

  

(A)  

 

 

(B)  
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6.2.3 General procedure for OctetRED target identification  

The general principle for BLI is described in section 2.12 and the application of this 

technology for target validation using the OctetRED system is described in section 

3.3.2. In this chapter, the OctetRED system was investigated as a potential target 

identification tool (Figure 6.2).  

 

Figure 6.2 Schematic of proteins binding to immobilized small molecules for 

target identification using OctetRED platform. (A) Proteins binding to immobilized 

small molecules on a biosensor tip (B) Real-time ligand loading, quenching, and 

equilibration, followed by baseline equilibration, analyte association and dissociation  
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The approach involved binding of a tagged small molecule to biosensor tips coated with 

appropriate surface chemistry as the ligand, and then binding to protein as the analyte 

(Figure 6.2A). This is in contrast to the usual mode which involves immobilizing target 

proteins and binding to small molecules (Figure 2.1). Other experimental conditions 

were carried out as detailed in section 3.3.2. Since binding of a protein to an 

immobilized small molecule would create an easily detectable shift in interference 

pattern (large mass compared to a small molecule), either SA or SSA biosensors (in 

conjugation with a biotin-tagged small molecule) were suitable for these studies.  

 

6.3 Results 

6.3.1 Establishing conditions for target identification using the OctetRED system  

In order to establish OctetRED system conditions for assessing the interaction of 

proteins to immobilized small molecules, two biotinylated control compounds were 

used as ligands for coupling to sensor tips. The first, termed PS1 (Figure 6.1A) is a 

biotinylated 4-(2-aminoethyl) benzenesulphonamide. As discussed in section 3.3.2b, 

various primary benzene sulphonamides have been shown to interact with human CA I 

and II when immobilized onto OctetRED biosensors. Therefore primary sulphonamides 

were used as the starting point to examine the reverse interaction (Figure 6.2A) using 

a biotinylated primary sulphonamide. In addition, the 4-(2-aminoethyl) 

benzenesulphonamide component of this molecule is known to inhibit both human CA 

I and II at micromolar concentrations (21-28 µM and 0.16-0.3 µM, respectively) [367]. 

The second compound tested was geldanamycin, a heat shock protein 90 (Hsp90) 

inhibitor, linked to a biotin tag (Figure 6.1B). The geldanamycin component of this 

compound has shown nanomolar activity (1-35 nM) against several mammalian cell 

lines [368, 369] and Plasmodium species [370] (IC50 ~1 µM). The corresponding 
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control binding proteins (analytes) for these biotinylated molecules were human CA II 

and human Hsp90, respectively. 

 

Binding of the biotinylated control compounds to biosensors was carried out by diluting 

in assay buffer, loading (300-1000 sec) onto SA or SSA tips, then quenching with 

biocytin (20 µM; 300-1000 sec; Figure 6.2B). Following equilibration in assay buffer 

(500-1000 sec), association to target proteins (analytes) was monitored using the 

OctetRED system with kinetic cycles obtained as baseline signals in assay buffer (60 

sec), associations in wells containing target proteins (200-500 sec) and dissociations in 

assay buffer (200-800 sec) (Figure 6.2B). Each protein was allowed to dissociate to 

baseline before analysis of the next sample. Control experiments were first carried out 

to ascertain the minimum concentration of biotinylated control compound required to 

achieve a maximum loading signal using SSA biosensors (Table 6.1).  

 

Table 6.1 Comparison loading of different concentrations of biotinylated 

compound to OctetRED biosensors 

 

 

 

 

 

 

 

 

 

 

 

 

 
a Loading of compounds onto the SSA biosensors in replicates was recorded as a mean 

shift (nm)  

  

Concentration (µM) 
SSA biosensor Binding (nm)a 

Biotin-PS1 Biotin-geldanamycin 

0.5 - 0.4 

2 0.8 0.5 

5 1.0 0.5 

10 1.0 0.5 

50 1.0 0.5 

200 1.0 0.5 
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A series of concentrations were tested ranging from 0.5 µM to 200 µM for both 

compounds and in each case the maximum loading signal was achieved between 2-5 

µM, with no increase at higher concentrations (Table 6.1). For subsequent protein 

binding experiments, 5-10 µM solutions of the biotinylated-compounds were loaded 

onto the SA/SSA biosensors.  

 

6.3.2 Assessing binding of human CA II to immobilized biotin-PS1 

To determine whether immobilised PS1 could bind to human CA II using the OctetRED 

system, biotin-PS1 (10 µM) was loaded onto SA or SSA biosensors (300-600 sec) using 

various loading buffers, followed by quenching with biocytin (10 µM; 500 sec; Table 

6.2).  

 

Table 6.2 Different conditions tested for Biotin-PS1 loading and human CA II 

binding using the OctetRED system 

 

Exp 
Loading 

buffer 

Loading 

(nm) 
Assay buffer 

Concentration 

hCA II (µg/ml) 
Comment 

SSA biosensor Tips 

1 
PBS, 1% 

DMSO 
1.00 PBS 

2.4, 7, 21, 64, 

194, 585 

No 

binding 

2 
PBS,1% 

DMSO 
1.20 PBS 731, 1462, 2925 

No 

binding 

3 
PBS,1% 

DMSO 
1.00 

PBS, 1% 

DMSO 
965 

No 

binding 

SA biosensor Tips 

4 

PBS, 

0.001% 

Tween-20, 

0.1mg/ml 

BSA, 1% 

DMSO 

0.25 

PBS, 0.001% 

Tween-20, 

0.1mg/ml BSA, 

1% DMSO 

731 
No 

binding 
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Binding to human CA II (analyte) was tested up to ~3 mg/ml with the concentration 

range selected based on previous target validation binding experiments in section 3.3.2. 

Unfortunately, no association of human CA II to immobilized biotin-PS1 was observed 

in any of the experiments carried out. At higher concentrations (>194 µg/ml), human 

CA II was found to cause background binding to reference biosensors producing non-

specific background signal (Figure 6.3).  

 

Figure 6.3 Example OctetRED binding experiment (Table 6.2, experiment 4) 

showing non-specific binding to SA sensors (A) Loading of 10 µM biotin-PS1 (500 

sec) followed by biocytin quenching (500 sec) and equilibration (1000 sec). (A1, B1) 

and (C1, D1) are duplicate biosensors loaded with biotin-PS1 and (A2, B2) and (C2, 

D2) are duplicate reference biosensors without biotin-PS1. Background signals were 

produced by A2 and B2 biosensors as association signals (B) Corresponding sensogram 

following double subtraction showing absence of binding of human CA II to 

immobilized biotin-PS1  
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To attempt to minimize background signals to reference biosensors obtained with high 

concentrations of human CA II, experiments examining different conditions were 

conducted, as instructed by ForteBio the OctetRED distributor. These experiments 

included assessing the effects of different detergents (Table 6.3), different salt 

concentrations (Table 6.4), and amount of protein (20-30µg/ml) (Table 6.3 and 6.4) on 

background binding. SA biosensors, which are more economical than SSA tips, were 

used for these control experiments. Detergent scouting was carried out using three 

different detergents (Triton X-100, Saponin and Tween-20) at two different 

concentrations. Eight SA biosensors were run in parallel (Table 6.3).  

 

Table 6.3 Scouting of different detergents to minimize the background signal 

arising from nonspecific binding of human CA II to SA sensor tips 

 

a Assay buffer PBS. Selected values are bold 

 

Two biosensors were used for each detergent and two reference biosensors with no 

detergent or no human CA II (Table 6.3) were also included. Biosensors were first 

blocked with biocytin (20 µM; offline; 5 min) and equilibrated (offline; 5 min) in assay 

buffer with different detergents. Biocytin blocked biosensors were then interacted with 

human CA II (25 µg/ml) diluted in assay buffer (PBS) with corresponding detergents 

(700 sec) using the OctetRED system. Observed background signals (Table 6.3; 

 

SA sensors Assay Buffer
a
 Shift (nm) 

1A 0.005% Triton 0.05 

2A 0.001% Triton 0.04 

3A 0.005% Saponin 0.02 

4A 0.001% Saponin 0.01 

5A 0.01% Tween-20 0.45 

6A 0.05% Tween-20 0.01 

7A PBS (no detergent)  

8A PBS (no CA II or detergent)  
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biosensor 1A-6A) at the human CA II association step, were compared with reference 

biosensors without detergents (Table 6.3; biosensor 7A). Signal observed for the blank 

biosensor was used as the baseline signal (Table 6.3; biosensor 8A). Saponin (0.001%) 

and Tween-20 (0.05%) produced the lowest shifts (Figure 6.4), indicating the lowest 

background, and were used for subsequent salt scouting experiments.  

 

 

Figure 6.4 OctetRED binding graph of detergent scouting to reduce background 

binding of hCA II using SA biosensors. Loading and dissociation of human CA II 

(700 sec) in the presence of different detergents/detergent concentrations. Biosensors 

1A-6A were loaded with human CA II in different detergents whereas biosensors 7A 

(CA II in PBS only) and 8A (PBS only) were reference biosensors.  

 

 

Salt scouting was carried out in the same manner as for detergent scouting, using two 

salt concentrations (low salt (300 mM NaCl) and high salt (700 mM NaCl)) and the 

identified detergent conditions. Six biosensors were used, including two reference 

sensors (Table 6.4). As shown in Figure 6.5, 0.05% Tween-20 plus 300 mM NaCl in 

PBS produced the lowest background signal when compared with the blank biosensor 

without any detergent or salt.   

2A1A 3A 5A4A 6A 7A 8A

a

Loading Baseline-2

0.05% Tween-20

0.005% Saponin
0.01% Saponin

0.001% Saponin

PBS only (no CA or detergent)

0.001% Triton

0.005% Triton

PBS only (no detergent)
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Table 6.4 Scouting of NaCl concentrations to minimize the background signal 

arising from nonspecific binding of human CA II to SA sensor tips 

Selected values are bold 

 

 

Figure 6.5 OctetRED binding graph of salt scouting to reduce background binding 

of hCA II using SA biosensors. Loading of CA II (500 sec) in different detergents and 

NaCl concentrations and dissociation. Biosensors 1B-4B were loaded with human CA 

II in different detergents and NaCl concentrations and biosensors 5B (CA II in PBS 

only) and 6B (PBS only) were reference biosensors.  

  

SA sensors 
Assay Buffer 

 
Shift (nm) 

1B 0.001% Saponin, 300 mM NaCl in PBS 0.01 

2B 0.001% Saponin, 700 mM NaCl in PBS 0.03 

3B 0.05% Tween-20, 300 mM NaCl in PBS 0.00 

4B 0.05%Tween-20, 700 mM NaCl in PBS 0.01 

5B PBS (no detergent)  

6B PBS (no CA II or detergent)  
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These identified conditions (0.05% Tween-20 plus 300 mM NaCl in PBS) were used 

for the subsequent experiments (Table 6.5) with immobilized biotinylated compounds. 

However, even under these improved background conditions, no association of human 

CA II to immobilized Biotin-PS1 was observed (Table 6.5). 

 

Table 6.5 Different conditions tested for biotin-PS1 loading and human CA II 

binding using the OctetRED system 

Selected values are bold 

 

6.3.3 Assessing binding of human Hsp90 to immobilized geldanamycin 

Given that binding of immobilized biotinylated human CA II protein was unsuccessful, 

a second binding pair was investigated. While the primary benzene primary 

sulphonamides moiety were previously shown to bind to human CA II using the 

OctetRED system, it is possible that biotin tagged PS1 is not able to bind to human CA 

II. Therefore a validated protein–biotinylated small molecule pair was investigated as 

mentioned in the section 6.3.1. Biotin-geldanamycin (2-5 µM) was loaded onto SA or 

SSA biosensors (300-1000 sec), followed by quenching with biocytin (10 µM; 500 sec). 

Binding to human Hsp90 was tested only at 10 and 30 µg/ml due to limited availability 

of proteins. Three different buffer conditions were used, including PBS with previously 

identified salt and detergent concentrations (Table 6.6). Unfortunately, no association 

Exp Loading buffer 
Loading 

(nm) 
Assay buffer 

Concentration 

hCA II (µg/ml) 

 

5 

PBS, 300mM 

NaCl, 0.05% 

Tween-20, 1% 

DMSO 

 

0.25 PBS, 300mM NaCl, 

0.05% Tween-20 

10, 30 

 

6 

PBS, 300mM 

NaCl, 0.05% 

Tween-20, 1% 

DMSO 

Off line 

loading 

PBS, 300mM NaCl, 

0.05% Tween-20 

585 
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of human Hsp90 to immobilized biotin-geldanamycin was observed in any of the 

experiments (Table 6.6). Data from two example experiments are shown in Figure 6.6.  

 

Table 6.6 Different conditions tested for biotinylated geldanamycin loading and 

human Hsp90 binding using the OctetRED system  

 

 

 

 

 

  

Exp Loading buffer 
Loading 

(nm) 
Assay buffer 

hHsp90 

Concentration 

(µg/ml) 

SA Biosensor Tips 

1 
PBS, 300mM NaCl, 0.05% 

Tween-20, 1% DMSO  
0.45 

300mM NaCl 

in PBS, 0.05% 

Tween-20 

 

10 

SSA Biosensor Tips 

2 

 

PBS, 0.02% Tween-20, 1% 

DMSO 

 

1.2 PBS 30 

3 

 

PBS, 0.001% Tween-20, 

0.1mg/ml BSA, 1%DMSO 

 

1 
1% Kinetics 

buffer 
30 
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Figure 6.6 Example OctetRED binding experiment showing human Hsp90 binding 

to botin-geldanamycin. Loading of 10 µM ((A) Table 6.6, experiment 1)) and 5 µM 

((B) Table 6.6 experiment 2) of biotin-geldanamycin (500-1000 sec) followed by 

biocytin quenching (500 sec) and equilibration (1000 sec). Associations of human 

Hsp90 was not observed. (A1, B1-duplicate sensors) and C1 are biosensors loaded with 

biotin-geldanamycin and (A2, B2-duplicate sensors) and C2 are reference biosensors 

without biotin-geldanamycin 

 

 

6.4 Discussion  

In this chapter the use of BLI technology for antimalarial drug target identification was 

investigated by immobilizing biotin tagged small molecules (PS1 and geldanamycin) 

and binding to respective target proteins (human CA II and Hsp90). The reason behind 

this work was that immobilization of small molecules to biosensors could allow 

identification of target proteins from a mixture of P. falciparum proteins such as a pool, 
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sub pool and individual proteins from an expression library. In theory, this approach 

allows rapid and real-time analysis of a number of samples (up to 96 samples) in a single 

run. So far, to our knowledge no studies have attempted to identify drug targets using 

this system. However, one group has shown the applicability of optical biosensor 

technology for drug target identification using the well-known SPR ‘chip’ system. This 

group identified a total of 60 fragments belonging to various structural classes 

(dihalogen- or dinitro-phenols, an aromatic carboxylic acids and sulphonamides) as 

targets of human factor VIIa [255].  

 

In order to establish the BLI system for target identification, immobilization of small 

molecules was first carried out. Since the small molecules used in these studies had no 

unique chemical groups for immobilization, both were chemically modified by 

introducing a long biotin spacer arm at the primary amine end. These biotin moieties 

allowed immobilization of the compounds onto SSA or SA coated biosensors while 

potentially reducing steric hindrance problems. Our data demonstrate that this strategy 

was successful with both tested compounds producing satisfactory shift signals (~0.5 

nm) indicating loading to biosensors tips has been achieved. The loading signal was 

proportional to the mass of the immobilized ligand (MW: biotinylated geldanamycin 

1150 Da; B-PS1 540 Da).  

 

Although compound loading was successful, further experiments validating the strategy 

by assessing binding to target molecules were not successful. One possible reason for 

unsuccessful binding may include loss of inhibitory/binding capacity under 

immobilized conditions. When the compounds were immobilized, the binding process 

may restrict the rotational and diffusional freedom of the compounds, influencing the 

thermodynamics of binding affecting its active site and blocking binding to the 
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interaction partner [371]. Loss of inhibitory activity after biotinylation could be another 

reason for the absence of associations with their target proteins. Only the activity of 

biotinylated geldanamycin in the solution has been tested in the literature [372] and no 

activity studies have been carried out to test the activity under immobilized conditions. 

Moreover, no studies have looked at the activity of PS1 in any form after biotin in 

cooperation. Assessing binding of biotinylated PS1 to immobilized human CA I or II 

was also not possible as the biotin component would cause background binding on to 

the SSA sensor tips which are recommended for small molecule analysis. It is also 

possible that specific binding was not observed as a result of high background signals 

of proteins to the sensor tips (promiscuous binding). Increased amounts of background 

signals were observed as the concentrations of proteins (analyte) were increased. While 

this signal was minimized by optimizing the composition of the running buffer and 

lowering the analyte concentration, it was still not optimal. 

 

To accurately assess the role that BLI may have in drug target identification, additional 

biotin tagged compounds should be also tested. As an example biotinylated cysteine 

protease inhibitor, aziridine-2,3-dicarboxylic acid, has shown activity against its target 

falcipain 2 and 3 in the malaria parasite [373] and could be worth testing in the BLI 

system. However the synthesis of novel biotinylated compounds with retained activity 

is always a challenge. Direct immobilization of small molecules without chemical 

modifications should also be considered as technology improves. While the newly 

generated AR2G biosensors (ForteBio) are capable of immobilizing primary amine 

containing biomolecules without chemical tags, these types of biosenors are not 

recommended by the manufacturer for protein and small molecule binding analysis.  

 



 

- 130 - 

  

 

 

In conclusion, the OctetRED system was investigated for its potential use for 

antimalarial target identification using two biotin tagged control small molecules. 

Although successful loading signals were observed with both biotin conjugates, binding 

to target proteins was not observed under the tested conditions. Furthermore the cost of 

operating this system is somewhat prohibitive (96 SSA biosensors cost AUD 3,000). 

Therefore, in our hands, this system appears to have several limitations that preclude its 

use for identification of novel drug targets for malaria.  
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Chapter 7 General Discussion  
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The introduction of drugs such as artemisinin combination therapies (ACTs) has made 

an impact on malaria deaths in recent years [1]. According to the recent WHO report, 

malaria mortality rates have reduced by 45% globally since the year 2000 [1]. 

Unfortunately, ACT treatment failure and possible resistance has now been reported in 

four South-East Asian countries and the threat of more widespread ACT failure is 

driving the search for new drugs, in particular those with novel mechanisms of action 

to existing drugs in order to limit issues of resistance [1, 101, 102, 374]. Recent high 

throughput screening campaigns have resulted in the discovery of a large number of 

new compounds with promising antiplasmodial activities [5, 375]. In general, a 

limitation of these screens is that mode of action information on most of these 

compounds are lacking. This makes it difficult to prioritize compounds for further study 

based on features such as a having different target to current drugs in order to avoid 

issues of resistance. Alternative strategies that may provide some potential mode of 

action information are also being employed, including the “piggyback” strategy used in 

this thesis. This approach involves using existing clinically approved compounds or 

compound classes as a starting point for identification of new compounds for a different 

disease indication. Generally, this relies on a common target being present, although 

with significant differences that will allow selective compounds to be developed. 

Compound classes such as kinase inhibitors [142-145], phosphodiesterase inhibitors 

[146-148], primary sulphonamide compounds [149-152], histone deacetylase (HDAC) 

enzymes (reviewed in [153, 154]), and human immunodeficiency virus (HIV) protease 

inhibitors [49, 155, 156], initially developed for other diseases, are under investigation 

as starting points for new malaria drugs. The latter three classes of compounds were the 

subject of the first part of this thesis.  
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While some of the compounds examined in this study, in particular the HDAC inhibitors 

(chapter 4), displayed potent (IC50<200nM) and selective (SI>50) in vitro profiles 

against P. falciparum parasites, a number of points must be noted that are often 

associated with these kinds of early phase drug discovery efforts. Firstly, even when a 

putative target has been identified, such as for the “piggyback” approach, unless well-

developed assays are available this can be difficult to confirm. For the primary 

sulphonamides tested in chapter 3, the lack of recombinant P. falciparum carbonic 

anhydrase (PfCA) protein was a limiting factor in being able to confirm that the 

compounds examined target not only the human but parasite CA but the P. falciparum 

CA, and thus no comment on enzymatic selectivity can be made at this point. A similar 

limitation was apparent for compounds putatively targeting P. falciparum HDACs or 

plasmepsins, with only one of multiple isoforms of these enzyme classes available for 

testing (PfHDAC1 and PfPM II, respectively).  

 

While mode of action information is important, ultimately in vivo efficacy is the prime 

driver for progressing a compound to clinical trials. In this study two compounds were 

examined for in vivo efficacy, the primary sulphonamide 3-1 and the HDAC inhibitor 

SB939. The lack of efficacy of 3-1 may be due to a number of factors, including 

potential differences in human versus mouse Plasmodium target proteins or poor in vivo 

pharmacokinetics (which are not yet known). While SB939 was confirmed as inhibiting 

PfHDAC1 enzyme and causing hyperacetylation of a P. falciparum histone and non-

histone protein, it is likely that sub-optimal pharmacokinetics are still limiting the 

efficacy of this compound. Indeed this has been recognised as a general limitation of 

HDAC inhibitors and improvement of pharmacokinetic parameters of anti-cancer 

HDAC inhibitors is the subject of ongoing international efforts [295, 376].         
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While this work focused on investigating the antimalarial potential of three compound 

classes that have proven clinical efficacy for other diseases, it should be noted that this 

approach may have a broader applicability. It has been estimated that there are almost 

9,000 approved or registered molecular entities that are available for repurposing and 

that may be worth consideration for malaria either directly, or as a starting point for a 

“piggyback” style strategy [377]. There is already an interest in these so called “clinical 

drug libraries”, with several recent screens for antimalarial activity having been carried 

out (reviewed in [114]). It may also be beneficial to conduct in silico analyses to rank 

and prioritize Plasmodium drug targets to identify parasite specific proteins having less 

homology to human proteins. This may be feasible since to date only ~50% of genes in 

P. falciparum have a predicted gene function [164, 378].  

 

The second part of this work focused on investigating a possible new antimalarial target 

identification approach, utilizing a bio-layer interferometry system (OctetRED, 

ForteBio). The initial reasoning behind this approach was to find a way to exploit 

resources such as a protein expression library generated by Prof. Denise Doolan (QIMR 

Berghofer Medical Research Institute, Australia) for malaria target identification. This 

protein expression library consists of >1,500 P. falciparum proteins expressed in a cell 

free in vitro transcription/translation system including many novel P. falciparum 

proteins [379, 380]. Therefore this library represents an excellent resource for the target 

identification.  

 

Unfortunately, while the BLI system used in this study worked well to assess binding 

of small molecules to immobilized target proteins (e.g. chapter 3; binding of primary 

sulphonamides to human CA proteins), assessing the interaction between immobilized 

small molecules and target protein proved more challenging (chapter 6). Issues such as 
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lack of protein binding to immobilized small molecules and non-specific bindings of 

protein to biosensor tips at high concentrations were observed. In addition, the cost of 

biosensors and reagents may also be prohibitive in using this platform as a target 

identification tool in an academic setting. While this approach has limitations some 

relatively new approaches that may be worth considering include evolving compound 

sensitive strains combined with whole genome sequencing [3], activity based protein 

profiling [244], and chemical rescue approaches [221].  

 

In conclusion, in this thesis a “piggy back” approach was used as a strategy to discover 

potent antimalarial compounds, some of which warrant further investigation. Results of 

this also indicate that the OctetRed BLI appears to have several liabilities that likely 

limit its use for identification of novel drug targets for malaria.  
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Appendices 

 

Appendix 1 General materials 

 

Appendix 1.1 Complete parasite culture media  

 RPMI-Hepes 1640 incomplete media 500 ml (Gibco, USA) 

 0.05 g/l Hypoxanthine (Sigma-Aldrich, USA) 

 Normal Human Serum (heat inactivated) 50 ml  

 Gentamycin (10 mg/ml) 250 μl (Sigma-Aldrich, USA) 

Combine hypoxanthine in 25ml of RPMI media. Dissolve by microwave heating. Filter 

sterilize. Combine with the rest of the RPMI media and human serum. Store at 4 °C. 

 

Appendix 1.2 Incomplete parasite culture media  

 RPMI-Hepes 1640 incomplete media 500 ml (Gibco, USA) 

 Normal Human Serum (heat inactivated) 50 ml  

 Gentamycin (10 mg/ml) 250 μl (Sigma-Aldrich, USA) 

Combine all the components in RPMI media. Store at 4 °C. 

 

Appendix 1.3 Freezing solutions  

 3% Sorbitol (Sigma-Aldrich, USA) 

 0.65% NaCl (Ajax Chemicals, Australia) 

 28% Glycerol (Chem-Supply, Australia) 

Combine all the components in ddH2O. Filter sterilize. Store at 4 °C. 

 

Appendix 1.4 1x Phosphate buffer saline (PBS QIMR recipe)  

 145 mM NaCl (Ajax Chemicals, Australia) 

 10 mM Na2HPO4  

 3 mM KH2PO4  

Combine all the components in ddH2O. Adjust the pH. Store at RT. 
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Appendix 1.5 1 x Kinetics buffer 

 0.001% Tween (Sigma-Aldrich, USA) 

 BSA 0.1 mg/ml (Bovogen Biologicals, Australia) 

Combine all the components in PBS pH 7.4. Store at -20 °C. 

 

Appendix 1.6 SDS Loading dye (6 x) 

 Beta-mercaptoethanol 1800 µl (Merck, Germany) 

 Sodium dodecyl sulphate 1.8 g (Sigma-Aldrich, USA) 

 Bromophenol Blue 0.18 g (Carl Roth, Germany) 

 20% Glycerol (Chem-Supply, Australia) 

Combine all the components and bring the volume up to 10 ml with ddH2O. Store at -

20 °C. 

 

Appendix 1.7 10-15% SDS polyacrylamide separating gel 

 1 M Tris-HCl pH 8.8 1.25 ml  

 0.05% SDS (Sigma-Aldrich, USA) 

 5%, 6% and 7.5% Acrylamide for 10%, 12% and 15% gels respectively 

 0.025% APS (Sigma-Aldrich, USA) 

 TEMED 5 μl (Bio-Rad, USA) 

Combine all the components and bring the volume up to 10 ml with ddH2O. Use fresh. 

 

Appendix 1.8 SDS polyacrylamide stacking gel 

 1M Tris-HCl pH 6.8 1.25 ml (AppliChem, Germany) 

 0.05% SDS (Sigma-Aldrich, USA) 

 1.95% Acrylamide 650 μl (Bio-Rad, USA) 

 0.5 M Tris-HCl pH 6.8 1.26 ml (AppliChem, Germany) 

 10% APS 25 μl (Sigma-Aldrich, USA) 

 TEMED 5μl 170 (Bio-Rad, USA) 

Combine all the components and bring the volume up to 10 ml with ddH2O. Use fresh. 
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Appendix 1.9 SDS Running Buffer (10 x) 

 0.1% SDS (Sigma-Aldrich, USA) 

 Glycine 14.4 g (Chem-Supply, Australia) 

 Tris-base 3.03 g (AppliChem, Germany) 

 Methanol 200 ml (Chem-Supply, Australia) 

Combine all the components and bring the volume up to 1 l with ddH2O. Store at RT.  

 

Appendix 1.10 Coomassie Blue Stain 

 10% Acetic Acid (Chem-Supply, Australia) 

 0.25% Coomassie Brilliant Blue R250 (Bio-Rad, USA) 

 50% Methanol (Chem-Supply, Australia) 

Combine all the components. Filter with Whatman number 1 filter paper. Store at -20 

°C. 

Appendix 1.11 SDS-PAGE destaining solution  

 80% H2O  

 10% Acetic acid (Chem-Supply, Australia) 

 10% Methanol (Chem-Supply, Australia) 

Combine all the components. Store at RT.  

 

Appendix 1.12 1x Transfer Buffer 

 Tris 3.03 g (AppliChem, Germany) 

 Glycine 14.4 g (Chem-Supply, Australia) 

 Methanol 200 ml (Chem-Supply, Australia) 

Combine all the components bring the volume up to 1 l with ddH2O. Store at RT.  

 

  



 

- 139 - 

  

 

 

Appendix 2 Clinical Score Criteria – in vivo mouse malaria model 

 

Clinical Score Criteria for Plasmodium berghei ANKA experimental cerebral malaria 

model model 

 

Mice were scored at least daily (every 2-3 hr once experimental cerebral malaria model 

symptoms developed) according to six physical signs:  

(1) Ruffled fur 

(2) Hunching 

(3) Wobbly gate / diminished grip strength 

(4) Paralysis 

(5) Convulsions / Fitting 

(6) Coma 

 

A score of 1 was allocated for each physical sign. When a mouse accumulated a score 

of 4 or greater it was euthanized. In addition, mice displaying any one of the latter 3 

physical signs (i.e., paralysis, convulsions/fitting or coma) were euthanized. In 

experiments where mice did not develop cerebral disease, anaemia was monitored and 

mice euthanized when haemoglobin levels fell below 20g/dl.  
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Appendix 3 Percentage inhibition of GlaxoSmithKline (GSK) primary 

sulphonamide compounds against P. falciparum (3D7 and Dd2 at 5 µM) and 

mammalian cells (HepG2 cells at 10 µM) 

 

GSK 

compound ID 

% inhibition against P. falciparum % inhibition 

against HepG2 3D7 Dd2 

530858 85 - 54 

528639 88 28 0 

533588 89 89 39 

541181 90 72 0 

538049 92 99 1 

529314 93 89 83 

529945 94 60 71 

527721 94 45 24 

535528 96 99 21 

531878 96 99 19 

526240 96 86 74 

533357 96 74 17 

529628 96 21 5 

526967 96 99 26 

540699 97 99 10 

524752 97 0 0 

539566 97 35 56 

531896 98 0 0 

532149 98 99 13 

525529 98 42 39 

540829 98 98 16 

531293 98 99 40 

535545 98 97 81 

530602 98 100 7 

524861 99 100 6 

529287 99 64 18 

537750 99 98 7 

528613 100 98 35 

534065 100 77 17 
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531591 100 99 2 

527886 100 99 16 

539549 100 100 14 
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Appendix 4 P. falciparum and P. berghei protein sequence alignment using 

Clustalw2 online software  

 

 

PF3D7_1140000      MKLLYLLYPILLFYNVNVFINYKKSRLMLEMIDKYNTHFVQTTKPYYEFNVTN------- 53 

PBANKA_090900      MKHIIFLS-IVLCFCDNVMYNNYVERILFELPNNITDDLNSEPMVEYEVKEKKDDNIDIN 59 

                   ** : :*  *:* :  **: *   .*:::*: :: . .: . .   **.: .:        

 

PF3D7_1140000      --------LTNSKKKKKKKKRE------NHLIGSGENMQKKDEKNIKDFH-INDYEIDGK 98 

PBANKA_090900      KDVRHWNIEINEHKDNPNIQRNPEGNDNNHNNENNDNWEYHSNYNDEKFESQNENERNGF 119 

                             *.:*.: : :*:      **   ..:* : :.: * :.*.  *: * :*  

 

PF3D7_1140000      TIHNKENKDSFKMNKNKLNDNEELFYMDNILS-YKPNKKKLFT---YSFSENEGNSEKEE 154 

PBANKA_090900      SLKNEVEKNPEERKDTPFDEYNEYANFENMNNNFEKNKKKYFEDMQSTYMEDKKNVDNKE 179 

                   :::*: :*:. : :.. ::: :*   ::*: . :: **** *     :: *:: * :::* 

 

PF3D7_1140000      TLYNFKN--MKNINSVQNNIN-KTFLYNKLKNVDYYEHGYNWDIGQCKTGKYQSPVDLPM 211 

PBANKA_090900      YMDEVKNKKIEYQKNEENNIKNGIIQYNDNLSFDYSKHGMDWNVGICKNGKYQSPVDLHM 239 

                    : :.**  ::  :. :***:   : **.  ..** :** :*::* **.********* * 

 

PF3D7_1140000      KDLKERELKNISDVYLN-LFDDDNYAWNNYNKPWMKGDFFYYYEYFIKKIVINRQNNIFQ 270 

PBANKA_090900      HTLKERELKNLSDFYLNAFYDNDEYSWNNYNKPWFKGDIFYYYENLINKIIINRQNNMFK 299 

                   : ********:**.*** ::*:*:*:********:***:***** :*:**:******:*: 

 

PF3D7_1140000      IKAARDGIIPFGVLFTTEQPAMFYADQIHFHAPSEHTFQGSGNRREIEMQIFHSTNYFYD 330 

PBANKA_090900      IKASNNEIIPFGVLFTTDEPAIFYSHHINFHSPSEHTFEGSGNRRHIEMQIYHSTNEIYD 359 

                   ***:.: **********::**:**:.:*:**:******:******.*****:**** :** 

 

PF3D7_1140000      IQDDKSKYKKKYGLHIYNNLKKNSKETSKKDSSRYHSYLMSFLMNSLSNEQLQNKYNK-K 389 

PBANKA_090900      Y--DENKWNGVFGKKTYK--KKNN------ETNIQHSYILTFLMNSLSNPHLSQQYTKNK 409 

                      *:.*::  :* : *:  ***.      ::.  ***:::******** :*.::*.* * 

 

PF3D7_1140000      KRIKKMKN-----------------QYEVISITFTSAEINASTINAFKKLPSEKFLRTII 432 

PBANKA_090900      KRNKRSKSYNSIRMGRNDKNTKRESQYQVISITFSSAEIDKSTINNFKKLPSEKFLKTIL 469 

                   ** *: *.                 **:******:****: **** **********:**: 

 

PF3D7_1140000      NVSSAVHVGSDPTLVELKDALNLDALMMMLNIEDMQFLSYQGSSTLPLCDENVSWKVAKQ 492 

PBANKA_090900      EGSQNVPVGSGPKLVNLKEPLNLNSLLMMLNMKSMEFFAYHGSSTSPGCNENVHWKVAKK 529 

                   : *. * ***.*.**:**:.***::*:****::.*:*::*:**** * *:*** *****: 

 

PF3D7_1140000      PLPVSTETILNFYYLLKKHTPNYSGSDNDNYRSLQNVEDNTRHYRKFSLVQVFPIQVLIS 552 

PBANKA_090900      SLPISTETMLKFYNMLKKTTPYYNASDNDNFRALQNVQGNIHNYGRVYLIQGFPVQLLIS 589 

                   .**:****:*:** :*** ** *..*****:*:****:.* ::* :. *:* **:*:*** 

 

PF3D7_1140000      SAISNIEDKKVINIIKDISPKNMSFTYYSKWDIYFILFIFYNIVLFLF 600 

PBANKA_090900      SALMTSDDKNVIENIKLAYSK--SSANYIYFNFIFLLLIFMFLQNY-- 633 

                   **: . :**:**: **   .*  * : *  ::: *:*:**  :  :   
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Appendix 5 SMILES structures of aspartic protease inhibitors used for 

structure similarity analysis of the CSIRO Compound Library 

 

 

  

Compounds SMILES 

Saquinavir  

 

O=C(N)C[C@H](NC(=O)c1nc2c(cc1)cccc2)C(=O)N[C@@H](

Cc3ccccc3)[C@H](O)CN5[C@H](C(=O)NC(C)(C)C)C[C@@H

]4CCCC[C@@H]4C5 

Ritonavir 

 

CC(C)c4nc(CN(C)C(=O)N[C@@H](C(C)C)C(=O)N[C@@H](

Cc1ccccc1)C[C@H](O)[C@H](Cc2ccccc2)NC(=O)OCc3cncs3)

cs4 

Indinavir 

 

CC(C)(C)NC(=O)[C@@H]1CN(CCN1C[C@H](C[C@@H](Cc

2ccccc2)C(=O)N[C@H]3c4ccccc4C[C@H]3O)O)Cc5cccnc5 

Lopinavir 

 

O=C(N[C@@H](Cc1ccccc1)[C@@H](O)C[C@@H](NC(=O)[

C@@H](N2C(=O)NCCC2)C(C)C)Cc3ccccc3)COc4c(cccc4C)C 

Atazanavir 

 

O=C(OC)N[C@H](C(=O)N[C@@H](Cc1ccccc1)[C@@H](O)C

N(NC(=O)[C@@H](NC(=O)OC)C(C)(C)C)Cc3ccc(c2ncccc2)cc

3)C(C)(C)C 

BR124  

 

O=C(N[C@H]1C(C)C)CCCCCOC(C=C2)=CC=C2C[C@@H]([

C@H](O)CN(S(C(C=C3)=CC=C3N)(=O)=O)CCC(C)C)NC1=O 

BR314  

 

O[C@@H]1CC(C=CC=C2)=C2[C@@H]1NC([C@@H](C[C@

@H](CN[C@H](C3=O)CC4=CC=C(OCCCCCNC([C@@H](N

3)[C@@H](CC)C)=O)C=C4)O)CC5=CC=CC=C5)=O 

Amprenavir  

 

O=C(O[C@H]1CCOC1)N[C@@H](Cc2ccccc2)[C@H](O)CN(

CC(C)C)S(=O)(=O)c3ccc(N)cc3 

Nelfinavir 

 

O=C(c1cccc(O)c1C)N[C@@H](CSc2ccccc2)[C@H](O)CN4[C

@H](C(=O)NC(C)(C)C)C[C@@H]3CCCC[C@@H]3C4 

Tipranavir 

 

CCC[C@]1(CC(/O)=C(\C(=O)O1)[C@H](CC)c3cccc(NS(=O)(=

O)c2ccc(cn2)C(F)(F)F)c3)CCc4ccccc4 

EH58 

 

O=C(CCN1C(C2=C(C=CC=C2)C1=O)=O)N(CCC3=CC4=C(O

CO4)C=C3)C[C@@H]([C@@H](NC(C5=CC(OC)=C(C(OC)=

C5)OCC6=CC=CC=C6)=O)CC7=CC=CC=C7)O 

Pepstatin A O=C(N[C@H](C(=O)N[C@H](C(=O)N[C@@H](CC(C)C)[C@

@H](O)CC(=O)N[C@H](C(=O)N[C@H]([C@@H](O)CC(=O)

O)CC(C)C)C)C(C)C)C(C)C)CC(C)C 
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Appendix 6 Comparative toxicities of CSIRO compounds against P. falciparum 

3D7 parasites and IC50s 

CSIRO number 
% inhibition  

at 10 µM a 

P. falciparum 3D7 

IC50 (µM) 

b5-1 

 
88.7 (±6.11) 0.02 (±0.01) 

b5-2 

 
84.3 (±7.77) 0.04 (±0.01) 

b5-3 

 
75.3 (±12.06) 0.14 (±0.01) 

b5-4 

 
62.3 (±24.04) 0.23 (±0.06) 

5-5 

 
74.0 (±16.5) 0.55 (±0.16) 

5-6 

 
81.6 (±6.8) 4.0 (± 1.5) 

5-7 

 
93.0 (± 6.9)  >10 

5-8 

 
81.5 (±5.9) 5.8 (±1.6) 

5-9 

 
88.9 (±5.8)  >10 

5-10 

 
61.4 (± 21.7) 7.2 (± 2.4) 

5-11 

 
81.4 (± 12.1) 7.8 (±2.6) 

5-12 

 
82.1 (±5.9) 5.1(± 3.1) 

5-13 

 
87.2 (±3.8)  >10 

5-14 

 
61.0 (±20.6)  >10 

5-15 

 
66.8 (±12.5)  >10 

5-16 

 
84.9 (±0.9)  >10 

5-17 

 
73.0 (±10.7)  >10 

5-18 

 
26.3 (±6.6) nd 

5-19 

 
39.3 (±14.8) nd 

5-20 

 
43.0 (±11.0) nd 

5-21 

 
49.0 (±12.5) nd 

5-22 

 
27.0 (±20.9) nd 

5-23 

 
38.7 (±15.9) nd 
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a Mean (± SD) of three independent experiments, each carried out in triplicate and 

screened at 10 µM; b Compounds and additional 185 compounds (data not shown) 

were screened at 2 µM by KT Andrews; 69 compounds (out of 103 compounds) 

showed zero inhibition and not listed in the table; ND not determined. 

5-24 

 
18.7 (±22.9) nd 

5-25 

 
35.0 (±7.2) nd 

5-26 

 
42.3 (±12.0) nd 

5-27 

 
25.3 (±5.1) nd 

5-28 

 
26.3 (±16.9) nd 

5-29 

 
33.3 (±20.0) nd 

5-30 

 
35.7 (±13.6) nd 

5-31 

 
30.33 (±12.7) nd 

5-32 

 
6.67 (±11.55) nd 

5-33 

 
16.7 (±28.87) nd 

5-34 

 
11.0 (±19.05) nd 

5-35 

 
0.7 (±1.15) nd 

5-36 

 
1.3 (±2.31) nd 

5-37 

 
1.7 (±2.89) nd 

5-38 

 
1.3 (±2.31) nd 
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