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Abstract 

Malaria, caused by Plasmodium parasite species, remains one of the most devastating 

infectious diseases and is a major public health problem in numerous developing 

countries. In 2016, an estimated 216 million malaria cases and ~445,000 deaths were 

reported worldwide with the heaviest burden in sub-Saharan Africa. There is currently 

no widely effective licensed vaccine for malaria, although recently the RTS,S vaccine 

has shown partial efficacy in African children (~30%). As this vaccine provides only 

partial protection against malaria, other measures, in particular antimalarial drugs, will 

continue to be a vital part of the malaria elimination program. Unfortunately, parasite 

resistance to currently used malaria drugs is an ongoing problem. Even the gold 

standard treatment for malaria, artemisinin-based combination therapies (ACTs), is now 

susceptible to parasite resistance in the Greater Mekong Subregion. Possible failure of 

ACTs worldwide would be devastating, and is driving the design of new antimalarial 

drugs with novel modes of action. Although there are many novel anti-malarial 

candidates in various stages of the drug discovery pipeline, only spiroindolones have 

reached late phase clinical trials. To address the resistance issue, new antimalarial 

agents with different modes of action to current drugs are urgently needed.  

 

Previous studies have indicated that proteins involved in epigenetic regulatory 

mechanisms may be potential new drug targets in malaria parasites, as these 

mechanisms appear to be essential to parasite survival. While some anti-plasmodial 

inhibitors of epigenetic regulatory proteins have been described, in particular histone 

deacetylase (HDAC) inhibitors, the potential of other epigenetic inhibitors for malaria 

has been less well investigated and none have progressed to clinical trial. Thus, the aim 

of this project was to identify inhibitors that putatively target P. falciparum epigenetic 
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regulatory proteins and to evaluate the in vivo efficacy of selected compounds in a 

murine malaria model. 

 

A total of 125 compounds (55 putative HDAC inhibitors, 7 putative DNA 

methyltransferase (DNMT) inhibitors, 21 putative arginine methyltransferase (PRMT) 

inhibitors, and 42 bromodomain-containing protein inhibitors (BDPi)) were investigated 

in this project. In vitro growth inhibition assays with P. falciparum parasites identified 

25 compounds with 50% inhibitory concentration (IC50) <1 µM. Of these, 17 were 

putative HDAC inhibitors (Chapter 3) while eight were putative methyltransferase 

inhibitors (Chapter 6). None of the BDPi had an IC50 <1 µM against P. falciparum 

(Chapter 5). Based on hit-like and lead-like criteria outlined by Medicines for Malaria 

Venture (MMV), a not-for-profit public-private partnership, two lead-like compounds 

(putative DNMT inhibitor MC2841 and putative PRMT inhibitor BSF2P (P. falciparum 

IC50 <0.1 µM; Selectivity Index SI; mammalian cells IC50/PfIC50 >50) and four “hit-

like” compounds (putative DNMT inhibitor MC3322, and putative PRMT inhibitors 

BSH, BSF10, BSF3 (P. falciparum IC50 <1 µM; SI >10) were identified (Chapter 6). 

Although putative HDAC inhibitor MC2590 had lead-like anti-plasmodial potency (IC50 

0.01 µM), the selectivity for Plasmodium (SI 35) did not meet MMV’s lead-like criteria 

(Chapter 3). While 16 other putative HDAC inhibitors had IC50 <1 µM, they showed 

low to modest selectivity for Plasmodium and did not meet MMV’s hit-like selectivity 

criteria (Chapter 3). While additional studies are needed to determine the targets/mode 

of actions of these inhibitors, preliminary investigations with HDAC inhibitors using 

Western blot confirmed that the compounds cause hyperacetylation of P. falciparum 

histone H4 (Chapter 3). This suggests that these compounds act, either directly or 

indirectly, by inhibiting HDAC activity.  
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Of note, this is the first report on the anti-plasmodial activity of BDPi, with the most 

potent compound SGC-CBP30 having improved anti-plasmodial activity with 

prolonged incubation times (PfIC50 48 h 10 µM at 48 h versus 3.16 µM at 72 h) and SI 

2-7 (Chapter 5). Despite the low potency of the 42 BDPi examined, these data could 

serve as a starting point for rational design of more potent and selective BDPi for 

Plasmodium parasites that can be used to explore the potential of BDPi as new drug 

leads. In addition, these BDPi could potentially be used as probes to understand the 

roles of BDPs on the growth and survival of malaria parasites. 

 

Previous work has shown that the clinically approved anticancer HDAC inhibitors 

(vorinostat/suberanilohydroxamic acid (SAHA), panobinostat, romidepsin and 

belinostat) have potent in vitro activity against P. falciparum parasites (IC50 10-200 nM) 

and cause hyperacetylation of parasite histone proteins. Here, these findings were 

extended by examining the in vivo activity of two hydroxamic acid-based drugs, SAHA 

(Sigma Aldrich, USA) and panobinostat (LBH-589; Selleck Chemicals, USA), in a 

murine model of malaria. In a clinical setting, SAHA (vorinostat) is approved for 

cutaneous or peripheral T-cell lymphoma while panobinostat is approved for 

combination therapy of multiple myeloma. In P. berghei-infected mice with orally 

administered SAHA or panobinostat (25 mg/kg twice daily for four consecutive days), 

parasitemia was significantly reduced from day 4-7 and 4-10 post infection, respectively 

(P<0.05), however, no cures were achieved. SAHA was less effective than 

panobinostat. This could be due to the higher in vitro potency (PfIC50 10-30 nM versus 

120-190 nM) and improved pharmacokinetic profile of panobinostat versus SAHA in 

humans (Chapter 4). Together with the fact that panobinostat did not cure P. berghei-

infected mice, it should be noted that a potential limitation of repurposing panobinostat 
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for malaria is that adverse effects (such as diarrhoea, fatigue, nausea, fever etc.) are 

reported at the recommended daily dose for cancer patients of 20 mg. However, these 

data do suggest the possibility of developing panobinostat analogues with improved 

Plasmodium-specific potency, selectivity and safety profile. 

 

AR-42, which is a hydroxamic acid-based HDAC inhibitor currently in phase I clinical 

trials for cancer, was also tested in a murine model of malaria. Previous unpublished in 

vitro studies showed that AR-42 has potent activity against P. falciparum parasites (IC50 

15-26 nM) and displays good selectivity for Plasmodium parasites versus human cells 

(SI 66-83). Here, twice-daily oral administration of 25 mg/kg AR-42 was found to cure 

10 out of 12 mice infected with P. berghei while a 50 mg/kg single dose cured six of six 

the infected mice (Chapter 4). In contrast, single daily dosing of 25mg/kg AR-42 

significantly attenuated parasite growth in mice from day 4 to 9 post infection (P<0.01), 

but did not result in cures (Chapter 4). It is speculated that the superior in vivo efficacy 

of AR-42 in suppressing parasites growth in P. berghei-infected mice compared to 

SAHA and panobinostat may be due to its longer half-life (11.1 h vs 0.75 h and 2.9 h, 

respectively), however this would need to be experimentally confirmed. These 

preliminary data do, however, suggested that AR-42 could potentially repurposed for 

malaria. However, further pre-clinical investigations would need to be carried out to 

investigate the potential of this compound as an anti-malarial drug lead. To begin to 

investigate this, 18 AR-42 analogues were assessed against P. falciparum 3D7 and Dd2 

parasites. While seven analogues gave IC50 <1 µM (Chapter 4), the potency was 

significantly lower than AR-42 and all compounds had low to modest selectivity 

(inhibited >60% of HEK-293 cells at 10 µM; Chapter 4). The structure–activity 
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relationship (SAR) data obtained may, however, be a useful guide for lead optimization 

in the future. 

 

In summary, the work in this thesis has provided new insights into the potential of 

different classes of known/putative epigenetic inhibitors as anti-plasmodial drug leads. 

In vitro studies led to the identification of one putative DNMT inhibitor (MC2841/SGI-

1027) and one putative PRMT inhibitor (BSF2P) that have early-phase lead-like profiles 

(IC50 <0.1µM; SI >50). In addition, four hit-like compounds were also identified, one 

putative DNMT inhibitor (MC3322) and three putative PRMT inhibitors (BSH, BSF10 

and BSF3; IC50 <1µM; SI >10). Although not potent, the first data on the anti-

plasmodial activity of BDPi is also presented. Finally, while modest in vivo activity was 

observed in P. berghei-infected mice dosed orally with SAHA or panobinostat, AR-42 

is the first HDAC inhibitor to cure the malaria infected mice when administered orally. 

This provides a strong starting point for further exploration of this compound. 
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 Malaria Overview 

Malaria is a mosquito-borne infectious parasitic disease that remains a leading cause of 

morbidity and mortality worldwide, especially in countries with low socioeconomic 

status [1]. Just over half of the world’s population is at risk of contracting malaria, 

including those in Southeast Asia, the Eastern Mediterranean, the Western Pacific 

region, and the Americas [1]. In 2016, an estimated 216 million malaria cases were 

reported worldwide predominantly in Africa, which was 21 million cases less than the 

number of cases reported in 2010. While these gains made in tackling malaria are 

encouraging, the number of cases reported in 2016 were 5 million higher than those 

reported in 2015, suggesting that the gains made between 2010 and 2015 are stalling. 

While the mortality rate observed in 2016 (~445,000 deaths) was similar to 2015, 

malaria deaths have reduced by 25% since 2010 [1]. The largest declines were observed 

in South East Asia (44%), Africa (37%) and the Americas (27%) [1].  

 

The overall decline in global malaria cases since 2010 [1] has been attributed to a 

combination of control efforts such as vector control (e.g. indoor residual spraying 

(IRS) and insecticide-treated bed nets (ITNs)), the roll-out of new effective antimalarial 

drugs (e.g. artemisinin-combination therapies (ACTs)), and improvements in diagnosis 

and treatment of infections [2, 3]. While the success of these malaria interventions is 

impressive, these gains together with goals to eradicate malaria are threatened by 

resurgences of the disease due to failures in maintaining and scaling up malaria control 

efforts [4]. The elimination and ultimate eradication of malaria will require additional 

strategies and steps to scale-up and sustain malaria control. To facilitate this process 

multiple guidelines have been developed, for instance the WHO guidelines Global 
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Technical Strategy for malaria 2016-2030, the United Nations Sustainable Development 

Goals, and Rollback Malaria’s Action and Investment to defeat Malaria 2016–2030 [1].  

 

 Plasmodium species and epidemiology 

Plasmodium parasites are grouped under the Apicomplexa phylum, which comprises 

~6000 species of parasitic protozoa [5]. Apicomplexan parasites are responsible for a 

wide range of serious diseases that impact a wide-range of organisms including 

mammals [5]. There are five human-infecting Plasmodium species namely P. 

falciparum, P. vivax, P. malariae, P. ovale (two subspecies – P.o. curtisi and P.o. 

wallikeri), and P. knowlesi (zoonotic parasite) [6-8].  

 

Although five species of Plasmodium can cause malaria in humans, the majority of the 

malaria cases deaths are caused by P. falciparum, primarily in Africa (reviewed in [9]). 

This is due to the capability of P. falciparum to invade red blood cells (RBCs) of all 

ages and to achieve high parasite densities. In contrast, P. vivax is often associated with 

lower parasite densities and only invades the youngest RBCs,  reticulocytes, [10]. 

Similar to P. falciparum, P. vivax is a primary cause of malaria in humans, however 

infection with P. vivax infection is generally less fatal (reviewed in [9]). In contrast to P. 

falciparum, P. vivax is widely distributed outside of Africa such as in the temperate, 

tropical and subtropical zones in the Americas, Southeast Asia and the East 

Mediterranean [11]. The high prevalence of P. vivax outside Africa is due to the lack of 

Duffy antigens that are required for P. vivax infection in the African populations [11]. 

This RBC phenotype prevents P. vivax merozoites from invading erythrocytes [11]. 

This species also has the ability to remain dormant in the human liver, allowing it to 
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survive when the environment is not conducive for transmission and propagation, 

especially during low and high temperatures [11, 12]. 

 

The geographical distribution of P. ovale is usually limited to areas of tropical Africa, 

New Guinea and Asia. It has not been reported in the Americas (reviewed in [13, 14]). 

Similar to P. vivax, P. ovale can remain dormant in the liver in the form of hypnozoites 

(reviewed in [15]) and shows strong preference for reticulocytes  [10]. Infections caused 

by P. ovale are rarely complicated (reviewed in [15]). P. malariae parasites are 

commonly found in sub-Saharan Africa and the southwest Pacific although infections 

are also seen in the Middle East, Asia, South and Central America (reviewed in [13, 

14]). Unlike P. vivax and P. ovale, P. malariae invades mature RBCs and does not form 

hypnozoites [10]. This species causes the mildest and most persistent form of malaria 

infection (reviewed in [15]). P. knowlesi is the fifth human malaria parasite and the only 

zoonotic species, originating in long-tailed macaques (Macaca fascicularis) and pig-

tailed macaques in Southeast Asia (M. nemestrina) [16]. P. knowlesi is widely 

distributed in Southeast Asia, with Malaysia bearing the heaviest burden, a low 

prevalence is observed in Thailand, Indonesia, Philippines, Singapore, Myanmar, 

Vietnam, and Cambodia [17-26]. Similar to P. falciparum, P. knowlesi does not 

preferentially invade RBCs of any age class and can reach high parasite densities, hence 

this species can cause death if left untreated or misdiagnosed (reviewed in [9]).  

 

 Life cycle of human malaria parasites 

The life cycle of human Plasmodium parasites is complicated, involving the female 

Anopheles mosquito vector for the sexual reproduction and a human host for the asexual 

replication [27]. Infection begins with the inoculation of motile sporozoite-stage 
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parasites into the human host by an infected female Anopheles mosquito during blood 

feeding (Figure 1.1A) [27, 28]. These motile sporozoites then travel to the liver and 

invade hepatocytes. In the liver, the sporozoites multiply to form schizonts which can 

then rupture and release merozoites into blood stream (Figure 1.1B). Merozoites are 

released as membrane-surrounded vesicles known as merosomes that protect parasites 

from the host immune system and facilitate transport of merozoites into bloodstream 

[29]. Of note, P. vivax and P. ovale, but not the other species can remain dormant within 

the liver as hypnozoites for months or even years [9, 12, 27]. In the liver, sporozoites 

multiply to form schizonts which can then rupture and release tens of thousands of 

merozoites [9, 27, 28, 30]. This hepatic stage of infection (or exoerythrocytic stage) 

lasts around 5-16 days, depending on the Plasmodium species (e.g. ~5 days for P. 

falciparum; 16 days for P. malariae) [9, 27, 28]. Following release into the blood 

stream, merozoites can invade circulating erythrocytes and undergo repeated rounds of 

asexual multiplication during the intraerythrocytic development cycle (Figure 1.1C) [9, 

27, 30]. The asexual intraerythrocytic stage is responsible for the clinical symptoms of 

malaria [9]. During this stage, parasites progress through different developmental forms 

called rings (~0-24 h post RBC invasion for P. falciparum) to trophozoites (~24-36 h 

post RBC invasion for P. falciparum) and multinucleate schizonts (~36-48 h post RBC 

invasion for P. falciparum) which contain merozoites [31]. Merozoites go on to invade 

erythrocytes, although reinvasion rates vary [32]. Completion of the asexual 

intraerythrocytic development cycle takes approximately 48 h in the case of P. 

falciparum, P. vivax, and P. ovale infections, 72 h for P. malariae, and ~24 h for the 

zoonotic parasite P. knowlesi [9, 12, 27].  
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In each asexual cycle, a small percentage of parasites undergo sexual stage 

development, forming male and female gametocytes [9, 12, 27]. Various parameters 

have been proposed to affect the rate at which gametocytes are produced, including host 

cell age [33], endoplasmic reticulum stress [34], antimalarial treatment [35] and the 

presence of extracellular vesicles [36, 37]. Gametocytes may then be taken up by a 

feeding female Anopheles mosquito during a blood meal where they can sexually 

reproduce in the mosquito's mid-gut and develop into gametes. These gametes then fuse 

to form zygotes which develops into motile ookinetes (Figure 1.1D) [9, 12, 27, 28]. The 

motile ookinetes penetrate the mid-gut wall and develop into oocysts [9, 12, 27, 28]. 

Sporozoites are formed within oocysts, which eventually rupture, allowing sporozoites 

to migrate to the mosquito salivary gland where they await transfer to the vertebrate 

host during the next blood meal, thus completing the Plasmodium life cycle [9, 12, 27, 

28]. 

 

 Clinical symptoms of malaria 

The early symptoms of malaria are generally nonspecific and mimic a flu-like syndrome 

regardless of parasite species [9, 38]. Some of the common and non-specific symptoms 

displayed are chills, general malaise, sweats, headaches, muscular aching, nausea and 

vomiting [9]. Although the hallmark of clinical malaria is cyclic fever, following 

schizont rupture at the end of the asexual cycle, malaria symptoms are extremely 

diverse ranging from mild headache to severe complications leading to death [9, 38, 39].  
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Figure 1.1 The Plasmodium life cycle. (A) During a blood meal, a malaria-infected 

female Anopheles mosquito inoculates sporozoites into the human host. (B) Sporozoites 

travel to the liver where they can infect hepatocytes, producing and releasing thousands 

of merozoites into blood stream. During this stage, P. vivax and P. ovale can form liver 

dormant forms (hypnozoites) that can be re-activated weeks or years later. (C) 

Merozoites travel to the blood system where they can infect erythrocytes and undergo 

intraerythrocytic development (ring, trophozoite and schizont stages). Some parasites 

can go on to differentiate into gametocytes. (D) 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. Adapted from [40]. (Creative 

Commons Attribution License, grants unrestricted, re-use of the work). 

 

Severe malaria is a multisystem disease involving the central nervous system, 

pulmonary system, renal system and/or the hematopoietic system. Clinical presentations 

differ depending on factors including age, exposure history and immune status of the 
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infected patient [12, 41-43]. Complications can progress rapidly to a fatal outcome if 

not treated promptly [9, 43]. A major pathological feature of severe P. falciparum 

malaria is cerebral malaria, a condition where cerebral microvasculature is obstructed 

due to massive sequestration of infected and uninfected erythrocytes blocking the 

cerebral blood flow [9, 44]. 

 

A complication of infection with P. vivax and/or P. ovale is relapse, which can arise 

after months or years due to reactivation of dormant hypnozoites in the liver (Section 

1.3) [9, 12]. Mild anaemia and thrombocytopenia are common complications of P. vivax 

relapse; however severe manifestations with P. vivax have been reported to be similar to 

those of severe P. falciparum infection [45]. Clinical features of P. ovale malaria 

closely resemble P. vivax malaria, but with fewer relapses and are rarely fatal [38]. 

While P. knowlesi infections are similar to P. falciparum and P. vivax infections, with  

predominant symptoms of fever and chills, headache, rigors, malaise, myalgia and 

nausea [46], they are not associated with cerebral malaria [38]. 

 

In a malaria infection, a complex interplay of pathophysiological events can occur - 

adhesion and sequestration of infected erythrocytes (IEs) in capillaries and venules as 

well as the release of pro-inflammatory cytokines (reviewed in [47]). The adhesion of 

IEs to host vascular endothelium is mediated by variant surface antigens (VSAs) 

expressed on the surface of the IEs by the parasites (reviewed in [47]). The types of 

VSA expressed is reported to determine which organ/s altered erythrocytes adhere to 

(reviewed in [9]). The best characterized VSAs in P. falciparum are the var genes, 

encoded by the P. falciparum erythrocyte membrane protein 1 (PfEMP1) family of 

genes (reviewed in [9, 47]). PfEMP1 is expressed on the surface of IEs 12-15 h post 
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invasion, mediating the adhesion of IEs to a number of specific receptors in the host 

vascular endothelium (cytoadherence) (reviewed in [9]). Infected and uninfected 

erythrocytes become more rigid and less deformable as they mature, a process which 

impairs the microcirculatory flow as RBCs and prevents splenic clearance of IEs 

(reviewed in [47]). Adherence to receptors, uninfected erythrocytes (rosetting), or to 

each other (platelet-mediated agglutination) through platelets are associated with the 

pathogenesis of malaria (reviewed in [47]).  

 

Children under the age of five are one of most vulnerable groups affected by malaria as 

their immune systems are still developing. They have little or no specific antibodies 

against parasites that express VSAs [48-50]. In addition, pregnant women are also 

highly susceptible to pregnancy-associated malaria (PAM) due to the physiological 

immunosuppression that happens during gestation [51, 52]. They lack antibodies against 

variant surface antigen 2-chondroitin sulfate A (VAR2CSA), a member of the PfEMP1 

protein family, an antigen that mediates the adherence of IEs to placental chondroitin 

sulfate A (CSA) [53]. This results in the accumulation of IEs in the placenta and makes 

it difficult for blood flow to get to through the placenta [54, 55].  Non-immune people 

including travellers are also at high risk of contracting malaria. More than 85% of 

travellers contracted with malaria display symptoms upon returning from an endemic 

area (reviewed in [56]). Travellers infected by P. falciparum usually become 

symptomatic within 8 weeks of return while symptoms of P. vivax infection may be 

delayed for several months (reviewed in [56]). 
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 Malaria prevention and treatment   

Strategies to prevent and treat malaria include vector control (e.g. indoor residual 

spraying (IRS), insecticide-treated nets (ITNs)), prevention (e.g. chemoprophylaxis, 

vaccines) and case management (e.g. early diagnostic testing, treatment; Figure 1.2) 

[57]). Malaria control has traditionally been reliant on chemotherapeutics and vector 

control strategies. However, as focus has shifted from treatment to elimination there has 

been a heightened interested in management and control strategies [58]. In addition to 

antimalarial drugs, there has also been intense research over the last few decades to 

bring forward the availability of an effective malaria vaccine [59, 60].  

 

 Vector Control 

The efficacy of vector control has been repeatedly demonstrated over many years [1] 

and is therefore an essential element in global malaria control and an important tool for 

malaria eradication and elimination [2, 3, 61-63]. Since 2000, IRS and ITNs have been 

the two most effective malaria vector control measures [1, 2, 61-63] and can be 

supplemented by larval source management (LSM) as part of insecticide resistance 

management (IRM) strategy [64].   

 

IRS involves the application of insecticides, such as pyrethroids and 

dichlorodiphenyltrichloroethane (DDT), to the walls, ceilings or other surfaces of 

houses that mosquitoes might come into contact with [1, 3, 61]. IRS is most effective 

when a mosquito rests on an IRS-treated surface after a blood meal; thereby stopping 

the transmission of malaria parasites in the vicinity [61]. ITNs are used alongside with 

IRS to target indoor feeding and resting mosquitoes and serve as a physical barrier 

between mosquitoes and human hosts, thereby preventing mosquito bites [2]. Long-
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lasting insecticidal nets (LLINs) are the usual type of ITN distributed to protect 

individuals from mosquitoes. These nets have a protective efficacy of up to 3 years [2]. 

Based on the “Lives Saved Tool” (LiST), a mathematical model developed by WHO 

and UNICEF’s Child Health Epidemiology Reference Group (CHERG), IRS and ITNs  

have reduced malaria case incidence by 50% and mortality by 55% in children under 

five in sub-Saharan Africa [65]. 

 

However, there are concerns that emerging and growing resistance to at least one 

insecticide class, the pyrethroids (the only class of insecticide that can be used on nets), 

is threatening to reverse these gains [1, 61, 66]. As a result, WHO and Roll Back 

Malaria released a Global Plan for Insecticide Resistance Management in Malaria 

Vectors (GPIRM) in 2012 [67], providing a foundation for global vector-control 

strategy including the use of IRS and ITNs [3, 61, 66, 67]. Strategies to overcome 

insecticide resistance include the use of insecticide combinations and synergists, the 

rotational use of different insecticide classes, and the development of new molecules 

with novel mode of actions [68]. 

 

 Malaria vaccines 

A widely effective malaria vaccine is urgently needed to add to the currently available 

interventions for malaria [60]. While there has been intensive research on developing 

malaria vaccines over the last few decades using various approaches, including different 

recombinant proteins, different production platform and targeting different stages of 

parasite life cycle, a widely effective vaccine has yet to be produced [59]. The 

complexity of malaria parasites and their life cycle poses a huge challenge to malaria 

vaccine development [69], and this may well mean that this strategy will be best used as 
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            Figure 1.2 Main strategies to prevent and treat malaria. Adapted from [57] (WHO Permission ID: 248981) 
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a complementary tool, rather than as a substitute to the core package of interventions 

currently available [3].  

 

There are more than thirty vaccines currently in development [59, 60]. This includes the 

vaccine candidate furthest along in the development pipeline, RTS,S  [9, 59, 60]. RTS,S 

is a pre-erythrocytic stage hybrid recombinant protein vaccine, designed to target the 

circumsporozoite (CS) protein found on the surface of P. falciparum parasites [9, 60, 

70-72]. This vaccine is designed to target sporozoites and prevent them from invading 

the liver where they initiate the asexual life cycle [73]. A phase III trial of RTS,S in 

children which began in 2009 and was carried out in eleven sites in seven sub-Saharan 

African countries [60, 70] demonstrated that this vaccine provides only partial 

protection against clinical and severe malaria in young children, with protective 

efficacies against malaria caused by P. falciparum of 36% in children aged 5-17 months 

and 26% in infants aged 6-12 weeks [70]. Efficacy also decreased over time in both age 

groups [70].  Despite the lack of high level protection [70], the efficacy of RTS, S will 

be further examined in a four-year pilot implementation programme (Phase IV) in sub-

Saharan Africa (Ghana, Kenya, and Malawi) in 2018 [74]. Results obtained from this 

trial are expected to provide critical evidence and insights on the impact of RTS,S on 

child mortality and the feasibility and safety profile of RTS,S in the context of routine 

use, which will enable decision-making around full-scale deployment across Africa 

[74].   

 

Additionally, two promising pre-erythrocytic vaccines are currently in phase 2b clinical 

trials. These are the Chimpanzee Adenovirus 63 Modified Vaccinia Ankara Multiple 

epitope thrombospondin adhesion protein (ChAd63/MVA ME-TRAP) vaccine and the 
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P. falciparum sporozoite (PfSPZ) vaccine [75-77]. Seven blood-stage vaccines have 

also reached phase I/II studies, with ChAd63/MVA MSP1, FMP2.1/AS01B and 

ChAd63.AMA1/MVA.AMA1 being the most advanced candidates (Phase IIa) [77]. 

Other vaccine candidates currently in clinical trial are shown in Figure 1.3. 

 

 Antimalarial Drugs 

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 [1]. The majority of clinically available drugs target the 

asexual life cycle stages of the parasite to rapidly reduce parasite burden and control 

symptoms, thereby preventing morbidity and mortality [78].  

 

Artemisinin-based combination therapies (ACTs) are recommended by the WHO as 

first-line treatment for uncomplicated and severe malaria caused by P. falciparum 

(reviewed in [79]). ACTs combine a short half-life artemisinin or artemisinin derivative 

(artesunate, artemether, dihydroartemisinin) with a longer half-life partner drug that has 

a different mechanisms of action (reviewed in [79]). The rationale for this strategy is 

that the fast-acting artemisinin derivative rapidly decreases parasite mass while the 

slow-acting partner drugs ensures all residual parasites are eliminated, a process which 

reduces the risk of further resistance from developing [80]. The common companion 

drugs in ACTs include mefloquine, lumefantrine, amodiaquine, piperaquine, 

sulfadoxine, pyrimethamine [81]. The characteristics and liabilities of these currently 

used antimalarials are shown in Table 1.1.  
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Figure 1.3 Global malaria vaccine pipeline (last updated July 2017) [77].
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Table 1.1 Characteristics and liabilities of currently used ACTs. 

Currently 

used ACTs 

Partner 

Drug class 

Mode of Action/ Lifecycle 

Target 
Clinical Use/ Indication Liabilities Ref 

Artemether-

lumefan-

trine 

(Coartem) 

 

Aryl-amino 

alcohol 

 

• Some efficacy against 

gametocytes and infectivity to 

mosquitoes 

• Prevent haem detoxification 

within food vacuole 

• Uncomplicated malaria caused by               

P. vivax, P. falciparum, P. knowlesi,                    

P. malariae, P. ovale,  

• Follow-on treatment for severe malaria 

when oral medication is tolerable 

• Side effects - headache, dizzy, weak, chills, 

fever etc. 

• Not suitable during 1st trimesters of pregnancy  

• Not approved for patients with severe or 

complicated P. falciparum malaria 

[81, 82] 

Artesunate-

amodia-

quine 

 

Mannich 

base              

4-amino-

quinoline 

 

• Prevent haem detoxification 

within food vacuole  

• Uncomplicated P. falciparum or P. 

vivax malaria 

• Follow-on treatment in severe malaria 

when oral medication is tolerable 

• Resistance to amodiaquine 

• Severe neutropenia in patients co-infected with 

HIV and especially in those on zidovudine 

and/or co-trimoxazole 

• Not suitable during 1st trimesters of pregnancy  

• Side effects of high-dose treatment/ long-term 

prophylaxis -hepatotoxicity and agranulocytosis 

[81-83] 

Artesunate-

sulfadoxine-

pyrimetha-

mine 

 

Antifolate 

• Inhibits parasite dihydrofolate 

reductase (DHFR) and 

dihydropteroate synthase 

(DHPS) 

• SP is active predominantly 

against later development 

stages of asexual parasites 

• Uncomplicated P. falciparum malaria • Not suitable during 1st trimesters of pregnancy 

and premature or newborn infants in first 2 

months  

• High levels of resistance  

• Not available as a fixed-dose combination 

• Side effects – headache, dizziness, 

gastrointestinal disturbances, haemolytic 

anaemia, potentially fatal skin reactions 

 

[81-83] 

Artesunate-

mefloquine  

Aryl-amino 

alcohol 

• Prevent haem detoxification 

within food vacuole 

• Uncomplicated malaria caused by              

P. vivax, P. falciparum, P. knowlesi,              

P. malariae, P. ovale,  

• Follow-on treatment for severe malaria 

when oral medication is tolerable 

• Side-effects - nausea, vomiting, dizziness, 

dysphoria, sleep disturbance, neurological 

• High levels of resistance  

• Not suitable during 1st trimesters of pregnancy  

[81, 83] 

Dihydro-

artemisinin-

piperaquine 

 

Bisquino-

line 

• Involves in cation-mediated 

generation of reactive 

intermediates  

• Reduce peroxide bridge 

 

• Uncomplicated malaria caused by                      

P. vivax, P. falciparum, P. knowlesi,                     

P. malariae, P. ovale,  

• Follow-on treatment for severe malaria 

when oral medication is tolerable 

• Piperaquine is effective against CQ-

resistant malaria parasites 

• Resistance prevalent across Cambodia and 

Eastern Thailand 

• Not suitable during 1st trimesters of pregnancy  

• Side effects - nausea, diarrhoea, vomiting, 

anorexia, anaemia, dizziness, sleeping 

disturbance, headache, cough 

[81, 83] 
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Several ACTs are recommended for both adults and children including artemether + 

lumefantrine, artesunate + amodiaquine, mefloquine or Fansidar (sulfadoxine and 

pyrimethamine) and dihydroartemisnin + piperaquine [81]. However, as ACTs are 

contraindicated during the first trimester of pregnancy, the WHO currently recommends 

the use of quinine and clindamycin in these cases [81]. For severe malaria, intravenous 

or intramuscular artesunate is recommended for all adults and children including 

infants, pregnant women in all trimesters and lactating women, until they can tolerate 

oral medication [81]. Despite the high efficacy of ACTs, the first ACT resistance case 

was detected at the Thai–Myanmar border in 2007 [84-87]. ACTs resistance or reduced 

clinical efficacy, has now been reported in neighbouring countries in the Greater 

Mekong sub-region (GMS) including Cambodia, the Lao People’s Democratic 

Republic, Myanmar, China (Yunnan Province), Thailand and Vietnam [88-91]. The 

potential spread of ACTs resistance globally is real, would be devastating and is driving 

the development of new drugs with novel mode of actions [92]. 

 

The long timelines for the discovery and development of new antimalarial drugs means 

that clear guidelines are needed to help progress suitable drug leads [93]. As a result, the 

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

discovery organisation has published guidelines for antimalarial discovery known as 

Target Product Profiles (TPPs) [93]. As required treatments, or TPPs, contain at least 

one active ingredient, the attributes of TPPs are further divided into four different 

Target Candidate Profiles (TCPs), each of which is a guideline for individual new 

molecules (Figure 1.4) [93, 94]. It is suggested that a compound should adhere to the 

criteria outlined in these guidelines in order to progress as either a hit or lead 

compound. These criteria include, but are not limited to, anti-plasmodial potency, 
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selectivity for P. falciparum parasites over mammalian cells and lack of cross-resistance 

with current drugs (Table 1.2) [93, 94]. TPPs and TCPs are reviewed and updated when 

required to reflect changes in needs [94].  

 

    

Figure 1.4 MMV’s TCP and TPP guidelines. From Burrows et al. 2017 (Creative 

Commons Attribution License, grants unrestricted, re-use of the work) 

 

 

In addition to having good biological activity, physiochemical properties of drug leads 

should be also taken into consideration when prioritizing candidates for further 

investigation. Lipinski’s Rule of Five (Ro5) is a well-known rule of thumb in predicting 

the absorption and permeability of orally available drugs [95] and plays an important 

role in the early phase of drug discovery [95]. Drug leads should ideally adhere to four 

physiochemical properties stated by Ro5, which are (i) hydrogen bond donors <5;               
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(ii) hydrogen bond acceptors <10; (iii) Molecular weight <500 Daltons;  (iv) Log P <5 

[96]. However, it is well-known that many compounds (e.g. natural products, HIV 

protease inhibitors, antifungals, vitamins, and antibiotics) violate these rules [96]. 

Studies conducted by the Food and Drug Administration (FDA) have shown that 

approximately 20% of the 1200 drugs investigated had excellent bioavailability despite 

violating at least one Ro5 parameter [97].  

 

Table 1.2  MMV criteria of a ‘hit’ and a ‘lead’ compound [94]  

 

Due to the limitations (e.g. resistance and side effects) of currently used antimalarial 

agents, there have been on-going collaborative efforts between academics, the 

pharmaceutical industry, public, private funders and non-for-profit organisations (e.g. 

WHO and MMV) to investigate novel antimalarial treatments (Figure 1.5) [98, 99]. 

These collaborative efforts have resulted in the transformation of the malaria drug 

discovery and development pipeline with several new drug leads progressing from the 

pre-clinical phase through to the clinical phase (Figure 1.5). The majority of currently  

MMV criteria for “hit” compounds MMV criteria for “lead” compounds 

• Activity: IC50 <1 µM for P. falciparum 

drug sensitive and resistant lines 

• Activity: IC50 <0.1 µM for P. falciparum 

drug sensitive and resistant lines 
•  •  

• Selectivity: IC50 normal mammalian 

cell line/ IC50 P. falciparum >10-fold 

• Selectivity: IC50 normal mammalian cell 

line/ IC50 P. falciparum >50-fold 

• No cross-resistance apparent with drug-resistant P. falciparum 

• Clear IP space/novel pharmacophore 

• “Druggable” properties and some structure activity relationship apparent 

• Compound stable as solid/in test media with good solubility PBS 

• Microsome Caco-2 stability >2x10-6cm-1/s 

• No known toxic reactive groups; no toxicity in mice 

• Oral efficacy (or protection) in mouse model of malaria 
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Figure 1.5 Global portfolio of antimalarial medicines by development stages for 2Q 2017 (updated 31 July 2017). Listed here are 

candidates from preclinical phase through to being approved or under review. Projects carried out in collaboration with MMV are indicated 

in boxes with red outline. Chart modified from MMV website (https://www.mmv.org/research-development/mmv-supported-projects) [98].  

https://www.mmv.org/research-development/mmv-supported-projects
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used anti-malarials have similar chemotypes, which makes the developemnt of anti-

malarial resistance a concern. There are many novel anti-malarial candidates in various 

stages of the drug discovery pipeline at the moment, however there has only been one 

drug class that has reached late phase clinical trials in the past - the spiroindolones [79, 

100]. 

 

 Antimalarial drug discovery approaches  

Widespread resistance of Plasmodium parasites to commonly available antimalarials 

and the lack of an effective licensed vaccine have necessitated increased efforts in the 

discovery and development of new antimalarial agents [101]. Numerous approaches 

have been used in in antimalarial drug discovery and development and each approach is 

discussed in the following sections. While beyond the scope of this thesis, host-directed 

chemotherapeutic strategies are also under investigation (reviewed in [102]). 

 

 Phenotypic or whole-cell based approach 

Phenotypic based drug discovery has been used for decades to identify novel lead 

compounds in the early stage of the antimalarial drug discovery process (reviewed in 

[103, 104]). Phenotypic screens are a rich source not only for identifying potent drug 

candidates but also for discovering new potential drug targets (reviewed in [103, 104]). 

In this approach, compound libraries are screened to identify compounds that are active 

against the parasite in phenotypic or whole-cell assays (reviewed in [101]). 

Traditionally, phenotypic screens have focused solely on the symptomatic asexual blood 

stage of the parasite's lifecycle (reviewed in [104]). However, the goal of malaria 

eradication and elimination has prompted the development of new and high-throughput 
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screening (HTS) methods to look for new antimalarial drug leads that target all stages of 

the life cycle of the parasite (reviewed in [104]). 

 

Examples of antimalarial compounds identified using this approach include KAE609 

(currently in Phase II dose-finding trial; Figure 1.5), a spiroindolone identified by a 

phenotypic screen of 12, 000 natural and synthetic compounds [105, 106]. The recent 

advances in HTS allows the implementation of robust, scalable, reproducible, and 

inexpensive assays and accelerates the ability to search for new drug candidates 

(reviewed in [104]). This approach is widely used because no prior knowledge on the 

drug target is required and it provides the opportunity to identify drugs that may act on 

novel molecular targets, in addition to eliminating non-membrane-permeable 

compounds (reviewed in [103, 104]). However the lack of information on target or 

mode of action of these hit compounds is one of the main disadvantages of this 

approach (reviewed in [103, 104]). Target information is useful as a guide for structure 

activity relationship (SAR) studies, to predict the risk and potential of off-target effects 

in addition to improving the activity and selectivity of the compounds (reviewed in 

[101, 103]).  

  

 Medicinal chemistry-based approach 

Medicinal chemistry-based approaches are also widely used in antimalarial drug 

discovery (reviewed in [101]). In this approach, analogues of existing antimalarials are 

designed and developed using chemical modifications to improve the therapeutic 

properties, at the same time reducing limitations such as resistance to existing drugs and 

bioavailability (reviewed in [101]). This method has been proven successful as the 

chemical modifications of alkaloid quinine gave rise to three major classes of 20th 
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century antimalarials – 8-aminoquinolines, acridines and 4-aminoquinolines (reviewed 

in [107]). These three major scaffolds are still being used as templates by medicinal 

chemists toward creating a more potent antimalarial drug (reviewed in [107]). For 

example ferroquine (FQ), an analogue of CQ, is developed by coupling the 4-

aminoquinoline scaffold of CQ to ferrocene, an organometallic building block 

(reviewed in [107]). FQ is active against CQ-resistant and multi-resistant parasite 

strains and shows greater antimalarial activity than CQ (reviewed in [107]).  

 

 Target-based approach 

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

screening compounds using biochemical assays against recombinantly expressed 

protein targets (reviewed in [101]). The protein targets chosen are usually proteins that 

are essential for the survival and/or key cellular functions (reviewed in [101]). 

Advantages of target-based approaches include they are usually easier to execute and 

less costly to develop and run (reviewed in [108]). However, this approach is only 

feasible if the information of a drug’s target/mode of action is available (reviewed in 

[108]). The availability to rapidly elucidate whole genome sequences of P. falciparum 

species has opened up the possibility for this approach, including the annotation of 

putative proteins essential for the survival of the parasite [109]. Several crucial enzymes 

present in the malaria parasite, but absent from humans, and their inhibitors have been 

identified using this approach (reviewed in [101]). This includes, but is not limited to, 

DMS265, the inhibitor of dihydroorotate dehydrogenase (DHODH) and P218, an 

inhibitor of  DHFR (reviewed in [101]). A disadvantage is that the results from target-

based assays do not always translate into the cellular or in vivo environment as 
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recombinant systems does not necessarily behave the same [110] and this approach does 

not take into account cell permeability as a primary factor.   

 

 “Piggyback” drug discovery approach 

A fourth approach to antimalarial drug discovery is the “piggyback” approach or drug 

repurposing strategy. This strategy can be used to identify new drug leads by 

investigating existing drugs (or analogues) for efficacy for a new indication or disease 

(reviewed in [111]). The drug repurposing or “piggyback” strategy not only potentially 

reduces drug development costs but may also shorten the lengthy drug development 

timeline (reviewed in [111, 112]). This is due to compounds having been already 

developed either fully or partially for a human indication, which means that mechanism 

of action, safety and/or pharmacokinetic profiles may be known  (reviewed in [112]). 

 

This strategy has been used as a new starting point for the drug discovery and 

development for neglected tropical diseases (NTDs) and other human parasitic diseases 

including malaria (reviewed in [107]). For example, atovaquone, which is used as an 

antimalarial treatment and prophylaxis agent, was initially clinically used to treat 

Pneumocystis carinii and toxoplasmosis in immune deficient patients [113-116]. 

Likewise, the broad spectrum antibiotic doxycycline is now used for malaria 

prophylaxis [117]. The drug repurposing or “piggyback” approach was used in this 

project to address the need for novel antimalarial drug leads to prime the malaria drug 

pipeline. Specifically, epigenetic inhibitors (e.g. compounds/drugs targeting cancers) 

have been investigated as anti-plasmodial agents (reviewed in [118]). This work builds 

on previous studies that have shown that some anticancer epigenetic inhibitors have 

antimalarial potential [119-124], as elaborated on in the next section. 
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 Epigenetic regulatory proteins as potential antimalarial therapeutic targets  

The term “epigenetics” was first coined by Conrad Hal Waddington in the 1940s and 

was defined as reversible and heritable changes in phenotype without any mutational 

change in DNA sequence [125]. Epigenetic mechanisms (e.g. DNA and histone 

modifications, and regulation by non-coding RNAs) are involved in the regulation of 

genes expressed during cellular development and differentiation under the influence of 

physiological factors [126-128]. Modifications of cytosine bases, histones and 

noncoding RNAs (ncRNAs) are the primary molecular epigenetic mechanisms 

responsible for regulation of chromatin structure and gene expression in eukaryotic 

cells [129]. These modifications are regulated by regulatory enzymes that “read”, 

“write” and “'erase” the epigenetic marks [130] (Figure 1.6). Epigenetic regulatory 

proteins spanning all three of these classes have been identified in Plasmodium species 

(Table 1.3) [131]. Histone acetyltransferases (HATs) and histone methyltransferases are 

the enzymes involved in “writing” acetyl and methyl marks, respectively, whereas 

histone deacetylases (HDACs) and demethylases (HDMs) remove the marks (Figure 

1.6) [130]. These PTMs serve as a template for the binding of histone “readers” and 

recruit transcription factors or repressors to modulate gene expression [132]. 

   

Previous studies have shown that P. falciparum parasites employ epigenetic 

mechanisms to sustain chronic infection in human hosts [133-138] by playing a critical 

role in: (i) the regulation of gene expression during the asexual cycle [139, 140];                   

(ii) controlling morphological differentiation, including sporozoite development and 

gametocyte differentiation [136, 140]; and (iii) expression of variant gene families 

including those encoding virulence factors involved in cytoadherence and immune 

evasion [140-144]. Growing evidence on the significance of epigenetics in P. 
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falciparum suggests that epigenetic regulatory proteins or mechanisms may be the 

promising targets for new types of antimalarial drugs [119, 145-147]. The work 

presented in this thesis focuses on exploring the potential of inhibitors (or analogues) 

that are known or predicted to target human/eukaryotic epigenetic regulatory proteins, 

as anti-plasmodial agents. All studies focus on the asexual intraerythrocytic stage of 

development that is responsible for the clinical symptoms of malaria (i.e. MMV defined 

TCP1; Figure 1.4). 

 

 Epigenetic “Writers”  

1.7.1a  Methyltransferases  

Methylation involves the addition of methyl groups to biological molecules including 

DNA, RNA, proteins, carbohydrates, lipids, small molecule metabolite and natural 

products, catalysed by methyltransferases (reviewed in [148]). S-adenosyl-l-

methionine (SAM) acts as methyl group donor in most of the methylation reactions, 

including DNA methylation, RNA methylation, and protein methylation (reviewed in 

[148]). SAM-dependent methylation involved in biosynthesis, signal transduction, 

protein repair, chromatin regulation and gene silencing depending on the residues being 

methylated [149, 150]. The two well-studied SAM-dependent methylation reactions in 

higher eukaryotes are protein and DNA methylation [150].  

 

Protein methylation is catalysed by protein methyltransferases (PMTs) also referred to 

as histone methyltransferases (HMTs) (reviewed in [148]). Protein methylation  

involves transfer of a methyl group from SAM to all basic amino acids on the histone 

(mostly on H3 and H4) or non-histone substrates such as tumour protein p53 

(reviewed in [148]). 
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Figure 1.6 Epigenetic writers, readers and erasers. Epigenetic regulation is a 

dynamic process. Epigenetic writers such as histone acetyltransferases (HATs), 

histone methyltransferases (HMTs), protein arginine methyltransferases (PRMTs) 

and kinases lay down epigenetic marks on amino acid residues on histone tails. 

Epigenetic readers such as proteins containing bromodomains, chromodomains and 

Tudor domains bind to these epigenetic marks. Epigenetic erasers such as histone 

deacetylases (HDACs), lysine demethylases (KDMs) and phosphatases catalyse the 

removal of epigenetic marks. Addition and removal of these post-translational 

modifications of histone tails leads to the addition and/or removal of other marks in a 

highly complicated histone code. Together, histone modifications regulate various 

DNA-dependent processes, including transcription, DNA replication and DNA repair. 

Taken from Falkenberg et al. [151]. (License number: 4286371442735) 
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Table 1.3 Components of chromatin modifying proteins identified in P. falciparum. Modified from Doerig et. al. [152]  

 Family Major classes  Gene name/ID Total # 

Epigenetic 

“Writers” 

DNA  

methyl-

transferases 

 PfDNMT (PF3D7_0727300)a 1 

Histone lysine  

acetyl-

transferases 

(HATs) 

GCN5-related N-

acetyl-transferases 

(GNAT) 

PfGCN5 (PF3D7_0823300)b; PF3D7_0109500; PF3D7_1437000; PF3D7_1003300; 

PF3D7_1323300; PF3D7_0805400; PF3D7_1227800 

10 MYST (MOZ, 

Ybf2/Sas3, Sas2, 

and Tip60) 

PfMYST (PF3D7_1118600)c; PF3D7_0809500 

HAT1 PF3D7_0416400 

Histone lysine 

methyl-

transferases 

(KMTs) 

SET (Su(var)3-9, 

Enhancer-of-zeste 

and Trithorax )  

PfSET1(PF3D7_0629700)d; PfSET2 (PF3D7_1322100) 

PfSET3 (PF3D7_0827800)d; PfSET4 (PF3D7_0910000); PfSET5 (PF3D7_1214200) 

PfSET6 (PF3D7_135530)d; PfSET7 (PF3D7_1115200)d; PfSET8 (PF3D7_0403900);  

PfSET9 (PF3D7_0508100)d; PfSET10 (PF3D7_1221000)d 

10 

Epigenetic 

“Erasers” 

Histone 

deacetylases 

(HDACs) 

Class I PfHDAC1 (PF3D7_0925700)            
5 

Class II PfHDAC2 (PF3D7_1472200); PfHDAC3 (PF3D7_1008000) 

Class III  PfSir2A (PF3D7_1328800); PfSir2B (PF3D7_1451400) 

Histone lysine 

demethylases 

(KDMs) 

Lysine demethylase 

(LSD) 
PfLSD1 (PF3D7_1211600) 3 

Jumonji C (JmjC) PfJmJC1 (PF3D7_0809900); PfJmJC2 (PF3D7_0602800) 

Epigenetic 

“Readers” 
 

Bromodomain-            

containing proteins 

(BDPs) 

PF3D7_1234100; PfGCN5 (PF3D7_0823300); PfSET1 (PF3D7_0629700);                                   

PfBDP3 (PF3D7_0110500); PfBDP4 (PF3D7_1475600); PfBDP1 (PF3D7_1033700)e;   

PfBDP2 (PF3D7_1212900)  

24 
Chromodomain/ 

Chromodomain like 

PfHP1 (PF3D7_1220900); PfCHD1 (PF3D7_1023900); PfMYST (PF3D7_1118600); 

PF3D7_1140700 

PHD domain 

PfSET1 (PF3D7_0629700); PfSET2 (PF3D7_1322100); PfSET10 (PF3D7_1221000) 

PfLSD1 (PF3D7_1211600); PfISWI (PF3D7_0624600); PF3D7_1433400; 

PF3D7_1008100; PF3D7_1460100; PF3D7_1310300; PF3D7_1475400; 

PF3D7_0310200; PF3D7_1141800; PF3D7_1360700 
a Taken from [153]; Highlighted in blue are proteins essential for parasites survival; b[124];  c[154]; d[155, 156]; e[157] 
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Although there are many sites for protein methylation, arginine and lysine 

methylation are the most common protein methylation in eukaryotic cells [158]. This 

thesis focuses on the methylation of lysine and arginine residues on the histone 

proteins. In humans, more than 60 human HMTs have been identified and are divided 

into two classes - SET (Suppressor of variegation 3-9 (Su(var)3-9) (Suv), Enhancer of 

Zeste (E(z)) and Trithorax (Trx)) domain-containing protein and non-SET domain-

containing protein or distruptor of telomeric silencing-1 (Dot1) (reviewed in [159]).   

 

Lysine methylation exists in mono (me1), di (me2), and tri (me3) states, [160] and is 

catalysed by histone lysine methyltransferases (HKMTs) and lysine demethylases 

(KDMs) (Section 1.7.2.1), which may have different functional consequences 

(reviewed in [148]). In humans, the most common reported methylated lysine residues 

in histone H3 include lysine 4 (H3K4), lysine 9 (H3K9), lysine 27 (H3K27), lysine 36 

(H3K36), lysine 79 (H3K79) and lysine 20 of histone H4 (H4K20) (reviewed in [148]). 

Of these, H3K4, H3K36, and H3K79 methylation have been reported to be associated 

with transcriptionally active euchromatin, whereas H3K9, H3K27, and H4K20 

methylation are involved in transcriptionally inactive heterochromatin [149, 161, 162]. 

 

Unlike lysine methylation, arginine methylation occurs in mono-, asymmetric di- and 

symmetric di- states [160]. This reaction involves the transfer of a methyl group from 

SAM to the guanidino nitrogen atoms of arginine, catalysed by protein arginine 

methyltransferases (PRMTs) and demethylases, although the identity of the latter 

remains inconclusive (reviewed in [163]). Eleven arginine methyltransferases (PRMTs) 

identified in human are grouped into three families (Type I, II and III) according to their 

catalytic activity (reviewed in [163]). Arginine methylation is implicated in both 
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transcriptional activation and repression, depending on the amino acid residues being 

methylated on histone H3 and H4 (reviewed in [163]). This mechanism has been linked 

to human diseases such as cancers, metabolic diseases, neurodegenerative disorders, and 

muscular disorders (reviewed in [163]). 

 

DNA methylation catalysed by DNA methyltransferases (DNMTs) involves the transfer 

of a methyl group from SAM to cytosine bases in DNA (reviewed in [164]). In humans, 

DNA methylation is a stable epigenetic mark that occurs at the C5 position of cytosines, 

mainly in a CpG dinucleotide context, but also in non-CpG regions of stem cells 

(reviewed in [164]). DNA methylation is regulated by a family of three DNA 

methyltransferase enzymes (DNMT1, DNMT3A, and DNMT3B) and one cofactor 

(DNMT3L) (reviewed in [164]). DNA methylation is known to control gene expression, 

regulation of parental imprinting and stabilization of X-chromosome inactivation, 

maintenance of genome integrity, development of immune system, cellular 

reprogramming, brain function and behaviour (reviewed in [165]). Aberrant expression 

of DNMTs and disruption of DNA methylation patterns are closely associated with 

many forms of cancer, although the exact mechanisms underlying this link remain 

elusive (reviewed in [165]). 

 

1.7.1b  P. falciparum methyltransferases 

In Plasmodium, ten histone lysine methyltransferase homologues of the SET domain-

containing protein family have been identified, however a Dot1 homologue or 

orthologue has yet to be identified (Table 1.3; Section 1.7) [152, 155, 166-169]. Six of 

the ten SET domain-containing proteins have shown to be essential for asexual blood 

stage parasite survival - PfSET1, 3, 6, 7, 9, and 10 [156, 170]. Mass spectrometry 
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analysis indicated that >10% of proteins in the P. falciparum genome are subjected to 

lysine methylation, with a total of 570 putative lysine methylated proteins identified 

in the asexual stage [171]. Methylation is detected in all three asexual blood stages 

(ring, trophozoite and schizont), although primarily occurs at the schizont stage 

[171]. Functionally, histone lysine methylation marks, together with other 

modifications, are involved in regulating the expression of var genes [141, 142, 172], 

invasion genes and a gametocyte-specific transcription factor PfAP2-G (Figure 1.7) 

[172-174]. 

 

In addition to lysine methylation, the presence of arginine methylation in P. falciparum 

was also detected by tandem mass spectrometry, with >16% of P. falciparum genome 

encoded proteins possibly modified by arginine methylation [175]. While arginine-

methylated proteins are widely distributed in P. falciparum, the majority are located in 

the cytoplasm [175]. Although little is known about arginine methylation in P. 

falciparum, three putative arginine methyltransferases (PRMTs), with some degree of 

homology to human PRMTs, have been identified in the P. falciparum genome [176-

178]. These putative PfPRMTs are PfPRMT1, PfPRMT5 and PfCARM1 [176-178]. 

While PfPRMT1 (PF3D7_1426200) and PfPRMT5 (PF3D7_13610000) are ≥30% 

identical to human PRMT1 and PRMT5, respectively,  PfCARM1 (PF3D7_0811500) 

shares 17% identity to mammalian CARM1 [176]. However, only PfPRMT1 has been 

characterised and shown to have PRMT activity [176]. PfPRMT1 consists of 401 amino 

acids (~47.4 kDa) and localises in nucleus and cytoplasm throughout intraerythrocytic 

stages, with much higher levels detected in late trophozoite and schizont stages [176]. 

PfPRMT1 has a broad substrate specificity, including histones (H4 and H2A) and non-

histones proteins (e.g. substrates involved in RNA metabolism) [176].  In histone H4,  
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Figure 1.7 Epigenetic regulation of specific genes and gene families in Plasmodium 

falciparum. (A) The family of var genes is controlled by clustering of silent var genes 

at the nuclear periphery and the deposition of repressive H3K9me3 marks, which 

recruits PfHP1 and results in the formation of heterochromatin. The single active var 

gene is isolated from all other var genes, marked by H3K4me3 and H3K9ac, and 

localized in a euchromatic environment. LncRNAs transcribed from a bidirectional 

promoter in the var introns also contribute to regulation of var gene expression.                     

(B) Several families of invasion genes are epigenetically regulated through repressive 

and active histone marks that recruit heterochromatin marker PfHP1 and gene activator 

PfBDP1, respectively. (C) During the IDC, gametocyte-specific TF pfap2-g localizes to 

the nuclear periphery and is silenced by repressive histone marks, including H3K9me3 

and PfHP1. Abbreviations: IDC, intraerythrocytic developmental cycle; HDA2, histone 

deacetylase 2; H3K9me3, trimethylation of histone H3 at lysine 9; H3K9ac, acetylation 

of histone H3 at lysine 9; LncRNAs, long noncoding RNAs; PfBDP1, bromodomain 

protein; PfHP1, heterochromatin protein 1; SET2, histone lysine methyltransferase that 

specifically marks var genes; SIR2A, silent information regulator 2A; SIR2B, silent 

information regulator 2B; TF, transcription factor; PfAP2-g, gametocyte-specific 

transcription factor. Taken from Batugedara et al. [172]. (License number: 

4286300609731) 
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PfPRMT1 only methylates Arg 3, a transcription activation mark, during parasite 

development, suggesting its role in chromatin-mediated gene regulation [176].  

 

The precise role of DNA methylation in Plasmodium remains unclear. Plasmodium 

parasite genomes have an extremely low GC-content (e.g. 19.4% GC in P. falciparum) 

[153, 179], and this means that methylated cytosines can be overlooked by classic mass 

spectrometry due detection threshold limits [153, 180, 181]. However, using highly 

sensitive triple quadrupole mass spectrometry, Ponts and colleagues (2013) identified a 

functional DNMT in P. falciparum (PfDNMT; PlasmoDB ID PF3D7_0727300) [153]. 

Genome-wide analysis of P. falciparum DNA methylation also revealed an 

asymmetrical methylation in the P. falciparum genome, in which only the template 

strand is methylated [153]. Strand specificity could possibly affect the affinity of RNA 

polymerase II for DNA template and directly impact the rate of transcription elongation 

to facilitate the inclusion of constitutive exons during splicing [182]. 

 

1.7.1c  Acetyltransferases  

Histone acetyltransferases (HATs) play crucial roles in gene activation by acetylating 

conserved lysine residues at N-terminal histone tails [183]. Acetylation of lysine 

residues results in neutralising the positive charge on the residues, subsequently 

loosening the bonds between histone and DNA [184]. However, HATs do not act alone 

in maintaining the steady-state equilibrium of histone acetylation. “Acetylation 

homeostasis” occurs by the antagonistic catalytic activities of HATs (epigenetic 

“writers”) and HDACs (epigenetic “erasers”). HDACs are discussed in Section 1.7.2.2. 

[185].  
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Eukaryotic HATs are grouped into two general classes, type A and B, based on their 

cellular origin and functions [183, 186]. A-type HATs are located in the nucleus and 

generally acetylate chromosomal histones while B-type HATs are located in cytoplasm 

and are likely to be involved in the deposition of newly synthesized histones in the 

cytoplasm onto newly-replicated DNA in the nucleus [186, 187]. More than 50 A-type 

HATs have been identified in human cells and they are further divided into five groups 

based on the structural and functional similarity [188, 189]. The five A-type HAT 

families are GNAT (GCN5-related N-acetyltransferases), MYST [Moz, Ybf2/. Sas3, 

Sas2, Tip60), p300/CBP, basal transcription factors and nuclear receptor co-factors 

[188, 189]. Of these  the two largest families are the GNAT (typified by GCN5) and 

MYST families [188, 190]. The majority of native HATs are integrated into different 

multi-subunit complexes containing different histone recognition modules, facilitating 

their enzymatic activity and substrate specificity [191, 192]. Dysregulation of HAT 

activity is associated with neurodegenerative amyotrophic lateral sclerosis, 

inflammation, diabetes, asthma, chronic obstructive pulmonary disease, cystic fibrosis, 

and cancer (reviewed in [193]). 

 

1.7.1d  P. falciparum acetyltransferases  

Histone acetylation in Plasmodium has been shown to be involved in the regulation of 

monoallelic expression of var genes, which in turn mediates antigenic switching and 

virulence of the parasite (Section 1.4) [143, 144]). Disturbance of histone acetylation 

has negative impacts on parasite development and survival [124]. Ten HATs 

homologues have been identified in the P. falciparum genome (Table 1.3; Section 1.7) 

[152], however only PfGCN5 and PfMYST have been characterised [154, 194]. 
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Both PfHATs have been shown to preferentially acetylate lysine residues, however 

PfGCN5 prefers to acetylate H3 at K9 and K14 [194], whereas PfMYST favours 

histone H4 at K5, K8, K12, and to a lesser extent K16 [167].  

 

PfGCN5 (~1465 amino acids) [195] is a well characterized member of the GNAT 

family that localises in the nucleus [194]. A predicted network of PfGCN5 with twenty 

other proteins suggests it has critical a role in chromatin remodelling and transcription 

regulation [196]. Examples of proteins associated with PfGCN5 are histones H2A, H3, 

and H4, DNA helicase, three HDACs, a putative chromodomain-helicase-DNA-

binding protein, and a putative chromatin assembly protein ASF1 (anti-silencing 

function protein 1) [196]. PfGCN5 has also been reported to interact with two 

transcriptional activators - P. falciparum silencing information regulator 2A (PfSir2A; 

PF3D7_1328800; Table 1.3) and P. falciparum alteration/deficiency in activation 

protein 2 (PfADA2; PF3D7_1014600), suggesting that they may be associated with 

each other to acetylate nucleosomal histones [194].  

 

Unlike PfGCN5, PfMYST has smaller a size with ~608 amino acids [195] and localises 

in both nucleus and cytoplasm [154]. Two PfMYST isoforms of different sizes are 

expressed during asexual stage and may be involved in different protein complexes and 

have different cellular functions [154]. Among the core histones, PfMYST 

preferentially acetylated K5, K8, K12 and K16 of H4 although it also acetylates histone 

H2A in nucleosomes [154]. PfMYST is expressed throughout the IDC and is essential 

for asexual intraerythrocytic growth [154]. Functionally, PfMYST is involved in the 

regulation of cell cycle regulation and the overexpression of PfMYST changes of H4 
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acetylation and cell cycle progression and significantly shortened the IDC by almost 4 h 

[154]. 

 

 Epigenetic “Erasers”  

1.7.2a  Demethylases  

Methylation of lysine residues in histones was initially thought to be an irreversible 

process until the discovery of the first protein lysine demethylase (LSD1⁄ KDM1) in 

2004 by Shi and colleagues [197]. In higher eukaryotes, lysine demethylation is 

catalysed by two distinct families of lysine demethylases (KDMs) known as lysine-

specific demethylases (LSDs) and Jumonji-C (JmjC) domain proteins [152, 198, 199]. 

Both demethylase families have high degree of specificity for particular lysine residues 

and the degree of methylation [200]. LSDs catalyse the demethylation of mono- and di-

methylated residues via a FAD (flavin adenine dinucleotide)-dependent oxidative 

mechanism (reviewed in [201]), whereas JmjC domain-containing proteins remove 

mono-, di-, and tri-methyl residues through a hydroxylation-based mechanism 

(reviewed in [202]). JmjC domain-containing proteins represent the major demethylases 

that can be grouped into five subfamilies (KDM2/7, KDM3, KDM4, KDM5, and 

KDM6). Overall, JmjC domain-containing KDMs have been recognized and shown to 

play crucial roles in transcription regulation, stem cell differentiation, and animal 

development (reviewed in [203]). LSD1 is reported to be essential in higher 

eukaryotes as it regulates cellular differentiation, embryonic development, neuronal 

development and oncogenesis (reviewed in [201] and [202]). 
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1.7.2b  P. falciparum demethylases 

Searches of the Plasmodium genome database [195] have identified one LSD1 

orthologue and two JmjC domain proteins (PF3D7_0809900 and PF3D7_0602800) 

known as PfJmjC1 and PfJmjC2, respectively (Table 1.3; Section 1.7) [166, 171, 204]. 

Expression of PfJmjC1 was detected throughout the asexual developmental cycle, 

peaking during the schizont stage [140, 205]. PfJmjC1 is involved in the removal of 

epigenetic marks from H3K9 and H3K36 while the epigenetic mechanism of LSD1 and 

PfJmjC2 is unknown [166]. Success in knocking out all identified PfKDM genes in 

asexual blood stages indicates that they are not essential to blood stage parasites 

individually, however combinations of knockouts/disruptions have not been reported 

[156]. In addition, the knockout studies also suggested that all three identified 

PfKDMs are not related to the transcription of var genes in P. falciparum 3D7 

parasites [156]. It remains unknown if there are other unidentified histone lysine 

demethylases [166].   

 

1.7.2c  Deacetylases  

In the context of epigenetics, protein deacetylases were historically called histone 

deacetylases based on description of epigenetic modifications of histones by Allfrey et 

al. [206]. However, as studies have shown that lysine residues on non-histone substrates 

are also subjected to deacetylation by these enzymes, the term  lysine deacetylase 

(KDAC) is probably more appropriate [207]. To better link with published data, the 

term HDACs will be used throughout this thesis.  

 

With respect to their histone substrates, HDACs act as repressors by removing acetyl 

groups from lysine residues on the tail of histones [208]. This restores a positive charge 
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and increases the ionic interactions between the positively charged histones and 

negatively charged phosphate groups of DNA, resulting in compact chromatin structure 

and silencing of gene transcription [208, 209].  

 

Of the identified 18 mammalian HDACs [210], there are two types of HDACs 

depending on their hydrolytic mechanism of action: metal (Zn2+)-dependent and NAD 

(nicotinamide adenine dinucleotide)-dependent HDACs [211]. Zn2+-dependent HDACs 

are further grouped into four classes (Class I, II, III and IV) according to the sequence 

similarity to yeast prototypes [210], cellular localization, number of catalytic sites, and 

domain organization [211]. HDACs are involved in regulating of cell cycle progression 

and mitosis, the DNA damage response, cellular stress response, protein degradation, 

cytokine signalling, immunity and inflammation, angiogenesis and cell survival 

[212]. Because HDACs are involved in an enormous range of cellular mechanisms, 

deregulation and mutations of HDAC genes greatly impact the physiological pathways 

and can be associated with cancer, neurological diseases, metabolic disorders, 

inflammatory diseases, cardiac diseases, and infectious diseases (reviewed in [213]). Of 

the many roles HDACs play in human diseases, HDACs are most highly associated 

with cancers (reviewed in [213]), and HDAC inhibitors were the second “epigenetic 

drugs” approved for clinical use (Chapter 1; Section 1.7.4).  

 

1.7.2d  P. falciparum deacetylases  

Five HDACs have been identified in P. falciparum (Table 1.3; Chapter 1; Section 1.7) 

and they are grouped into different classes depending on the homology shared with 

human HDACs [195]. Three Zn2+-dependent HDACs homologues are present in P. 

falciparum - PfHDAC1 shares homology with human class I HDACs [214] and 
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PfHDAC2 (also called PfHdaI) and PfHDAC3 (also called PfHda2) display similarity to 

human class II HDACs [168, 215, 216]. On the other hand, two P. falciparum NAD+-

dependent HDACs have also been identified namely Sir2A and Sir2B [143, 144, 217]. 

Of the five HDACs, only PfHDAC1, PfHDAC3 and PfSir2A and B have been partially 

characterised [144, 214, 218]. 

 

PfHDAC1 has ~54% amino acid identity to the class I RPD3 (reduced potassium 

dependency 3) family of human HDACs [214], has been reported as predominantly 

localised in the nucleus [219] and exhibits stage-specific transcriptional activity, being  

highly expressed in gametocytes and late asexual intraerythrocytic stages [214, 219]. 

PfHDAC1 plays important roles in regulating the developmental processes like 

schizogony, gametocytogenesis, and liver invasion [139]. In addition, the 

downregulation of PfHDAC1 in artemisinin resistant Plasmodium has led to the 

speculation that it may be involved in the mechanism of artemisinin resistance [220], 

although this has not been confirmed. 

 

While PfHDAC2 shares very little sequence homology with mammalian HDACs and 

have not been characterized [147], PfHDAC3 (PfHda2) was found to regulate parasite 

growth and gametocytogenesis [216]. Knockdown of PfHda2 not only causes major 

disruption to parasite asexual intraerythrocytic stage growth but also affects the 

expression of virulence-associated var genes (Figure 1.7A; Section 1.7.1.1a) and the 

transcription factor PfApiAP2, controlling conversion of asexual to sexual stages and 

leading to increased gametocyte conversion (Figure 1.67; Section 1.7.1.1a) [216].  
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Little is known about the tertiary structures of class III PfHDACs [221] although it is 

reported that PfSir2A and PfSir2B share sequence homology specifically to the archaeal 

and eubacterial sirtuins, which appears to be different from the other sirtuins sequenced 

so far [219]. PfSir2 enzymes are involved in the regulation of virulence genes and 

antigenic variation (Figure 1.7A; Section 1.7.1.1a) [217]. In spite of the important roles 

in chromatin condensation and regulating transcription of virulence genes, both PfSir2A 

and PfSir2B are not essential for asexual parasite survival in vitro [222] and are 

therefore not considered valid anti-plasmodial drug targets. 

 

 Epigenetic “Readers”  

1.7.3a  Bromodomain-containing proteins (BDPs) 

Bromodomains (BRDs) are a family of evolutionarily conserved protein domains that 

specifically recognise and bind to acetylated lysine residues [223]. BRDs are made up 

of specialized structures that consist of left-handed four alpha-helices linked by highly 

variable loop regions to form a hydrophobic pocket that recognizes acetyl-lysine [224]. 

In human genomes, 61 bromodomains in 46 different bromodomain-containing proteins 

(BDPs) have been identified. These are categorised into eight major groups (group I–

VIII), according to the structure or sequence similarity and differences in the amino acid  

sequences adjacent to the acetyl-lysine binding sites (reviewed in [225]). The most 

intensely studied group of BRDs is group II, bromo- and extra-terminal domain (BET) 

family consists of four BET paralogous proteins (BRD2, BRD3, BRD4, and BRDT) 

(reviewed in [225]). Similar to epigenetic “readers” and “erasers”, BRD-containing 

proteins have also been implicated in human diseases such as cancers, diabetes, 

atherosclerosis, inflammation and cardiovascular diseases (reviewed in [226, 227]).                                                    
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1.7.3b  P. falciparum bromodomains containing proteins (PfBDPs) 

In comparison to our understanding of HATs and HDACs, little is known about the 

characteristics and functions of BRD containing proteins (BDPs) in P. falciparum. Nine 

BDPs have been identified in the P. falciparum genome with BDP4 (PF3D7_1475600) 

being the only BDP identified as having two bromodomains (Table 1.2; Section 1.7; 

Figure 1.8) [146, 228]. Conflict in the nomenclature for P. falciparum BDP3 and BDP4 

was observed in a recent review paper by Jeffers et al. [228] and the unpublished data in 

Target Enabling Packages (TEPs) programme [229]. TEPs is an open access “toolkit” 

for structures, assays, proteins, chemical starting points, etc to allow exploration of 

novel, genetically validated targets [230]. This toolkit is developed by SGC (Structural 

Genomics Consortium), a public-private partnership funded by numerous 

pharmaceutical companies (e.g. AbbVie, Norvatis, Bayer Pharma AG, Boehringer 

Ingelheim, Merck, MSD etc) as well as foundations and institutes (e.g. Genome Canada 

through Ontario Genomics Institute (OGI-055), Wellcome etc) [229, 230]). Jeffers and 

colleagues named a putative BDP protein with the Plasmodb gene ID PF3D7_0110500 

as PfBDP3 and PF3D7_0110500 as PfBDP4 [228], however the nomenclature was 

reversed in the unpublished work on the SGC website [146]. To avoid confusion, the 

nomenclature used in this thesis is based on the review paper by Jeffers and colleagues 

[228]. 

 

Two of the nine P. falciparum BDPs have been characterised to date - General control 

nonrepressed protein 5 (PfGCN5; Gene ID - PF3D7_0823300) and Bromodomain 

protein 1 (PfBDP1; Gene ID – PF3D7_1033700) [146, 231]. PfBDP1 was shown to 

positively regulate transcription of invasion genes by binding to acetylated histone H3 

and another bromodomain protein, PfBDP2 [157]. Conditional knockdown studies 
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showed that PfBDP1 is essential for parasite growth and survival as parasite invasion 

(Figure 1.7B; Section 1.7.1.1a) was significantly reduced and subsequently inhibited 

parasite growth without affecting the cell morphology and life cycle staging for at least 

the first two asexual cycles [157].  

 

 

Figure 1.8 BDP family members identified in Plasmodium. A total of nine 

bromodomain-containing proteins (BDPs) are identified in P. falciparum. BDP4 is the 

only identified BDP in P. falciparum of having two bromodomains (BRDs). Modified 

from unpublished data [146]. 

 

 Epigenetic drugs – inhibitors of epigenetic regulators and disease  

Nucleoside DNMT inhibitors are the first two epigenetic drugs approved by the US 

FDA for the treatment of myelodysplastic syndromes [232, 233]. 5-azacytidine 

(azacytidine) and 5-aza-2′-deoxycytidine (decitabine) were approved in May 2004 and 

May 2006, respectively [232, 233]. Other DNMT inhibitors currently in clinical trials 

include SGI-110 (guadecitabine) currently in Phase II/III for the treatment of ovarian 

cancer, myelodysplastic syndromes, kidney cancer, carcinoma, and leukaemia [234-

238] and TdCyd (4'-Thio-2'-Deoxycytidine) in Phase I clinical trial for solid tumours 

[239]. In addition, gemcitabine is currently in clinical trials Phase I/II for cervical 

cancer, renal cancer, childhood brain tumour, nasopharyngeal cancer, mesothelioma, 

lung cancer, and sarcoma [240-244]. In 2014, a Dot1 inhibitor EPZ-5676 (pinometostat) 

progressed into human clinical trials, marking a major breakthrough in HKMT inhibitor 
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development (reviewed in [245]). Subsequently, three LSD1 inhibitors, four HKMT 

inhibitors and one PRMT5 inhibitor also progressed into clinical trials for the treatment 

of cancers (Table 1.4). While no BDPi has been approved for clinical use, ten BET 

inhibitors are currently in clinical trials for haematological malignancies, solid 

tumours and cardiovascular disease (Table 1.5) [227, 246]. 

 

Despite the limitations in the currently used HDAC inhibitor drugs (e.g. toxicity, lack of 

selectivity, low bioavailability, rapid metabolism and short half-life [247-249]), four 

HDAC inhibitors from two different classes have also been approved by the US FDA 

for the treatment of cancers. Vorinostat (suberanilohydroxamic acid (SAHA); Zolinza®; 

Merck & Co.) is the first FDA-approved HDAC inhibitors for the treatment of T-cell 

lymphoma in October 2006 [250]. Two other HDAC inhibitors have been approved for 

the treatment of T-cell lymphoma - belinostat (PXD101; Beleodaq®; approved 2014; 

Spectrum Pharmaceuticals, Inc) [251] and romidepsin (FK228; Istodax®; approved 

2011; Celgene Corporation) [252]. In early 2015, panobinostat (LBH-589; Farydaq®; 

Norvatis) was approved for combination therapy of multiple myeloma [253]. All 

clinically approved HDAC inhibitors are hydroxamic acid-based HDAC inhibitors [250, 

254, 255] with the exception of romidepsin, a cyclic peptide Class I HDAC inhibitor 

[252, 256]. In addition, Chidamide (epidaza), the first benzamide class HDAC inhibitor, 

was approved by the Chinese FDA for the treatment of patients with recurrent or 

refractory peripheral T-cell lymphoma (PTCL) in December 2014 [257]. Other HDAC 

inhibitors currently in clinical trials are summarised in the Table 1.6 [258]. 
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Table 1.4 Inhibitors of HKMTs and KDMs currently in clinical trials. 

Compounds/ Drugs Target Clinical Phase Indication(s) Ref 

EPZ-5676 (Pinometostat) DOT1 I Relapsed/refractory leukaemia [259, 260] 

GSK2816126 (GSK126) EZH2 (enhancer of zeste 

homolog 2) 

Terminated after 

phase II 

Relapsed or refractory diffuse large B cell and 

transformed follicular lymphoma 

 

[259, 261] 

EPZ-6438 (tazemetostat) EZH2 II Advanced solid tumours or with relapsed or 

refractory B cell lymphomas 

 

[259, 262] 

CPI-1205 EZH2 I B cell lymphomas 

 

[259] 

ATRA (Tretinoin) and 

TCP (Tranylcypromine) 

LSD1 I/II Relapsed or refractory acute myeloid 

leukaemia (AML) and no intensive treatment 

is possible 

 

[259, 263] 

ORY-1001 LSD1 I/II Relapsed or refractory acute leukaemia 

 

[259, 264, 265] 

GSK2879552 LSD1 I AML [259] 

Terminated after 

phase I 

Small cell lung cancer (SCLC) 

 

4SC-202 HDAC (histone 

deacetylase) and LSD1 

 

I Advanced haematological malignancies [259, 266] 

IMG-7289 LSD1 I/II Myelofibrosis (MF) [259] 

GSK3326595 PRMT5 I Solid tumours and  non-Hodgkin lymphoma [267] 
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Table 1.5 BET inhibitors in clinical trials [227] (License number : 4291791168853) 
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Table 1.6 HDAC inhibitors tested clinically and approved [258, 268]  

 
a [269] 

Class HDAC Inhibitor Target HDAC Class Clinical Status

SAHA Pan Approved for cutaneous T-cell lymphoma

Belinostat Pan Approved  for peripheral T-cell lymphoma

Panobinostat Pan Approved  for multiple myeloma

Chidamide
a Pan Approved  in China for peripheral T-cell lymphoma

Givinostat Pan Phase II clinical trials - relapsed leukemia and multiple myeloma

Resminostat Pan Phase I and II clinical trials - hepatocellular carcinoma

Abexinostat Pan Phase II clinical trial - B-cell lymphoma

Quisinostat Pan Phase I clinical trial - multiple myeloma

Rocilinostat II Phase I clinical trial - multiple myeloma

Practinostat I, II and IV Phase II clinical trial - prostate cancer

CHR-3996 I Phase I clinical trial - advanced/metastatic solid tumours refractory to standard therapy

AR42 Pan Phase I clinical trial - relapsed myeloma, chronic lymphocytic leukemia and lymphoma

Pyroxamide (NSC696085) HDAC1 Phase I clinical trial - advanced malignancies

CH-2845 monocyte-macrophage lineage Phase I clinical trial- advanced haematological malignancies

Valproic acid I, IIa
Approved for epilepsia, bipolar disorders and migraine; phase II clinical trials - several

studies

Butyric acid I, II Phase II clinical trials - several studies

Phenylbutyric acid I, II Phase I clinical trials - several studies

Entinostat I
Phase II clinical trial - breast cancer, Hodgkin ś lymphoma, non-small cell lung cancer;

phase III clinical trial - hormone receptor positive breast cancer

Tacedinaline I Phase  III clinical trial - non-small cell lung cancer and pancreatic cancer

4SC202 I Phase I clinical trial - advanced hematological malignancies

Mocetinostat I, IV Phase  II clinical trials - Hodgkin ś lymphoma

Cyclic tetrapeptides Romidepsin I Approved for cutaneous T-cell lymphoma

Nicotinamide all class III Phase III clinical trial - laryngeal cancer

SIRT 1 and 2 Cancer preclinical; phase I and II clinical trials - Huntington disease, glaucoma

Hydroxamic acids

Short chain fatty acids 

Benzamides

Sirtuins inhibitors
EX-527
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 Anti-plasmodial activities of epigenetic inhibitors 

The most extensively studied epigenetic inhibitors against Plasmodium are different 

classes of HDAC inhibitors such as cyclic tetrapeptides, benzamides, short-chain fatty 

acids and hydroxamate-based compounds (reviewed in [119, 120, 270, 271]). Among 

the different HDAC classes, hydroxamic acid type inhibitors are the most extensively 

studied due to promising in vitro anti-plasmodial activities (low nM IC50 values) and, in 

some cases, reasonable selectivity for the parasite versus human cells (Selectivity Index 

SI >50 ([222, 272, 273] reviewed in  [119, 120, 270, 271]). Studies on HDAC inhibitors 

as novel anti-plasmodial agents were initiated nearly two decades ago by Darkin-

Rattray et al. (1994) who demonstrated the potent anti-plasmodial activity of several 

naturally occurring cyclic tetrapeptides, including apicidin and is analogue HC-toxin 

[215]. Both compounds were shown to irreversibly prevent the growth of the multi-drug 

resistant P. falciparum Dd2 parasites in vitro and inhibited >95% of parasites growth in 

vivo in orally treated P. berghei-infected mice [215], however cures were not achieved 

[274].  

 

Other potent HDAC inhibitors tested in murine malaria models are the hydroxamates 

SBHA [275], YC-II-88 [274], and SB939 [222] - however, none of these HDAC 

inhibitors cured malaria-infected mice when administered orally. However, P. berghei- 

infected mice were completely cured and the survival of the mice was improved when 

50 mg/kg of YC-II-88 was administered  intraperitoneally, but not when administered 

orally [274]. SBHA shows low efficacy against Plasmodium parasites in both in vitro 

(IC50 0.8 µM -1.3 µM) and in vivo studies (200 mg/kg twice daily for 3 days; 

intraperitoneal; suppressed parasites growth up to 12 days, no cures achieved) [275]. 

Although SB939 showed high potency in vitro against P. falciparum 3D7 and Dd2 
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parasites in addition to P. berghei exoerythrocytic-stage parasites (IC50 100-200 nM), it 

failed to cure all infected mice in a murine experimental cerebral malaria model  [222].  

 

Recent studies also show that all the clinically approved HDAC inhibitors 

(vorinostat/SAHA, panobinostat, romidespin and belinostat) are active not only against 

cancer cells, but also in vitro against asexual intraerythrocytic stage P. falciparum 

parasites [276]. In addition, all four clinically approved HDAC inhibitors for the 

treatment of cancers also show high potency against asexual intraerythrocytic stage P. 

falciparum parasites (IC50 10 nM - 190 nM) [276]. Despite this efficacy, three of the 

clinically approved drugs (vorinostat/SAHA, belinostat and panobinostat) were only 

modestly selective (SI  2 - 46) against P. falciparum versus mammalian cell lines and 

one (romidepsin) showed no selectivity at all [273]. Due to the good in vitro efficacy 

and long half-life of panobinostat in comparison to SAHA, this inhibitor was tested in 

murine malaria model as part of this thesis. 

 

Despite the intense search for small-molecule HAT inhibitors [277], HAT inhibitor 

development lags behind that of HDAC inhibitors [278] as HAT inhibitors are often not 

very selective and bind multiple classes of proteins [279, 280]. Apart from synthetic 

HAT inhibitors, HAT inhibitors can be derived from natural medicinal plants such as 

anacardic acid, garcinol and curcumin [281-283]. Both curcumin and anacardic acid 

have been reported to inhibit proliferation of P. falciparum through inhibition of the 

PfGCN5 HAT and to induce hypoacetylation of histone H3 at K9 and K14 [124, 284]. 

There have been improvements in the development of HAT inhibitors recently but 

progress is still challenged by undesired properties such as anti-oxidant activity, 
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instability in a cellular environment, low potency, or low selectivity between HAT 

subtypes and other enzymes [285].  

 

While there are limited studies on the anti-plasmodial activity of HKMT inhibitors, the 

first report of anti-plasmodial activity of HKMT inhibitors (BIX01294 and TM2-115) 

was published in 2012 by Malmquist and colleagues [122]. BIX01294, a known 

inhibitor of human G9a histone methyltransferase, and its derivative TM2-115, rapidly 

and irreversibly inhibited growth of both resistant and sensitive P. falciparum lines 

(3D7, W2, 7G8 and Dd2; IC50 40-75 nM) [122]. In addition, the compounds also caused 

growth inhibition in ex vivo clinical isolates of both P. falciparum and P. vivax (IC50 

240 nM - 390 nM) [121]. Malmquist and colleagues also reported the efficacy of 

BIX01294 and TM2-115 against sexual stage gametocytes at µM levels and mature 

gametocytes (transforming to gamete) at submicromolar concentrations [121]. However 

oral and intraperitoneal administration of these compounds in P. berghei-infected mice 

failed to achieve cures [122]. Likewise, in a humanised mouse model, oral 

administration of 75 mg/kg and 100 mg/kg BIX01294 or TM2-115 suppressed parasites 

growth although no cure was observed [121]. 
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 Hypothesis and Aims  

Overall timelines from discovery and development of new antimalarial drugs to 

launching in disease-endemic countries is longer compared to other infectious disease 

drugs because of the need for combination treatments [93]. The piggyback strategy not 

only potentially shortens the lengthy drug development timelines but also drug 

development cost [112]. Under this approach, existing drugs (analogues) are invested as 

drug leads for different [107]. This strategy is of interest as starting point for drug 

discovery and development for NTDs and other human parasitic diseases including 

malaria (reviewed in [112], [111] and [107]). In this project this approach was used to 

address the need to identify new antimalarial drug leads to ensure a continuous pipeline 

of new antimalarial candidates. As such, various epigenetic inhibitors or analogues have 

been investigated. Specific rationales for compounds used are given at the start of each 

chapter.  

 

Hypothesis 

That “epigenetic inhibitors” can be identified as new antimalarial drug leads by 

investigating compounds that are known or predicted inhibitors of different epigenetic 

targets.       

 

Aims 

The above hypothesis was addressed by three main aims: 

Aim 1 To assess the in vitro anti-plasmodial activity and selectivity of different 

classes of known or predicted epigenetic inhibitors using in vitro P. 

falciparum growth inhibition assays and human cytotoxicity assays 

(Chapter 3-6).  
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Aim 2 To evaluate the in vivo efficacy of selected compounds in a pre-clinical 

mouse model of malaria (Chapter 4). 

Aim 3 To carry out preliminary mode of action studies on selected anti-plasmodial 

compounds (Chapter 3-6). 
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Chapter 2 

General Materials and Methods 
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2 Methodology 

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 (16-11-QLD-17). RBCs were aliquoted 

(~25 ml per tube) aseptically into sterile conical tubes (Corning, USA). To separate 

erythrocytes from the plasma and buffy coat RBCs were washed 3-4 times by 

resuspending in an equal volume of RPMI 1640 media (Cat #- 11875-119, Gibco 

Invitrogen, USA) supplemented with 5 µg/ml gentamycin (Gibco, USA) and 

centrifuging at 650 x g for 5 min. Washed RBCs were resuspended in RPMI and stored 

at 4oC 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 aseptically transferred into a conical tube and incubated 

at 37ºC in a water bath until clotted. The tubes were shaken vigorously to dislodge the 

clot, and then centrifuged at 3220 x g for 10 min in centrifuge (Beckman Coulter, 

USA). Complement factors were heat inactivated by incubation at 57ºC for 45 min. 

Aliquots of sera were stored at -20ºC until required.   

 

2.2 In vitro P. falciparum culture  

P. falciparum infected erythrocytes were cultured in O+ blood (Section 2.1) in pre-

warmed (37°C) parasite culture media consisting of RPMI 1640 (Cat #- 11875-119, 

Gibco Invitrogen, USA) supplemented with 10% heat-inactivated pooled human sera 

(Section 2.1) and 5 µg/ml gentamycin (Gibco, USA). Cultures were maintained at 37oC 

in gas mixture composed of 5% O2, 5% CO2, and 90% N2 (BOC Gases, Australia). 
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Cultures monitored every 1-3 days via microscopic examination of DiffQuik®-stained 

thin blood smears and maintained at ~0.1-5% parasitemia (% parasitemia = total 

parasites/total RBCs × 10 fields) and 5% haematocrit. Media was generally replaced 

every 1-2 days by removing spent supernatant and adding new parasite culture media 

(as described above). Alternatively, to reduce parasitemia, cultures were split by 

diluting a fraction of the blood pellet in new O+ blood and parasite culture media to give 

5% haematocrit. 

 

2.3 Sorbitol synchronisation 

To obtain synchronous ring stage cultures, sorbitol treatment was carried out essentially 

as previously described [286]. Briefly, P. falciparum infected erythrocyte cultures were 

centrifuged at 650 x g for 2 min in sterile conical tube, followed by discarding of 

supernatant and resuspending the packed RBC pellet in a 10x pellet-volume of sterile 

5% D-sorbitol (Sigma-Aldrich, USA) solution. Cells were incubated for 5 min at room 

temperature, followed by centrifugation as above. The sorbitol solution was removed 

and discarded and the cell pellet resuspended in Parasite Culture Media (Appendix 1) 

and cultured as described in Section 2.2. 

 

2.4 Cryopreservation of P. falciparum infected erythrocytes 

Cultures of predominantly ring stage parasites (~3% or higher) were transferred to 

sterile conical tube and centrifuged at 650 x g for 2 min. The resulting pellet was 

resuspended in an equal volume of sterile Parasite Freezing Solution (Appendix 1) and 

the solution then aliquoted into labelled sterile cryovials (Greiner Bio-one, Belgium) 

and immediately frozen in an ethanol-dry ice bath. Cryovials were transferred to -80oC 

for at least 24 h and then stored in liquid nitrogen for long term storage. 
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2.5 Thawing P. falciparum infected erythrocytes 

Cryovials were removed from liquid nitrogen storage and thawed quickly at 37°C in a 

water bath. Thawed cells were immediately transferred to conical tube and 0.2 pellet 

volumes of sterile 12% NaCl (Sigma-Aldrich, USA) solution added slowly in a drop 

wise manner, with continuous gentle mixing. Following 5 min incubation at room 

temperature, ten pellet volumes of sterile 1.6% NaCl was added in a dropwise manner. 

Tubes were then centrifuged at 650 x g for 2 min and the resulting supernatant 

discarded. Cells were then resuspended in ten pellet volumes of 0.9% NaCl, centrifuged 

as above, and the supernatant removed and discarded. The resulting pellet was 

resuspended in Parasite Culture Media (Appendix 1) at 5% haematocrit and cultured as 

in Section 2.2. 

 

2.6 In vitro P. falciparum growth inhibition assays 

Antimalarial activity of compounds was tested against P. falciparum using 72 h isotopic 

microtest, as previously described [272]. This method provides quantitative 

measurement of antimalarial activities of tested compounds based on the uptake of a 

radiolabelled nucleic acid precursor by the parasite. Controls and serial dilutions of test 

compounds were prepared in 96-well tissue culture plates (Costar®, Corning, USA), 

followed by the addition of asynchronous P. falciparum parasites (1% parasitemia and 

1% final hematocrit) and [3H]-hypoxanthine (PerkinElmer®, USA; 0.5 µCi/well) was 

added to each well. Plates were incubated for 48 h before being frozen at -20oC to stop 

the assay. Plates were then thawed and the contents of each well harvested onto 1450 

MicroBeta filter mats (Wallac, USA) using a FilterMate™ Universal Harvester 

(PerkinElmer, USA). The mats were dried before sealing in sample bags with 

scintillation fluid, Betaplate scint (PerkinElmer®, USA). [3H]-Hypoxanthine 
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incorporation was determined using 1450 MicroBeta® TriLux Liquid Scintillation and 

Luminescence Counter (PerkinElmer®, USA). Negative controls in all assays were RBC 

only as well as parasites treated with vehicle control (0.5% DMSO; Sigma-Aldrich, 

USA). Chloroquine (Sigma-Aldrich, USA) and the HDAC inhibitor suberoylanilide 

hydroxamic acid (SAHA; Cayman Chemical, USA) were used as positive controls. 

Each sample was tested in at least three independent assays, each in triplicate wells. 

Percentage growth inhibition was calculated using negative controls (0.5% DMSO 

vehicle) as 100% growth while IC50 values (half maximal inhibitory concentration) were 

calculated using linear interpolation of inhibition curves [287]. 

 

2.7 Cell cytotoxicity assays (Sulforhodamine B (SRB) assay) 

The Sulforhodamine B (SRB) assay is a colorimetric assay used to determine cell 

density based on cellular protein content [288]. Neonatal foreskin fibroblast (NFF) cells 

were grown in RPMI 1640 (Gibco Invitrogen, USA) while HEK-293 cells were grown 

in Dulbecco's Modified Eagle's medium (DMEM; Sigma, USA) with both media were 

supplemented with 10% foetal bovine serum (Gibco Invitrogen, USA) and 1% 

streptomycin (Gibco, USA). Log-phase NFF and HEK293 cells were seeded (3,000 

cells/well) into 96-well tissue culture plates (Corning, USA) containing serial dilutions 

of controls or test compounds. Every sample was tested in triplicate wells in three 

independent experiments. After 72 h of incubation, NFFs were washed with pre-

warmed PBS (37°C) post-treatment and fixed with methylated spirits. A different 

fixative was used to fix HEK293 cells as they are less adherent. Approximately 25 µL 

of cold trichloroacetic acid (TCA) was gently added to each well directly to culture 

supernatant and plates were incubated at 4 °C for 1 h. Plates were then washed by 

submerging in a tub with slow-running tap water and excess water was removed by 
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gently tapping the plate into a paper towel. Plates were air-dried upside down at room 

temperature. After fixation, cells were washed once with tap water and stained with 

0.4% SRB (Sigma, USA; diluted in 1% acetic acid) for 1 h. Excess SRB stain was 

removed by washing plates three times with 1% acetic acid. 10 mM of Tris base (100 

µL) was added to each well followed by incubation for 5 min at room temperature. 

Protein content was then assessed colorimetrically by measuring absorbance at 564nm 

using Synergy 2 microplate reader (Biotek, USA). Percentage growth inhibition was 

compared to negative control wells and IC50 values were calculated using linear 

interpolation of inhibition curves [287]. 

 

2.8 Saponin lysis 

P. falciparum cultures were pelleted by centrifugation at 650 x g for 2 min and culture 

medium removed. Infected erythrocytes were resuspended in approximately 10-20 

volumes of 0.15% saponin (Sigma, USA) in PBS and incubated on ice for 3-5 min. The 

lysed RBCs mixture was transferred into microfuge tubes (Eppendorf, Germany) and 

centrifuged at 17,000 x g at 4oC for 5 min. The resulting pellets were washed three 

times in ~1mL of cold PBS, or until the supernatant was clear. Parasite pellets were 

stored at -80oC until needed. 

 

2.9 Hyperacetylation assays 

Histone hyperacetylation assays were carried out by incubating trophozoite stage 3D7 

P. falciparum (3-5% parasitemia; 5% haematocrit) under standard in vitro culture 

conditions (as per Section 2.2) for 3 h with 5x IC50 of test compounds. SAHA was used 

as positive control in these assays and chloroquine (CQ) was used as negative control. 

Following incubation with test and control compounds, cultures were centrifuged at   
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650 x g for 2 min and the supernatant was removed and discarded. Cells were lysed 

with 0.15% saponin (Section 2.8) to isolate parasites and remove haemoglobin. Low 

concentrations of saponin lyse both the RBC and parasite vacuole membranes but leave 

the parasite plasma membrane intact. Samples were then resuspended in 6x SDS 

loading dye (Appendix 1) and protein separated on 15% SDS PAGE gels (Section 

2.10) followed by Western Blot (Section 2.11). 

 

2.10 SDS-PAGE 

Parasite pellets (Section 2.9) were resuspended in 6x SDS loading dye (Appendix 1) 

and heated at 94 °C for 3 min. Samples were sheared using blunt end Terumo 27x1/2 

gauge needle by slowly passing through the needle 3-4 times to shear DNA and 

membranes that might interfere with loading. Samples were centrifuges for 1 min at 

17,000 x g in a microcentrifuge and the resulting supernatant loaded (~5% of the total 

sample volume) onto 15% SDS PAGE gels (Appendix 1) and separated in 1x SDS 

running buffer (Appendix 1) in a Mini-PROTEAN® Tetra cell (Bio-Rad, USA) at 

20mA for 45 min, as per the manufacturer’s instructions.  

 

2.11 Western blot 

Following SDS-PAGE (Section 2.10) to separate protein samples based on molecular 

weight, proteins were transferred to polyvinylidene difluoride (PVDF) membrane 

(Roche, Switzerland) at 100 V for 1 h using a Mini Trans-Blot® Electrophoretic 

Transfer Cell (Bio-Rad, USA), as per the manufacturer’s instructions. Membranes were 

then transferred to 50 ml conical tubes (Corning, USA) and stained with REVERT™ 

Total Protein Stain for 5 mins. The blot was then rinsed twice with REVERT™ Wash 

Solution and imaged at 700 nm wavelength. Protein stain was removed using 



  

59 

 

REVERT™ Reversal Solution and continue blocking with 2.5 mL 1x Odyssey® 

Blocking Buffer in PBS (Li-Cor Biosciences, USA) for 1 h at room temperature (or 

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

Following blocking, membranes were incubated overnight at 4°C with appropriate 

dilutions of primary antibody in blocking buffer with 0.1% Tween 20 (Sigma Aldrich, 

USA). Subsequently, membranes were washed three times for 5 min in PBS/0.1% 

Tween-20 and then incubated for 45 min with recommended dilution of IRDye® 

680RD goat anti-rabbit (Li-Cor Biosciences, USA) in blocking buffer at room 

temperature. Finally, membranes were washed three times for 5 min each wash in 

PBS/0.1% Tween-20 before imaging using a VersadocTM (Li-Cor Biosciences, USA) 

imaging system. Densitometry analyses were carried out using Image Studio Lite 

Version 5.2 software and a paired two-tailed t test was used for statistical analysis of 

difference [289]. 

 

2.12 Thawing P. berghei-infected erythrocytes for murine model of malaria 

Cryovials containing desired samples were removed from liquid nitrogen storage and 

thawed quickly at 37°C in a water bath. Thawed cells were immediately transferred to 

conical tube and 0.2 pellet volumes of sterile 12% NaCl solution was added slowly in a 

dropwise manner, with continuous mixing. Following 5 min incubation at room 

temperature, cells were slowly resuspended in ten pellet volumes of 1.6% NaCl by 

dropwise addition with continual shaking. The conical tubes were then centrifuged at 

650 x g for 2 min, the supernatant discarded and the pellet resuspended in 200-400 µL 

PBS. Cells were used for infection of mice within 30-60 min of thawing. 
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2.13 Murine ex vivo antimalarial susceptibility assay 

Ex vivo assays using murine Plasmodium berghei were carried out using 24 h isotopic 

microtest using a protocol modified from Chang et. al. [290]. This method provides 

quantitative measurement of antimalarial activities of tested compounds based on the 

uptake of a radiolabelled nucleic acid precursor by the parasite. Two female BALB/c 

mice were infected P. berghei QIMR [291] while two control mice were uninfected.  

When parasitemia reached >5%, mice were euthanised and blood from infected and 

uninfected mice was collected using cardiac puncture. Blood from uninfected mice was 

used to dilute the P. berghei QIMR infected blood to a final 5% parasitemia and 1% 

final haematocrit. Controls and serial dilutions (16 point dilution) of test compounds 

were prepared in 96-well tissue culture plates (Costar®, Corning, USA), followed by the 

addition of P.berghei parasites (5% parasitemia and 1% final haematocrit). [3H]-

hypoxanthine (PerkinElmer®, USA; 0.5 µCi/well) was added to each well and the plates 

were incubated under normal parasite culture conditions (see Section 2.2). After 24 h, 

plates were frozen to stop the assay. Following thawing of plates, cells were harvested 

onto filter mats as described in Section 2.6. The mats were dried before sealing in 

sample bags with scintillation fluid, Betaplate scint (PerkinElmer®, USA). [3H]-

Hypoxanthine incorporation was determined using 1450 MicroBeta® TriLux Liquid 

Scintillation and Luminescence Counter (PerkinElmer®, USA). Negative and positive 

controls were the same as used in in vitro growth inhibition assays (Section 2.6). Each 

sample was tested in two independent assays, each in triplicate wells. Percentage 

growth inhibition was calculated as per Section 2.6 (AEC approval number: 

ESK/03/16/AEC). 
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2.14 Murine model of malaria (modified Peter’s 4-day suppressive test) 

The in vivo efficacy of compounds was evaluated using modified Peter’s 4-day 

suppressive test [292-294]. A group of two passage mice were infected via 

intraperitoneal (i.p.) injection with thawed (Section 2.12) P. berghei QIMR parasites 

[291] and peripheral blood parasitemia monitored after 3-4 days by collecting blood via 

tail snip and preparing thin blood films. Following DiffQuik® staining, thin blood films 

were examined via light microscopy and percentage parasitemia determined as mean 

number of parasites per 100 erythrocytes (>500 erythrocytes counted). An aliquot of 

blood (~8-10 drops) was collected into sterile PBS via tail snip and counted using a 

hemocytometer. Cells were diluted with PBS to 105 infected erythrocytes/100 µL and 

used to infect mice (100 µL i.p. per mouse). Infected mice were randomly assigned into 

treatment and control groups (six in each group) and treated (as appropriate) via oral 

gavage with 100 µl/dose or vehicle control or test compounds for four consecutive days, 

beginning 2 h post infection (p.i.). Chloroquine was used as positive control and 

administered at 10 mg/kg. Peripheral parasitemia and clinical symptoms according to 

scorecard of each mouse were monitored every day starting day 4 p.i. by preparing thin 

blood smears via tail snip, staining the slides with DiffQuik® and examining via 

microscopy (2-3x 500 RBCS counted). Mice were euthanised when parasitemia reached 

~25%, according to the ethics approved protocol (AEC approval number: 

ESK/01/13/AEC). 
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Chapter 3 

In vitro anti-plasmodial activity of                          

hydroxamic acid HDAC inhibitors 
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 Introduction  

A total of five HDACs have been identified in P. falciparum (Table 1.3; Chapter 1; 

Section 1.7), three class I/II HDAC homologues (PfHDAC1, PfHDAC2/PfHdaI and 

PfHDAC3/PfHda2 genes) and two class III HDACs (PfSir2A and PfSir2B) [195]. In 

Plasmodium, HDACs play important roles in the regulation of parasite growth, 

developmental processes, gametocytogenesis and antigenic variation [139, 216, 217]. In 

humans, HDACs are involved in regulating cell survival, growth, proliferation, 

differentiation and homeostasis (reviewed in [268, 295]). The critical roles of HDACs 

in regulating important cellular processes and their links to diseases like cancers has 

fuelled research and the development on HDAC inhibitor drugs (Chapter 1, Section 

1.7.4) (reviewed in [258]). HDAC inhibitors may act on specific types of HDACs 

(isoform-selective HDAC inhibitors) or several/all HDAC isoforms non-specifically 

(pan-inhibitors; reviewed in [258]). HDAC inhibitors can be grouped into five classes: 

(i) hydroxamic acids (hydroxamates); (ii) short chain fatty (aliphatic) acids; (iii) 

benzamides; (iv) cyclic tetrapeptides; and (v) sirtuin inhibitors (reviewed in [258]). 

Most of the HDAC inhibitors currently approved for clinical use are hydroxamate-based 

pan-HDAC inhibitors that inhibit human class I, II, and IV isoform HDACs (reviewed 

in [268]). Exceptions are romidepsin (cyclic tetrapeptide; [252]) and chidamide 

(benzamide; [257]) (Table 1.6; Chapter 1; Section 1.7.4). In general, the structure of 

HDAC inhibitors consists of three distinct pharmacophore features, a zinc-binding 

group (ZBG) and a cap region connected by a linker (Figure 3.1A) [296]. In 

Plasmodium, an in silico docking study using hydroxamate-based trichostatin A (TSA) 

and SAHA revealed that the aliphatic linkers and cap groups bind to the active site of 

PfHDAC1 (left panel Figure 3B)  [219, 222]. While the linker region and cap group 

are buried in the enzyme pocket, the ZBG interacts with the zinc ion within the 
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catalytic pocket of HDAC enzymes through the carbonyl and hydroxyl oxygens of the 

hydroxamate group (Figure 3B) [219, 222].  

 

 

Figure 3.1 General structures of HDAC inhibitors and homology modelling of 

PfHDAC1. (A) Schematic showing general structure of HDAC inhibitors. CAP 

region, linker region and zinc-binding group are shown [296] [Licence number -  

4293301354467]. (B) PfHDAC1 homology structure model with inhibitors docked. 

PfHDAC1 active-site shown from the side (green ribbons) with surrounding active-site 

residues (green sticks) and transparent surface (red -ve, white neutral, blue +ve). Left 

panel shows GOLD docked conformations of TSA (orange) and SAHA (cyan); right 

panel shows docked SB939 (H-bonds dashed yellow) [222]; (Permission granted, no 

license needed) 
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While HDAC inhibitors have shown promise as a treatment option for cancer and non-

cancer diseases [297], they remain investigational antimalarial drug leads, with potency 

and selectivity in addition to pharmacokinetic properties key features for identification 

of lead-like compounds. In this chapter, a panel of 37 compounds, including twelve 

aromatic aminobenzohydroxamate derivatives (TH-A series), eight acetamide-based 

compounds (MC-A series), twelve pyrimidinone-based compounds (MC-B series), and 

five oxadiazole-based compounds (MC-C series), were screened for in vitro activity 

against asexual intraerythrocytic stage P. falciparum parasites and activity compared to 

that obtained against human cells to determine parasite-specific selectivity.  

 

 Materials and methods 

 Compounds 

TH compounds were synthesized by Prof. Wolfgang Sippl (Martin Luther University, 

Germany) while MC compounds were synthesized by Prof. Antonello Mai (Sapienza 

University of Rome, Italy). All compounds used in this chapter were prepared as 20 

mM stock solutions in 100% dimethyl sulfoxide (DMSO) and stored in -20 °C. 

Chemical syntheses of compounds in the TH series have been published [298, 299]. 

 

 In vitro P. falciparum growth inhibition assays  

In vitro growth inhibition assays with P. falciparum Dd2 parasites were carried out 

using a 48 h isotopic microtest (Section 2.6). Data are presented as the mean IC50 (±SD) 

of at least three independent assays, each carried out in triplicate wells. An unpaired 

two-tailed t test was used to compare IC50’s for structure activity relationship analysis.  
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Table 3.1 Key physicochemical properties of TH and MC compounds 

 Compounds  

(cpds) 
Mol weight 

(MW) 
cLog Pa HBD/Ab Scaffold 

T
H

 s
er

ie
s 

TH34 256.3 2.7 3/3 

Aminobenzo-

hydroxamate 

(TH-A) 

TH80 314.3 2.7 3/4 

TH83 314.3 2.8 3/4 

TH85 320.7 2.4 3/4 

TH86 355.2 3.1 3/4 

TH92 376.4 4.2 3/4 

TH93 325.2 3.2 3/3 

TH94 324.3 2.8 3/6 

TH95 362.3 3.9 3/4 

TH96 335.7 2.4 3/4 

TB4-1 193.2 1.9 2/2 

TB31 193.2 1.5 2/3 

M
C

 s
er

ie
s 

MC2122 325.4 1.5 3/4 

Acetamide 

(MC-A) 

MC2578 339.4 1.9 3/4 

MC2655 361.4 3.2 3/4 

MC2602 347.3 1.8 3/4 

MC2638 271.3 1.3 3/4 

MC2650 321.3 2.5 3/4 

MC2647 321.3 2.5 3/4 

MC2590 347.4 1.8 3/4 

MC1862 307.4 0.8 3/4 

Pyrimidinone 

(MC-B) 

MC1738 409.5 3.2 3/4 

MC1924 395.5 2.6 3/4 

MC1860 293.3 0.3 3/4 

MC1714 353.8 1.5 3/4 

MC1867 423.5 3.1 3/4 

MC1745 369.4 1.9 3/4 

MC1716 353.8 1.5 3/4 

MC2026 377.4 2.5 3/4 

MC1746 383.5 2.5 3/4 

MC1737 383.5 2.5 3/4 

MC1739 369.4 1.9 3/4 

MC2370 374.4 1.1 3/6 

Oxadiazole 

(MC-C) 

MC2367 374.4 1.1 3/6 

MC2120 360.4 1.1 3/6 

MC2118 374.4 1.8 2/6 

MC2368 418.5 1.6 3/7 
a cLog P – partition coefficient of a molecule between an aqueous and lipophilic phase 

(data obtained using ChemDraw Professional 17.0); b Hydrogen bond donor/acceptor 

(HBD/HBA) calculated using Chemdraw Professional 17.0. 

 

 



  

67 

 

 Cell cytotoxicity assays 

Toxicity on test compounds with IC50 <0.1 µM was performed in full dose-response 

against human embryonic kidney 293 (HEK-293) cells while toxicity of test compounds 

with IC50 <1 µM were assessed at three concentrations (100 µM, 10 µM, and 1 µM) 

using Sulforhodamine B (SRB) colorimetric assay (Section 2.7). Data are presented as 

the mean % inhibition (±SD) of at least three independent assays, each in triplicate 

wells. Selectivity indices (SIs) were calculated by dividing HEK-293 IC50 by PfDd2 

IC50. Based on MMV’s criteria listed in Table 1.2, “hit” and “lead” compound(s) were 

identified using P. falciparum activity (PfIC50 <1 µM for “hit” and PfIC50 <0.1 µM for 

“lead”) and selectivity (SI>10 for “hit”) and SI>50 for “lead” compound  (Chapter 1; 

Section 1.5.3) [300]. 

 

 Protein hyperacetylation assays 

Changes in hyperacetylation in P. falciparum following treatment with TH and MC 

series compounds were examined by Western blot as described in Section 2.8. 

Synchronous trophozoite stage PfDd2 parasites (3-5% parasitemia; 5% haematocrit; 

Section 2.3) were treated with 5x IC50 TH and MC series compounds or vehicle control 

(0.1% DMSO). SAHA was included as a positive HDAC inhibitor control and 

chloroquine (CQ) as a negative antimalarial drug control. Briefly, protein lysates were 

extracted using the saponin lysis (Section 2.9) and separated by SDS-PAGE, followed 

by Western blot (Section 2.10 and 2.11, respectively). Rabbit polyclonal anti-

(tetra)acetyl-H4 antibody (Merck, USA; 1:2000) was used as the primary antibody and 

IRDye® 680RD goat anti-rabbit (1:10,000; Li-Cor Biosciences, USA) as secondary 

antibody. The assays were performed twice and densitometry analyses were carried out 

using Image Studio Lite Version 5.2 software (Section 2.11).  
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 Results 

 In vitro activity of aminobenzohydroxamate derivatives (TH-A series) against                   

P. falciparum  

A panel of 12 hydroxamic acid compounds (TH-A series; Table 3.1) were tested for 

anti-plasmodial activity against PfDd2 parasites, as described in Section 2.6. All of the 

TH series compounds gave IC50 >1 µM (Table 3.2), with the most potent compounds 

being TH80 (IC50 1.98 µM; Table 3.2) and TH94 (IC50 2.13 µM; Table 3.2). TH34, 

TB4-1 and TH31 had IC50 >10 µM. The amide linker could contribute to the inhibitory 

effect as seen in all compounds except TH34, TB4-1 and TB31. As these data did not 

meet pre-defined criteria for “hit-” or “lead-” like compounds (Table 1.2; Chapter 1; 

Section 1.5.3), no additional work was carried out on this series.   

 

 In vitro activity of acetamide-based compounds (MC-A series) against                         

P. falciparum  

A panel of eight acetamide-based compounds from MC-A series were tested for in vitro 

activity against PfDd2 (Section 2.6). Five compounds were found to have IC50 <1 μM 

(IC50 ranging from 0.01 μM to 0.45 μM; Table 3.3). MC2590 was the most potent (IC50 

0.01 μM), followed by MC2655 (IC50 0.18 μM), MC2578 (IC50 0.28 μM), MC2122 

(IC50 0.34 μM) and MC2602 (IC50 0.45 μM; Table 3.3). While MC2590 was 

significantly more potent than CQ and SAHA (P <0.05), MC2655, MC2578, MC2122, 

MC2602 were significantly less potent than CQ (P <0.05) but significantly more potent 

than SAHA (P <0.05). 

 

The toxicity of the most potent compound, MC2590, was tested in full dose-response 

assays against HEK-293 cells while the toxicity of MC2655, MC2578, MC2122 and 
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Table 3.2 In vitro anti-plasmodial activity of aminobenzohydroxamate derivatives 

(TH-A series)   

 

 a SI - Selectivity index (mammalian cell IC50/ P. falciparum IC50);   

 CQ, Chloroquine; SAHA, suberoylanilide hydroxamic acid (vorinostat) 

 

 

MC2602 was was assessed at 100 µM, 10 µM, and 1 µM (Table 3.3). Although                   

MC2590 was ~6-fold more potent against PfDd2 than CQ, it had ~21-fold lower 

selectivity for PfDd2 versus HEK-293 cells (SI 15 versus SI 310; Table 3.3). The 

addition of a methyl group to hydroxyacetamide at zinc-binding group (R2; highlighted 

 

Cpds R PfDd2 IC50 (µM) 

TH34 
 

22.50 (±11.74) 

TH80 

 

4.10  (±2.55) 

TH83 
 

1.98  (±1.48) 

TH85 
 

3.83  (±2.03) 

TH86 
 

8.90  (±4.36) 

TH92 

 

4.90  (±2.57) 

TH93 
 

9.95  (±4.17) 

TH94 
 

2.13 (±0.76) 

TH95 

 

3.87  (±2.61) 

TH96 
 

3.47  (±1.50) 

TB4-1 
 

 

13.75  (±0.78) 

TB31 
 

 

16.75 (±4.88) 

CQ  0.06 (±0.01) 

SAHA  0.27 (±0.04) 
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in orange; Table 3.3) appeared to enhance anti-plasmodial potency as shown in 

MC2122, MC2578, MC2602 and MC2590 (Table 3.3). The inhibitory effect was 

significantly increased when the cap group (R1; highlighted in yellow; Table 3.3) was 

connected to the linker region at position C1 (MC2590; green circle; Figure 3.2A), 

compared to joining the cap group at position C2 of the linker region (MC2602; blue 

circle Figure 3.2B).  

 

While the SIs of MC2655, MC2578, MC2122 and MC2602 could not be accurately 

determined, all four compounds inhibited HEK-293 cell growth at 10 µM by >80%, 

with IC50s likely to be between 1-10 µM. Based on these data, MC2655 and MC2578 

are predicted to have low selectivity for PfDd2 versus HEK-293 cells (SI <6 and <4, 

respectively; Table 3.3) while the SIs of MC2122 and MC2602 are likely >2 and >3, 

respectively (Table 3.3). 
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Table 3.3 In vitro anti-plasmodial activity of acetamide-based compounds (MC-A series) 

 

Cpds R1 R2 PfDd2 IC50  

(µM) 

% inhibition HEK-293 SIa 

100 µM 10 µM 1 µM 

MC2122 
  

0.34 (±0.10) 88.9  (±5.1) 89.6  (±4.7) 45.1  (±14.8) >3 

MC2578 
 

 

0.28  (±0.06) 88.0 (±2.2) 86.8 (±3.8) 74.4 (±4.7) <4 

MC2655 

 

 

0.18  (±0.02) 89.4 (±2.8) 87.6 (±3.1) 51.5 (±9.7) <6 

MC2602 
 

 

0.45 (±0.34) 91.5 (±3.1) 84.3 (±4.2) 35.3 (±13.0) >2 

MC2638 
 

 

10.4  (±4.50) n.d. n.d. n.d. n.d. 

MC2650 
 

 

2.00  (±0.70) n.d. n.d. n.d. n.d. 

MC2647 
 

 

2.50  (±0.10) n.d. n.d. n.d. n.d. 

MC2590 

 

 

0.01  (±0.01) 0.152 (±0.03)b 15 

CQ   0.06 (±0.01) 18.58 (±1.95)b 310 

SAHA   0.27 (±0.04) 8.90 (±0.09)b 33 
a SI – Selectivity index (mammalian cell IC50/ P. falciparum IC50); b HEK-293 cells IC50; n.d., not determined; CQ, Chloroquine;                    

SAHA, suberoylanilide hydroxamic acid/ vorinostat 
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Figure 3.2 Different connection point of naphthalene moiety (cap group) to linker 

region.  (A) MC2590: Naphthalene moiety is conjugated to the linker region at position 

C1 (highlighted in green) (B) MC2602: Naphthalene moiety is conjugated to the linker 

region at position C2 (highlighted in blue). 

 

 

 In vitro activity of pyrimidinone-based (MC-B series) compounds against                             

P. falciparum  

A panel of 12 pyrimidinone-based HDAC inhibitors was tested for in vitro activity 

against PfDd2 parasites. Four compounds in MC-B series were found to have IC50 <1 

µM (MC1738, MC1714, MC1745 and MC1746; Table 3.4). Of these, MC1738 and 

MC1745 exhibited the highest potency against PfDd2 parasites with the same IC50s 

(IC50 0.13 µM; Table 3.4), followed by the MC1714 and MC1716 which were ~4-8-

fold less potent (IC50 0.54 µM and 0.99 µM, respectively; Table 3.4). While no 

significant difference was observed for MC1738 and MC1745 compared to CQ 

(P>0.05), MC1714 and MC1716 were significantly less potent against PfDd2 parasites 

than CQ (P<0.05). All these four compounds showed no significant difference 

compared to SAHA (P>0.05). The length of the spacer (linker region) between the 

sulphur atom and the hydroxamide appeared to influence the anti-plasmodial activity. 
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This was evident when an additional methyl group was added to form 5 methylene 

spacer in MC1746, with anti-plasmodial activity significantly reduced in comparison to 

MC1738 and MC1745 (IC50 0.99 µM vs 0.13 µM; P <0.05; Table 3.4). In addition, C6 

uracil substitution also affected the potency of these HDAC inhibitors. MC1738, 

MC1714 and MC1745 had the same spacer length but different cap groups of C6 uracil 

(R1; highlighted in brown; Table 3.4). C6-uracil was substituted with 4-biphenyl 

(MC1738) and 2-naphthyl (MC1745) exhibited the highest anti-plasmodial activity 

(IC50 0.13 µM; Table 3.4) while substitution with 3-chlorophenyl (MC1714) slightly 

reduced the activity (IC50 0.54 µM; Table 3.4). However, when 3-biphenyl was 

conjugated to C6-uracil (MC1924), the anti-plasmodial significantly dropped by >200-

fold compared to MC1738 (P <0.01; Table 3.4).  

 

Following parasite growth inhibition assays, the toxicity of the four most potent 

compounds was assessed using HEK-293 cells at 100 µM, 10 µM, and 1 µM (Table 

3.4).  Selectivity indices (SIs) were calculated by dividing mammalian cells IC50 by 

PfDd2 IC50. Of the four most potent compounds, MC1745 showed the highest toxicity 

against HEK-293 cells with >50% growth inhibition at 1 µM (Table 3.4). The IC50s for 

MC1738, MC1714, MC1745 and MC1746 against HEK-293 cells could not be 

accurately determined (SI >8, >2, <8 and >1, respectively; Table 3.4). 
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Table 3.4 In vitro anti-plasmodial activity of pyrimidinone-based (MC-B series) compounds 

 

Cpds R1 R2 
PfDd2 IC50 

 (µM) 

% inhibition HEK-293 
SIa 

100 µM 10 µM 1 µM 

MC1862 
  

2.60 (±1.60) n.d. n.d. n.d. n.d. 

MC1738 
 

 

 

0.13 (±0.08) 89.0 (±3.5) 65.1 (±16.7) 11.9 (±0.1) >8 

MC1924 
 

 

30.40 (±9.40) n.d. n.d. n.d. n.d. 

MC1860 
 

 

2.30 (±1.50) n.d. n.d. n.d. n.d. 

MC1714 
 

 

0.54 (±0.32) 87.2 (±3.6) 72.9 (±3.1) 32.8 (±9.4) >2 

MC1867 
  

6.80 (±4.80) n.d. n.d. n.d. n.d. 

MC1745 
 

 

0.13 (±0.09) 82.5 (±4.6) 84.0 (±6.1) 65.8 (±3.5) <8 

MC1716 
 

 

1.70 (±0.70) n.d. n.d. n.d. n.d. 

MC2026 
 

 

1.34 (±0.59) n.d. n.d. n.d. n.d. 

MC1746 
  

0.99  (±0.49) 87.8 (±4.3) 58.7 (±14.4) 26.0 (±8.2) >1 

MC1737 
 

 

3.50  (±2.00) n.d. n.d. n.d. n.d. 

MC1739 
  

3.20  (±1.30) n.d. n.d. n.d. n.d. 

CQ   0.06 (±0.01) 18.58 (±1.95)b 310 

SAHA   0.27 (±0.04) 8.90 (±0.09)b 33 
a SI – Selectivity index (mammalian cell IC50/P. falciparum IC50); b HEK-293 cells IC50; n.d., not determined; CQ, Chloroquine;                                     

SAHA, suberoylanilide hydroxamic acid/ vorinostat 
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 In vitro activity of oxadiazole-based compounds (MC-C series) against                           

P. falciparum  

A panel of five oxadiazole-based HDAC inhibitors in MC-C series were investigated 

for their in vitro anti-plasmodial activity against PfDd2. While only MC2120 gave IC50 

<1 µM (IC50 0.93 µM; Table 3.5), three other inhibitors (MC2370, MC2367 and 

MC2368) showed similar potency against PfDd2 (IC50 1.47 µM -1.57 µM; Table 3.5). 

No significance difference was observed for MC2120 compared to CQ and SAHA (P 

>0.05) while MC2370, MC2367 and MC2368 were significantly less potent than CQ 

and SAHA (P <0.05). In comparison to MC2120, the additional methyl group attached 

to indole side chain (R1; highlighted in purple; Table 3.5) in MC2118 significantly 

reduced in vitro anti-plasmodial activity (P <0.05). Although no significant difference 

was observed, the extra methyl group at the acrylamide side chain (R2; highlighted in 

grey; Table 3.5) tended to slightly reduced inhibitory effect against PfDd2 (MC2370, 

MC2367 and MC2368; Table 3.5). While the IC50 for MC2120 against HEK-293 cells 

could not be accurately determined, MC2120 showed high toxicity against HEK-293 

cells even at the lowest concentration tested (SI <1; Table 3.5).  
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  Table 3.5 In vitro anti-plasmodial activity of oxadiazole-based compounds (MC-C series) 

 

Cpds R1 R2 
PfDd2 IC50 

(µM) 

% inhibition HEK-293 
SIa 

100 µM 10 µM  1 µM 

MC2370 

 
 

1.47 (±0.66) n.d. n.d. n.d. n.d. 

MC2367 

 
 

1.56 (±0.82) n.d. n.d. n.d. n.d. 

MC2120 

 
 

0.93 (±0.76) 84.1 (±4.6) 86.6 (±7.6) 54.3 (±3.1) <1 

MC2118 

 
 11.00 (±5.70) n.d. n.d. n.d. n.d. 

MC2368 
 

 1.57 (±0.78) n.d. n.d. n.d. n.d. 

CQ   0.06 (±0.01) 18.58 (±1.95)b 310 

SAHA   0.27 (±0.04) 8.90 (±0.09)b 33 

a SI – Selectivity index (mammalian cell IC50/ P. falciparum IC50); b HEK-293 cells IC50; n.d., not determined; CQ, Chloroquine;                                    

SAHA, suberoylanilide hydroxamic acid/ vorinostat 
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 Effect of HDAC inhibitors on histone H4 acetylation in P. falciparum 

Selected compounds identified in Section 3.3.2 to 3.3.4 (PfDd2 IC50 <1µM) were 

subjected to Western blot analyses to determine effects on histone H4 acetylation. All 

selected compounds were putative HDAC inhibitors and showed structural diversity, 

being acetamide-based, pyrimidinone-based and oxadiazole-based compounds. A rabbit 

polyclonal anti-(tetra)acetyl-H4 antibody was used to determine the effect of these 

inhibitors on histone H4 acetylation in P. falciparum, as has been previously described 

for other HDAC inhibitors [222, 273]. Two independent hyperacetylation assays were 

performed (Figure 3.3A and B). All assays included SAHA as a positive HDAC 

inhibitor control and CQ as negative control. As previously reported [222, 273], 

polyclonal anti-(tetra)acetyl H4 antibody can detect up to four bands (ranging from ~11 

to ~16 kDa), including a ∼11 kDa band that corresponds to the correct size of histone 

H4 (Figure 3.3, arrow). A ∼11 kDa H4 band was observed in both replicates (Figure 

3.3A and B), while additional bands corresponding to H2B/H2Bv (~13-14 kDa) and 

H2A.Z (~16 kDa) were only seen in the first replicate. Relative density analysis showed 

a hyperacetylation effect, irrespective of whether only the ∼11 kDa band was analysed 

or when all bands were combined (Figure 3.3C). As expected, while the control CQ did 

not affect the anti-(tetra)acetyl-H4 signal, SAHA increased the signal by >2-fold 

compared to the control (Figure 3.3C). All test compounds also increased acetylation 

(>3-fold increase in density compared to C-3; Figure 3.3C), as detected by the anti-

(tetra) acetyl histone H4 antibody. Of all compounds tested, the pyrimidinone derivative 

MC1745 caused the greatest change in histone H4 acetylation in PfDd2 (~7-fold 

increase in density compared with C-3; Figure 3.3C).  
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Figure 3.3 Effects of putative HDAC inhibitors on histone proteins. Two 

independent protein lysate replicates (replicate 1 (A) and 2 (B)) were prepared from 

synchronous trophozoite-stage PfDd2 parasites and treated with 5x IC50 of different 

HDAC inhibitors or controls (C-3, CQ or SAHA) for 3 h. (A) and (B) Top panel: 

Membrane stained with REVERT™ Total Protein Stain and imaged using Odyssey® Fc 

Imaging System (Li-Cor Biosciences) at 700 nm wavelength. Bottom panel: The same 

membranes were probed with polyclonal rabbit antibodies specific to tetra-acetylated 

histone H4 (1:2000) primary antibody and anti-rabbit IRDye® 680RD secondary 

antibody (1:10,000). (C) Bar graph shows mean relative density (±SD of two 

independent assays; A and B) of total signal (black; Total) or H4 only (grey; H4) 

relative to the C-3 DMSO control (set to 1.0).  
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 Discussion 

While HDAC inhibitors were initially developed to target cancer in humans, anticancer 

HDAC inhibitors have also been explored under “piggyback” approach (Chapter 1; 

Section 1.6.4) as anti-plasmodial agents ([222, 273, 301]; reviewed in [119, 120, 270]). 

Previous studies have shown the potential of different classes of anticancer HDAC 

inhibitors (e.g. cyclic tetrapeptides, short-chain fatty acids and hydroxamate-based 

compounds) as possible therapeutic drug leads for malaria (reviewed in [119, 120, 

270]). Among the different HDAC classes, hydroxamic acid inhibitors are the most 

extensively studied due to promising in vitro anti-plasmodial activities (low nM IC50 

values) and good selectivity in some cases (SI>100) ([222, 272, 273] and reviewed in 

[119, 120, 270]). However, poor in vivo efficacy has been seen in multiple studies with 

orally administered hydroxamic-acid based HDAC inhibitors (SBHA, YC-II-88, SB939, 

SAHA and panobinostat) and a cyclic tetrapeptide HDAC inhibitor (apicidin) [215, 222, 

272, 275, 301]. None of these HDAC inhibitors cured Plasmodium-infected mice [215, 

222, 272, 275, 301]. This could be due to the poor pharmacokinetic profiles of these 

compounds in the mice such as short half-lives (e.g. SAHA 0.75 h, YC-II-88 3.5 h, 

SB939 2.4 h, panobinostat 2.9 h) [272, 302, 303] and/or poor bioavailability (e.g. 

SAHA 8%, SB939 34%, panobinostat 4.6%) [302, 303]. These data do however, 

indicate that there is room for further improvement in developing potent and selective 

HDAC inhibitors with improved pharmacokinetic profiles. 

 

In addition to improved pharmacokinetic profiles and high potency, selectivity for 

parasites versus humans is critical to minimize toxicity (reviewed in [120, 271]). One 

way to do this is to optimize the chemical structures of currently available HDAC 

inhibitors by modifying the CAP and linker region (reviewed in [120, 271]). Although 
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modifications to the linker region is restricted by the size of the active site tunnel 

(reviewed in [120]), numerous hydroxamate-based anti-plasmodial HDAC inhibitors 

with variations in linker size and structure have been reported [304]. The hydrophobic 

CAP region offers more scope for molecular variation and has been extensively 

modified (reviewed in [120]). Panobinostat for example differs from SAHA in the CAP 

moiety and length and structure of the aliphatic linker and demonstrates improved in 

vitro anti-plasmodial activities over SAHA, although both increase acetylation level of 

histones in P. falciparum [273]. 

 

In this Chapter, a total of 37 hydroxamate-based HDAC inhibitors comprising three 

different scaffolds (either modified CAP or linker region, or both) were tested against P. 

falciparum Dd2 parasites, with ten showing IC50 <1 µM. Five of these compounds were 

acetamide-based, four pyrimidinone-based and one oxadiazole-based. All ten 

compounds adhered to Lipinski’s rule of five for MW (<500), cLog P (<5), HBD (<5) 

and HBA (<10), including MC2590, the most potent acetamide-based HDAC inhibitor 

(IC50 0.01 µM; MC-A series; Table 3.3). While MC2590 fulfilled the MMV “lead-” 

like criteria for the anti-plasmodial activity (Table 1.2; Chapter 1; Section 1.5.3), its 

selectivity (SI 15; MC-A series; Table 3.3) only fulfilled the “hit” compound criteria 

(Table 1.2; Chapter 1; Section 1.5.3).   

 

Although the HDAC inhibitors examined in this study comprise different chemical 

scaffolds, they have very similar toxicity profiles. Toxicity data suggested that some of 

these compounds are highly toxic, particularly acetamide derivatives MC2578 and 

MC2655 (MC-A series), pyrimidinone MC1745 (MC-B series), and oxadiazole 

MC2120 (MC-C series) with SI ranging from <1 to <8. Although the toxicity profiles of 
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the putative HDAC inhibitors tested in this Chapter are not favourable (substantially 

low selectivity for Plasmodium parasites versus mammalian cells), it is important to 

note that the current work included only one mammalian cell line. Wider assessment of 

the toxicity of these compounds against various mammalian cells (as shown in previous 

studies) [222, 273] would be useful to guide the synthesis of additional compounds with 

improved selectivity.  

 

Although the homology model of PfHDAC1 is available for structure-based virtual 

screening study to identify putative PfHDAC1 inhibitors and possibly mode of action 

[145, 219, 222, 271], the study of P. falciparum HDACs is limited by the availability of 

recombinant HDAC enzymes and crystal structures [273, 301]. Only one P. falciparum 

HDAC enzyme is currently available, PfHDAC1 (Sigma Aldrich, USA), and its use is 

compromised by high cost and poor purity (<40%) [273]. Due to these limitations, 

Western blot analyses using an antibody that recognises acetylation of histone H4 on 

lysine 5, 8, 12 and 16, were performed to examine the effect of HDAC inhibitors in P. 

falciparum parasites. While this antibody recognizes acetylated H4, it also cross-reacts 

with acetylated forms of P. falciparum histone H2 and its variants  (H2B/H2Bv ~13-14 

kDa; H2A.Z ~16 kDa) [305], as previously observed for SAHA [222, 273]. Given that 

hyperacetylation is a marker of HDAC inhibition in mammalian cells and other 

organisms, including Plasmodium [215, 306, 307], the finding that the putative HDAC 

inhibitors examined in this study cause histone H4 hyperacetylation suggests either 

direct or indirect inhibition activity of P. falciparum HDAC(s). However, the effects on 

other histone proteins (e.g. H3) and non-histone proteins (e.g. transcription factors, 

signalling mediators, chaperons) are unknown. Additional Western blot analyses could 
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be warranted to investigate the effects on lysine acetylation state of other histone and 

non-histone proteins.  

 

While these data generate in this Thesis may be useful as a starting point for further 

optimisation and development of new HDAC inhibitors that are more selective for 

Plasmodium, additional studies (e.g. in vivo efficacy, mechanisms of resistance, stage-

specific assays for sexual and asexual stages as described in Chapter 7 are warranted to 

validate the in vitro results obtained.  
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Chapter 4 

In vivo anti-plasmodial activity of the clinically 

approved HDAC inhibitor panobinostat and clinical 

candidate AR-42 in a murine model of malaria 
 

 

Publications arising from this chapter 

1. Chua, M.J., Megan S.J. Arnold, Weijun Xu, Julien Lancelot, Suzanne Lamotte, 

Gerald F. Späth, Eric Prina, Raymond J. Pierce, David P. Fairlie, Tina S. Skinner-

Adams, Katherine T. Andrews, Effect of clinically approved HDAC inhibitors on 

Plasmodium, Leishmania and Schistosoma parasite growth. International Journal 

for Parasitology: Drugs and Drug Resistance, 2017. 7(1): p. 42-50. 

 

Contribution: I carried out all murine malaria in vivo studies for panobinostat. I 

drafted sections of the manuscript and was involved in extensive editing of all 

drafts of the paper. Where relevant, work carried out by others is acknowledged in 

this chapter.  

 

 



  

84 

 

4.1 Introduction  

As discussed in Chapter 1 (Section 1.7.2.2), HDACs are epigenetic regulators that play 

critical roles in regulating eukaryotic cellular processes, such as transcription, signalling 

pathways, cell differentiation and survival [212]. Mutations in HDAC genes or 

alterations in HDAC function are associated with diseases including cancers, 

neurological disorders, cardiac disease, and infectious diseases such as malaria [273, 

301, 308-310]. This has resulted in an enormous amount of research and development 

on HDAC inhibitors as drugs, particularly in the cancer arena (also see Chapter 1; 

Section 1.7.4) (reviewed in [258]). However, it is acknowledged that there are 

limitations to currently used HDAC inhibitor drugs, including (depending on the drug) 

toxicity, lack of selectivity, low bioavailability, rapid metabolism and short in vivo half-

life (also see Chapter 1; Section 1.7.4) [247-249]). These limitations are particularly 

relevant for potential use for malaria, which has a disease profile and therapeutic 

requirement that is very different to that of cancers or other human disorders (e.g. 

ideally drugs should be given at single oral dose and have low toxicity as most malaria 

cases are uncomplicated (~200 million/p.a.). While improvements to the druggability of 

HDAC inhibitors is largely being addressed outside the infectious diseases space, 

investigation of next generation compounds with improved drug-like profiles are of 

great interest for diseases such as malaria where a “piggyback” approach can be utilized 

(see Chapter 1; Section 1.6.4 for “piggyback” approach definition). The potential 

advantage of this approach is time and cost efficiency as safety and tolerability data of 

anticancer HDAC inhibitors may already be available (reviewed in [112]). For example, 

of the clinically approved HDAC inhibitors (Chapter 1; Section 1.7.4), the 

hydroxamate panobinostat (Figure 4.1A) could be of interest for malaria due to its 

pharmacokinetic profile, including a longer half-life (t1/2) compared to first generation 
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FDA-approved drugs like vorinostat/SAHA (for consistency, SAHA is used throughout 

this thesis) (panobinostat t1/2 16-30 h versus SAHA t1/2 1.5 h; Chapter 4; Section 

4.3.1b). In previous work from this laboratory, panobinostat has been shown to inhibit 

the in vitro growth of P. falciparum lines with different drug-resistance profiles (IC50 

~10-30 nM; SI 2-18; Table 4.1) [273], however its in vivo activity had not been 

examined and is investigated in this Chapter.  

 

Table 4.1 In vitro anti-plasmodial activity of clinically approved anti-cancer HDAC 

inhibitors. Modified from [273] (Creative Commons Attribution License, grants 

unrestricted, re-use of the work). 

 

 

Another HDAC inhibitor that could be of interest for malaria is the  hydroxamate-

tethered phenylbutyrate AR-42 (Figure 4.1B) which is currently in phase I/Ib clinical 

trials for multiple myeloma, chronic lymphocytic, pancreatic cancer, and vestibular 

schwannoma [311-314]. While AR-42 is a human class I/II HDAC inhibitor similar to 

SAHA and panobinostat, this compound has shown superior anticancer effects and an 

improved pharmacokinetic profile compared to SAHA [315-318], particularly half-life 

(AR-42 t1/2 10.1 h versus SAHA t1/2 1.5 h; Chapter 4; Section 4.3.2c). Previously 

unpublished in vitro data from this lab have shown that AR-42 has promising in vitro 

anti-plasmodial activity against P. falciparum 3D7 and Dd2 parasites (Pf3D7 IC50 22 

nM; PfDd2 17.6 nM; Skinner-Adams, unpublished) and >60-fold selectivity for P. 

falciparum parasites vs human neonatal foreskin fibroblasts (NFFs; SI 66-83; Skinner-

Compound 
Mammalian cell IC50 (µM) P. falciparum IC50 (µM) P. falciparum 

SI
a
 NFF HEK 293 3D7 Dd2 

Romidepsin 0.001 (± 0.001) <0.005 0.09 (± 0.03) 0.13 (± 0.04) <1 

Belinostat 2.37 (± 1.61) 1.42 (± 0.05) 0.06 (± 0.02) 0.13 (± 0.01) 11-40 

Panobinostat 0.07 (± 0.01) 0.18 (± 0.03) 0.01 (± 0.002) 0.03 (± 0.04) 2-18 

Vorinostat 5.50 (± 1.31) 5.17 (± 0.64) 0.12 (± 0.06) 0.19 (± 0.02) 27-46 

Chloroquine 48.93 (± 19.22) nd 0.01 (± 0.002) 0.08 (± 0.01) 612-4893 
a
 Selectivity Index - mammalian cell IC50/P. falciparum IC50; nd, not determined. 
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Adams, unpublished). Like panobinostat the in vivo anti-plasmodial activity of AR-42 

was not known prior to this study.   

 

Figure 4.1 Chemical structures and in vitro anti-plasmodial activity of (A) 

panobinostat (B) AR-42  

 

 

The promising in vitro anti-plasmodial activity of panobinostat and AR-42, combined 

with their improved half-lives compared to drugs like SAHA, provided a strong 

rationale for testing these compounds in in vivo in a murine malaria model. In addition, 

based on the promising in vivo findings observed for AR-42, a panel of 18 analogues 

were examined for in vitro activity as a potential starting point for future optimization 

of this chemotype for malaria. 

 

4.2 Materials and methods 

4.2.1 Compounds 

Panobinostat was purchased from Cayman Chemical (CAS number: 404950-80-7) 

while AR-42 and analogues were synthesized by the group of Prof. David Fairlie, 

University of Queensland, Brisbane. All compounds were prepared as 20mM stock 

solutions in 100 % dimethyl sulfoxide (DMSO) and stored in -20°C. 
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Table 4.2 Key physicochemical properties of AR-42 and analogues 

Compounds  

(cpds) 

Mol Wt 

(MW) 
cLog P a HBD/HBAb Putative target 

AR-42 312 2.3 3/3 Class I,II HDAC 

BR7546-4a 236 1.0 3/3 Class I,II HDAC 

BR7546-4b 270 1.1 3/3 Class I,II HDAC 

BR7546-5a 282 2.1 3/3 Class I,II HDAC 

BR7546-5b 256 1.7 3/3 Class I,II HDAC 

BR7546-6a 284 1.1 3/3 Class I,II HDAC 

BR7546-6b 292 0.9 3/4 Class I,II HDAC 

BR7546-6c 229 2.4 2/3 Class I,II HDAC 

BR7546-7 270 2.3 2/3 Class I,II HDAC 

BR7546-08 249 1.9 3/4 Class I,II HDAC 

BR7546-09 270 1.4 3/3 Class I,II HDAC 

BR7546-10 295 2.1 3/2 Class I,II HDAC 

BR7546-11 346 2.5 3/3 Class I,II HDAC 

BR7546-14a 356 2.8 3/3 Class I,II HDAC 

BR7546-14b 312 2.6 3/3 Class I,II HDAC 

BR7546-15 278 2.5 3/3 Class I,II HDAC 

DD7647.81 347 2.4 3/3 Class I,II HDAC 

DD7647.82 347 2.4 3/3 Class I,II HDAC 

DD7647.83 313 2.2 3/4 Class I,II HDAC 
a cLog P - calculated partition coefficient of a molecule between an aqueous and 

lipophilic phase (data obtained from Chemdraw Professional 17.0); b HBD/HBA 

obtained from Chemdraw Professional 17.0 

 

 

4.2.2 In vitro P. falciparum growth inhibition assays  

In vitro growth inhibition assays were carried out using asexual stage P. falciparum 3D7 

and Dd2 parasites [319] using a 48 h isotopic microtest (Chapter 2; Section 2.6). Data 

are presented as the mean IC50 (±SD) of at least three independent assays, each carried 

out in triplicate wells. An unpaired two-tailed t test was used to compare IC50’s for 

structure activity relationship analysis. 

 

4.2.3 Cell cytotoxicity assays 

Cytotoxicity was tested against human embryonic kidney 293 (HEK-293) cells at three 

concentrations (100 µM, 10 µM, and 1 µM) using a sulforhodamine B (SRB) 

colorimetric assay (Chapter 2; Section 2.7). At least three independent assays were 
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performed, each in triplicate wells. Selectivity indices (SIs) were calculated by dividing 

HEK-293 IC50 by PfDd2 IC50. Based on MMV’s criteria listed in Table 1.2, “hit” and 

“lead” compound(s) were identified using P. falciparum activity (PfIC50 <1 µM for “hit” 

and PfIC50 <0.1 µM for “lead”) and selectivity (SI>10 for “hit”) and SI>50 for “lead” 

compound  (Chapter 1; Section 1.5.3) [300]. 

 

4.2.4 Histone hyperacetylation assays 

Histone hyperacetylation assays were carried out as described in Chapter 2; Section 

2.8). Two independent assays were performed using synchronised asexual trophozoite-

stage P. falciparum 3D7 parasites (CQ-sensitive strains) treated with 5x IC50 AR-42 or 

analogues. Controls included vehicle only (0.1 % DMSO), 5x IC50 CQ and 5x IC50 

SAHA. Protein lysates were extracted using the saponin lysis method (Chapter 2; 

Section 2.9) and separated by SDS PAGE, followed by Western blot (Chapter 2; 

Section 2.10 and 2.11, respectively). Rabbit polyclonal anti-(tetra)acetyl-H4 antibody 

(Merck, USA; 1:2000)  was used as the primary antibody and IRDye® 680RD goat anti-

rabbit (Li-Cor Biosciences, USA; 1:10,000) as secondary antibody. Densitometry 

analyses were carried out using Image Studio Lite Version 5.2 software (Chapter 2; 

Section 2.11).  

 

4.2.5 Rodent ex vivo antimalarial susceptibility assay 

Ex vivo study using murine P. berghei was carried out using 24 h isotopic microtest, a 

protocol modified from Chang et. al. [290]. Two female BALB/c mice were infected P. 

berghei QIMR [291] while two control mice were uninfected.  When parasitemia 

reached >5% blood from infected and uninfected mice were collected using cardiac 

puncture. Blood from uninfected mice was used to dilute the P. berghei QIMR infected 
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blood to a final 5% parasitemia and 1% final haematocrit. Diluted infected blood was 

added into 96-well plates containing vehicle control (0.5% DMSO), the antimalarial 

control CQ, the HDAC inhibitor control SAHA and serially diluted test compounds, 

followed by the addition of [3H]-hypoxanthine (PerkinElmer®, USA; 0.5 µCi/well). 

Plates were incubated for 24 h and to terminate the assay the plates were frozen. The 

mats were harvested as per described in Section 2.6. Each sample was tested in two 

independent assays, each in triplicate wells. Percentage growth inhibition was calculated 

as per Section 2.6. 

 

4.2.6 P. berghei murine model of malaria (modified Peter's 4-day suppressive 

test) 

The in vivo efficacy of compounds was evaluated using a modified Peter's 4-day 

suppressive test [292-294]. A group of two passage mice were infected via 

intraperitoneal (i.p.) injection with thawed (Chapter 2; Section 2.14) P. berghei QIMR 

parasites [291] and peripheral blood parasitemia monitored after 3-4 days by collecting 

blood via tail snip and preparing thin blood films. Following staining (Chapter 2; 

Section 2.14), thin blood films were examined via light microscopy and percentage 

parasitemia determined as mean number of parasites per 100 erythrocytes (>800 

erythrocytes counted for each mouse). An aliquot of blood (~8-10 drops) was collected 

into sterile PBS via tail snip and counted using a hemocytometer. Cells were diluted 

with PBS to 105 infected erythrocytes/100 µL and used to infect mice (100 µL i.p. per 

mouse). Infected mice were randomly assigned into treatment and control groups (six in 

each group) and treated twice daily via oral gavage (100 µl) with 25 mg/kg compound 

or vehicle control for four consecutive days, beginning 2 h post infection (p.i.). While 

vehicle only (50 % DSMO in PBS) was used as a negative control, chloroquine (CQ; 10 

mg/kg; single daily dosing) served as an antimalarial control drug and SAHA (25 
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mg/kg; twice daily dosing) as a HDAC inhibitor control. Test compounds were given 

once or twice daily depending on the treatment groups. Compounds were prepared by 

diluting to 2x stock in 100 % DMSO, then immediately prior to use, adding an equal 

volume of PBS to give the 1x dose (100 µl dose in 50 % DMSO:PBS). All compounds 

were administered orally daily for four days beginning 2 h post infection (p.i.). 

Peripheral parasitemia of each mouse was monitored every day starting day 4 p.i. by 

preparing thin blood smears via tail snip, staining the slides with Quick Dip and 

examining using light microscope (~1000 RBS counted; Figure 4.2). Mice were 

euthanised when parasitemia reached ~25 %, according to the ethics approved protocol 

(AEC approval number: ESK/01/13/AEC). 

 

 

Figure 4.2 Schematic overview of P. berghei in vivo model. Female BALB/c mice (6–

8 weeks old; six/group) were infected via i.p. injection with 105 P. berghei-infected 

erythrocytes taken from an infected passage mouse. Mice were treated by oral gavage 

with 100 μL vehicle control (50 % DMSO in PBS), CQ (10 mg/kg) or test compounds 

once or twice daily for four consecutive days, beginning 2 h p.i. and with a 4 h interval 

between doses. Peripheral parasitemia was monitored daily from day 4 p.i. by 

microscopic examination of Diff-Quik® stained thin blood smears prepared from tail 

snip bleeds. Mice were euthanised when parasitemia reached ~25 %, according to the 

ethics approved protocol. 
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4.3 Results 

4.3.1 In vivo anti-plasmodial activity of the clinically used hydroxamic acid 

HDAC inhibitor panobinostat 

4.3.1a In vivo anti-plasmodial activity of panobinostat in a mouse model of malaria 

The anti-plasmodial activity of panobinostat was assessed in vivo in BALB/c mice 

infected with P. berghei QIMR [291] as per the experimental overview shown in 

Figure 4.2. Mice were dosed orally with 25 mg/kg panobinostat twice daily (b.i.d.) for 

four days beginning two hours p.i.. A significant reduction in peripheral blood 

parasitemia was observed for panobinostat-treated mice on day 4 p.i. (P <0.05) and day 

5-10 p.i. (P <0.01), corresponding to a 2-3 fold reduction in mean peripheral parasitemia 

compared to vehicle control mice (Figure 4.3B; dashed versus solid line, respectively). 

The survival (based on euthanizing according to ethics approved scorecard criteria) of 

mice treated with panobinostat was significantly improved compared to the vehicle 

control group (P = 0.0013; Figure 4.3D). In contrast, while a significant reduction in 

peripheral blood parasitemia was observed on day 4-6 p.i. (P <0.01) and day 7 p.i. (P 

<0.05) for mice treated twice daily with 25 mg/kg SAHA compared to vehicle-only 

control mice, this appears to be due to a one-day delay in parasitemia onset.  Mice 

treated orally with the antimalarial drug CQ (10 mg/kg; once daily (q.d.) for four days 

beginning 2 h p.i.) did not develop detectable peripheral blood parasitemia over the 

duration of the experiment (data not shown). 
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Figure 4.3 In vivo activity of orally administered SAHA and panobinostat in 

Plasmodium berghei infected BALB/c mice. Female 6-8 week old BALB/c mice                  

(n = 6) were injected i.p. with 105 P. berghei QIMR infected erythrocytes. Mice were 

treated by oral gavage with 25 mg/kg SAHA (A and C; dashed line) or panobinostat (B 

and D; dashed line) twice daily for four days beginning 2 h post infection, with 4 h 

between first and second dose (100 µL/dose diluted freshly in 10 % DMSO in PBS). 

Control mice (A-D; solid black line) received 100 µL vehicle only (10 % DMSO in 

PBS) under the same dosing schedule. Parasitemia was monitored daily starting day 4 

p.i. via microscopic examination of Giemsa-stained thin blood smears. Panels A and B 

show mean number of parasites per 100 erythrocytes (mean % parasitemia; >800 

erythrocytes counted for each mouse) for 6 mice per treatment group (dashed lines) 

versus control group (solid black lines). Panels C and D show survival rates (mice were 

euthanized when parasitemia reached ~25 %) for treated (dashed lines) versus DMSO 

vehicle-only control (solid black lines) mice. (Note: These data and this figure were 

generated as part of this thesis project and have been published (Appendix 2). 

Reproduced in this thesis with permission from publisher).  
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4.3.1b Comparison of published pharmacokinetic parameters of oral SAHA and 

panobinostat in mice and humans 

Published literature was examined to compare the pharmacokinetic profile of 

panobinostat in mice versus humans. Data in Table 4.3 show murine pharmacokinetic 

data for female BALB/c nude mice aged 8-10 weeks old and administered 50 mg/kg 

SAHA and panobinostat orally. Human pharmacokinetic data are for subjects 

administered 200-600 mg (3-10 mg/kg) SAHA or 15-80 mg (0.25-1.3 mg/kg) 

panobinostat orally (Table 4.3) [255, 320]. Panobinostat has ~4x longer half-life (t1/2) in 

mice compared to SAHA (2.90 h vs 0.75 h, respectively; Table 4.3) [302]. Panobinostat 

is extensively metabolised in the mice with AUC0-∞ of 126 ng.h/ mL while SAHA is 

619 ng.h/mL (Table 4.3) [302]. While the dosage of panobinostat administered in 

humans is ~2.5-40x lower than SAHA (200-600 mg and 15-80 mg, respectively), the t1/2 

of panobinostat is ~11-20-fold longer than SAHA (16-30 h vs 1.5 h; Table 4.3) [255, 

320]. Panobinostat is absorbed following oral administration with Cmax of 23-71 ng/mL 

(Table 4.3) [255]. 

 

Table 4.3 Pharmacokinetic parameters of oral SAHA and panobinostat in mice 

and humans (Note: These table was generated as part of this thesis project and has 

been published (Appendix 2). Reproduced in this thesis with permission) 

 
a Female BALB/c nude mice (18–22 g; 8–10 weeks old) dosed orally with 50 mg/kg 

SAHA or panobinostat [302]; b Human subjects administered 200–600 mg oral SAHA 

[320]; c Human subjects administered 15–80 mg oral panobinostat [255] and references 

therein); d t1/2 30 h in advanced cancer patients (n = 4) receiving a single 20 mg dose of 

panobinostat [321]; e FARYDAK® prescribing information sheet [322] 
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4.3.2 In vivo anti-plasmodial activity of the clinical candidate AR-42 

4.3.2a Ex vivo anti-plasmodial activity of clinical drug candidate AR-42 against                         

P. berghei QIMR murine malaria parasites 

Prior to in vivo testing in a murine malaria model, the activity of AR-42 was analysed ex 

vivo to determine the susceptibility of the P. berghei murine malaria species to this 

compound. Following propagation and harvesting of P. berghei QIMR parasites in 

BALB/c mice (Chapter 2; Section 2.12) [291], parasitized erythrocytes were assayed 

for ex vivo activity in a [3H]-hypoxanthine uptake growth inhibition assay (Chapter 2; 

Section 2.13). AR-42 was found to have IC50 0.04 (± 0.009) µM (Figure 4.4), 

comparable to that of CQ (IC50 0.08 (±0.009) µM; Figure 4.4). In contrast, the activity 

of SAHA was significantly lower (IC50 0.43 (± 0.07) µM; P<0.05); Figure 4.4).  

 

 

Figure 4.4 Ex vivo activity of AR-42 vs controls in P. berghei-infected BALB/c mice. 

AR-42 was evaluated against erythrocytes from mice infected with P. berghei QIMR 

with CQ and SAHA were used as controls. Blood from infected and non-infected 

female BALB/c mice were collected via cardiac puncture. The infected erythrocytes 

were diluted using uninfected erythrocytes to reach a final parasitemia of 5 % and 1 % 
hematocrit. The parasites were then added to 96-well plates with serially diluted 

compounds of interest and [3H]-hypoxanthine was added. Plates were then incubated for 

24 h. Drug activity against ex vivo P. berghei QIMR was assessed based on [3H]-

hypoxanthine uptake and IC50s were determined (unpublished data from this thesis 

project). 
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4.3.2b In vivo anti-plasmodial activity ofAR-42 using murine malaria model 

The anti-plasmodial activity of AR-42 was assessed in vivo in 6-8 week old female 

BALB/c mice infected with P. berghei QIMR (Chapter 2; Section 2.14) [291]. A 

schematic of the experimental overview is shown in Figure 4.2. In this experiment, 

three controls were included; CQ as the antimalarial drug control, SAHA as the HDAC 

inhibitor control and DMSO vehicle control. Two independent experiments were carried 

out with P. berghei QIMR-infected mice with either a single or double dose of 25 

mg/kg AR-42 or single dose 50 mg/kg for AR-42 four consecutive days. As expected, 

mice in the DMSO vehicle control groups all developed peripheral parasitemia from 

around day 4 p.i. and were culled by day 9 to 10 p.i. when parasitemia reached ~20-30 

%, as per ethics requirements (dotted black lines; Figure 4.5). When groups of six mice 

were administered a single daily dose of 50 mg/kg AR-42, or twice daily dose of 25 

mg/kg AR-42, all six mice in each group failed to develop peripheral parasitemia 

(Figure 4.5B and C); orange and red solid lines, respectively). In a repeat experiment 

for 25 mg/kg AR-42 twice daily dosing, carried out in parallel to a single daily dose of 

25 mg/kg AR-42, four of six mice were cured in the twice daily dose group (Figure 

4.5E; red solid line). Daily treatment for four days with a single-dose 25 mg/kg AR-42 

significantly attenuated parasite growth from day 4 to 9 p.i. but did not cure mice 

(P<0.01; Figure 4.5F). This result was similar to that of the HDAC inhibitor control 

SAHA when administered 25 mg/kg twice a day. Under these conditions, SAHA 

showed a significant reduction in parasitemia compared to the control group on day 4 

and day 6 to 9 p.i. (P<0.01; Figure 4.5D), but cures were not achieved. From the 

survival analyses, treatment with SAHA and single and double dose of 25 mg/kg AR-42 

significantly improved the survival of the mice in comparison to control mice (solid line 

vs dotted line; Figure 4.5G-I). Significantly higher improvement in the survival of mice 
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treated with single and double dose of 25m/kg AR-42 (P<0.001 and P<0.01; Figure 

4.5H and I) was observed compared to SAHA-treated mice (P<0.05 Figure 4.5G). 
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Figure 4.5 In vivo activity of orally administered AR-42 in individual P. berghei 

QIMR infected BALB/c mice. Female 6-8-week-old BALB/c mice (n = 6) were 

injected i.p. with 105 P. berghei QIMR infected erythrocytes then treated orally with test 

compound or control for four consecutive days, beginning 2 h post infection (4 h 

between first and second dose; 100 µL/dose in 50 % DMSO/PBS). (Top Panel; A-C) In 

the first experiment, mice were treated with (A) 10 mg/kg CQ (q.d.; green line), (B) 50 

mg/kg AR-42 (q.d.; orange line) or (C) 25 mg/kg AR-42 (b.i.d.; red line) (Lower 

Panel; D-F) (D) 25 mg/kg SAHA as a control (b.i.d.; purple line), (E) AR-42 was 

reassessed at 25 mg/kg b.i.d. (red line) (F) 25 mg/kg AR-42 (q.d.; brown line). (A-F) In 

each case groups of control mice received 100 µL vehicle only (50 % DMSO/PBS; 

dashed black line) twice daily for four days. Parasitemia was monitored starting day 4 

p.i. via microscopic examination of stained thin blood smears. Graphs show the mean 

number of parasites per 100 erythrocytes (mean % parasitemia) for >800 erythrocytes 

per mouse per day. Panels G to I show survival rates (mice were euthanized when 

parasitemia reached ~25%) for treated (coloured lines) versus DMSO vehicle-only 

control (dashed black lines) mice. *P<0.05;**P<0.01 
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4.3.2c Comparison of published pharmacokinetic parameters of oral SAHA and AR-

42 in mice and humans 

The pharmacokinetic profiles shown in Table 4.4 were tabulated based on published 

data. Pharmacokinetic data for AR-42 in mice were obtained following oral treatment 

with 50 mg/kg of AR-42 in CDF21 mice while female BALB/c nude mice aged 8-10 

weeks were used for the SAHA pharmacokinetic study (Table 4.4) [302, 323].       

Human pharmacokinetic data were obtained following oral treatment with 20 mg (~0.3 

mg/kg) of AR-42 and 200-600 mg (3-10 mg/kg) SAHA (Table 4.4) [313, 320]. These 

published pharmacokinetic data indicate that AR-42 showed ~15x longer t1/2 than 

SAHA following oral administration of 50 mg/kg AR-42 and SAHA in mice (11.1 h 

versus 0.75 h; Table 4.4).In mice, AR-42 has higher oral bioavailability compared to 

SAHA (27 % versus 8.33 %; Table 4.4). AR-42 was absorbed rapidly following a 50 

mg/kg oral administration in CD2F1 mice and peaked at 14.7 μM at the earliest time 

point evaluated (5 min, 0.17 h). In addition, AR-42 has higher AUC0-∞ in mice than 

SAHA (29.9 µM.h versus 2.3 µM.h; Table 4.4). While the oral dosage of AR-42 in 

clinical setting is ~20-30 fold lower, the estimated t1/2 for AR-42 in human is similar to 

mice (~10.1 h; Table 4.4) while t1/2 for SAHA in humans is 1.5 h. The estimated Cmax 

and AUC0-∞ of AR-42 in humans are lower than SAHA (0.383 µM vs 1.3-2 µM and 4.4 

µM.h versus 6.4 µM.h, respectively; Table 4.4). 

 

4.3.3 In vitro anti-plasmodial activity of AR-42 analogues against P. falciparum 

Based on the promising ex vivo activity of AR-42 in the mouse malaria model (Chapter 

4; Section 4.3.2a), analogues of this compound were investigated for improved in vitro 

potency and selectivity against P. falciparum. As mentioned in Chapter 3, HDAC 

inhibitors consist of three pharmacophoric features: an aromatic cap group, zinc binding  
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Table 4.4 Pharmacokinetic parameters of oral SAHA and AR-42 in mice and 

humans 

 Mice  Human 

 
vorinostat  

(50 mg/kg)a 

AR-42                       

(50 mg/kg)b 

vorinostat 
 

(200-600 mg)c 

AR-42
 

(20 mg)d

 
AUC

0−∞
 (µM.h) 2.3 29.9 6.4 4.4 

C
max

 (µM) 1.9 14.7 (C5 mins/max) 1.3-2 0.383 

t
1/2

 (h) 0.75 11.1 1.5 10.1 

F (%) 8.33 26 43 n.d. 
a Female BALB/c nude mice (18–22 g; 8–10 weeks old) dosed orally with 50 mg/kg 

SAHA [302]; b CD2F1 mice (18–22 g) dosed orally with 50 mg/kg AR-42 [323]; c 

Human subjects administered 200–600 mg oral SAHA [320]; d Human subjects 

administered 20 mg oral AR-42 [313] 

 

group (ZBG), and a linker chain connecting cap group to ZBG (Chapter 3; Section 3.1; 

Figure 3.1A) [296].Modifications to the aromatic cap group moiety and the aliphatic 

linker region have been actively explored to develop more selective yet potent 

anticancer HDAC inhibitors (reviewed in [324]). Here, the in vitro anti-plasmodial 

activity of 18 AR-42 analogues (Table 4.2) with modifications to the linker and CAP 

group (Prof David Fairlie, University of Queensland) were investigated. The activity of 

these compounds was compared to that of AR-42 (Dr Tina-Skinner Adams, Griffith 

University, unpublished). 

 

Seven analogues were found to have IC50 <1 µM against both P. falciparum lines 

(Table 4.5). All analogues showed significantly less potency than the AR-42 parental 

compounds. Of the analogues, BR7546-11 showed highest inhibitory effect against 

Pf3D7 and PfDd2 (IC50 0.14 µM and 0.06 µM, respectively; P<0.05; Table 4.5). No 

significant difference was observed in the activity of these seven analogues between 

both P. falciparum lines, with the exception of BR7546-6b, which was significantly 

more effective against PfDd2 than Pf3D7 (IC50 0.07 µM and 0.22 µM, respectively; 

Table 4.5). BR7546-4b and DD7647.83 showed similar potency against PfDd2 and 
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Pf3D7 (IC50 0.23 µM - 0.31 µM; Table 4.5). BR7546-5b, BR7546-6b and BR7546-11 

were significantly more potent against PfDd2 compared to other analogues (IC50 0.06-

0.09 µM; P<0.05; Table 4.5). Resistance indices (Ri) were calculated by dividing 

PfDd2 IC50 by Pf3D7 IC50. Resistance indices for all seven AR-42 analogues with IC50 

<1µM) were between 0.3 and 1.3, compared to Ri 5 for CQ, indicating low level of 

cross-resistance. Cytotoxicity assays against embryonic kidney cells 293 (HEK-293) 

revealed that DD7647.83 showed the highest toxicity, inhibiting >50 % cell growth at 

the lowest concentration tested (1 µM), while all the other AR-42 analogues killed >50 

% of parasites at 10 µM. The HEK-293 IC50 could not be accurately determined from 

these preliminary investigations - full dose response assays could be carried out in the 

future to determine the IC50. 

 

In comparison to AR-42, all seven AR-42 analogues with IC50 <1 µM had modified cap 

group, with the exception of BR7546-6b and DD7647.83 (Figure 4.6). While BR7546-

6b had modified cap group and linker region, the linker region of DD7647.83 was 

modified. The low efficacy observed in BR7546-09, BR7546-14a and BR7546-14b 

(IC50 >1 µM; Table 4.5) compared to BR7546-11 (Pf3D7 IC50 0.14 µM and PfDd2 IC50 

0.06 µM; Table 4.5) could be due to the distance of oxygen in the acetamide moiety to 

cap group. As opposed to BR7546-11, the oxygen of the acetamide moiety in the linker 

region was positioned further from the cap group in BR7546-09, BR7546-14a and 

BR7546-14b (highlighted in circle; Figure 4.7).   
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Table 4.5 In vitro anti-plasmodial activity of AR-42 analogues 

Cpds Structure 
IC50 (µM) 

RI 
% inhibition HEK-293 

SI 
Pf3D7 PfDd2 100 µM 10 µM 1 µM 

BR7546-4a 
 

9.42 (±1.97) 7.08 (±2.30) 0.75 n.d. n.d. n.d. n.d. 

BR7546-4b 

 

0.31 (±0.04) 0.26 (±0.06) 0.84 87.7 (±9.7) 72.8 (±11.5) 41.7 (±8.7) >3 

BR7546-5a 

 

0.62 (±0.24) 0.48 (±0.15) 0.77 86.5 (±10.8) 71.4 (±3.4) 24.4 (±9.4) >2 

BR7546-5b 

 

0.23 (±0.09) 0.09 (±0.01) 0.39 87.8 (±10.2) 82.1 (±7.8) 47.3 (±9.3) >4 

BR7546-6a 

 

1.04 (±0.17) 1.49 (±0.60) 1.43 n.d. n.d. n.d. n.d. 

BR7546-6b* 
 

0.22 (±0.07) 0.07 (±0.03) 0.32 89.6 (±7.8) 65.1 (±14.4) 28.2 (±9.7) >5 

BR7546-6c 
 

n.d. 13.48 (±1.45) n.d. n.d. n.d. n.d. n.d. 

BR7546-7 

 

n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

BR7546-08 
 

10.56 (±2.25) 9.23 (±1.56) 0.84 n.d. n.d. n.d. n.d. 

BR7546-09 
 

1.10 (±0.17) 1.49 (±0.15) 1.35 n.d. n.d. n.d. n.d. 
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BR7546-10 

 

n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

BR7546-11 

 

0.14 (±0.06) 0.06 (±0.02) 0.43 84.6 (±12.8) 78.6 (±11.0) 39.5 (±8.6) >7 

BR7546-14a 

 

4.39 (±1.57) 2.73 (±0.68) 0.62 n.d. n.d. n.d. n.d. 

BR7546-14b 
 

3.56 (±1.43) 1.55 (±0.43) 0.44 n.d. n.d. n.d. n.d. 

BR7546-15 

 

0.71(±0.59) 0.30 (±0.09) 0.42 85.1 (±13.1) 74.7 (±8.8) 32.1 (±12.8) >1.4 

DD7647.81* 
 

1.09 (±0.11) 2.13 (±0.50) 1.95 n.d. n.d. n.d. n.d. 

DD7647.82 
 

n.d. 10.91 (±5.8) n.d. n.d. n.d. n.d. n.d. 

DD7647.83 
 

0.23(±0.04) 0.29 (±0.08) 1.26 84.8 (±6.3) 79.9 (±4.7) 60.1 (±17.7) <3 

DD7647.29 

(AR-42)a 
 

0.022 (±0.004) 0.02 (±0.002) 0.82 1.46 (±0.31)b 66-81 

CQ* 
 

0.01 (±0.00) 0.05 (±0.01) 5.00 18.58 (±1.95)c 372-1858 

SAHA 
 

0.28 (±0.03) 0.21 (±0.13) 0.32 8.90 (±0.09) c 18-25 

*Significant difference between Pf 3D7 IC50 and Pf Dd2 IC50 (p<0.05); a In vitro assays against Pf3D7, PfDd2 and cytotoxicity performed 

by Tina-Skinner Adams; b NFF IC50 and SI based on NFF toxicity; c HEK-293 IC50 and SI based on HEK-293 cells toxicity;                                 

n.d. not determined; CQ, Chloroquine; SAHA, suberoylanilide hydroxamic acid/vorinostat; SI-Selectivity Index (mammalian cell IC50/P. 

falciparum IC50); RI-Resistance index (IC50 for CQ-resistant PfDd2/IC50 for CQ-sensitive Pf3D7); % inhibition data for P. falciparum 3D7 

and Dd2 parasites are shown in Appendix 3. 
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Figure 4.6 Modifications on the CAP and/or linker region of AR-42 analogues.                    

Blue - CAP group; Black - linker; Green - Zinc binding group (ZBG) 

 

 

 

               Figure 4.7 Different oxygen moiety position on the linker region. 

 

 

 

 

 

 

(A) BR7546-4b        (B) BR7546-5a                (C) BR7546-5b    (D) BR7546-6b 

    

(E) BR7546-11       (F) BR7546-15 (G) DD7647.83     (H) DD7647.29 (AR-42)    

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

103 

 

4.3.4 Effects of AR-42 analogues on histone acetylation in P. falciparum 

The effects of AR-42 and selected analogues identified in Chapter 4; Section 4.3.3 

(Pf3D7 and PfDd2 IC50 <1µM) on P. falciparum histone H4 acetylation was assessed 

by Western blot analysis using anti-(tetra)acetyl-H4 antibody (Chapter 2; Section 

2.11). Two independent experiments (Figure 4.8A and B) were carried out on 

synchronized trophozoite-stage P. falciparum 3D7 parasites treated for 3 h with 5x IC50 

concentrations of each compound or vehicle only control (C-3). As determined by anti-

(tetra)acetyl-H4 antibody, hyperacetylation assays showed a distinct band ∼11 kDa (the 

expected size of H4) in both replicates (arrow; lower panel Figure 4.8A and B). Faint 

bands with higher molecular weight, corresponding to hyperacetylated forms of 

H2B/H2Bv ~13-14 kDa and H2A.Z ~16 kDa [305], were observed in the replicate 

shown in lower panel Figure 4.8B. Relative density analysis showed a hyperacetylation 

effect using only the ∼11 kDa band or all bands combined (Figure 4.8C). In 

comparison to the C-3 and CQ control, anti-(tetra)acetyl-H4 antibody detected increased 

signal following treatment with SAHA, AR-42 and all AR-42 analogues (Figure 4.8C). 

Of all the AR-42 analogues, BR7546-4b caused the highest hyperacetylation effect on 

histone H4, similar effect seen with sample treated with SAHA (~2.4-fold increase in 

the hyperacetylation compared with C-3; Figure 4.8C).  

 

4.4 Discussion 

As discussed in the introduction to this chapter, HDAC inhibitors are of interest due to 

their therapeutic potential and are undergoing rapid development in the pharmaceutical 

industry (reviewed in [248]). However, potential toxicity, lack of selectivity, and poor 

pharmacokinetic profiles are limitations of current HDAC inhibitor drugs [247-249]. 

Different chemical modifications based on the first generation HDAC inhibitors have  
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Figure 4.8 Hyperacetylation of P. falciparum histone H4. Two independent protein 

lysate replicates (A) and (B) were prepared from synchronous trophozoite-stage PfDd2 

parasites treated for 3 with 5x IC50 of AR-42 and analogues, vehicle only control (C-3), 

chloroquine (CQ) as a negative control and SAHA as a HDAC inhibitor control, 

followed by preparation of protein lysates and Western blot analysis. (A) and (B) Top 

panel: Membrane stained with REVERT™ Total Protein Stain and imaged using 

Odyssey® Fc Imaging System (Li-Cor Biosciences) at 700 nm wavelength. Bottom 

panel: The same membranes were probed with anti-(tetra)acetyl-H4 primary antibody 

(1:2000) and anti-rabbit IRDye® 680RD secondary antibody (1:10,000). (C) Bar graph 

shows mean relative density (±SD of two independent assays; A and B) of total signal 

(black; Total) or H4 only (grey; H4) relative to the C-3 DMSO control (set to 1.0).  
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been explored in the design of next generation inhibitors with improved potency and 

pharmacokinetic profiles [249]. Two new generation HDAC inhibitors, panobinostat 

and AR-42 [325], were investigated in this study in comparison to the first clinically 

approved HDAC inhibitor SAHA. 

 

 Panobinostat is a clinically approved HDAC inhibitor that is used for combination 

therapy in certain patients with multiple myeloma [253] while AR-42 is a clinical 

development candidate and is currently in clinical Phase I/II for the treatment of 

different cancers including but not limited to multiple myeloma, pancreatic cancer, 

chronic lymphocytic, and vestibular schwannoma [311-314]. Similar to SAHA, both 

panobinostat and AR-42 are pan-HDAC inhibitors, inhibiting class I and II HDACs in 

humans [255, 314, 326]. Previously published [273] and unpublished in vitro data from 

this lab have shown that both of these compounds have promising anti-plasmodial 

activity in vitro against asexual-stage P. falciparum parasites (panobinostat IC50 10-30 

nM [273]; AR-42 IC50 18-22 nM; Skinner-Adams, unpublished). In addition, 

panobinostat is also highly potent against P. knowlesi (PkIC50 9 nM) and caused 

hyperacetylation of P. knowlesi histone H4 (Appendix 2). This activity is better than 

that of SAHA (PfIC50120-250 nM; PkIC50 370 nM) [273]. Panobinostat has modest 

selectivity for P. falciparum versus NFFs in vitro whereas AR-42 is ~9-47-fold more 

selective for NFFs compared to panobinostat (SI 2-7 and 66-83, respectively) ([273], 

Skinner-Adams, unpublished). In comparison to SAHA, panobinostat is less selective 

for P. falciparum for NFFs (SI 2-7 and 29-46, respectively; [273]) while AR-42 is more 

selective (SI 66-83 and 29-46, respectively; [273], Skinner-Adams, unpublished). Based 

on these data and the interesting pharmacokinetic profile of these compounds, the in 

vivo anti-plasmodial activity of these compounds was investigated as part of this study 
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using P. berghei murine malaria model. Commonly used murine malaria models include 

mice infected with P. chabaudi, P. vinckei, P.berghei or P. yoelii (reviewed in [327]).  

P. berghei is the most commonly used species to facilitate the early investigations into 

the in vivo efficacy of candidate antimalarial compounds (reviewed in [328]). The in 

vivo efficacy testing used in this thesis is a modified Peter's 4-day suppressive test [292-

294], a procedure recommended by WHO as the first-line primary screen for in vivo 

testing of potential antiplasmodial compounds [329].  

 

When panobinostat was given orally at 25 mg/kg twice daily for four consecutive days, 

peripheral parasitemia was significantly reduced from day 4-10 post infection (P <0.05; 

Figure 4.4B) in P. berghei-infected mice, but increased beyond day 10 post infection 

(Appendix 2). In comparison, AR-42 showed greater efficacy in suppressing parasites 

growth in malaria infected mice. A double dose of 25 mg/kg AR-42 cured 10 of 12 

infected mice while a single dose 50 mg/kg AR-42 completely 6 of 6 mice (Chua et al, 

unpublished). In two separate experiments for panobinostat and AR-42, SAHA 

significantly reduced peripheral blood parasitemia compared to vehicle-only control 

mice (day 4-7 p.i. and day 4-8 p.i. (except day 5 p.i.), respectively) (Appendix 2 and 

Chua et al., unpublished), but did not cure mice. While these data suggest limited anti-

plasmodial activity for panobinostat in this murine model, it should be noted that of all 

clinically approved HDAC inhibitors, panobinostat has the longest half-life in humans 

reported to date (Table 4.3) [254, 330-333]. However, panobinostat is approximately 

~5x less bioavailable (F) in mice than humans and has an approximately 6x shorter half-

life (t1/2) in mice than in humans (2.9 h and 16 h, respectively; Table 4.3) [255, 302, 

321, 322]. Humans receiving a single oral dose of panobinostat (at the recommended 

daily dose for cancer patients of 20 mg) have a reported mean Cmax of 24.3 ng/mL (~70 
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nM) [334] >7-fold higher than the in vitro IC50 of panobinostat against Plasmodium 

parasites. While this could mean that panobinostat has clinically relevant anti-

plasmodial potential, side effects need to be considered. Adverse effects (fatigue, 

diarrhoea, nausea, fever, vomiting, etc.) have been reported in clinical trials at the 

recommended dose of 20 mg and the maximum tolerated dose (MTD) of panobinostat 

was determined at 30 mg [335]. The differences in mouse versus human 

pharmacokinetics seen for panobinostat in this study mean that it is difficult to 

extrapolate the murine malaria model data generated with potential activity in humans. 

Thus, repurposing panobinostat for malaria would be difficult to justify at present. 

 

In comparison to panobinostat, AR-42 showed greater in vivo efficacy in the murine 

model of malaria. The superior in vivo efficacy of AR-42 in mice compared to 

panobinostat could be due to its pharmacokinetic profile. In addition to ~4x longer 

longer half-life in mice compared to panobinostat (11.1 h vs 2.9 h, respectively; Table 

4.3 and 4.4), the estimated bioavailability of AR-42 in mice is also higher (26% and 

4.6%, respectively; Table 4.3 and 4.4) [323]. The in vivo efficacy of AR-42 in the mice 

could also be due to the Cmax of AR-42, which is ~368 times higher than the ex vivo P. 

berghei IC50 (0.04 µM; detected in mice plasma ~40 h post oral administration) [323], 

indicating that mice are likely exposed to a concentration that is higher than the 

concentration needed to inhibit >50 % parasites growth. 

 

From in vitro assays against P. falciparum parasites, AR-42 is shown to be highly 

potent against PfDd2 and Pf3D7 with IC50s well below the Cmax value for humans (IC50 

0.022 µM and 0.018 µM, respectively versus Cmax 0.383 µM) (Skinner-Adams, 

unpublished; [313]), suggesting that if appropriate plasma levels of AR-42 can be 
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achieved in vivo, it may be worth further investigation of AR-42 in humans. In 

comparison to panobinostat, data from Phase I clinical trial showed that treatment with 

AR-42 was safe and well tolerated, with a MTD of 40 mg (10 mg higher than 

panobinostat) [313]. These preliminary data suggested that AR-42 could be a 

repositioning candidate for malaria. However, further pre-clinical investigations would 

need to be carried out, including efficacy in a humanized mouse model of malaria 

(immunodeficient mice engrafted with P. falciparum-infected human erythrocytes), ex 

vivo studies or in vivo efficacy in a human challenge model [336, 337]. Ex vivo studies, 

such as previously carried out by this lab for HIV protease inhibitors [338], involve 

collecting sera from non-infected human subjects treated the test compound/drug 

(subject to ethics approval), followed by P. falciparum in vitro growth inhibition assays 

to determine whether levels of drug are present in the sera are sufficient to kill P. 

falciparum parasites. Proof of concept efficacy ex vivo might then provide evidence to 

support proceeding into a human challenge model (subject to ethics approval), such as 

that established at the QIMR Berghofer Institute in Brisbane [339] or other locations 

(reviewed in [340]). Human challenge models use healthy volunteers with induced 

blood-stage P. falciparum infections to assess compound efficacy, including data on 

pharmacodynamics and pharmacokinetics. However, such studies need to be considered 

in the context of any ex vivo data and also taking into account possible side effects of 

the compounds.  

 

Given the superior in vitro and in vivo efficacy of AR-42 against Plasmodium parasites, 

a series of 18 analogues were synthesized (Prof David Fairlie; IMB, University of 

Queensland) and investigated for in vitro potency and selectivity. Seven AR-42 

analogues tested against P. falciparum 3D7 and Dd2 parasites showed IC50 <1 µM. As 
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shown in Table 4.2, all seven meet Lipinski’s rule criteria (defined in Chapter 1; 

Section 1.5.4), having a molecular weight <500 Da (229 to 356 Da) and cLog P <5 

(cLog P 0.9-2.8). However, cytotoxicity assay data show that all AR-42 analogues 

failed to meet “hit-” or “lead-” like criteria, as defined by the MMV (see Chapter 1; 

Table 1.2) [300]. In contrast, AR-42 meets “lead” like criteria with P. falciparum IC50 

<0.1 µM and SI >50. Hyperacetylation assays revealed that AR-42 (and tested 

analogues) caused hyperacetylation of histone H4, suggesting that these compounds 

may inhibit HDAC activity in P. falciparum, either directly or indirectly, as previously 

shown for AR-42 in human cells [341]. However, the precise target of AR-42 and 

analogues remains to be determined. Due to the lack of recombinant HDAC proteins 

[273], other approaches may need to be used to elucidate the mode of action/targets of 

these HDAC inhibitors for example selection of resistance parasites and whole genome 

sequencing. These approaches are discussed further in Chapter 7.   
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Chapter 5 
 

In vitro anti-plasmodial activity of putative 

bromodomain-containing protein inhibitors 

(BDPi) 
 

 

 

Publications arising from this chapter 

1. Ming Jang Chua, Dina Robaa, Tina S. Skinner-Adams, Wolfgang Sippl and 

Katherine T Andrews. Activity of bromodomain protein inhibitors/binders 

against asexual-stage Plasmodium falciparum parasites. IJP:DDR. Date 

accepted: 8th March 2018. In press. Appendix 5 

 

Contribution: I generated PfDd2 and HEK-293 cell IC50 data for compounds in 

Table 5.1 of this chapter (Table 1 in paper), co-wrote the first draft of the 

manuscript and edited updated versions. Where relevant, work carried out by 

others is acknowledged in this chapter.  
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5.1 Introduction 

Histone readers recognize specific post translational modifications (PTMs) on histone 

and non-histone proteins and are involved in recruiting transcriptional factors or 

repressors to regulate diverse biological processes including cell growth, proliferation, 

differentiation and development [190, 342]. Research on bromodomain-containing 

proteins (BDPs) over the past five years has resulted in ten BDP inhibitors currently in 

clinical trials for diverse human diseases [227]. However, to date there are limited 

studies on the effect of BDP binders/inhibitors (hereafter termed BDPi) against 

protozoal parasites (reviewed in [228]), including malaria parasites. While the crystal 

structure of PfGCN5 bromodomain in complex with a triazolophthalazine-based small 

molecule inhibitors (L-45/L-Moses) has been reported [343], no data on the growth 

inhibitory effects of BDPi against Plasmodium parasites was available (reviewed in 

[228]) prior to the work presented in this Chapter. Here, the in vitro anti-plasmodial 

activity and human cell toxicity of 42 known or putative BDPi were examined.  

 

5.2 Materials and methods 

5.2.1 Compounds 

All BDPi were obtained commercially or provided by Prof. Wolfgang Sippl (Martin 

Luther University, Halle, Germany). Bromosporine, CPI-203, PFI-4 and SGC-CBP30 

(Table 5.1; [344-347]) were purchased from Selleck Chemicals. A further 38 

compounds (Table 5.1) were obtained from the Princeton Biomolecular Research, Inc. 

(Princeton, NJ, USA) compound library, prepared as 10-20 mM stocks in DMSO and 

stored at -20°C. These 38 compounds were selected based on virtual screening 

performed by Prof. Wolfgang Sippl (Martin Luther University, Halle, Germany) of a 

pharmacophore model of the bromodomain of PF3D7_0110500 (PDB ID 4PY6), 
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Table 5.1 Key physicochemical properties of BDPi tested in this chapter 

Compounds 

(cpds) 

Mol Wt 

(MW) 
cLog P c HBD/Ad Scaffold 

Bromosporinea 404.4 1.67 2/7 

Triazolo-

phthalazine 

CPI-203a 399.9 3.28 1/5 

OSSL_258894b 397.5 2.29 2/7 

OSSL_258896b 425.5 3.16 2/7 

OSSL_258897b 425.5 3.37 2/7 

OSSL_258891b 367.4 2.99 1/6 

OSSL_258895b 411.5 2.75 2/7 

OSSL_258907b 466.6 2.43 1/8 

OSSL_258903b 443.5 4.77 1/6 

OSSL_258893b 409.5 3.32 0/6 

OSSL_158302b 353.8 4.78 1/6 

OSSK_711135b 360.4 3.20 1/7 

OSSK_711274b 409.4 4.63 1/7 

OSSK_711212b 416.5 2.35 1/8 

OSSK_711203b 395.4 4.33 2/7 

OSSL_258906b 444.5 3.54 1/7 

OSSL_258905b 457.5 5.24 1/6 

OSSL_258904b 411.5 2.90 1/7 

OSSL_258898b 437.5 3.56 1/7 

PFI-4a 380.5 2.35 1/4 

Dimethyl-

benzimidazole 

OSSK_842646b 447.5 4.83 1/3 

OSSK_764253b 353.4 3.07 1/3 

OSSK_764205b 355.5 3.65 1/2 

OSSK_995759b 339.4 2.77 1/3 

OSSL_308235b 369.4 1.73 1/5 

OSSK_764265b 450.9 1.64 1/4 

OSSK_764219b 430.5 1.35 1/4 

OSSK_764195b 353.4 2.79 1/3 

OSSK_764277b 355.4 1.86 1/4 

OSSK_842567b 449.5 4.21 1/4 

OSSK_711132b 381.8 2.29 1/4 

OSSK_447894b 362.4 1.91 1/4 

SGC-CBP30a 509.0 5.09 0/7 

Dimethylisoxazole OSSK_446201b 335.4 3.91 1/4 

OSSK_310407b 406.5 4.40 1/6 

OSSL_094251b 419.5 4.59 1/5 

Thymine 
OSSK_442833b 360.4 3.46 1/4 

OSSL_094246b 379.4 2.90 1/5 

OSSK_287503b 430.5 3.12 0/6 

OSSL_094264b 356.4 1.57 1/6 
Thiazolyl-

sulfonamide 

OSSK_695521b 442.5 3.61 2/7 Benofuran 

OSSL_326023b 407.4 2.79 1/6 Benzoxazinone 
a Purchased from Selleck Chemicals; b Purchased from Princeton Biomolecular 

Research Inc.; c cLog P - calculated partition coefficient of a molecule between an 

aqueous and lipophilic phase (calculated using ChemDraw Professional 17.0);                          
d Hydrogen bond donor/acceptor (HBD/A) obtained from ChemDraw Professional 17.0.   
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selected as it was the only P. falciparum bromodomain/BDP in the Protein Databank 

[348] crystallized in complex with an inhibitor (the PLK1 kinase/BRD4 dual inhibitor 

BI-2536) [349]. Based on the crystal structure of PF3D7_0110500 (PDB ID 4PY6) in 

complex with BI-2536, a pharmacophore model was generated using the program 

LigandScout 3.1 [350]. Residues of the protein binding pocket were assigned as 

excluded volume features. The model was manually curated: the hydrophobic feature 

generated for the ethyl moiety of the inhibitor was removed and a hydrophobic feature 

was added for the methyl-group of the dihydropteridine core. The pharmacophore 

model was screened against the Princeton Biomolecular Research, Inc., compound 

collection (multiconformational format) using the iscreen module implemented in 

LigandScout 3.1, using default settings. Full details can be found in Chua et al. 2018 (In 

press; Appendix 5). 

 

5.2.2 In vitro P. falciparum growth inhibition assays 

In vitro growth inhibition assays were carried out using P. falciparum Dd2 parasites 

[319] using a 48 h isotopic microtest, as previously described in Section 2.6. Data are 

presented as the mean IC50 (±SD) of at least three independent assays, each carried out 

in triplicate wells. An unpaired two-tailed t test was used to compare IC50’s for structure 

activity relationship analysis. 

 

5.2.3 Cell cytotoxicity assays 

Toxicity was assessed on test compounds with IC50 <1 µM using human embryonic 

kidney 293 (HEK-293) cells in a sulforhodamine B (SRB) colorimetric assay (Section 

2.7). At least three independent assays were performed, each in triplicate wells. 

Selectivity indices (SIs) were calculated by dividing HEK-293 IC50 by PfDd2 IC50. 
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Based on MMV’s criteria listed in Table 1.2, “hit” and “lead” compound(s) were 

identified using P. falciparum activity (PfIC50 <1 µM for “hit” and PfIC50 <0.1 µM for 

“lead”) and selectivity (SI>10 for “hit”) and SI>50 for “lead” compound  (Chapter 1; 

Section 1.5.3) [300]. 

 

5.2.4 Protein hyperacetylation assays 

Synchronous trophozoite stage P. falciparum Dd2 parasites (3-5% parasitemia; 5% 

haematocrit; Section 2.3) were treated with different concentrations and combinations 

of test compounds for 2 h. Negative controls included vehicle only (0.1% DMSO), 

SAHA (2x IC50; 400 nM), CQ, and different concentrations of SGC-CBP30 (0.1x, 0.5x, 

1x, and 2x IC50). To assess changes in protein hyperacetylation, SAHA (2x IC50) was 

used in combination with the different concentrations of SGC-CBP30 (0.1x, 0.5x, 1x, 

and 2x IC50). Morphological changes to parasites after exposing to compounds were 

examined by microscopy prior to protein lysate preparation (Section 2.9). Extracted 

protein lysates were analysed by SDS-PAGE and Western blot (Section 2.10 and 2.11, 

respectively). Rabbit polyclonal anti-acetyl histone H3 and anti-(tetra)acetyl histone H4 

(Merck Millipore, USA; 1:2000) were used as the primary antibody and IRDye® 680RD 

goat anti-rabbit (Li-Cor Biosciences, USA) as secondary antibody. Two independent 

assays were carried out and densitometry analyses carried out using Image Studio Lite 

Version 5.2 software (Section 2.11).  

 

5.3 Results 

5.3.1 In vitro anti-plasmodial activity of BDP inhibitors against P. falciparum  

The in vitro anti-plasmodial activity of a panel of 42 BDPi was tested against P. 

falciparum Dd2 parasites. Of the 42 BDPi, four were known BDPi (bromosporine, CPI-

203, PFI-4 and SGC-CBP30; Table 5.2) [344-347] with different mammalian BDP 
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specificities (see Discussion, Section 5.4). The remaining 38 compounds were selected 

based on virtual screening of Princeton Biomolecular Research Inc. compound library 

carried out by Prof Wolfgang Sippl (described in Section 5.2.1). All compounds 

exhibited low inhibitory potency in 48 h assays against PfDd2 parasites with IC50 values 

≥10 µM (Table 5.1). The dimethylisoxazole CPB/EP300 bromodomain inhibitor SGC-

CBP30 showed the highest potency with IC50 ~10 µM, followed by 

diethylbenzimidazolone OSSK_842646 and triazolophthalazine OSSL_258906 (IC50 

11.28 µM and 11.80 µM, respectively; Table 5.2). Half of the inhibitors tested had IC50 

>50 µM, most of which did not achieve IC50 even at the highest concentration tested 

(100 µM). The three most potent putative BDP inhibitors (SGC-CBP30, OSSK_842646 

and OSSL_258906) were re-tested in a 72 h growth inhibition assay starting with 

synchronous ring-stage PfDd2. While potency was still low (µM range), the anti-

plasmodial activity of SGC-CBP30 increased by ~3-fold in the 72 versus 48 h assays 

(IC50 3.16 µM and 10.03 µM, respectively; P = 0.006; Table 5.3). As expected the 

control antimalarial drug, CQ, inhibited the parasites growth after 48 h and no 

significant difference in IC50 was observed after 72 h (P>0.05; Table 5.3).  
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Table 5.2 In vitro activity of BDP inhibitors against P. falciparum  

cpds Structure 
IC50 PfDd2  

(µM) 
Compound Structure 

IC50 PfDd2  

(µM) 

Chloroquine 

 

0.11 (±0.04) OSSL_258894 b 

 

  33.87 (±4.52) 

Bromosporinea 

 

26.33 (±7.13) OSSL_258896 b 

 

33.98 (±21.38) 

CPI-203a 

 

81.43 (±13.68) OSSL_258897 b 

 

35.00 (±0.00) 

PFI-4a 

 

26.43 (±3.82) OSSL_258891 b 

 

40.78 (±28.87) 

SGC-CBP30a 

 

10.03 (±0.32) OSSL_258895 b 

 

47.43 (±8.06) 



  

117 

 

OSSK_842646 b 

 

11.28 (±2.00) OSSL_258907 b 

 

71.77 (±20.41) 

OSSK_764253 b 

 

32.45 (±15.98) OSSL_258903 b 

 

>100 

OSSK_764205 b 

 

20.23 (±1.60) OSSL_258893 b 

 

>100 

OSSK_995759 b 

 

43.24(±12.43) OSSL_158302 b 

 

14.70 (±0.00) 

OSSL_308235 b 

 

53.83 (±17.10) OSSK_711135 b 

 

>100 

OSSK_764265 b 

 

57.30 (±19.34) OSSK_711274 b 

 

36.93 (±20.19) 
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OSSK_764219 b 

 

72.40 (±3.35) OSSK_711212 b 

 

87.35 (±1.67) 

OSSK_764195 b 

 

72.88 (±8.79) OSSK_711203b 

 

>100 

OSSK_764277 b 

 

81.25 (±12.64) OSSL_094251 b 

 

23.25(±6.15) 

OSSK_842567 b 

 

>100 OSSK_442833 b 

 

48.06(±6.79) 

OSSK_711132 b 

 

>100 OSSL_094246 b 

 

>100 

OSSK_447894 b 

 

>100 OSSK_287503 b 

 

>100 

OSSL_326023 b 
 

>100 OSSK_695521 b 

 

59.60 (±26.44) 
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OSSL_258906 b 

 

11.80 (±3.06) OSSL_094264 b 

 

>100 

OSSL_258905 b 

 

28.82 (±4.58) OSSK_446201 b 

 

97.20 (±0.00) 

OSSL_258904 b 

 

26.03 (±2.24) OSSK_310407 b 

 

>100 

OSSL_258898 b 

 

28.17 (±4.79)  

 

 

a purchased from Selleck Chemicals; b purchased from Princeton Biomolecular Research Inc.
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The cytotoxicity of the top three BDPi was assessed using human embryonic kidney 

cells (HEK-293) and selectivity indices (SI) calculated by dividing HEK-293 IC50 by Pf 

IC50. SGC-CBP30 showed low selectivity for the parasite versus HEK-293 (2-7-fold; 

Table 5.3). Selectivity indices for OSSK_842646 and OSSL_258906 could not be 

accurately determined (>4-fold; Table 5.3) as IC50 against HEK-293 was not achieved 

at the highest concentration tested (IC50 >50 µM).  

 

Table 5.3 Comparative anti-plasmodial activity of selected compounds in 48 h 

versus   72 h growth inhibition assays and toxicity against HEK-293.  

Compounds 
PfDd2 IC50 (µM) 

P value 
HEK-293 IC50                          

(µM) 
SIa 

48 h 72 h 

SGC-CBP30 10.03 (±0.32) 3.16 (±1.94) 0.006 22.09 (±2.00) 2-7 

OSSK_842646 11.28 (±2.00) 6.35 (±2.45) 0.073 >50 >4 

OSSL_258906 11.80 (±3.06) 5.96 (±1.19) 0.051 >50 >4 

CQ 0.11 (±0.04) 0.05 (±0.02) 0.052 18.58 (±1.95) 
169-

372 
a SI – Selectivity index (mammalian cell IC50 /PfDd2 IC50) 

 

5.3.2 Effect of BDPi on histone acetylation in P. falciparum 

In order to determine whether BDPi affect the histone acetylation in P. falciparum, two 

independent assays were carried out with the most potent BDPi, SGC-CBP30. PfDd2 

trophozoite-stage parasites (~3-5% parasitemia) were treated for 2 h with vehicle 

control b (C-2; 0.1% DMSO), CQ (5x IC50), SAHA (2x IC50), and different 

concentrations of SGC-CBP30. To look at the effects of BDPi on histone 

hyperacetylation, PfDd2 parasites were treated with different concentrations of SGC-

CBP30 (0.1x, 0.5x, 1x and 2x IC50) combined with SAHA (2x IC50). Protein lysates 

were extracted using saponin lysis (Section 2.9) and Western blots were carried out 

with anti-acetyl H3 and anti-(tetra) acetyl histone H4 antibodies (left and right panel 
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Figure 5.1, respectively). A ~14-15 kDa protein band was detected using anti-acetyl H3 

antibody (lower panel Figure 5.1A and B), corresponding to the correct size of histone 

H3 (15445 Da) as observed in previous studies [147]. Four distinct bands ranging from 

∼11 kDa to ∼16 kDa were observed using anti-(tetra) acetyl histone H4 antibody (lower 

panel Figure 5.1C and D). The ∼11 kDa band corresponds to H4 band while ~13-14 

kDa correspond to known cross reactivity with H2B/H2Bv and the ~16 kDa band to 

H2A.Z [305], as previously observed for SAHA [222, 273]. As expected, relative 

density analysis showed that SAHA increased the acetylation signal by ~2-3-fold using 

antibodies specific to acetyl histone H3 or tetra-acetyl histone H4 compared to C-2 and 

CQ treated samples (Figure 5.1E and F) [222, 273]. The hyperacetylation effect was 

observed using only the ∼11 kDa band (correspond to H4) or all bands combined 

(Figure 5.1F) for the anti-(tetra)acetyl histone H4 antibody. While samples treated with 

different concentrations of SGC-CBP30 alone did not cause hyperacetylation of histone 

H3 or H4, all combination treatments showed histone H3 and H4 hyperacetylation (~2-

3-fold increase; Figure 5.1E and F), however there was no clear trend to more or less 

hyperacetylation compared to SAHA alone. When thin blood smears of each treatment 

in the two independent assays were examined by light microscopy, no apparent 

morphology changes were observed in an any of the treatments in comparison to the 

untreated control (C-2). Representative images of each treatment, including vehicle 

control, are shown in Appendix 4. 
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Figure 5.1 Effects of BDPi on histone protein. Two independent protein lysate replicates (A and B; C and D) were prepared from 

synchronous trophozoite-stage PfDd2 parasites treated with 2x IC50 SAHA, different concentrations of SGC-CBP30 (0.1x, 0.5x, 1x and 2x 

IC50) and different combinations of SAHA and SGC-CBP30 for 2 h. Membranes were stained with REVERT™ Total Protein Stain and 

then imaged using an Odyssey® Fc Imaging System (Li-Cor Biosciences) at 700 nm wavelength (upper panel A and B; upper panel C 

and D). Western blot analyses were carried out using rabbit antibodies specific to anti-acetyl histone H3 (1:2000 (lower panel A and B) 

and anti-(tetra)acetyl histone H4 (1:2000)  (lower panel C and D) primary antibody and anti-rabbit IRDye® 680RD secondary antibody. 

(E) Bar graph shows mean density fold change (± SD) of two independent assays (A and B) relative to the C-2 vehicle control (set to 1.0). 

(F) Bar graph shows mean density fold change (± SD) of two independent assays (D and E) of all bands (black; Total) or H4 only (grey; 

H4) relative to the C-2 vehicle control (set to 1.0). 
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5.4 Discussion 

The 42 compounds tested in this chapter included four known BDPi (bromosporine, 

CPI-203, PFI-4 and SGC-CBP30; Table 5.1) with different mammalian BDP 

specificities. Bromosporine [344] is a pan-BDP inhibitor, while CPI-203 [345], PFI-4 

[346] and SGC-CBP30 [347] each have specificity for different mammalian BDPs. A 

further 38 compounds, some with known BDPi scaffolds such as benzimidazolone  

[346, 351] and triazolophthalazine (Table 5.1) [352] were selected for assessment by 

virtual screening of the Princeton Biomolecular Research Inc. compound library 

(carried out by Prof Wolfgang Sippl (Martin Luther University, Halle, Germany). These 

compounds were selected based on in silico screening of a pharmacophore-model 

obtained using the crystal structure of PF3D7_0110500 (PDB ID 4PY6) (full details can 

be found in Chua et al. 2018. In press; Appendix 5) which, at commencement of this 

study, was the only available structure of a P. falciparum bromodomain crystallized in 

complex with an inhibitor (the PLK1 kinase/BRD4 dual inhibitor BI-2536) [349].  

 

All compounds showed low activity against P. falciparum Dd2 parasites in 48 h 

growth-inhibition assays (IC50 ≥10; Table 5.2). When the three most potent inhibitors 

(SGC-CBP30, OSSK_842646 and OSSL_258906) were further tested in 72 h growth-

inhibition assay to confirm results, the anti-plasmodial activity of SGC-CBP30, but not 

OSSK_842646 and OSSL_258906, was significantly improved. However, even this 

improved potency did not meet MMV criteria for a hit compound (Table 1.2; Chapter 

1; Section 1.5.3) [300]. Although these compounds have low potency, they may provide 

a useful starting point for the synthesis of analogues with improved activity and 

selectivity against malaria parasites or, if a BDPi is confirmed as a target, they may be 

proven useful as probes to advance our understanding of BDPs in growth and survival 
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of malaria parasites. In addition to being expressed across the asexual life cycle of P. 

falciparum, published data show that BDPs are expressed in the early and mature 

gametocytes (Stage I, II and IV) [353], so it may be worth testing these inhibitors for 

their inhibitory action against sexual stages of Plasmodium.  

 

To examine possible effects of these inhibitors on the posttranslational modification of 

histones in Plasmodium parasites, hyperacetylation assays were performed with the 

most potent compound, SGC-CBP30. Although PfBDP1 binds to multiple histones, it 

shows higher preference for acetylated histone H3 [157]. To examine the effects of 

BDPi, histones must be in hyperacetylated form, so SAHA was used in this study as it is 

known to cause hyperacetylation of P. falciparum histone H3 and H4. As previous work 

has shown that the hyperacetylation effects caused by SAHA are reversible [354], 

combination treatments of SAHA and SGC-CBP30 were used. Western blot analyses 

indicated that treatment with 2x IC50 SAHA in combination with different 

concentrations of SGC-CBP30, but not SGC-CBP30 alone, causes acetylation of H3 

and H4 to at least the same extent as SAHA (Figure 5.1E and F). While there was a 

trend towards higher hyperacetylation in some SGC-CBP30 + SAHA treatments, 

variation between assays was seen making results inconclusive. In addition to repeating 

this assay, to confirm the effects of BDPi on histone acetylation in P. falciparum 

parasites other approaches might include using recombinant proteins, stage-specificity 

analysis, parasite reduction ratio (PRR) assays and resistance selection combined with 

whole genome sequencing (WGS) as discussed in Chapter 7. 

 

While there are limited availability of BDP recombinant protein (e.g. PfBDP1 

successfully being expressed [157]), in silico homology modelling was performed by 
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Prof. Wolfgang Sippl to try to begin to understand how BDPi interact with 

bromodomains. Results from homology modelling with bromodomains of PfGCN5 

(PDB ID 4QNS) and PfBDP1 (PDB ID 3FKM) indicated that these BDPi form 

hydrogen bond with the conserved asparagine (Asn) 1436 and conserved Asn413, 

respectively (Figure 5.2B to E) (Chua et al. 2018. In press; Appendix 5). The same 

interaction was observed in docking study using a triazolophthalazine-derivative 

inhibitor, L‐45 (L-Moses; Figure 5.2A) [343]. However, additional salt-bridges were 

observed between the morpholine nitrogen and Glu1389 (E1389) and Asp361 when 

SGC-CBP30 was docked with PfGCN5 and PfBDP1bromodomains, respectively 

(Figure 5.2B and E) (Chua et al. 2018. In press; Appendix 5). Similar interaction was 

also observed between L‐45 the KAc‐binding site of PfGCN5 bromodomain and was 

reported to be one of the key interactions (Figure 5.2A) [343]. Of note, the limitations 

of docking BDPi with PfBDP1 were that that the PfBDP1 crystal structure is in apo-

form and the ZA loop is incomplete (residues 362-366 is missing) (Chua et al. 2018. In 

press; Appendix 5). This ZA loop is a highly flexible loop and involved in the binding 

of bromodomain to the acetyl-lysine [343, 345]. This suggested that the predicted 

additional salt-bridges could possibly affect the anti-plasmodial activity in SGC-CBP30, 

however this would need to be determined experimentally in binding/enzyme assays. 

 

SGC-CBP30 is known to selectively inhibit human CPB/EP300 bromodomain 

(reviewed in [343]), so a BLAST search [355] was performed to find the closest 

homologues of CBP and EP300 bromodomains in P. falciparum. The BLAST search 

revealed that PfBDP1 shares the highest homology with CPB and EP300 (Chua et al. 

2018. In press; Appendix 5). Together with the results from homology studies these 

could attribute to the anti-plasmodial activity in SGC-CBP30. 
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In summary, as there was no previous study on the effects of BDPi on P. falciparum 

prior to this work [228], data generated in the current study serve as a starting point to 

explore the potential of these compounds as new drug leads for malaria. These data, 

together with Plasmodium BDPs crystal structures [146] are likely to be useful for 

further investigation of BDP and BDPi. They are also likely to be useful to identify 

tools to further dissect the function of BDPs in Plasmodium.  

 

 

 

 



  

127 

 

 

Figure 5.2 Bromodomain of PfGCN5 in complex with inhibitors; (A) crystal structure 

of the bromodomain of PfGCN5 in complex with the triazolophthalazine L-Moses 

(colored cyan); (B) docking pose of SGC-CBP30 (colored green); (C) docking pose of 

the triazolophthalazine OSSL_258906 (colored green); (D) docking pose of the 

diethylbenzimidazolone OSSK_842646 (colored green). (E) Docking pose of SGC-

CBP30 in PfBDP1 (magenta colored ribbon). Only interacting amino acid residues of 

the bromodomain as well as the four conserved water molecules (red spheres) are 

displayed for clarity. Hydrogen bond and salt-bridge interactions between inhibitor and 

protein/water are shown as dashed green lines. This figure had been published (Chua et 

al. 2018. In press; Appendix 5). 
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 Chapter 6 
 

In vitro anti-plasmodial activity of 

known/putative methyltransferase inhibitors 
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D. Robaa, M. Schmidt, J. Khalife, K.T. Andrews, W. Sippl. Synthesis, 

biological characterisation and structure activity relationships of aromatic 

bisamidines active against Plasmodium falciparum. European Journal of 

Medicinal Chemistry, 2017. 127: p. 22-40. 

Contribution: I generated PfDd2 IC50 data for compounds indicated with asterisk 

in Table 6.1 of this chapter (Table 1, 2, 4 and 5 in paper). Where relevant, work 

carried out by others is acknowledged in this chapter.  
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6.1 Introduction 

DNA methyltransferase inhibitors were among the first FDA approved epigenetic drugs 

for clinical anti-cancer use (reviewed in [259]) and several DNMT inhibitors are 

currently  in Phase I-III clinical trials for the treatment of solid tumours [234-243]. 

While there are four inhibitors of lysine-specific histone demethylase 1 (LSD1) and four 

inhibitors of histone lysine methyltransferase (HKMT) currently in clinical trials for 

cancer (Chapter 1; Section 1.6.4) (reviewed in [259]), the development of clinical 

candidates against  protein arginine methyltransferases (PRMTs) is not as advanced 

(reviewed in [356, 357]). Recently, one PRMT inhibitor (GSK3326595/EPZ015666) 

progressed into Phase I clinical trials for solid tumours and non-Hodgkin's lymphoma 

[267]. The clinical use of DNA and protein methyltransferase inhibitors for cancers 

provides a rationale to investigate these classes of compounds for other diseases, 

including malaria.  

 

Ten HKMTs, three PRMTs, one LSD1 and one DMNT homologue have been identified 

in the P. falciparum genome (Chapter 1; Section 1.7.1.1a and 1.7.2.1a) [153, 166, 

167], however little work has been carried out to determine if methyltransferase 

inhibitors may be useful as antimalarial drug leads. In this chapter, data are presented on 

analogues of furamidine, SGI-1027 and BIX-01294. Furamidine, an aromatic 

bisamidine that was initially developed as an anti-trypanosomal agent [357-360], has 

been shown to have broad-spectrum antimicrobial activity against Plasmodium spp as 

well as Giardia lamblia, Pneumocystis carinii, Cryptosporidium parvum and 

Leishmania spp [361-369]. Furamidine exhibits strong growth inhibition activity against 

P. falciparum drug sensitive (Pf3D7 IC50 11 nM; Figure 6.1A) [370] and multi-drug 

resistant lines (PfK1 IC50 15.5 nM; Figure 6.1A) [370], but has low oral bioavailability 
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in mice (F = 0.2%) [371]. While furamidine is known to selectively inhibit PRMT1 in 

humans [372] and localizes to the nucleus in P. falciparum [365], its target in P. 

falciparum parasites is unknown. BIX-01294, a quinolone-based inhibitor of human 

HKMTs (G9a/G9a-like proteins (GLPs)) (Figure 6.1B) [121, 122], inhibits the growth 

of bladder, lung, prostate, and breast cancer cells [373-375] and has been shown to have 

potent in vitro activity against asexual stage Plasmodium parasites (3D7, W2, 7G8 and 

Dd2; IC50 40 nM-75 nM), ex vivo activity against clinical P. falciparum and P. vivax 

isolates and in vivo activity in a P. berghei murine model and a humanized mouse 

malaria model (Figure 6.1B) [121, 122]. The target of BIX-01294 in Plasmodium 

parasites is unknown. SGC-1027 (known as MC2841 in this Thesis) is a non-nucleoside 

DNMT inhibitor (Figure 6.1C) developed as anticancer agent (µM IC50 against various 

cancer cells) [376] and inhibits human DNMT1 via the same mechanism as decitabine 

(5-aza-2'-deoxycytidine) [377], however the anti-plasmodial activity is unknown. In this 

Chapter, the anti-plasmodial activity of 21 furamidine analogues (BS series; Table 6.1) 

and seven quinolone-containing compounds (MC series; five quinoline SGC-1027 

analogues and two aminoquinazoline BIX-01294 analogues; Table 6.1) were 

investigated. Data presented herein (published [358] and unpublished) are the activity 

against asexual intraerythrocytic stage P. falciparum parasites and toxicity against a 

human cell line. Potency and anti-plasmodial selectivity is discussed in the context of a 

preliminary structure activity relationship (SAR) analysis. 
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Figure 6.1 Structure and biological activities of methyltransferase inhibitors (A) 

PRMT inhibitor furamidine (DB75). Figure from [358] and IC50s from [358, 365, 

370]. This figure had been published and reproduced in this thesis with permission. (B) 

HKMT inhibitor BIX-01294. Figure modified from [121] and IC50s from [121, 122]. 

(C) DNMT inhibitor SGI-1027 (known as MC2841 in this thesis). Figure and IC50s 

from [376].  

 

6.2 Materials and methods 

6.2.1 Compounds 

This work was carried out as part of a European Union Framework (FP7) grant (A-

PARADDISE; Anti-Parasitic Drug Discovery in Epigenetics). All compounds were 

synthesized by A-PARADDISE collaboration partners. BS series compounds were 

synthesized by Prof. Wolfgang Sippl’s lab, Martin Luther University, Germany. MC 

compounds [376, 378, 379] were synthesized by Prof. Antonello Mai’s lab, Sapienza 

University of Rome, Italy. Compounds were prepared as 20 mM stock solutions in 

100% dimethyl sulfoxide (DMSO) and stored in -20 °C. Chemical synthesis and anti-
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plasmodial activity of BS compounds marked with asterisk in Table 6.1 have been 

published (Appendix 6). 

 

Table 6.1 Key physicochemical properties of BS and MC compounds 

 Compounds 

(cpds) 

Mol Wt 

(MW) 
cLogP a HBD/Ab Scaffold 

B
S

 s
er

ie
s 

BSF2Em 378.4 4.6 3/7 

aromatic bisamidine 

BSF2E* 415.5 5.0 2/7 

BSF2H* 410.4 4.1 4/7 

BSF2P* 577.7 5.6 4/5 

BSF3* 484.5 2.9 4/7 

BSF4* 512.6 3.6 4/7 

BSF5* 540.6 4.6 4/7 

BSF10* 505.5 3.2 4/6 

3-acetamide-furamidine 

BSF11* 490.5 2.2 5/6 

BSF12* 504.5 2.4 4/6 

BSF23* 534.6 1.9 6/7 

BSF27 649.7 3.2 4/7 

BSF29* 635.7 1.2 5/8 

BSF32* 550.6 2.7 5/6 

BSF33* 541.6 2.1 5/6 

BSF24 459.6 0.7 6/7 

BSF25 444.5 1.9 4/7 

BSF34* 431.5 1.3 4/7 

BSF35 474.6 1.3 5/8 

BSH* 319.4 0.8 6/5 
Urea-based bisamidine 

BSHH 328.3 1.6 6/7 

M
C

 s
er

ie
s*

*
 

MC3321 440.9 2.3 4/5 

quinoline 

MC3322 455.0 2.2 4/5 

MC3323 469.0 2.7 4/5 

MC3343 461.5 5.6 4/7 

MC2841  

(SGI-1027) 
461.5 5.6 4/7 

MC2705  551.6 5.9 1/6 
4-amino-quinazoline 

MC3668 687.7 8.1 1/8 
a cLog P – calculated partition coefficient of a molecule between an aqueous and 

lipophilic phase (using Chemdraw Professional 17.0); b HBD/HBA (hydrogen bond 

donor/acceptor) calculated using Chemdraw Professional 17.0; *Chemical synthesis and 

anti-plasmodial activity of compounds have been published (Appendix 6); **Chemical 

synthesis and anti-cancer activity of all MC compounds have been published [376, 378, 

379]. 
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6.2.2 In vitro P. falciparum growth inhibition assays  

Anti-plasmodial growth inhibition assays were carried out using asynchronous P. 

falciparum Dd2 parasites [319] using a 48 h isotopic microtest (Chapter 2; Section 

2.6). At least three independent assays were performed, each in triplicate wells. An 

unpaired two-tailed t test was used to compare IC50’s for structure activity relationship 

analysis. 

 

6.2.3 Cell toxicity assays 

Toxicity was assessed against neonatal foreskin fibroblasts (NFF) or human embryonic 

kidney 293 (HEK-293) cells using a sulforhodamine B (SRB) colorimetric assay 

(Chapter 2; Section 2.7). While three concentrations were tested (100 µM, 10 µM, and 

1 µM) for HEK-293 cells, full dose-response cytotoxicity assays were performed with 

NFF cells. At least three independent assays were performed, each in triplicate wells. 

Selectivity indices (SIs) were calculated by dividing activity against NFF or HEK-293 

cells (IC50) by the activity against PfDd2 (IC50). Based on MMV’s criteria listed in 

Table 1.2, “hit” and “lead” compound(s) were identified using P. falciparum activity 

(PfIC50 <1 µM for “hit” and PfIC50 <0.1 µM for “lead”) and selectivity (SI>10 for “hit”) 

and SI>50 for “lead” compound  (Chapter 1; Section 1.5.3) [300]. 

 

6.3 Results 

6.3.1 In vitro activity of BS (bisamidine) derivatives against P. falciparum 

6.3.1a  In vitro anti-plasmodial activity of aromatic bisamidine derivatives 

The anti-plasmodial activity of seven aromatic bisamidine analogues was assessed 

against PfDd2, initially in a primary screen at 10 µM (Chapter 2; Section 2.6). 

Compounds exhibiting >50% inhibition in the primary screen were assessed in 16-point 

dose-response assays to determine IC50 values and compounds with IC50 <1 µM were 
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considered “hits”. Primary screen data showed that all aromatic bisamidine derivatives 

except one, BSF2Em, inhibited PfDd2 growth by >50% at 10 µM (Table 6.2). Further 

testing in dose response assays revealed that three compounds have IC50 <1 μM 

(BSF2P, BSF3 and BSF4; Table 6.2). Of these, the most potent compound was BSF2P 

(IC50 0.09 µM; Table 6.2), with a significantly lower IC50 than the other compounds in 

this series (P<0.01) and equivalent to that of the control antimalarial drug chloroquine 

(CQ). While the IC50 of BSF3 against NFF cells could not be accurately determined 

even at the highest concentration tested (100 µM), all three of these most potent 

compounds showed good selectivity for P. falciparum Dd2 parasites vs NFF cells (SI 

>87; Table 6.2).  

 

The introduction of more bulky isobutane substituents to both amidine moieties (R1 and 

R2; highlighted in purple and blue, respectively; Table 6.2) of the aromatic bisamidine 

may account for the significantly enhanced inhibition of BSF2P against PfDd2 parasites 

compared to the other BS aromatic bisamidine derivatives (Table 6.2). However, 

additional analogues would need tested to confirm this. Of note, the three 3,4-

bisalkoxymethylenfuramidines derivatives with PfDd2 IC50 ~1µM (BSF3, BSF4 and 

BSF5; Table 6.2) all had alkoxy substituents at R3 (highlighted in green; Table 6.2).  
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Table 6.2 In vitro anti-plasmodial activity and selectivity of aromatic bisamidine derivatives 

 

Cpds R1 R2 R3 
PfDd2 NFF  

IC50 (µM) 
SI rangea 

% Inhibition ( 10 µM) IC50 (µM) 

BSF2Em OCH3 OH CH3 47.28 (±3.76) n.d. n.d. n.d. 

BSF2E OCH3 OCH3 CH3 94.43 (±4.95) 
10.60 

(±0.99) 
n.d. n.d. 

BSF2H OH OH CH3 95.55 (±3.98) 7.15 (±1.48) n.d. n.d. 

BSF2P 
  

CH3 100 0.09 (±0.03) 11.35 (±4.23) 126 

BSF3 H H Me 100 0.90 (±0.27) >100 >111 

BSF4 H H Et 100 0.85 (±0.22) 73.66 87 

BSF5 H H iPr 100 1.20 (±0.20) n.d. n.d. 

CQ    95.65 (±5.65) 
0.09  

(±0.01) 
30.8 (±11.50) 342 

a SI - selectivity index (mammalian cell IC50/P. falciparum IC50); n.d., not determined; CQ, Chloroquine; RI - resistance index 

(PfDd2/Pf3D7 range from 0.71 to >10.6; Pf3D7 data was generated by another lab; Appendix 6) 
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6.3.1b In vitro anti-plasmodial activity of 3-acetamidefuramidine derivatives 

A panel of 12 N-substituted 3-acetamidefuramidine derivatives were tested for anti-

plasmodial activity against PfDd2, initially at 10 µM in a primary screen (Chapter 2; 

Section 2.6). All 3-acetamidefuramidine derivatives, except BSF24, BSF25, BSF34 and 

BSF35, showed >50% PfDd2 growth inhibition at 10 µM (Table 6.3). Compounds 

exhibiting >50% inhibition in the primary screen were further assessed to determine 

IC50 values, with BSF10 the only compound with IC50 <1 μM (IC50 0.86 µM; Table 

6.3). The cytotoxicity of BSF10 was assessed against NFF cells resulting in an SI of 74 

(Table 6.3).  

 

The introduction of an ester side chain to the ketone group attached to the position 3 

furan ring of N-substituted 3-acetamidefuramidine derivative may account for the better 

growth inhibitory effect of BSF10 on PfDd2. However, activity data suggest that the 

introduction of a basic side chain group causes a significant decrease in anti-plasmodial 

activity as shown in compounds BSF29, BSF34, BSF25, and BSF24 (P<0.001); Table 

6.3), with significantly higher IC50 seen for BSF27 compared to BSF10 (P<0.05; Table 

6.3).  
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Table 6.3 In vitro anti-plasmodial activity and selectivity of N-substituted 3-acetamidefuramidines compounds 

 

Cpds R 
PfDd2 NFF  

IC50 (µM) 
SIa 

% inhibition (10 µM) IC50 ( µM) 

BSF 10 
 

98.8 (±2.04) 0.86 (±0.27) 63.65 (±13.19) 74 

BSF 11 
 

100 3.07 (±1.17) n.d. n.d. 

BSF 12 
 

 

99.5 (±1.07) 3.83 (±0.37) n.d. n.d. 

BSF 23 
 

75.60 (±27.90) 22.25 (±11.24) n.d. n.d. 

BSF 29 
 

51.81 (±26.50) >10.00 n.d. n.d. 

BSF 32 
 

95.67 (±7.50) 5.48 (±2.88) n.d. n.d. 

BSF 33 
 

95.04 (±8.60) 5.43 (±2.50) n.d. n.d. 

BSF 27 
 

76.06 (±38.40) >10.00 n.d. n.d. 

BSF24 
 

19.79 (±11.10) >10.00 n.d. n.d. 

BSF25 
 

35.05 (±18.40) >10.00 n.d. n.d. 

BSF34 
 

35.25 (±6.28) >10.00 n.d. n.d. 

BSF35 
 

20.72 (±7.33) >10.00 n.d. n.d. 

CQ  95.65 (±5.65) 0.09 (±0.01) 30.8 (±11.50) 342 
a SI - selectivity index (mammalian cell IC50/P. falciparum IC50); n.d., not determined; CQ, Chloroquine; RI - 

resistance index PfDd2/ Pf3D7 range 0.56 to >2.2 (Pf3D7 data was generated by another lab; Appendix 6) 
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6.3.1c In vitro anti-plasmodial activity of bisamidine derivatives containing an urea 

linker 

Two urea-linked bisamidine derivatives were screened against PfDd2 at 10 µM in a 

primary screen. BSH showed >50% PfDd2 growth inhibition at 10 µM (Table 6.4), and 

when tested further was found to have IC50 0.62 µM (Table 6.4), significantly higher 

than that of the control antimalarial chloroquine (P<0.05; Table 6.4). The cytotoxicity 

of BSH was assessed against HEK-293 cells and although BSH was not as potent as CQ 

against PfDd2, this compound showed good selectivity for PfDd2 versus HEK-293 cells 

(SI >161; Table 6.4). The IC50 for HEK-293 was above the highest concentration tested 

(100 µM; Table 6.4). The only difference between the active BSH compound and the 

inactive analogue BSHH is hydroxyl moieties versus hydrogen moieties on the two R 

groups resulting in a non-basic compound (Table 6.4).  

Table 6.4 In vitro antimalarial activity and selectivity of urea-based bisamidine 

derivatives 

 

Cpds R 
PfDd2 HEK-293 

IC50 (µM) 
SIa 

% inhibition (10 µM) IC50 (µM) 

BSHH OH 15.60 (±2.90) >10.00 n.d. n.d. 

BSH H 92.43 (±3.74) 0.62 (±0.29) >100 >161 

CQ  95.65 (±5.65) 0.09 (±0.01) 18.58 (±1.95) 206 

a SI - selectivity index (mammalian cell IC50/P. falciparum IC50); n.d., not determined;                

CQ, Chloroquine; RI - resistance index PfDd2/ Pf3D7 BSH 13.48; Pf3D7 data was 

generated by another lab; Appendix 6) 
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6.3.2 In vitro activity of MC series quinoline-containing derivatives against                         

P. falciparum  

6.3.2a In vitro activity of 8-hydroxyquinoline and 4-aminoquinoline derivatives 

against P. falciparum  

Five quinoline derivatives were assessed against P. falciparum Dd2. Three of these 

compounds had a 8-hydroxyquinoline (8HQ) core and two were 4-aminoquinoline 

(4AQ) analogues. The most potent anti-plasmodial compound from this panel was the 

4AQ scaffold MC2841 (sold commercially as SGI-1027) with IC50 0.02 µM (Table 

6.5). MC2841 (SGI-1207) exhibited significantly greater inhibition of parasite growth 

in comparison to all the derivatives, including MC3322, the most potent compound 

from 8HQ scaffold and the only other compound with IC50 <1 µM (IC50 0.71 µM and 

0.86, respectively µM; Table 6.5). MC2841 (SGI-1207) is structurally related to the 

control antimalarial CQ, however has significantly greater potency against PfDd2 than 

CQ (IC50 0.02 µM vs 0.09 µM; P<0.01; Table 6.5). MC3343, a meta-meta analogue of 

MC2841 (SGI-1027), showed moderate inhibition of PfDd2, although its IC50 was >40-

fold higher than MC2841 (SGI-1027; IC50 0.86 µM; Table 6.5). The toxicity of the 

MC2841 (SGI-1207), MC3343 and MC3322 was assessed using human embryonic 

kidney cells (HEK-293) at 100 µM, 10 µM, and 1 µM and SIs were calculated. 

Although the IC50 for HEK-293 cells could not be determined accurately, MC2841 

(SGI-1207) was highly selective for PfDd2 vs HEK-293 cells (SI >500; Table 6.5). 

MC3343 showed moderate selectivity for PfDd2 vs HEK-293 cells (SI >14; Table 6.5) 

whereas MC3343 had low selectivity (SI >1; Table 6.5).  
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SAR analysis suggests that the anti-plasmodial potency of the 4AQ compounds was 

affected by the connection point between the aminoquinoline core structure (red dotted 

circle; Figure 6.2) and the benzamide side chain (blue circle; Figure 6.2). While the 

anti-plasmodial potency was significantly increased when aminoquinoline functional 

group was linked to C4 benzamide side chain (as observed in MC2841 (SGI-1027); 

highlighted in green; Figure 6.2A), a significant decrease in growth inhibition against 

PfDd2 was observed when the core structure was attached to C3 of the benzamine 

moiety (P<0.01; highlighted in green; Figure 6.2B). The potency of 8HQ scaffold could 

be due to the different lengths of the alkyl linkers. Substitution of R1 group (highlighted 

in yellow; Table 6.5) with 5-acetamido-N-(4-(2-aminocyclopropyl)phenyl)pentanamide 

moiety (MC3322) significantly enhanced anti-plasmodial activity when compared to 

substitution with 4-acetamido-N-(4-(2-aminocyclopropyl)phenyl)butanamide (MC3321; 

P<0.05; Table 6.5). 
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Table 6.5 In vitro antimalarial activity and selectivity of quinoline derivatives 

 

Cpds R1 R2 R3 PfDd2 IC50 (µM) 
% inhibition HEK-293 

SIa 
100 µM 10 µM 1 µM 

MC2841                  

(SGI-1027) 
H 

 

H 0.02 (±0.02) 
78.07 

(±15.14) 
34.37 (±8.69) 11.51 (±8.16) >500 

MC3343 H 

 

H 0.86  (±0.32) 
67.32 

(±18.35) 
67.79 (±7.12) 25.19 (±11.60) >1 

MC3321 
 

H OH 2.00  (±0.30) n.d. n.d. n.d. n.d. 

MC3322 
 

H OH 0.72  (±0.21) 83.28 (±7.77) 39.10 (±12.82) 13.15 (±4.81) >14 

MC3323 

 

H OH 1.15  (±0.19) n.d. n.d. n.d. n.d. 

CQ    0.09  (±0.01) 18.58 (±1.95)b 206 

a SI – Selectivity Index (mammalian cell IC50/P. falciparum IC50); b HEK-293 IC50; n.d., not determined; CQ, Chloroquine 
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Figure 6.2 Different positioning of the benzamide moiety MC2841 (SGI-1207) vs 

MC3323. (A) MC2841 (SGI-1207): Position 4 of the benzene ring moiety of 

benzamide side chain is linked to aminoquinoline (highlighted in green) (B) MC3323: 

Position 3 of the benzene ring moiety of benzamide side chain is linked to 

aminoquinoline (highlighted in green) 
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6.3.2b In vitro anti-plasmodial activity of 4-aminoquinazoline scaffold  

In addition to quinoline derivatives, two quinazoline analogues were also assayed 

against PfDd2 parasites. MC3668 was found to be significantly more potent against 

PfDd2 than MC2705 (IC50 2.99 µM versus 0.08 µM; P<0.001; Table 6.6). The activity 

of the more potent MC3668 is comparable to that of the antimalarial control drug CQ 

(IC50 0.08 µM; Table 6.6). Dose-response cytotoxicity assays carried out to assess the 

toxicity of MC3668 against HEK-293 cells resulted in an SI of 35 (Table 6.6). The in 

vitro potency and selectivity activity may be due to substituting C6 (R1) and C7 (R2) 

position of the quinazoline ring with asymmetry substituents (e.g. methoxy group and 

benzyloxy group, respectively), however additional work would need to be performed 

to test this.  

 

Table 6.6 In vitro antimalarial activity and selectivity of 4-aminoquinazoline-based 

derivatives  

 

Cpds R1 R2 
IC50 (µM) 

SIa 
PfDd2 HEK-293 

MC2705 H H 2.99 (±0.58) n.d. n.d. 

MC3668 H3CO 

 

0.08 (±0.04) 2.80 (±0.33) 35 

CQ   0.09 (±0.01) 18.58 (±1.95) 206 
aSI – Selectivity Index (mammalian cell IC50/P. falciparum IC50); n.d., not determined;                  

CQ, Chloroquine 
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6.4 Discussion 

To investigate the anti-plasmodial potential of methyltransferase inhibitors and 

analogues, 21 putative PRMT inhibitors (BS aromatic bisamidine compounds) and 

seven putative DNMT inhibitors (MC quinoline-containing compounds) were tested for 

in vitro activity against asexual intraerythrocytic stage P. falciparum Dd2 parasites. 

Each of these series are analogues of compounds that target epigenetic proteins in 

humans – namely furamidine which inhibits human PRMT1 [372], SGI-1027 which 

inhibits human DNMTs, and BIX-01294 which inhibits human HKMTs (G9a/G9a-like 

proteins (GLPs)) [121, 122]. Criteria defined by the Medicines for Malaria Venture 

(MMV) were used to triage compounds as having hit or early stage lead-like anti-

plasmodial profiles based on potency (P. falciparum IC50) and selectivity (human cell 

IC50/P. falciparum IC50), as discussed in Chapter 1 (Table 1.2) [300]. Briefly, 

compounds were considered as hits if they have IC50 <1 µM and SI>10 while 

compounds were considered as having early stage lead-like profiles if they have IC50 

<0.1 µM and SI>50.  

 

Overall, nine compounds gave IC50 <1 µM, five were aromatic bisamidine putative 

PRMT inhibitors while four were quinoline-based putative DNMT inhibitors. The most 

potent inhibitor was aminoquinoline putative DNMT inhibitor MC2841 (SGI-1027; 

(IC50 0.02 µM; Table 6.5) followed by aminoquinazoline putative DNMT inhibitor 

MC3668 (IC50 0.08 µM; Table 6.6) and aromatic bisamidine derivative putative PRMT 

inhibitor BSF2P (IC50 0.09 µM; Table 6.2). Of the nine compounds with IC50 <1 µM, 

two compounds showed lead-like profiles, BSF2P and MC2841 (SGI-1027) (IC50 0.09 

µM and 0.02 µM, respectively; SI 126 and >500, respectively; Table 6.5). Although 

putative DNMT inhibitor MC3668 has lead-like anti-plasmodial activity (IC50 0.08; 
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µM; Table 6.6), this compound did not meet the lead-like criteria for selectivity (SI 35; 

Table 6.6). In addition, five compounds were found to have hit anti-plasmodial activity, 

having IC50 <1 µM and SI>10 (Section 6.3.1 and 6.3.2), four aromatic bisamidine 

putative PRMT inhibitors (BSF3, BSF4, BSF10, BSH) and one quinoline-based 

putative DNMT inhibitor (MC3322). Although putative DNMT inhibitor MC3343 had 

IC50 <1 µM, it had low selectivity for PfDd2 versus HEK-293 cells, with ~68% of HEK-

293 cells inhibited at 10 µM (SI >1; Table 6.5).  

 

All the compounds tested herein with IC50 <1 µM, with the exception of BSF3 and 

MC3322, violated at least one criterion in Lipinski’s rule of five (Ro5; Chapter 1; 

Section 1.5.3; [96]). BSF2P and MC3668 for example have MW >500 and cLog P >5 

while MC2841 (SGI-1027) and MC3343 have MW<500 and cLog P >5 (Table 6.1). 

Despite violating the rules, these compounds exhibited good potency and selectivity for 

Plasmodium parasites. While the Lipinski (Pfizer) filter is the pioneer rule-of-five used 

as a guideline to predict the absorption and permeability of drugs [96], there are other 

guidelines available as drugs are often found outside this space. For example beyond the 

rule of 5 (bRo5), the Ghose (Amgen) [380], Veber rule (GSK) [381], Egan’s model 

(Pharmacia) [382] and Muegge (Bayer) [383] methods may all be used, however 

predictions need to be experimentally confirmed. Physicochemical parameters based on 

various guidelines need to be considered in future work as this may impact on 

absorption or permeation when tested in in vivo [96]. 

 

While furamidine has poor oral bioavailability in mice (F = 0.2%; [371]) due to its 

positively charged amidine groups [384], its potent inhibitory activity against P. 

falciparum parasites (IC50 ~0.016 – 0.143 µM) [358, 365, 370] prompted the 
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investigation of structural analogues in this study. The aim was to identify analogues 

with improved potency and selectivity as possible candidates for future in vivo studies. 

All bisamidine analogues were synthesised by Wolfgang Sippl’s lab at Martin Luther 

University of Halle-Wittenberg in Germany. Only BSF2P, which contained isobutane 

substituents (IC50 0.09 µM; Table 6.2) [358, 365, 370] retained a similar potency to 

furamidine against multi-drug resistant P. falciparum Dd2 parasites. In parallel to this 

study, the anti-plasmodial activity of BS compounds was also tested against drug-

sensitive P. falciparum 3D7 parasites by another lab. Resistance indices (RIs) were 

calculated by dividing PfDd2 IC50 by Pf3D7 IC50 [385]. While higher RI values 

reflecting increased cross-resistance, RIs of <10 may indicate an intermediate resistance 

level [385]. RIs for BS compounds varied, ranging from ~0.6 to 13 [358]. Like the 

antimalarial control drug CQ which has a RI value of ~5 (Dd2 is resistant to CQ), 

furamidine also gave a higher IC50 for PfDd2 versus Pf3D7 (RI ~5) [358] indicating 

apparent cross-resistance with PfDd2. Of the BS series compounds with IC50 <1 µM, all 

showed lower RIs than furamidine and CQ (RI <5), with the exception of BSH (RI ~13) 

[358]. The most potent compound BSF2P has a RI of ~2.4, indicating low-moderate 

cross-resistance with PfDd2 parasites. These in vitro data suggest that this compound 

could be a potential anti-plasmodial lead-candidate, however, further studies on 

potential cross-resistance with clinical antimalarial drugs need to be performed and the 

pharmacokinetics of this compound are unknown. Pharmacokinetic studies would be 

needed prior to assessing BSF2P activity in in vivo in a murine malaria model. 

 

MC2841 (sold commercially as SGI-1027; Figure 6.1C) is a 4-aminoquinoline non-

nucleoside DNA methyltransferase 1 (DNMT1) inhibitor [376] and is structurally 

related to CQ. This inhibitor was ~4-fold more potent against CQ-resistant P. 
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falciparum Dd2 parasites than CQ, while its regioisomer analogue, M3343 (changed 

both para to meta linkages), was significantly less effective (P<0.001). MC2841 (SGI-

1027) and MC3343 selectively inhibit human DNMT1 and are also thought to inhibit 

DNMT3A, DNMT3B and DNMT3L [376, 386]. While MC2841 (SGI-1027) and 

MC3343 have comparable activity (micro molar IC50) against a panel of human cancer 

cells (U937 cells, MDA-MB-231, RAJI and PC-3), MC3343 is less toxic than MC2841 

(SGI-1027) [376].  

 

The 4-aminoquinazoline, MC2705, is a derivative of the known G9a histone 

methyltransferase inhibitor, BIX-01294 (Figure 6.1B) [378]. However, chemical 

manipulation of BIX-01294 caused the 4-aminoquinazoline based scaffold derivatives 

to lose activity against human G9a histone methyltransferase and gain selective activity 

against human DNMT3a [378]. In comparison to the parental compound BIX-01294 (as 

reported previously [121, 122]), MC2705 has low anti-plasmodial activity (IC50 0.04-

0.08 µM vs 2.99 µM; Table 6.6) [121, 122]. In contrast, MC3668, an additional 

analogue of MC2705, showed similar potency as BIX-01294 (IC50 ~0.08 µM; Table 

6.6). This could be possibly due to MC3668 retaining alkoxy moieties at C6 and C7 of 

BIX-01294 while the alkoxy moieties in MC2705 were replaced with hydrogen. 

However, more analogues are required to confirm this observation.  

 

In addition to limited tools for P. falciparum (e.g. specific antibodies and well-

developed functional assays), studies on protein methylation are limited by the 

difficulty of producing sufficient quantities of recombinant proteins [155, 387]. 

Methylation assays could be an approach used in future work to examine the effects of 

these inhibitors on P. falciparum, similar to methylation assays (Western blots) 
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performed by Malmquist and colleagues [122]. To determine the killing rate and speed 

of action of the compounds, parasites reduction ration (PRR) assays could be carried out 

[122]. In addition, multi-stage activity profiling could be carried out as the results from 

Western blot and immuno-fluorescence assay (IFA) suggest that methylation appears 

more at schizont stage [171]. The in vitro efficacy of “lead-like” compounds (e.g. 

BSF2P and MC2841 (SGI-1027)) could also be translated to in vivo efficacy using 

murine malaria model (similar to Chapter 4). As resistance is a significant concern in 

antimalarial drug discovery if these compounds are studied further, it will be important 

to consider the drug resistance mechanisms as such information can be used to predict 

and anticipate the emergence of resistance in clinical setting. This can be done by 

inducing in vitro resistance and analysing the genetic changes using whole genome 

sequencing (WGS) [388]. This approach could also help with mode of action studies. 

While methylation and demethylation modifications in Plasmodium are not as widely 

studied as acetylation and hyperacetylation, “piggy-backing” onto HKMT and LSD 

inhibitors currently in clinical trials for cancers could be worth continuing as it may lead 

to the discovery of new drug leads against malaria. With respect to the series analysed 

in this Chapter, it may be useful to increase the number of analogues to improve SAR 

information, particularly for the potent compounds such as BSF2P, MC2841 (SGI-

1027) and MC3668.  
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Chapter 7 

General Discussion
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Malaria remains a critical public health problem resulting in substantial morbidity and 

mortality, predominantly in sub-Saharan Africa, despite decades of control and 

prevention efforts [1]. One of the key strategies for malaria elimination and eradication 

is the use of antimalarial prevention and treatment drugs, with the latter being the focus 

of data presented this thesis. Artemisinin-based combination therapies (ACTs) are 

recommended by WHO for the treatment of malaria in which the fast-acting artemisinin 

(or a derivative) is combined with long half-life partner drugs with a different mode of 

action to clear the remaining parasites and prevent recrudescence [81]. However, the 

emergence of artemisinin-resistant parasites in GMS and high failure rates of 

dihydroartemisinin-piperaquine in Cambodia (reviewed in [389]) threaten to reverse the 

gains achieved in malaria control in since 2000, which includes a greater than 50% 

reduction in malaria deaths [390]. While ACT resistance has not yet been reported in 

sub-Saharan Africa where the highest malaria mortality rates are seen, concerns of 

resistance to ACTs spreading are driving the identification of new antimalarials to 

replace ACTs in the event that they fail [391]. While many of the currently used 

antimalarials and antimalarial clinical candidates have similar chemotypes, the 

spiroindolones are the only new drug class that has reached late phase clinical trials 

(Chapter 1; Section 1.5.3) [79, 100].  

 

One of the strategies in malaria drug discovery is to “piggy-back” onto drug discovery 

and development programs for other diseases, either by exploiting a common target or 

by re-using or improving validated inhibitors (reviewed in [111, 119, 120]). Anticancer 

epigenetic inhibitors (and analogues) have been of particular interest for investigation 

against malaria parasites ([121, 122, 392], reviewed in [111, 120, 271]) as some 

epigenetic regulatory proteins (e.g. HDACs) are believed to be critical for parasite 
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development and survival (reviewed in [131, 138, 393]). An advantage of the “piggy-

back” approach is that it can help to accelerate the drug development process as pre-

clinical/clinical data may be available and/or information on possible mode of action of 

the compounds may be able to be extrapolated to malaria parasites. One successful 

example is clindamycin, a broad-spectrum antibiotic originally used to treat acne that is 

currently used in combination with artesunate or quinine for uncomplicated or severe 

malaria [394]. This approach was used in this project to assess different scaffolds of 

epigenetic inhibitors and structural analogues developed for other diseases. For 

example, BIX-01294 (HKMT inhibitor), MC2841 (also known as SGI-1027; DNMT 

inhibitor), SGC-CBP30 (BDPi), AR-42 and panobinostat (HDAC inhibitors) have 

anticancer properties, while furamidine (PRMT inhibitor; analogues investigated) was 

initially developed as anti-trypanosoma agent. Although the human targets of these 

compounds are known, the targets in Plasmodium still need to be confirmed and were 

not the focus of this project. 

 

Throughout this thesis, criteria from the Medicines for Malaria Venture (MMV) have 

been used to benchmark the activity of compounds investigated. The MMV has outlined 

a set of criteria called Target Candidate Profiles (TCPs) which define criteria for hit and 

lead molecules at the early stages of antimalarial drug discovery (Table 1.2; Chapter 1; 

Section 1.5.3) [94]. These criteria include compound novelty, anti-plasmodial potency, 

selectivity for P. falciparum parasites versus mammalian cells and lack of cross-

resistance to existing anti-malarial drugs, among others [94]. Using these criteria two 

lead-like compounds (putative DNMT inhibitor MC2841 and putative PRMT inhibitor 

BSF2P) and four hit-like compounds (putative DNMT inhibitor MC3322, and putative 

PRMT inhibitors BSH, BSF10, BSF3) were identified. In addition, while two other 
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compounds (putative DNMT MC3668 and putative HDAC inhibitor MC2590) were 

found to have IC50’s of lead-like compounds (IC50 0.01 µM and 0.08 µM, respectively; 

Table 6.6 and 3.3, respectively), the selectivity for P. falciparum did not fulfil the lead-

like criteria outlined by MMV (SI 15 and 35 respectively; Table 6.6 and 3.3, 

respectively). In addition to improving the potency and selectivity of these compounds, 

in future work it would be of interest to test broad-stage activity of these compounds 

against different Plasmodium developmental stages (e.g. gametocytes and 

exoerythrocytic liver stage parasites). BIX-01294 and panobinostat, for example, are 

known to have some activity against sexual stage of Plasmodium parasites [121, 276], 

thus the analogues may also have similar activity (Chapter 1; Section 1.7.5). In 

addition, safety (especially in children, pregnant women and immunocompromised 

patients) is a critical factor to take into consideration when designing next generation 

antimalarial drugs. Epigenetic inhibitors could modulate the immune system in human 

hosts [395-397] and cause side effects due to normal gene silencing, so specific 

inhibitors for Plasmodium are needed to limit the inhibition of human HDACs. 

Therefore, the data from in vitro and in vivo anti-plasmodial activity in this Thesis could 

be used a starting point to design Plasmodium specific inhibitors with improved 

efficacy and pharmacokinetic profiles. 

 

Various mode of action or target identification strategies could be used in future studies 

to further investigate hit and lead-like compounds identified in this thesis. These include 

use of recombinant proteins, synthetic chemical probes, stage-specificity analysis, 

parasite reduction ratio (PRR) assays and resistance selection combined with whole 

genome sequencing (WGS). 
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Mode of action or target studies using recombinant protein can be challenging due to 

difficulties in expressing functionally active Plasmodium proteins [398] and for this 

reason, the protein functions in P. falciparum parasites are generally poorly understood 

[399]. Recombinant proteins of P. falciparum parasites have been reported to be among 

the most challenging proteins to express using in vitro method [400]. This is due to high 

AT content (~80%) of the P. falciparum genome resulting in low compatibility in codon 

usage between two organisms in heterologous expression systems [399, 400], leading to 

inefficient synthesis or truncated proteins [400]. In addition, the size of P. falciparum 

proteins (>50 kDa) and long stretches of highly repetitive amino acids also hinder the 

production of functional recombinant proteins [399]. To date, limited P. falciparum 

epigenetic regulatory proteins have been expressed. These include PfMYST [154], 

PfSET1,2,3 and 8 [166], PfSET7 [155], PfSET10 fragment containing SET and PHD 

finger domains [170], PfPRMT1 [176], PfSIR2 [401], PfGCN5 [124], PfHDAC1 [402] 

and PfBDP1 [157]. While the inhibitors identified in this study could be tested against 

the above mentioned recombinant proteins, the quality of these recombinant proteins is 

unknown (e.g. PfHDAC1 poor purity <40%) [273] and some PfHKMTs recombinant 

proteins are not suitable for biochemical characterization [387]. 

 

Another approach that could be used to investigate the targets and mode of actions of 

inhibitors identified in this study is the use of synthetic chemical probes (reviewed in 

[403]). Recently, Lubin and colleagues demonstrated the feasibility of a small molecule 

photo-cross-linkable probe to investigate the targets of diaminoquinazoline compounds 

in P. falciparum [387]. This approach involves treating P. falciparum lysates with 

compounds and photoaffinity labelling with probes prior to pull-down proteomics 

experiments and LC-MS/MS analysis. While this probe is designed for 
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diaminoquinazoline, the same probe could be used to identify the target of quinoline-

containing compounds in Chapter 6.  

 

Understanding which life cycle stage is targeted by a compound can be helpful in 

determining its mode of action. Thus, stage-specificity analysis could be carried out to 

evaluate the stage-specificity of action of the compounds against rings, trophozoites, 

and schizonts [404]. In addition, new treatment drugs should be fast acting to reduce the 

number of surviving parasites after exposure to the drug, setting barriers to the 

development of drug resistance [93, 405, 406]. In parallel to stage-specificity analysis, 

parasite reduction ratio (PRR) assays could be carried out to determine the time of kill 

of compounds and whether they are static or cidal [404]. This approach is based on 

limiting serial dilution of treated parasites and re-growth monitoring [407]. This 

analysis has been used by Malmquist and colleagues to determine the killing rate of 

BIX-01294 and its derivative TM2-115 and it was found that BIX-01294 and TM2-115 

are fast-acting compounds (slightly faster than CQ) but not as rapidly acting as 

artemisinin [121]. The same analysis could be carried out for compounds with lead-like 

activity (e.g. MC2841 (SGI-1027) and BSF2P). This kind of information could 

potentially also be useful in determining combination partner suitability. As epigenetic 

inhibitors are likely to have different mode of action to currently used antimalarial 

drugs, they could potentially be used in combination with artemisinin or other drugs or 

even to replace artemisinin, depending on their killing rate and half-lives. Isobologram 

analysis would be a useful approach to explore drug combination effects in vitro. This 

approach has been used in a previous study to look at the effects of a combination of the 

anti-plasmodial hydroxamate HDAC inhibitor SB939 with the HIV protease inhibitor 

lopinavir (additive) and two antimalarial drugs primaquine (antagonist) and piperaquine 
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(antagonist) [222]. Similar studies could be carried out to evaluate if the compounds 

identified in this study could be used in combination with other drugs or compounds, 

offering valuable information essential for the discovery of efficacious combination 

therapies.  

 

Recent advances in genomic technologies have enabled highly sensitive whole-genome 

sequencing (WGS) analysis of P. falciparum parasites to be performed and have greatly 

impact the understanding and epidemiology of malaria parasites, including hard-to-

culture P. vivax parasites [408, 409]. This approach has also been one of the most useful 

method to date to identify potential drug targets and resistance determinants in in vitro 

cultured parasites and field isolates, as well as to predict anti-plasmodial resistance 

[388, 410-412]. This approach could be used to study the resistance mechanism, mode 

of action and possibly the targets of the epigenetic inhibitors identified in this Thesis. 

To do this, resistant parasites could be generated using a stepwise selection method 

follow by WGS of sub-clones to identify the genetic basis of drug resistance. 

Identifying the mediators of drug resistance could potentially offer insights into the drug 

targets and mode of action [388].  

 

As a next step, it would be of interest to determine the in vivo efficacy of the two 

compounds with lead-like activity (e.g. MC2841 (SGI-1027) and BSF2P) in a murine 

model of malaria. However, prior to in vivo efficacy testing, ex vivo susceptibility 

studies (such as that carried out for AR-42; Chapter 4) would be useful to perform as 

this provides insights into the susceptibility of the rodent malaria parasites (e.g. P. 

berghei, P. chabaudi) to the compounds. An understanding of the pharmacokinetics of 

compounds, including absorption, distribution, metabolism, elimination and toxicity 
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(ADMET) would provide important information for progression of compounds to in 

vivo studies [92]. Following on from successful murine malaria studies, given the 

substantial differences between murine and human Plasmodium species, the findings 

could be extended to P. falciparum humanised mouse model [336]. Testing of AR-42 in 

the humanized mouse malaria model is planned as a next step for this drug lead. This 

may allow for reliable predictive transition from mice to humans and support the 

conduct of human malaria challenge model (subject to ethics approval) [339, 340].  

 

Overall the main aim of this Thesis was to identify the potential of epigenetic inhibitors 

as anti-plasmodial drug leads. Of the 125 epigenetic inhibitors assessed, two lead-like 

compounds and four hit-like compounds were identified. Although BDPi did not show 

good potency against P. falciparum Dd2 parasites (IC50 ≥10 µM; Chapter 5), it is 

worth noting that the in vitro anti-plasmodial activity of BDPi has been investigated for 

the first time here [228]. In addition, AR-42 is the first HDAC inhibitor to date that 

completely cures P. berghei-infected mice when administered orally. Although this 

project is at an early stage in the drug discovery process, the hit- and lead-like 

compounds identified in this study provide interesting starting points for further studies 

and pave the way for exploring epigenetic inhibitors as potential anti-plasmodial drug 

leads.  
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Appendices 

Appendix 1: General material 

a) Parasite culture media  

• 500 ml RPMI 1640 (Gibco, USA)  

• 50 mL human serum (heat inactivated) 50 ml  

• 250 μl Gentamycin (10 mg/ml) (Gibco, USA) 

 

b) Thawing solutions 

• 12.0g  12% NaCl  (Ajax Chemicals, Australia) 

• 1.6 g 1.6% NaCl  (Ajax Chemicals, Australia) 

• 0.9 g 0.9% NaCl  (Ajax Chemicals, Australia) 

Combine all the components with 100 mL ddH2O and pass through a 0.2 μm syringe-

driven filter unit to sterilise. Store at 4 oC. 

 

c) Freezing solutions  

• 7.56 g Sorbitol (Sigma-Aldrich, USA)  

• 1.62 g  NaCl (Ajax Chemicals, Australia)  

• 70 mL Glycerol (Chem-Supply, Australia)  

Combine all the components with 180 mL ddH2O and pass through a 0.2 μm syringe-

driven filter unit to sterilise. Store at 4 oC. 

 

d) 6x SDS Loading dye (10mL) 

• 1.8 ml Beta-mercaptoethanol (Merck, Germany) 

• 1.8 g Sodium dodecyl sulphate (Sigma-Aldrich, USA) 

• 0.18 g Bromophenol Blue (Carl Roth, Germany) 

• 6 ml 20% glycerol (2ml glycerol + 8ml H20) (Chem-Supply, Australia) 

Combine all components and top up volume to 10 ml with ddH2O. Store at -20 °C. 

 

e) 1 M Tris-HCl, pH 8.8 (1L) 

• 121.2 g Tris base (AppliChem, Germany) 

Dissolve in 800 ml ddH2O and adjust to pH 8.8 with concentrated HCl. Top up to 1 L 

with ddH2O. Store at RT. 
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f) 1 M Tris-HCl, pH 6.8 (1L) 

• 121.2 g Tris base (AppliChem, Germany) 

Dissolve in 800 ml ddH2O and adjust to pH 6.8 with concentrated HCl. Top up to 1 L 

with ddH2O. Store at RT. 

 

g)  15% SDS-PAGE resolving gel 

• 1.25 ml 1 M Tris-HCl pH 8.8  

• 7.5% Acrylamide (Bio-Rad, USA) 

• 0.025% APS (Sigma-Aldrich, USA) 

• 0.05% SDS (Sigma Aldrich, USA)  

• 5 μl TEMED (Bio-Rad, USA) 

Combine all the components and bring the volume up to 10 ml with ddH2O. Use fresh 

 

h) SDS-PAGE stacking gel 

• 1.25 ml 1 M Tris-HCl pH 6.8  

• 1.95% Acrylamide (Bio-Rad, USA) 

• 25 μl 10% APS (Sigma Aldrich, USA)  

• 0.05% SDS (Sigma Aldrich, USA)  

• 5 μl TEMED (Bio-Rad, USA) 

Combine all the components and bring the volume up to 10 ml with ddH2O. Use fresh 

 

i) 10x Running Buffer (1L) 

• 30.3 g Tris (AppliChem, Germany) 

• 144 g Glycine (Chem-Supply, Australia) 

• 10 mL 10% SDS (Bio-rad, USA) 

Combine all the components and bring the volume up to 1L with ddH2O. Store at RT. 

 

j) 1x Transfer buffer (1L) 

• 3.03 g Tris (AppliChem, Germany) 

• 14.4 g Glycine (Chem-Supply, Australia) 

• 200 ml Methanol  (Chem-Supply, Australia) 

 Combine all the components and bring the volume up to 1 L with ddH2O. Store at 4 oC.
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Appendix 2: Publication for Chapter 4: Effect of clinically approved HDAC 

inhibitors on Plasmodium, Leishmania and Schistosoma parasite growth 
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a b s t r a c t

Malaria, schistosomiasis and leishmaniases are among the most prevalent tropical parasitic diseases and
each requires new innovative treatments. Targeting essential parasite pathways, such as those that
regulate gene expression and cell cycle progression, is a key strategy for discovering new drug leads. In
this study, four clinically approved anti-cancer drugs (Vorinostat, Belinostat, Panobinostat and Romi-
depsin) that target histone/lysine deacetylase enzymes were examined for in vitro activity against
Plasmodium knowlesi, Schistosoma mansoni, Leishmania amazonensis and L. donovani parasites and two for
in vivo activity in a mouse malaria model. All four compounds were potent inhibitors of P. knowlesi
malaria parasites (IC50 9e370 nM), with belinostat, panobinostat and vorinostat having 8e45 fold
selectivity for the parasite over human neonatal foreskin fibroblast (NFF) or human embryonic kidney
(HEK 293) cells, while romidepsin was not selective. Each of the HDAC inhibitor drugs caused hyper-
acetylation of P. knowlesi histone H4. None of the drugs was active against Leishmania amastigote or
promastigote parasites (IC50 > 20 mM) or S. mansoni schistosomula (IC50 > 10 mM), however romidepsin
inhibited S. mansoni adult worm parings and egg production (IC50 ~10 mM). Modest in vivo activity was
observed in P. berghei infected mice dosed orally with vorinostat or panobinostat (25 mg/kg twice daily
for four days), with a significant reduction in parasitemia observed on days 4e7 and 4e10 after infection
(P < 0.05), respectively.
© 2017 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tropical parasitic diseases cause significant morbidity and
mortality, infecting hundreds of millions of people globally,
particularly in developing countries (Lozano et al., 2012; Murray
et al., 2012). In 2015 alone there were ~214 million clinical cases
of malaria and 438,000 deaths associated with this disease (World
Health Organization). On an annual basis 1-2 million and ~250
million people are reported to be infected with Leishmania (World
Health Organization, 2008; Pigott et al., 2014) and Schistosoma

parasites, respectively (Colley et al., 2014). Although drugs for each
of these parasitic infections are available, prevention and treatment
is often difficult due to side-effects (Sundar and Chakravarty, 2015)
or ineffective due to drug-resistant parasites (Croft et al., 2006;
Dondorp et al., 2009; Dondorp and Ringwald, 2013; Berg et al.,
2015; Takala-Harrison et al., 2015). There is no vaccine that is
clinically available or widely effective for any of the human parasitic
diseases. Thus, the discovery of novel drug targets, and new che-
motherapies with novel mechanisms of action, are high priorities.
Small molecules that act on epigenetic regulatory proteins, such as
those responsible for post-translational modifications of histones,
are of increasing interest as chemical tools for dissecting funda-
mental mechanisms of parasite growth and as possible new drug
leads (Andrews et al., 2012b; Ay et al., 2015; Cheeseman and
Weitzman, 2015). Clinically approved drugs are also attracting

* Corresponding author. Griffith Institute for Drug Discovery, Don Young Road,
Building N.75, Griffith University, Nathan, Queensland, Australia 4111.

E-mail address: k.andrews@griffith.edu.au (K.T. Andrews).
1 These authors contributed equally.

Contents lists available at ScienceDirect

International Journal for Parasitology:
Drugs and Drug Resistance

journal homepage: www.elsevier .com/locate/ i jpddr

http://dx.doi.org/10.1016/j.ijpddr.2016.12.005
2211-3207/© 2017 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

International Journal for Parasitology: Drugs and Drug Resistance 7 (2017) 42e50

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:k.andrews@griffith.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpddr.2016.12.005&domain=pdf
www.sciencedirect.com/science/journal/22113207
http://www.elsevier.com/locate/ijpddr
http://dx.doi.org/10.1016/j.ijpddr.2016.12.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.ijpddr.2016.12.005
http://dx.doi.org/10.1016/j.ijpddr.2016.12.005


interest for repurposing for new uses since this can shorten time to
market and reduce costs compared to de novo drug discovery for
malaria or Neglected Tropical Diseases (NTDs). Alternatively, they
may be used as new starting points for the rational development of
parasite targeting compounds (Andrews et al., 2014).

Histone deacetylases (HDACs) are now known to target both
histone proteins and many non-histone proteins and thus are
sometimes described as lysine deacetylases (KDACs). Histone/
lysine deacetylases and acetyltransferases, respectively, remove
and add acetyl groups from histones and other proteins, just as
corresponding demethylases and methyltransferases remove and
add methyl groups to lysine sidechains of proteins (Arrowsmith
et al., 2012). These posttranslational modifications contribute to
the regulation of numerous essential biological processes in eu-
karyotes including transcriptional regulation (Heintzman et al.,
2009), cell cycle progression (Montenegro et al., 2015) and
apoptosis (Bose et al., 2014; Zhang and Zhong, 2014). Aberrant
expression of these proteins is a feature of some human diseases,
such as cancers, making these epigenetic regulatory enzymes
“druggable” targets (Arrowsmith et al., 2012; Falkenberg and
Johnstone, 2014; Brien et al., 2016). Likewise, some epigenetic
regulatory proteins have been shown to play essential roles in
proliferation and life cycle stage progression of parasite pathogens
(Azzi et al., 2009; Coleman et al., 2014), with the proteins having
low homology to human proteins (Andrews et al., 2012b, 2012c) or
significant differences in important catalytic domains (Marek et al.,
2013; Melesina et al., 2015) that make them attractive anti-parasitic
drug targets. HDAC homologues have been identified in all major
human parasitic pathogens and different classes of HDAC inhibitors
have also been shown to have activity against some of these par-
asites, including Plasmodium species that cause malaria and the
causative agents of selected NTDs including Leishmania and Schis-
tosoma parasites (reviewed in (Andrews et al., 2012b, 2012c; Marek
et al., 2015)).

Several HDAC inhibitors have been clinically approved for hu-
man use for different cancers and these drugs are potential leads for
application to parasitic diseases. Vorinostat (SAHA; Sigma Aldrich,
USA), Romidepsin (FK228; Istodax; Selleck Chemicals, USA), and
Belinostat (PXD101; Beleodaq; Spectrum Pharmaceuticals, Inc.,
USA) are approved for cutaneous or peripheral T-cell lymphoma
(Grant et al., 2007; Prince and Dickinson, 2012; Thompson, 2014),
while Panobinostat (LBH-589; Selleck Chemicals, USA) is approved
for combination therapy of multiple myeloma (Garnock-Jones,
2015). In this study, we assessed the capacity of all four drugs to
inhibit the growth of parasites that cause malaria (P. knowlesi),
leishmaniasis (L. amazonensis and L. donovani) and schistosomiasis
(S. mansoni). We also investigated the in vivo antimalarial potential
of orally administered vorinostat and panobinostat in a murine
model of malaria.

2. Materials and methods

2.1. Compounds

Vorinostat (SAHA) and chloroquine diphosphate salt were pur-
chased from Sigma-Aldrich (USA). Romidepsin (FK228), Belinostat
(PXD101), and Panobinostat (LBH589) were purchased from Selleck
Chemicals. All HDAC inhibitors were prepared as 10e20 mM stock
solutions in 100% DMSO. Chloroquinewas prepared as a 10e20mM
stock in phosphate buffered saline (PBS).

2.2. Plasmodium in vitro growth inhibition assays

P. knowlesi A1H.1 (Moon et al., 2013) and P. falciparum 3D7
parasites were cultured in O positive human erythrocytes in RPMI

1640 media (Gibco, USA) supplemented with 10% heat-inactivated
pooled human sera (AB for P. knowlesi) and 5 mg/mL gentamicin, as
previously described (Trager and Jensen, 1976; Moon et al., 2013).
P. knowlesi culture media also included 50 mg/mL hypoxanthine and
5 g/L Albumax II. In vitro activity of drugs was determined using
previously described 3H-hypoxanthine incorporation assays for
P. knowlesi A1H.1 (Arnold et al., 2016) and P. falciparum (Skinner-
Adams et al., 2007). Briefly asynchronous Plasmodium infected
erythrocytes (0.25% parasitemia and 2% haematocrit for P. knowlesi;
1% parasitemia and 1% haematocrit for P. falciparum) were seeded
into 96-well tissue culture plates, with test compounds or controls,
in hypoxanthine-free culture media. Chloroquine was used as a
positive control in all assays. For P. knowlesi, after incubating for
24 h, 0.5 mCi 3H-hypoxanthine (PerkinElmer®, USA) was added to
each well and cells were cultured for a further 24 h and then har-
vested onto 1450 MicroBeta filter mats (Wallac, USA). For
P. falciparum, 0.5 mCi 3H-hypoxanthine was added at the start of the
assay and after 48 h incubation cells were harvested as above. In
each case 3H-hypoxanthine incorporation was determined using a
1450 MicroBeta liquid scintillation counter (PerkinElmer®, USA)
and percentage inhibition of growth determined compared to
matched 0.5% DMSO vehicle controls included in each assay plate.
Each independent experiment was carried out in triplicate and
performed at least three times. 50% inhibitory concentrations
IC50(s) were determined via log linear interpolation (Huber and
Koella, 1993).

2.3. Leishmania growth inhibition assays

L. donovani parasites (MHOM/SD/62/1S-CL2D) were cultured in
modifiedM199media as previously described (Pescher et al., 2011).
Lesion-derived amastigotes of L. amazonensis (MPRO/BR/1972/
M1841) were used for macrophage infection or differentiated into
promastigotes in L. donovani promastigote medium (Pescher et al.,
2011). Cell-cycling promastigotes of both Leishmania species were
taken from the logarithmic growth phase for viability assays. Anti-
leishmanial activity of compounds was evaluated against host cell-
free parasites using a resazurin reduction assay (adapted from
(Durieu et al., 2016)) and on intramacrophagic L. amazonensis
amastigotes using a High-Content phenotypic Assay (HCA) (Aulner
et al., 2013). For the dye reduction assay, compounds were tested in
quadruplicate at 20, 4 and 0.8 mM at 26 �C and 37 �C for promas-
tigotes and amastigotes, respectively. Briefly, parasites growing in
logarithmic phase (5 � 104/well) were seeded in 384-well plates
containing compound dilutions and controls including DMSO
vehicle and amphotericin B (0.5 mM). Two days later, resazurin was
added (10 mL per well at 25 mg/mL) and fluorescence intensity was
measured 24 h after resazurin addition using a Tecan Safire 2 reader
(excitation 558 ± 4.5 nm; emission 585 ± 10 nm). Following
background subtraction (complete parasite culture medium with
resazurin without parasites), data were expressed as percentage
growth of DMSO-treated controls. For HCAs, mouse bone marrow-
derived macrophages were infected with lesion-derived
L. amazonensis amastigotes. These parasites were genetically
modified by chromosomal integration of the fluorescent mCherry
molecule using pLEXSY-cherry-sat2 vector (Jena Bioscience) and
propagated in Swiss nu/nu mice to keep virulence feature. One day
after macrophage infection, compounds were added in quadrupli-
cates at 10 or 1 mM final concentration for 3 days. Controls included
DMSO vehicle, anti-leishmanial amphotericin B (1 mM) and cyto-
toxic cycloheximide (50 mg/mL). Fluorescent reporters were added
for 1 h to stain macrophage nuclei (Hoechst 33342) and para-
sitophorous vacuoles (LysoTracker Green DND26) and images of
living macrophage cultures were acquired using the automatic
Opera QEHS confocal reader (Perkin Elmer Technology). Images
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were analysed using Acapella™ and both anti-leishmanial activity
and toxicity to host cells were determined for each compound.

2.4. S. mansoni viability assays

A resazurin-based fluorescence assay was used to determine the
inhibitory activity of compounds against Newly-Transformed
S. mansoni Schistosomula (NTS) (Marxer et al., 2012), as previ-
ously described (Heimburg et al., 2016). Negative and positive
controls, including untreated schistosomula, killed larvae (70%
ethanol) and schistosomula exposed to praziquantel (PZQ) were
included in each assay. The stability of adult worm pairs and egg
laying in culture were measured as previously described
(Vanderstraete et al., 2013). All assays were performed in triplicate
on two separate occasions.

2.5. Protein hyperacetylation assays

P. knowlesi protein hyperacetylation assays were carried out as
previously described for P. falciparum (Sumanadasa et al., 2012;
Trenholme et al., 2014). Briefly, trophozoite stage infected-
erythrocytes were incubated with test compounds (1� or 5�
IC50), chloroquine negative control, or vehicle control (0.2% DMSO)
for 3 h under standard culture conditions. Cells were then pelleted,
lysed with 0.15% saponin and the resulting parasite pellets washed
with PBS before resuspension in 1� SDS-PAGE loading dye.
Following heat denaturation (94 �C, 3 min) proteinwas analysed by
SDS-PAGE and Western blot using anti-(tetra) acetyl histone H4
antibody (1:2000 dilution; Millipore; 06e866) and goat anti-
rabbite594 dye secondary antibody (Alexa Fluor®). Anti-(tetra)
acetyl histone H4 antibody is reported by the manufacturer to
recognize acetylated forms of histone H4 and to cross-react with
acetylated histone H2B and possibly other acetylated histones.
Anti-(tetra) acetyl histone H4 antibody has previously been vali-
dated for P. falciparum (e.g (Sumanadasa et al., 2012; Engel et al.,
2015).) (PlasmoDB gene ID PF3D7_1105000 (Aurrecoechea et al.,
2009)) and the P. knowlesi H4 amino acid sequence (PlasmoDB
gene ID PKNH_0902600 (Aurrecoechea et al., 2009)) is identical.
Membranes were imaged using an FLA-5000 imaging system
(FUJIFILM, USA). As an appropriate antibody loading control was
not available at the time this work was carried out (those normally
used in this laboratory for P. falciparum did not cross-react with this
species; data not shown), protein loading was assessed by Coo-
massie blue-staining of samples separated by SDS-PAGE.

2.6. Homology modelling and docking

As there is no reported crystal structure of HDAC(s) from any
Plasmodium species, a homology model of the PkHDAC1 was built
using the homology modelling suite in Maestro (Schr€odinger
Release, 2016-1). The BLAST search engine within the suite was
used for template searching before model construction. Human
HDAC2 (pdb code:3MAX) was chosen as the most suitable template
due to its high overall sequence identity (62%) and similarity (81%)
with the PkHDAC1 protein, and its high resolution (2.1 Å) crystal
structure in complex with a small molecule inhibitor. The energy-
based approach was used to build the final model. The homology
model created from Maestro was checked for model quality and
stereochemistry using SwissModel (Kiefer et al., 2009). For ligand
docking experiments, 2D-structures of vorinostat, panobinostat
and belinostat were drawn in ChemBioDraw 14.0 and saved as sdf
files. The 3D coordinates of the ligands were prepared in Maestro
using the Ligand Preparation suite at physiological pH using the
OPLS (2005) force field. GOLD (version 5.2.2) was used for ligand
docking and Chemscore for scoring the relative affinities of ligand

poses. Ligands were docked in the active site defined by a 15 Å
radius around the OD2 atom of Asp 262. Each ligand was docked 20
times using scaffold constraint settings to ensure that each
hydroxamate mimicked the native binding mode of vorinostat
bound in the crystal structure human HDAC2 (pdb code: 4LXZ)
during ligand docking simulations.

2.7. In vivo anti-Plasmodium efficacy studies

In vivo anti-Plasmodium activity was examined using groups of
six female BALB/c mice (6e8 weeks old; Animal Resources Centre,
Perth, Australia) infected via intra-peritoneal (i.p.) injection with
105 P. berghei QIMR (Saul et al., 1997) infected erythrocytes taken
from an infected passage mouse. Mice were treated by oral gavage
with 100 mL test compounds (25 mg/kg) or vehicle control (50%
DMSO in PBS) twice daily for four days, beginning 2 h post infection
(p.i.) and with a 4 h interval between doses (as published for the
hydroxamate HDAC inhibitor SB939 (Sumanadasa et al., 2012)).
Chloroquine (10 mg/kg in PBS) was a positive control administered
via oral gavage twice daily for three days beginning 2 h p.i. Pe-
ripheral parasitemia was monitored daily from day 4 p.i. by
microscopic examination of Giemsa-stained thin blood smears
prepared from tail snip bleeds. Mice were euthanized according to
an approved scorecard of criteria and all animal work was con-
ducted using protocols approved by National Health and Medical
Research Council (NHMRC) of Australia Animal Code of Practice, as
approved by the Griffith University Animal Ethics committee. Data
were analysed using two-tailed Student's t-Test using Graph Pad
Prism (version 5).

3. Results and discussion

Targeting epigenetic regulatory enzymes to combat parasitic
diseases is of growing interest (Andrews et al., 2012b, 2012c; Marek
et al., 2015). However, progress on HDAC inhibitors for use in the
parasite field lags behind cancer researchwhere HDAC(s) have been
targets for clinically approved drugs since 2007 (Grant et al., 2007).
New HDAC inhibitors that have been developed for cancer therapy
are therefore of potential interest in the anti-parasitic drug dis-
covery arena, either from a potential repurposing approach or as
starting points for discovery of parasite-selective inhibitors. Here
the comparative anti-parasitic profiles of four HDAC inhibitors
(Vorinostat, Romidepsin, Belinostat and Panobinostat) were
assessed in vitro against the zoonotic P. knowlesi malaria parasite
species, leishmania parasites (L. amazonensis and L. donovani) and
schistosomal parasites (S. mansoni). Two of the compounds were
also examined in vivo in a murine model of malaria.

Until recently, in the malaria field the ability to easily and
rapidly perform in vitro drug testing on Plasmodium species was
limited to P. falciparum (Trager and Jensen, 1976). However, the
adaptation of the zoonotic P. knowlesi species to continuous in vitro
culture in human erythrocytes (Lim et al., 2013; Moon et al., 2013;
Gruring et al., 2014) and modification of the standard 3H-hypo-
xanthine-uptake assay method for P. knowlesi (Arnold et al., 2016)
has changed this situation, allowing the four clinically used HDAC
inhibitors to be tested against P. knowlesi for the first time. All four
compounds are sub-micromolar inhibitors of P. knowlesi growth
(IC50 9e370 nM), and as for P. falciparum (included as a control;
Table 1) the most potent compound against P. knowlesi was Pan-
obinostat (Table 1; IC50 9 (±1) nM). These data extend the human-
infecting Plasmodium species targeted by HDAC inhibitors in vitro or
ex vivo to include P. falciparum (Engel et al., 2015), P. vivax (Marfurt
et al., 2011) and now P. knowlesi. A comparison of the P. knowlesi
and P. falciparum IC50 values with cytotoxicity against human
Neonatal Foreskin Fibroblast (NFF) and Human Embryonic Kidney
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(HEK 293) cells (Engel et al., 2015) demonstrated that the three
hydroxamate-based HDAC inhibitors Vorinostat, Panobinostat and
Belinostat are modestly selective for Plasmodium parasites (Table 1;
SI 8e45), while the cyclic tetrapeptide HDAC inhibitor Romidepsin
lacks selectivity (Table 1; SI < 1).

In contrast to the activity observed against malaria parasites, no
activity was observed for any compound against L. amazonensis
promastigotes (Fig. 1A), and when assessed at 1 mM or 10 mM
against intramacrophagic amastigotes all compounds were either
toxic to macrophages or had no anti-leishmanial activity (data not
shown). Only weak activity was observed for belinostat, pan-
obinostat and vorinostat against free L. donovani promastigotes
(20e35% inhibition at 20 mM; Fig. 1A), with no growth inhibition

observed for romidepsin (Fig. 1A). Likewise, poor activity was
observed for all compounds against L. donovani axenic amastigotes
(Fig. 1A). No anti-leishmanial activity was seen at concentrations
below 20 mM for either Leishmania species at all developmental
stages examined (data not shown). The activity of these drugs
against S. mansoni was more variable (Fig. 1B). While the
hydroxamic acid HDAC inhibitors were generally poor inhibitors of
S. mansoni, panobinostat demonstrated modest inhibitory activity
against adult worm pairing (30e40% at 10 mM; P ¼ 0.001) and egg
production (~50% at 10 mM; P ¼ 0.008; Fig. 1B). In the same assay
conditions PZQ (10 mM) induced the death of adult worms (and in
consequence abolished pairing and egg-laying) but only very
weakly affected the viability of schistosomula (8% viability

Table 1
In vitro activity of anti-cancer HDAC inhibitors against Plasmodium parasites.

Compound Structure P. falciparum 3D7a IC50 (nM) P. knowlesi A1H.1
IC50 (nM)

NFFb

IC50 (nM)
HEK 293b

IC50 (nM)
Plasmodium
SI rangec

Romidepsin 140 (±4) 210 (±20) 1 (±1) <5 <1

Belinostat 170 (±4) 190 (±20) 2370 (±1610) 1420 (±50) 7e14

Panobinostat 4 (±0.2) 9 (±1) 70 (±10) 180 (±30) 8e45

Vorinostat 250 (±140) 370 (±20) 5500 (±1310) 5170 (±640) 14e22

Chloroquine 10 (±1) 10 (±3) 48,930 (±19,220) nd 4893

a No significant difference (P > 0.05; Student's t-Test) in IC50 observed in this study (48 h assay) compared to previously published values (72 h assay) (Engel et al., 2015) for
vorinostat, panobinostat or romidepsin (belinostat P ¼ 0.01).

b Previously published (Engel et al., 2015).
c Selectivity Index (SI) is shown as a range for mammalian cell IC50/Plasmodium IC50. Values > 1 indicate greater parasite selectivity; nd, not determined.
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Fig. 1. In vitro activity of anti-cancer HDAC inhibitors against Leishmania species and S. mansoni. (A) Activity of vorinostat (VOR), panobinostat (PAN), romidepsin (ROM) and
belinostat (BEL) at 20 mM against Leishmania parasites. Data are presented as mean % fluorescence (±SD) relative to the DMSO control (100%) as determined by resazurin reduction
assay. The leishmanicidal action of amphothericin B (AmpB; 1 mM) is shown as a positive control. (B) Activity of HDAC inhibitors at 10 mM against S. mansoni schistosomula (mean %
fluorescence (±SEM) as determined by resazurin reduction assay) and adult worms (mean % pairing and egg laying (±SEM)) relative to the DMSO control (100%). The control
compound praziquantel (10 mM) induced the death of adult worms (10% viability) but, as expected (Panic et al., 2015), only weakly affected the viability of schistosomula (not
shown).
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reduction; P > 0.05; data not shown), consistent with previous
observations (Panic et al., 2015). In addition, at 10 mM the cyclic
tetrapeptide Romidepsin completely inhibited adult worm pairing
and egg production (Fig. 1B), an inhibitory activity that was also
seen at 1 mM and accompanied by tegumental damage (data not
shown). The greater effect of romidepsin on adult worm pairing
and egg production as compared to the other inhibitors may be
linked to the fact that romidepsin is a prodrug, requiring intracel-
lular reduction to generate a reactive sulfhydryl group that interacts
with the zinc ion in the HDAC catalytic pocket (Furumai et al.,
2002). Previous studies have reported poor activity for vorinostat
(used as a control in this work) against Leishmania and Schistosoma
(Dubois et al., 2009; Patil et al., 2010) and this was hypothesized to
be due to protection mechanisms such as higher efflux or lower
influx of compounds, poor cell permeability or low levels of target
proteins (Melesina et al., 2015), although none of these mecha-
nisms have been confirmed.

The effects of the clinical HDAC inhibitors on P. knowlesi was
further investigated using Western blot, with all drugs causing
hyperactylation of P. knowlesi histone H4 (Fig. 2), indicating inhi-
bition of PkHDAC activity, either directly or indirectly. Hyper-
acetylation assays showed four distinct bands ranging from ~11 kDa
(the expected size of H4) to ~16 kDa and relative density analysis
showed a hyperacetylation effect using only the ~11 kDa band or all
bands combined (Fig. 2B). The highermolecular weight bands likely
correspond to hyperacetylated forms of H2B/H2Bv (~13e14 kDa)
and H2A.Z (~16 kDa) (Miao et al., 2006) as this antibody is reported
to cross-react with acetylated forms of histones other than H4 (see
Section 2.5). The hyperacetylation effect observed here for the first
time in P. knowlesi is consistent with that previously reported for
these and other HDAC inhibitors (Miao et al., 2006; Dow et al.,
2008; Trenholme et al., 2014; Engel et al., 2015) against
P. falciparum and is considered a marker of HDAC inhibition in the
parasite (e.g (Darkin-Rattray et al., 1996; Andrews et al., 2008,
2012a; Chaal et al., 2010).). In P. falciparum, three class I/II HDAC
homologues (encoded by Pfhdac1, Pfhdac2 and Pfhdac3 genes) have
been annotated in the PlasmoDB (Aurrecoechea et al., 2009)
genome database. Two additional class III homologues are also
present (Aurrecoechea et al., 2009), but are not essential in asexual
intraerythrocytic stage parasites (Freitas-Junior et al., 2005; Tonkin
et al., 2009). While recombinant forms of PfHDAC2 and PfHDAC3
are not currently available, the activity of PfHDAC1 can be inhibited
by anti-Plasmodial HDAC inhibitors (Patel et al., 2009). Although no
recombinant PkHDACs are available to assess direct enzyme inhi-
bition, it is likely that a PkHDAC is a target of these anti-cancer
HDAC inhibitor compounds in P. knowlesi. Homologues of each of
the P. falciparum class I/II HDACs, (amino acid sequence identities
ranging from 43% to 95%; Supplemental Table S1) are annotated in
the P. knowlesi genome (Aurrecoechea et al., 2009). The highest
homology is between PfHDAC1 and its homologue PkHDAC1 (95%),
a finding which fits well with our Western blot data demonstrating
that PfHDAC1 polyclonal antibody (Trenholme et al., 2014; Engel
et al., 2015) cross-reacts with P. knowlesi protein lysates
(Supplemental Figure S1).

As PfHDAC1 (PlasmoDB gene ID PF3D7_0925700) is inhibited by
these clinically approved HDAC inhibitors (Engel et al., 2015), a
three dimensional homology structural model of PkHDAC1 was
generated (Fig. 3A) to examine the predicted binding mode of these
ligands to the P. knowlesi homologue (PkHDAC1; PlasmoDB
(Aurrecoechea et al., 2009) gene ID PKH_072280). The model of
PkHDAC1, which was almost identical to that for PfHDAC1
(Wheatley et al., 2010; Sumanadasa et al., 2012), adopted a ca-
nonical HDAC fold. A Ramachandran plot of the homology model
(Supplemental Figure S2) showed 91.2% and 8.2% of residues from
the model located in most favoured or allowed regions,

respectively. The QMEANscore6 and dfire_energy of the model was
0.75 and �599.2, indicating that the homology model was stereo-
chemically favourable and energetically similar to native protein
structures. For comparison, amino acids that differ between
P. falciparum and P. knowlesi (corresponding to sequence compari-
son in Supplemental Figure S1) are coloured in red. The three HDAC
inhibitors that showed some selectivity for P. knowlesi versus
mammalian cells (vorinostat, panobinostat, belinostat) were
docked into the PkHDAC1 model to investigate possible binding
modes within the enzyme active site (Fig. 3B). All ligands showed
their hydroxamate bound to zinc in the active site, with the linker
occupying the active site tunnel of the enzyme and making hy-
drophobic and van der Waals interactions with residues Tyr301,
Phe148, Phe203. The terminal group at the non-hydroxamate end
of each inhibitor varied in the orientation towards the loop residues

Fig. 2. Hyperacetylation of P. knowlesi histones by HDAC inhibitors. (A) Western
blot analysis of protein lysates prepared from trophozoite-stage P. knowlesi infected
erythrocytes exposed to 1� or 5� IC50 (see Table 1 for 1� IC50 values) vorinostat (VOR),
panobinostat (PAN), belinostat (BEL) or romidepsin (ROM) for 3 h. Negative controls
are parasites exposed to the antimalarial drug chloroquine (CQ; 5� IC50 for 3 h) or
compound vehicle only (0.2% DMSO) taken at the start of the experiment (C-0h) or the
3 h time point (C-3h). Western blot (top panel) was carried out with anti-(tetra) acetyl-
histone H4 antibody and goat anti-Rabbit, Alexa Fluor® 594 conjugate secondary
antibody. Sizes in kDa are indicated. The ~11 kDa band corresponds to the correct size
of histone H4 (arrow) and the higher molecular weight bands are likely cross reactivity
with acetylated forms of H2B/H2Bv (~13e14 kDa) and H2A.Z (~16 kDa). Aliquots of the
protein lysates were separated by SDS-PAGE and stained with Coomassie blue to show
equivalent loading. (B) Graph shows relative density of all bands (white; Total) or H4
only (grey; H4) as detected in Western blot (A; top panel) by anti-(tetra) acetyl-histone
H4 antibody and normalised to total protein density on the corresponding Coomassie-
blue stained SDS-PAGE and then shown as fold change relative to the C-3h DMSO
control (set to 1.0).
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of the protein. The most potent inhibitor (panobinostat) of
P. knowlesi made p-p interactions between its terminal indole ring
and Phe203. Interestingly, the loop spanning residues 91e99 in
both PkHDAC1 and PfHDAC1 have two extra residues (Ala95,
Thr96) compared to human HDAC2. This repositions the sidechain
of conserved loop residue Asp97, pushing it further into solvent and
the backbone carbonyl oxygen of Thr96 occupies the location of the
Asp97 sidechain of human HDAC2. As a result, the free amine group
of panobinostat makes a hydrogen bond with the backbone
carbonyl oxygen atom of Thr96. Previous modelling of PfHDAC1
suggested that Asp97 is in a position similar to hHDAC8 (Wheatley
et al., 2010). More interestingly, panobinostat docked in the current
model adopted a G-shaped binding mode (Fig. 3B), which is similar
to the findings from Melesina et al. (2015) reporting that G-shaped
compounds are more favourable for selective inhibitors of parasitic
HDACs. These modelling results provide support for binding to, and
inhibition of, both PkHDAC1 and PfHDAC1 by these drugs and also
rationalizes the stronger inhibition observed for panobinostat.

Given the in vitro activity of the anti-cancer HDAC inhibitors
against Plasmodium, we extended our in vitro findings to investigate
for the first time in vivo antimalarial efficacy of vorinostat and
panobinostat using a mouse model of malaria. A significant
reduction in peripheral blood parasitemia was observed for mice
treated by oral gavage twice daily with 25 mg/kg vorinostat
compared to vehicle-only control mice (p < 0.01 (day 4e6) and
p < 0.05 (day 7)), however this only resulted in a one day delay in
parasitemia progression (Fig. 4A). A significant reduction in pe-
ripheral blood parasitemia was also observed for mice treated by
oral gavage twice daily with 25 mg/kg panobinostat (p < 0.05 (day
4) and p < 0.01 (day 5e10), corresponding to a 2e3 fold reduction
in mean peripheral parasitemia on these days compared to vehicle-
only control mice (Fig. 4B). The survival (based on euthanizing
according to ethics approved scorecard criteria) of mice treated

with panobinostat was also significantly improved compared to the
vehicle control group (p¼ 0.0013; Fig. 4D). Mice treated orally with
the antimalarial drug chloroquine (10 mg/kg; twice daily for four
days beginning 2 h p.i.) did not develop detectable peripheral blood
parasitemia for the duration of the experiment (data not shown).
While additional studies would be required to investigate why the
in vivo activity of panobinostat is greater than for vorinostat in the
mousemalaria model, panobinostat does have a 40e60 fold greater
inhibitory potency against Plasmodium parasites in vitro (Table 1).
However the direct in vitro activity of these drugs against P. berghei
parasites is not known and pharmacokinetic properties are also
likely to play a role. For example, preclinical studies in mice dosed
orally with 50 mg/kg vorinostat or panobinostat have shown that
these drugs have substantially different pharmacokinetic profiles,
with panobinostat having a >2-fold longer half-life (Table 2) (Yeo
et al., 2007). While these in vivo data suggest that vorinostat has
limited anti-Plasmodium activity, the data obtained for panobino-
stat may be of interest given the reported improvement in phar-
macokinetics for this drug in humans versusmice. Panobinostat has
an approximately five-fold greater oral bioavailability (F%) in
humans compared to mice with a 6e10 fold greater half-life (t1/2;
2.9 h and 16e30 h; Table 2) (Yeo et al., 2007). Humans receiving a
single oral dose of panobinostat (at the recommended daily dose
for cancer patients of 20 mg) have a reported mean Cmax of 24.3
(±12) ng/mL (~70 nM) (European Medicines Agency, 2015), >7-fold
higher than the in vitro IC50 of this compound against Plasmodium
parasites. However, as adverse effects are commonly reported at
this dose (FARYDAK® product sheet (Novartis)) repurposing pan-
obinostat for malaria would be difficult to justify. Nevertheless,
these data raise the possibility of developing panobinostat ana-
logues with similar pharmacokinetic profiles but improved Plas-
modium-specific potency and selectivity.

Fig. 3. PkHDAC1 homology model structure with docked ligands. A) Secondary structure representation of the homology model of PkHDAC1, highlighting amino acids (red) that
differ in PfHDAC1 e they are not in the ligand-binding site. These residues are: V15/I15, V69/I69, M77/L77, D82/E82, C85/Y85, I212/V212/, H215/N215, I230/M230, A241/V241, L256/
I256, S349/N349, I364/M364, and N372/H372 in PkHDAC1/PfHDAC1 respectively. Residues 374 to 448 of PkHDAC1 were not modelled due to lack of structural information from the
template. (B) Docking poses of ligands with carbon atoms in white (vorinostat), yellow (panobinostat) and pink (belinostat) in PkHDAC1. Key interactions with orange zinc atom
(magenta dots), p-p interactions (red dots) and hydrogen bonds (black dots) are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 4. In vivo activity of orally administered vorinostat and panobinostat in Plasmodium berghei infected BALB/c mice. Female 6e8 week old BALB/c mice (n ¼ 6) were
injected i.p. with 105 P. berghei QIMR infected erythrocytes. Mice were treated by oral gavage with 25 mg/kg vorinostat (A and C; dashed line) or panobinostat (B and D; dashed line)
twice daily for four days beginning 2 h post infection, with 4 h between first and second dose (100 mL/dose diluted freshly in 10% DMSO in PBS). Control mice (A-D; solid black line)
received 100 mL vehicle only (10% DMSO in PBS) under the same dosing schedule. Parasitemia was monitored daily starting day 4 p.i. via microscopic examination of Giemsa-stained
thin blood smears. Panels A and B show mean number of parasites per 100 erythrocytes (mean % parasitemia; >800 erythrocytes counted for each mouse) for 6 mice per treatment
group (dashed lines) versus control group (solid black lines). Panels C and D show survival rates (mice were euthanized when parasitemia reached ~�25%) for treated (dashed lines)
versus DMSO vehicle-only control (solid black lines) mice.

Table 2
Pharmacokinetic parameters of oral vorinostat and panobinostat in mice and
humans.

Parameter Micea Humans

vorinostata panobinostata vorinostatb panobinostatc

AUC0�∞ (ng,h/mL) 619 126 1698 183e373
t1/2 (h) 0.75 2.90 1.5 16e30d

Cmax (ng/mL) 501 116 658 23e71
F (%) 8.33 4.62 43 21e

a Female BALB/c nude mice (18e22 g; 8e10 weeks old) dosed orally with 50 mg/
kg vorinostat or panobinostat (Yeo et al., 2007).

b Human subjects administered 200e600 mg oral vorinostat (Kavanaugh et al.,
2010).

c Human subjects administered 15e80 mg oral panobinostat ((Prince et al., 2009)
and references therein).

d t1/2 30 h in advanced cancer patients (n ¼ 4) receiving a single 20 mg dose of
panobinostat (Clive et al., 2012).

e FARYDAK® prescribing information sheet (Novartis).

M.J. Chua et al. / International Journal for Parasitology: Drugs and Drug Resistance 7 (2017) 42e5048

http://dx.doi.org/10.1016/j.ijpddr.2016.12.005
http://dx.doi.org/10.1016/j.ijpddr.2016.12.005
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref1
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref1
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref1
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref2
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref2
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref2
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref2
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref3
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref3
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref3
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref4
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref4
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref4
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref5
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref5
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref5
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref5
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref5
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref6
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref6
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref6
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref6
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref6
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref7
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref7
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref7
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref7
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref8
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref8
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref8


Leishmania amastigotes: application to anti-leishmanial drug discovery. PLoS
Negl. Trop. Dis. 7 (4), e2154.

Aurrecoechea, C., Brestelli, J., Brunk, B.P., Dommer, J., Fischer, S., Gajria, B., Gao, X.,
Gingle, A., Grant, G., Harb, O.S., Heiges, M., Innamorato, F., Iodice, J.,
Kissinger, J.C., Kraemer, E., Li, W., Miller, J.A., Nayak, V., Pennington, C.,
Pinney, D.F., Roos, D.S., Ross, C., Stoeckert Jr., C.J., Treatman, C., Wang, H., 2009.
PlasmoDB: a functional genomic database for malaria parasites. Nucleic Acids
Res. 37 (Database issue), D539eD543.

Ay, F., Bunnik, E.M., Varoquaux, N., Vert, J.P., Noble, W.S., Roch, Le, G, K., 2015.
Multiple dimensions of epigenetic gene regulation in the malaria parasite
Plasmodium falciparum: gene regulation via histone modifications, nucleosome
positioning and nuclear architecture in P. falciparum. Bioessays 37 (2), 182e194.

Azzi, A., Cosseau, C., Grunau, C., 2009. Schistosoma mansoni: developmental arrest of
miracidia treated with histone deacetylase inhibitors. Exp. Parasitol. 121 (3),
288e291.

Banks, J.L., Beard, H.S., Cao, Y., Cho, A.E., Damm, W., Farid, R., Felts, A.K., Halgren, T.A.,
Mainz, D.T., Maple, J.R., Murphy, R., Philipp, D.M., Repasky, M.P., Zhang, L.Y.,
Berne, B.J., Friesner, R.A., Gallicchio, E., Levy, R.M., 2005 Dec. Integrated
Modeling Program, Applied Chemical Theory (IMPACT). J. Comput. Chem. 26
(16), 1752e1780.

Berg, M., Garcia-Hernandez, R., Cuypers, B., Vanaerschot, M., Manzano, J.I.,
Poveda, J.A., Ferragut, J.A., Castanys, S., Dujardin, J.C., Gamarro, F., 2015. Exper-
imental resistance to drug combinations in Leishmania donovani: metabolic and
phenotypic adaptations. Antimicrob. Agents Chemother. 59 (4), 2242e2255.

Bose, P., Dai, Y., Grant, S., 2014. Histone deacetylase inhibitor (HDACI) mechanisms
of action: emerging insights. Pharmacol. Ther. 143 (3), 323e336.

Brien, G.L., Valerio, D.G., Armstrong, S.A., 2016. Exploiting the epigenome to control
cancer-promoting gene-expression programs. Cancer Cell. 29 (4), 464e476.

Chaal, B.K., Gupta, A.P., Wastuwidyaningtyas, B.D., Luah, Y.H., Bozdech, Z., 2010.
Histone deacetylases play a major role in the transcriptional regulation of the
Plasmodium falciparum life cycle. PLoS Pathog. 6 (1), e1000737.

Cheeseman, K., Weitzman, J.B., 2015. Host-parasite interactions: an intimate
epigenetic relationship. Cell Microbiol. 17 (8), 1121e1132.

Clive, S., Woo, M.M., Nydam, T., Kelly, L., Squier, M., Kagan, M., 2012. Characterizing
the disposition, metabolism, and excretion of an orally active pan-deacetylase
inhibitor, panobinostat, via trace radiolabeled 14C material in advanced can-
cer patients. Cancer Chemother. Pharmacol. 70 (4), 513e522.

Coleman, B.I., Skillman, K.M., Jiang, R.H., Childs, L.M., Altenhofen, L.M., Ganter, M.,
Leung, Y., Goldowitz, I., Kafsack, B.F., Marti, M., Llinas, M., Buckee, C.O.,
Duraisingh, M.T., 2014. A Plasmodium falciparum histone deacetylase regulates
antigenic variation and gametocyte conversion. Cell Host Microbe 16 (2),
177e186.

Colley, D.G., Bustinduy, A.L., Secor, W.E., King, C.H., 2014. Human schistosomiasis.
Lancet 383 (9936), 2253e2264.

Croft, S.L., Sundar, S., Fairlamb, A.H., 2006. Drug resistance in leishmaniasis. Clin.
Microbiol. Rev. 19 (1), 111e126.

Darkin-Rattray, S.J., Gurnett, A.M., Myers, R.W., Dulski, P.M., Crumley, T.M.,
Allocco, J.J., Cannova, C., Meinke, P.T., Colletti, S.L., Bednarek, M.A., Singh, S.B.,
Goetz, M.A., Dombrowski, A.W., Polishook, J.D., Schmatz, D.M., 1996. Apicidin: a
novel antiprotozoal agent that inhibits parasite histone deacetylase. Proc. Natl.
Acad. Sci. U. S. A. 93 (23), 13143e13147.

Dondorp, A.M., Nosten, F., Yi, P., Das, D., Phyo, A.P., Tarning, J., Lwin, K.M., Ariey, F.,
Hanpithakpong, W., Lee, S.J., Ringwald, P., Silamut, K., Imwong, M.,
Chotivanich, K., Lim, P., Herdman, T., An, S.S., Yeung, S., Singhasivanon, P.,
Day, N.P., Lindegardh, N., Socheat, D., White, N.J., 2009. Artemisinin resistance in
Plasmodium falciparum malaria. NEJM 361 (5), 455e467.

Dondorp, A.M., Ringwald, P., 2013. Artemisinin resistance is a clear and present
danger. Trends Parasitol. 29 (8), 359e360.

Dow, G.S., Chen, Y., Andrews, K.T., Caridha, D., Gerena, L., Gettayacamin, M.,
Johnson, J., Li, Q., Melendez, V., Obaldia 3rd, N., Tran, T.N., Kozikowski, A.P.,
2008. Antimalarial activity of phenylthiazolyl-bearing hydroxamate-based
histone deacetylase inhibitors. Antimicrob. Agents Chemother. 52 (10),
3467e3477.

Dubois, F., Caby, S., Oger, F., Cosseau, C., Capron, M., Grunau, C., Dissous, C.,
Pierce, R.J., 2009. Histone deacetylase inhibitors induce apoptosis, histone
hyperacetylation and up-regulation of gene transcription in Schistosoma man-
soni. Mol. Biochem. Parasitol. 168 (1), 7e15.

Durieu, E., Prina, E., Leclercq, O., Oumata, N., Gaboriaud-Kolar, N.,
Vougogiannopoulou, K., Aulner, N., Defontaine, A., No, J.H., Ruchaud, S.,
Skaltsounis, A.L., Galons, H., Spath, G.F., Meijer, L., Rachidi, N., 2016. From drug
screening to target deconvolution: a target-based drug discovery pipeline using
leishmania casein kinase 1 isoform 2 to identify compounds with anti-
leishmanial activity. Antimicrob. Agents Chemother. 60 (5), 2822e2833.

Engel, J.A., Jones, A.J., Avery, V.M., Sumanadasa, S.D., Ng, S.S., Fairlie, D.P., Adams, T.S.,
Andrews, K.T., 2015. Profiling the anti-protozoal activity of anti-cancer HDAC
inhibitors against Plasmodium and Trypanosoma parasites. Int. J. Parasitol.
Drugs Drug Resist 5 (3), 117e126.

European Medicines Agency, 2015. Assessment Report: Farydak (Procedure No.
EMEA/H/C/003725/0000).

Falkenberg, K.J., Johnstone, R.W., 2014. Histone deacetylases and their inhibitors in
cancer, neurological diseases and immune disorders. Nat. Rev. Drug Discov. 13
(9), 673e691.

Freitas-Junior, L.H., Hernandez-Rivas, R., Ralph, S.A., Montiel-Condado, D., Ruval-
caba-Salazar, O.K., Rojas-Meza, A.P., Mancio-Silva, L., Leal-Silvestre, R.J.,
Gontijo, A.M., Shorte, S., Scherf, A., 2005. Telomeric heterochromatin

propagation and histone acetylation control mutually exclusive expression of
antigenic variation genes in malaria parasites. Cell 121 (1), 25e36.

Furumai, R., Matsuyama, A., Kobashi, N., Lee, K.H., Nishiyama, M., Nakajima, H.,
Tanaka, A., Komatsu, Y., Nishino, N., Yoshida, M., Horinouchi, S., 2002. FK228
(depsipeptide) as a natural prodrug that inhibits class I histone deacetylases.
Cancer Res. 62 (17), 4916e4921.

Garnock-Jones, K.P., 2015. Panobinostat: first global approval. Drugs 75 (6),
695e704.

Grant, S., Easley, C., Kirkpatrick, P., 2007. Vorinostat. Nat. Rev. Drug Discov. 6 (1),
21e22.

Gruring, C., Moon, R.W., Lim, C., Holder, A.A., Blackman, M.J., Duraisingh, M.T., 2014.
Human red blood cell-adapted Plasmodium knowlesi parasites: a new model
system for malaria research. Cell Microbiol. 16 (5), 612e620.

Heimburg, T., Chakrabarti, A., Lancelot, J., Marek, M., Melesina, J., Hauser, A.T.,
Shaik, T.B., Duclaud, S., Robaa, D., Erdmann, F., Schmidt, M., Romier, C.,
Pierce, R.J., Jung, M., Sippl, W., 2016. Structure-based design and synthesis of
novel inhibitors targeting HDAC8 from Schistosoma mansoni for the treatment
of schistosomiasis. J. Med. Chem. 59 (6), 2423e2435.

Heintzman, N.D., Hon, G.C., Hawkins, R.D., Kheradpour, P., Stark, A., Harp, L.F., Ye, Z.,
Lee, L.K., Stuart, R.K., Ching, C.W., Ching, K.A., Antosiewicz-Bourget, J.E., Liu, H.,
Zhang, X., Green, R.D., Lobanenkov, V.V., Stewart, R., Thomson, J.A.,
Crawford, G.E., Kellis, M., Ren, B., 2009. Histone modifications at human en-
hancers reflect global cell-type-specific gene expression. Nature 459 (7243),
108e112.

Huber, W., Koella, J.C., 1993. A comparison of three methods of estimating EC50 in
studies of drug resistance of malaria parasites. Acta Trop. 55 (4), 257e261.

Kavanaugh, S.M., White, L.A., Kolesar, J.M., 2010. Vorinostat: a novel therapy for the
treatment of cutaneous T-cell lymphoma. Am. J. Health Syst. Pharm. 67 (10),
793e797.

Kiefer, F., Arnold, K., Kunzli, M., Bordoli, L., Schwede, T., 2009. The SWISS-MODEL
Repository and associated resources. Nucleic Acids Res. 37 (Database issue),
D387eD392.

Lim, C., Hansen, E., DeSimone, T.M., Moreno, Y., Junker, K., Bei, A., Brugnara, C.,
Buckee, C.O., Duraisingh, M.T., 2013. Expansion of host cellular niche can drive
adaptation of a zoonotic malaria parasite to humans. Nat. Commun. 4, 1638.

Lozano, R., Naghavi, M., Foreman, K., Lim, S., Shibuya, K., Aboyans, V., Abraham, J.,
Adair, T., Aggarwal, R., Ahn, S.Y., Alvarado, M., Anderson, H.R., Anderson, L.M.,
Andrews, K.G., Atkinson, C., Baddour, L.M., Barker-Collo, S., Bartels, D.H.,
Bell, M.L., Benjamin, E.J., Bennett, D., Bhalla, K., Bikbov, B., Bin Abdulhak, A.,
Birbeck, G., Blyth, F., Bolliger, I., Boufous, S., Bucello, C., Burch, M., Burney, P.,
Carapetis, J., Chen, H., Chou, D., Chugh, S.S., Coffeng, L.E., Colan, S.D.,
Colquhoun, S., Colson, K.E., Condon, J., Connor, M.D., Cooper, L.T., Corriere, M.,
Cortinovis, M., de Vaccaro, K.C., Couser, W., Cowie, B.C., Criqui, M.H., Cross, M.,
Dabhadkar, K.C., Dahodwala, N., De Leo, D., Degenhardt, L., Delossantos, A.,
Denenberg, J., Des Jarlais, D.C., Dharmaratne, S.D., Dorsey, E.R., Driscoll, T.,
Duber, H., Ebel, B., Erwin, P.J., Espindola, P., Ezzati, M., Feigin, V., Flaxman, A.D.,
Forouzanfar, M.H., Fowkes, F.G., Franklin, R., Fransen, M., Freeman, M.K.,
Gabriel, S.E., Gakidou, E., Gaspari, F., Gillum, R.F., Gonzalez-Medina, D.,
Halasa, Y.A., Haring, D., Harrison, J.E., Havmoeller, R., Hay, R.J., Hoen, B.,
Hotez, P.J., Hoy, D., Jacobsen, K.H., James, S.L., Jasrasaria, R., Jayaraman, S.,
Johns, N., Karthikeyan, G., Kassebaum, N., Keren, A., Khoo, J.P., Knowlton, L.M.,
Kobusingye, O., Koranteng, A., Krishnamurthi, R., Lipnick, M., Lipshultz, S.E.,
Ohno, S.L., Mabweijano, J., MacIntyre, M.F., Mallinger, L., March, L., Marks, G.B.,
Marks, R., Matsumori, A., Matzopoulos, R., Mayosi, B.M., McAnulty, J.H.,
McDermott, M.M., McGrath, J., Mensah, G.A., Merriman, T.R., Michaud, C.,
Miller, M., Miller, T.R., Mock, C., Mocumbi, A.O., Mokdad, A.A., Moran, A.,
Mulholland, K., Nair, M.N., Naldi, L., Narayan, K.M., Nasseri, K., Norman, P.,
O'Donnell, M., Omer, S.B., Ortblad, K., Osborne, R., Ozgediz, D., Pahari, B.,
Pandian, J.D., Rivero, A.P., Padilla, R.P., Perez-Ruiz, F., Perico, N., Phillips, D.,
Pierce, K., Pope 3rd, C.A., Porrini, E., Pourmalek, F., Raju, M., Ranganathan, D.,
Rehm, J.T., Rein, D.B., Remuzzi, G., Rivara, F.P., Roberts, T., De Leon, F.R.,
Rosenfeld, L.C., Rushton, L., Sacco, R.L., Salomon, J.A., Sampson, U., Sanman, E.,
Schwebel, D.C., Segui-Gomez, M., Shepard, D.S., Singh, D., Singleton, J., Sliwa, K.,
Smith, E., Steer, A., Taylor, J.A., Thomas, B., Tleyjeh, I.M., Towbin, J.A., Truelsen, T.,
Undurraga, E.A., Venketasubramanian, N., Vijayakumar, L., Vos, T., Wagner, G.R.,
Wang, M., Wang, W., Watt, K., Weinstock, M.A., Weintraub, R., Wilkinson, J.D.,
Woolf, A.D., Wulf, S., Yeh, P.H., Yip, P., Zabetian, A., Zheng, Z.J., Lopez, A.D.,
Murray, C.J., AlMazroa, M.A., Memish, Z.A., 2012. Global and regional mortality
from 235 causes of death for 20 age groups in 1990 and 2010: a systematic
analysis for the Global Burden of Disease Study 2010. Lancet 380 (9859),
2095e2128.

Marek, M., Kannan, S., Hauser, A.T., Moraes Mourao, M., Caby, S., Cura, V.,
Stolfa, D.A., Schmidtkunz, K., Lancelot, J., Andrade, L., Renaud, J.P., Oliveira, G.,
Sippl, W., Jung, M., Cavarelli, J., Pierce, R.J., Romier, C., 2013. Structural basis for
the inhibition of histone deacetylase 8 (HDAC8), a key epigenetic player in the
blood fluke Schistosoma mansoni. PLoS Pathog. 9 (9), e1003645.

Marek, M., Oliveira, G., Pierce, R.J., Jung, M., Sippl, W., Romier, C., 2015. Drugging the
schistosome zinc-dependent HDACs: current progress and future perspectives.
Future Med. Chem. 7 (6), 783e800.

Marfurt, J., Chalfein, F., Prayoga, P., Wabiser, F., Kenangalem, E., Piera, K.A.,
Fairlie, D.P., Tjitra, E., Anstey, N.M., Andrews, K.T., Price, R.N., 2011. Ex vivo ac-
tivity of histone deacetylase inhibitors against multidrug-resistant clinical
isolates of Plasmodium falciparum and P. vivax. Antimicrob. Agents Chemother.
55 (3), 961e966.

Marxer, M., Ingram, K., Keiser, J., 2012. Development of an in vitro drug screening

M.J. Chua et al. / International Journal for Parasitology: Drugs and Drug Resistance 7 (2017) 42e50 49

http://refhub.elsevier.com/S2211-3207(16)30111-7/sref8
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref8
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref9
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref9
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref9
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref9
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref9
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref9
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref9
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref10
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref10
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref10
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref10
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref10
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref11
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref11
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref11
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref11
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref74
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref74
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref74
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref74
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref74
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref74
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref12
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref12
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref12
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref12
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref12
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref13
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref13
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref13
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref14
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref14
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref14
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref15
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref15
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref15
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref16
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref16
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref16
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref17
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref17
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref17
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref17
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref17
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref18
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref18
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref18
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref18
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref18
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref18
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref19
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref19
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref19
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref20
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref20
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref20
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref21
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref21
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref21
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref21
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref21
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref21
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref22
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref22
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref22
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref22
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref22
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref22
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref23
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref23
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref23
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref24
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref24
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref24
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref24
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref24
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref24
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref25
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref25
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref25
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref25
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref25
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref26
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref26
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref26
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref26
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref26
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref26
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref26
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref27
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref27
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref27
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref27
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref27
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref28
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref28
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref29
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref29
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref29
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref29
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref30
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref30
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref30
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref30
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref30
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref30
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref31
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref31
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref31
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref31
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref31
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref32
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref32
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref32
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref33
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref33
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref33
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref34
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref34
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref34
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref34
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref35
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref35
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref35
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref35
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref35
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref35
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref36
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref36
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref36
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref36
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref36
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref36
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref36
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref37
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref37
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref37
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref38
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref38
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref38
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref38
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref39
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref39
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref39
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref39
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref40
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref40
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref40
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref41
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref42
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref42
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref42
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref42
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref42
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref43
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref43
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref43
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref43
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref44
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref44
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref44
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref44
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref44
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref44
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref45


assay using Schistosoma haematobium schistosomula. Parasit. Vectors 5, 165.
Melesina, J., Robaa, D., Pierce, R.J., Romier, C., Sippl, W., 2015. Homology modeling of

parasite histone deacetylases to guide the structure-based design of selective
inhibitors. J. Mol. Graph Model 62, 342e361.

Miao, J., Fan, Q., Cui, L., Li, J., 2006. The malaria parasite Plasmodium falciparum
histones: organization, expression, and acetylation. Gene 369, 53e65.

Montenegro, M.F., Sanchez-del-Campo, L., Fernandez-Perez, M.P., Saez-Ayala, M.,
Cabezas-Herrera, J., Rodriguez-Lopez, J.N., 2015. Targeting the epigenetic ma-
chinery of cancer cells. Oncogene 34 (2), 135e143.

Moon, R.W., Hall, J., Rangkuti, F., Ho, Y.S., Almond, N., Mitchell, G.H., Pain, A.,
Holder, A.A., Blackman, M.J., 2013. Adaptation of the genetically tractable ma-
laria pathogen Plasmodium knowlesi to continuous culture in human erythro-
cytes. Proc. Natl. Acad. Sci. U. S. A. 110 (2), 531e536.

Murray, C.J., Vos, T., Lozano, R., Naghavi, M., Flaxman, A.D., Michaud, C., Ezzati, M.,
Shibuya, K., Salomon, J.A., Abdalla, S., Aboyans, V., Abraham, J., Ackerman, I.,
Aggarwal, R., Ahn, S.Y., Ali, M.K., Alvarado, M., Anderson, H.R., Anderson, L.M.,
Andrews, K.G., Atkinson, C., Baddour, L.M., Bahalim, A.N., Barker-Collo, S.,
Barrero, L.H., Bartels, D.H., Basanez, M.G., Baxter, A., Bell, M.L., Benjamin, E.J.,
Bennett, D., Bernabe, E., Bhalla, K., Bhandari, B., Bikbov, B., Bin Abdulhak, A.,
Birbeck, G., Black, J.A., Blencowe, H., Blore, J.D., Blyth, F., Bolliger, I.,
Bonaventure, A., Boufous, S., Bourne, R., Boussinesq, M., Braithwaite, T.,
Brayne, C., Bridgett, L., Brooker, S., Brooks, P., Brugha, T.S., Bryan-Hancock, C.,
Bucello, C., Buchbinder, R., Buckle, G., Budke, C.M., Burch, M., Burney, P.,
Burstein, R., Calabria, B., Campbell, B., Canter, C.E., Carabin, H., Carapetis, J.,
Carmona, L., Cella, C., Charlson, F., Chen, H., Cheng, A.T., Chou, D., Chugh, S.S.,
Coffeng, L.E., Colan, S.D., Colquhoun, S., Colson, K.E., Condon, J., Connor, M.D.,
Cooper, L.T., Corriere, M., Cortinovis, M., de Vaccaro, K.C., Couser, W., Cowie, B.C.,
Criqui, M.H., Cross, M., Dabhadkar, K.C., Dahiya, M., Dahodwala, N., Damsere-
Derry, J., Danaei, G., Davis, A., De Leo, D., Degenhardt, L., Dellavalle, R.,
Delossantos, A., Denenberg, J., Derrett, S., Des Jarlais, D.C., Dharmaratne, S.D.,
Dherani, M., Diaz-Torne, C., Dolk, H., Dorsey, E.R., Driscoll, T., Duber, H., Ebel, B.,
Edmond, K., Elbaz, A., Ali, S.E., Erskine, H., Erwin, P.J., Espindola, P.,
Ewoigbokhan, S.E., Farzadfar, F., Feigin, V., Felson, D.T., Ferrari, A., Ferri, C.P.,
Fevre, E.M., Finucane, M.M., Flaxman, S., Flood, L., Foreman, K.,
Forouzanfar, M.H., Fowkes, F.G., Fransen, M., Freeman, M.K., Gabbe, B.J.,
Gabriel, S.E., Gakidou, E., Ganatra, H.A., Garcia, B., Gaspari, F., Gillum, R.F.,
Gmel, G., Gonzalez-Medina, D., Gosselin, R., Grainger, R., Grant, B., Groeger, J.,
Guillemin, F., Gunnell, D., Gupta, R., Haagsma, J., Hagan, H., Halasa, Y.A., Hall, W.,
Haring, D., Haro, J.M., Harrison, J.E., Havmoeller, R., Hay, R.J., Higashi, H., Hill, C.,
Hoen, B., Hoffman, H., Hotez, P.J., Hoy, D., Huang, J.J., Ibeanusi, S.E.,
Jacobsen, K.H., James, S.L., Jarvis, D., Jasrasaria, R., Jayaraman, S., Johns, N.,
Jonas, J.B., Karthikeyan, G., Kassebaum, N., Kawakami, N., Keren, A., Khoo, J.P.,
King, C.H., Knowlton, L.M., Kobusingye, O., Koranteng, A., Krishnamurthi, R.,
Laden, F., Lalloo, R., Laslett, L.L., Lathlean, T., Leasher, J.L., Lee, Y.Y., Leigh, J.,
Levinson, D., Lim, S.S., Limb, E., Lin, J.K., Lipnick, M., Lipshultz, S.E., Liu, W.,
Loane, M., Ohno, S.L., Lyons, R., Mabweijano, J., MacIntyre, M.F., Malekzadeh, R.,
Mallinger, L., Manivannan, S., Marcenes, W., March, L., Margolis, D.J., Marks, G.B.,
Marks, R., Matsumori, A., Matzopoulos, R., Mayosi, B.M., McAnulty, J.H.,
McDermott, M.M., McGill, N., McGrath, J., Medina-Mora, M.E., Meltzer, M.,
Mensah, G.A., Merriman, T.R., Meyer, A.C., Miglioli, V., Miller, M., Miller, T.R.,
Mitchell, P.B., Mock, C., Mocumbi, A.O., Moffitt, T.E., Mokdad, A.A., Monasta, L.,
Montico, M., Moradi-Lakeh, M., Moran, A., Morawska, L., Mori, R.,
Murdoch, M.E., Mwaniki, M.K., Naidoo, K., Nair, M.N., Naldi, L., Narayan, K.M.,
Nelson, P.K., Nelson, R.G., Nevitt, M.C., Newton, C.R., Nolte, S., Norman, P.,
Norman, R., O'Donnell, M., O'Hanlon, S., Olives, C., Omer, S.B., Ortblad, K.,
Osborne, R., Ozgediz, D., Page, A., Pahari, B., Pandian, J.D., Rivero, A.P.,
Patten, S.B., Pearce, N., Padilla, R.P., Perez-Ruiz, F., Perico, N., Pesudovs, K.,
Phillips, D., Phillips, M.R., Pierce, K., Pion, S., Polanczyk, G.V., Polinder, S.,
Pope 3rd, C.A., Popova, S., Porrini, E., Pourmalek, F., Prince, M., Pullan, R.L.,
Ramaiah, K.D., Ranganathan, D., Razavi, H., Regan, M., Rehm, J.T., Rein, D.B.,
Remuzzi, G., Richardson, K., Rivara, F.P., Roberts, T., Robinson, C., De Leon, F.R.,
Ronfani, L., Room, R., Rosenfeld, L.C., Rushton, L., Sacco, R.L., Saha, S.,
Sampson, U., Sanchez-Riera, L., Sanman, E., Schwebel, D.C., Scott, J.G., Segui-
Gomez, M., Shahraz, S., Shepard, D.S., Shin, H., Shivakoti, R., Singh, D.,
Singh, G.M., Singh, J.A., Singleton, J., Sleet, D.A., Sliwa, K., Smith, E., Smith, J.L.,
Stapelberg, N.J., Steer, A., Steiner, T., Stolk, W.A., Stovner, L.J., Sudfeld, C., Syed, S.,
Tamburlini, G., Tavakkoli, M., Taylor, H.R., Taylor, J.A., Taylor, W.J., Thomas, B.,
Thomson, W.M., Thurston, G.D., Tleyjeh, I.M., Tonelli, M., Towbin, J.A.,
Truelsen, T., Tsilimbaris, M.K., Ubeda, C., Undurraga, E.A., van der Werf, M.J., van
Os, J., Vavilala, M.S., Venketasubramanian, N., Wang, M., Wang, W., Watt, K.,
Weatherall, D.J., Weinstock, M.A., Weintraub, R., Weisskopf, M.G.,
Weissman, M.M., White, R.A., Whiteford, H., Wiebe, N., Wiersma, S.T.,
Wilkinson, J.D., Williams, H.C., Williams, S.R., Witt, E., Wolfe, F., Woolf, A.D.,
Wulf, S., Yeh, P.H., Zaidi, A.K., Zheng, Z.J., Zonies, D., Lopez, A.D., AlMazroa, M.A.,
Memish, Z.A., 2012. Disability-adjusted life years (DALYs) for 291 diseases and
injuries in 21 regions, 1990-2010: a systematic analysis for the Global Burden of
Disease Study 2010. Lancet 380 (9859), 2197e2223.

Novartis. https://www.pharma.us.novartis.com/product/pi/pdf/farydak.pdf.

Panic, G., Flores, D., Ingram-Sieber, K., Keiser, J., 2015. Fluorescence/luminescence-
based markers for the assessment of Schistosoma mansoni schistosomula drug
assays. Parasit. Vectors 8, 624.

Patel, V., Mazitschek, R., Coleman, B., Nguyen, C., Urgaonkar, S., Cortese, J.,
Barker, R.H., Greenberg, E., Tang, W., Bradner, J.E., Schreiber, S.L.,
Duraisingh, M.T., Wirth, D.F., Clardy, J., 2009. Identification and characterization
of small molecule inhibitors of a class I histone deacetylase from Plasmodium
falciparum. J. Med. Chem. 52 (8), 2185e2187.

Patil, V., Guerrant, W., Chen, P.C., Gryder, B., Benicewicz, D.B., Khan, S.I.,
Tekwani, B.L., Oyelere, A.K., 2010. Antimalarial and antileishmanial activities of
histone deacetylase inhibitors with triazole-linked cap group. Bioorg Med.
Chem. 18 (1), 415e425.

Pescher, P., Blisnick, T., Bastin, P., Spath, G.F., 2011. Quantitative proteome profiling
informs on phenotypic traits that adapt Leishmania donovani for axenic and
intracellular proliferation. Cell Microbiol. 13 (7), 978e991.

Pigott, D.M., Bhatt, S., Golding, N., Duda, K.A., Battle, K.E., Brady, O.J., Messina, J.P.,
Balard, Y., Bastien, P., Pratlong, F., Brownstein, J.S., Freifeld, C.C., Mekaru, S.R.,
Gething, P.W., George, D.B., Myers, M.F., Reithinger, R., Hay, S.I., 2014. Global
distribution maps of the leishmaniases. Elife 3.

Prince, H.M., Bishton, M.J., Johnstone, R.W., 2009. Panobinostat (LBH589): a potent
pan-deacetylase inhibitor with promising activity against hematologic and
solid tumors. Future Oncol. 5 (5), 601e612.

Prince, H.M., Dickinson, M., 2012. Romidepsin for cutaneous T-cell lymphoma. Clin.
Cancer Res. 18 (13), 3509e3515.

Saul, A., Prescott, N., Smith, F., Cheng, Q., Walliker, D., 1997. Evidence of cross-
contamination among laboratory lines of Plasmodium berghei. Mol. Biochem.
Parasitol. 84 (1), 143e147.

Skinner-Adams, T.S., Andrews, K.T., Melville, L., McCarthy, J., Gardiner, D.L., 2007.
Synergistic interactions of the antiretroviral protease inhibitors saquinavir and
ritonavir with chloroquine and mefloquine against Plasmodium falciparum
in vitro. Antimicrob. Agents Chemother. 51 (2), 759e762.

Sumanadasa, S.D., Goodman, C.D., Lucke, A.J., Skinner-Adams, T., Sahama, I.,
Haque, A., Do, T.A., McFadden, G.I., Fairlie, D.P., Andrews, K.T., 2012. Antimalarial
activity of the anticancer histone deacetylase inhibitor SB939. Antimicrob.
Agents Chemother. 56 (7), 3849e3856.

Sundar, S., Chakravarty, J., 2015. An update on pharmacotherapy for leishmaniasis.
Expert Opin. Pharmacother. 16 (2), 237e252.

Takala-Harrison, S., Jacob, C.G., Arze, C., Cummings, M.P., Silva, J.C., Dondorp, A.M.,
Fukuda, M.M., Hien, T.T., Mayxay, M., Noedl, H., Nosten, F., Kyaw, M.P.,
Nhien, N.T., Imwong, M., Bethell, D., Se, Y., Lon, C., Tyner, S.D., Saunders, D.L.,
Ariey, F., Mercereau-Puijalon, O., Menard, D., Newton, P.N., Khanthavong, M.,
Hongvanthong, B., Starzengruber, P., Fuehrer, H.P., Swoboda, P., Khan, W.A.,
Phyo, A.P., Nyunt, M.M., Nyunt, M.H., Brown, T.S., Adams, M., Pepin, C.S.,
Bailey, J., Tan, J.C., Ferdig, M.T., Clark, T.G., Miotto, O., MacInnis, B.,
Kwiatkowski, D.P., White, N.J., Ringwald, P., Plowe, C.V., 2015. Independent
emergence of artemisinin resistance mutations among Plasmodium falciparum
in Southeast Asia. J. Infect. Dis. 211 (5), 670e679.

Thompson, C.A., 2014. Belinostat approved for use in treating rare lymphoma. Am. J.
Health Syst. Pharm. 71 (16), 1328.

Tonkin, C.J., Carret, C.K., Duraisingh, M.T., Voss, T.S., Ralph, S.A., Hommel, M.,
Duffy, M.F., Silva, L.M., Scherf, A., Ivens, A., Speed, T.P., Beeson, J.G., Cowman, A.F.,
2009. Sir2 paralogues cooperate to regulate virulence genes and antigenic
variation in Plasmodium falciparum. PLoS Biol. 7 (4), e84.

Trager, W., Jensen, J.B., 1976. Human malaria parasites in continuous culture. Sci-
ence 193 (4254), 673e675.

Trenholme, K., Marek, L., Duffy, S., Pradel, G., Fisher, G., Hansen, F.K., Skinner-
Adams, T.S., Butterworth, A., Julius Ngwa, C., Moecking, J., Goodman, C.D.,
McFadden, G.I., Sumanadasa, S.D., Fairlie, D.P., Avery, V.M., Kurz, T.,
Andrews, K.T., 2014. Lysine acetylation in sexual stage malaria parasites is a
target for antimalarial small molecules. Antimicrob. Agents Chemother. 58 (7),
3666e3678.

Vanderstraete, M., Gouignard, N., Cailliau, K., Morel, M., Lancelot, J., Bodart, J.F.,
Dissous, C., 2013. Dual targeting of insulin and venus kinase Receptors of
Schistosoma mansoni for novel anti-schistosome therapy. PLoS Negl. Trop. Dis. 7
(5), e2226.

Wheatley, N.C., Andrews, K.T., Tran, T.L., Lucke, A.J., Reid, R.C., Fairlie, D.P., 2010.
Antimalarial histone deacetylase inhibitors containing cinnamate or NSAID
components. Bioorg Med. Chem. Lett. 20 (23), 7080e7084.

World Health Organization, 2015. World Malaria Report.
World Health Organization, 2008. The Global Burden of Disease: 2004 Update.
Yeo, P., Xin, L., Goh, E., New, L.S., Zeng, P., Wu, X., Venkatesh, P., Kantharaj, E., 2007.

Development and validation of high-performance liquid chromatography-
tandem mass spectrometry assay for 6-(3-benzoyl-ureido)-hexanoic acid
hydroxyamide, a novel HDAC inhibitor, in mouse plasma for pharmacokinetic
studies. Biomed. Chromatogr. 21 (2), 184e189.

Zhang, J., Zhong, Q., 2014. Histone deacetylase inhibitors and cell death. Cell Mol.
Life Sci. 71 (20), 3885e3901.

M.J. Chua et al. / International Journal for Parasitology: Drugs and Drug Resistance 7 (2017) 42e5050

http://refhub.elsevier.com/S2211-3207(16)30111-7/sref45
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref46
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref46
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref46
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref46
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref47
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref47
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref47
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref48
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref48
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref48
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref48
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref49
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref49
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref49
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref49
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref49
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref50
https://www.pharma.us.novartis.com/product/pi/pdf/farydak.pdf
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref52
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref52
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref52
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref53
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref53
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref53
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref53
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref53
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref53
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref54
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref54
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref54
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref54
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref54
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref55
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref55
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref55
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref55
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref56
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref56
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref56
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref56
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref57
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref57
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref57
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref57
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref58
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref58
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref58
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref59
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref59
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref59
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref59
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref60
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref60
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref60
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref60
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref60
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref61
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref61
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref61
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref61
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref61
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref62
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref62
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref62
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref63
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref63
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref63
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref63
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref63
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref63
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref63
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref63
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref63
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref63
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref63
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref64
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref64
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref65
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref65
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref65
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref65
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref66
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref66
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref66
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref67
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref67
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref67
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref67
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref67
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref67
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref67
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref68
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref68
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref68
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref68
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref69
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref69
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref69
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref69
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref70
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref71
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref72
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref72
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref72
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref72
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref72
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref72
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref73
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref73
http://refhub.elsevier.com/S2211-3207(16)30111-7/sref73


Supplemental Table S1: HDAC amino acid sequence identity (%) for P. falciparum versus P. 

knowlesi  

 

 

 

 

 

 

 

 

 

 

  

 P. falciparum gene ID P. knowlesi gene ID % Identity 

HDAC1 PF3D7_0925700 PKH_072280 95 

HDAC2 PF3D7_1472200 PKH_123310 43 

HDAC3 PF3D7_1008000 PKH_080680 74 

Sir2A PF3D7_1328800 PKH_122390 85 

Sir2B PF3D7_1451400 PKH_125490 73 



 

 

Supplemental Figure S1: Western blot analysis of P. knowlesi A1H.1 protein extracts using 

anti-PfHDAC1 antibody. (A) Amino acid sequence alignment of the P. falciparum 3D7 (Pf 3D7) 

histone deacetylase 1 (PfHDAC1; PlasmoDB (Aurrecoechea et al., 2009) gene ID: 

PF3D7_0925700) with the HDAC homologue from P. knowlesi (Pk A1H.1; PlasmoDB gene ID: 

PKH_072280). Residues that are identical between the two species are shown by an asterix (*) 

(95.31% identity). A colon (:) indicates conserved residues and a period (.) indicate non-conserved 

residues. Residues are identified by the number to the right. Dashes indicate gaps in the alignment, 

as performed using Clustal Omega (Sievers et al., 2011). The peptide sequence (Joshi et al., 1999) 

used to generate rabbit polyclonal anti-PfHDAC1 antibody is outlined and amino acids that differ 

between P. falciparum and P. knowlesi are coloured in red. (B) Western blot analysis of P. knowlesi 

proteins lysate (1.2% parasitemia; 46% Rings, 32% Trophozoites and 22% Schizonts) prepared by 

saponin lysis. Samples (corresponding to 1.6×10
5
 and 8×10

5
 parasite equivalents per lane) were 

separated via 10% SDS-PAGE, transferred to PVDF membrane (Merck) and probed with anti-

PfHDAC1 antibody (1:5000 dilution) and goat-anti rabbit HRP secondary antibody (1:2000 

dilution, Invitrogen). Signal was detected using the VersaDoc imaging system (Bio-Rad). PageRuler 

prestained protein marker (ThermoScientific) was used to determine approximate molecular 

weights. 
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Pf3D7   MSNRKKVAYFHDPDIGSYYYGAGHPMKPQRIRMTHSLIVSYNLYKYMEVYRPHKSDVNEL  60 

PkA1H.1 MSNRKKVAYFHDPDVGSYYYGAGHPMKPQRIRMTHSLIVSYNLYKYMEVYRPHKSDVNEL  60 

        **************:********************************************* 

Pf3D7   TLFHDYEYIDFLSSISLENYREFTYQLKRFNVGEATDCPVFDGLFQFQQSCAGASIDGAS  120 

PkA1H.1 TLFHDYEYVDFLSSISMENYRDFTCQLKRFNVGEATDCPVFDGLFQFQQSCAGASIDGAS  120 

        ********:*******:****:** *********************************** 

Pf3D7   KLNHHCADICVNWSGGLHHAKMSEASGFCYINDIVLGILELLKYHARVMYIDIDVHHGDG  180 

PkA1H.1 KLNHHCADICVNWSGGLHHAKMSEASGFCYINDIVLGILELLKYHARVMYIDIDVHHGDG  180 

        ************************************************************ 

Pf3D7   VEEAFYVTHRVMTVSFHKFGDYFPGTGDITDVGVNHGKYYSVNVPLNDGMTDDAFVDLFK  240 

PkA1H.1 VEEAFYVTHRVMTVSFHKFGDYFPGTGDITDIGVHHGKYYSVNVPLNDGITDDAFVDLFK  240 

        *******************************:**.**************:********** 

Pf3D7   VVIDKCVQTYRPGAIIIQCGADSLTGDRLGRFNLTIKGHARCVEHVRSYNIPLLVLGGGG  300 

PkA1H.1 AVIDKCVQTYRPGAIILQCGADSLTGDRLGRFNLTIKGHARCVEHVRSYNIPLLVLGGGG  300 

        .***************:******************************************* 

Pf3D7   YTIRNVSRCWAYETGVVLNKHHEMPDQISLNDYYDYYAPDFQLHLQPSNIPNYNSPEHLS  360 

PkA1H.1 YTIRNVSRCWAYETGVVLNKHHEMPDQISLNDYYDYYAPDFQLHLQPSSIPNYNSPEHLS  360 

        ************************************************.*********** 

Pf3D7   RIKMKIAENLRHIEHAPGVQFSYVPPDFFNSDIDDESDKNQYELKDDSGGGRAPGTRAKE  420 

PkA1H.1 RIKIKIAENLRNIEHAPGVQFAYVPPDFFDSEIDDECDKNQYELKDDSGGGRAPGTRSKE  420 

        ***:*******.*********:*******:*:****.********************:** 

Pf3D7   HSTTHHLRRKNYDDDFFDLSDRDQSIVPY 449 

PkA1H.1 HSTTHHLRRKNYEDDFFDLSDRDQNIVL- 448 

        ************:***********.**   
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Supplemental Figure S2. Ramachandran plot of Plasmodium knowlesi HDAC1 homology 

model. 
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Appendix 3: Primary screens of AR-42 analogues against Pf3D7 and PfDd2 

Cpds 
% inhibition 

Pf3D7 PfDd2 

BR7546-4a 51.41 (±12.86) 66.06 (±8.46) 

BR7546-4b 94.70 (±1.23) 99.47 (±2.26) 

BR7546-5a 95.56 (±1.30) 99.38 (±1.96) 

BR7546-5b 97.12 (±2.05) 99.96 (±2.06) 

BR7546-6a 89.57 (±3.16) 95.59 (±4.27) 

BR7546-6b 95.76 (±2.31) 98.88 (±2.31) 

BR7546-6c 17.80 (±12.99) 56.64 (±16.97) 

BR7546-7 9.01 (±9.18) 34.31 (±21.40) 

BR7546-08 53.71 (±12.49) 88.71 (±21.40) 

BR7546-09 88.30 (±4.28) 88.14 (±11.37) 

BR7546-10 2.46 (±3.82) 3.04 (±4.71) 

BR7546-11 94.42 (±8.46) 98.62 (±5.24) 

BR7546-14a 86.04 (±3.10) 89.62 (±6.72) 

BR7546-14b 86.03 (±3.01) 94.54 (±1.36) 

BR7546-15 93.70 (±0.26) 98.33 (±6.75) 

DD7647.81 85.37 (±5.88) 68.69 (±2.80) 

DD7647.82 27.08 (±5.78) 53.11 (±6.64) 

DD7647.83 97.09 (±1.27) 99.55 (±0.90) 

CQ 97.66 (±1.44) 98.69 (±0.77) 

SAHA 98.23 (±0.71) 99.21 (±1.37) 
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Appendix 4: Representative images of P. falciparum infected erythrocytes following 2 h exposure to controls and BDPi. Panel (A) to 

(L) are representative images of Quick Dip-stained blood films for each treatment. (A) and (B) C-2; vehicle control (0.1% DMSO; C-2); 

(C) 5x IC50 CQ; (D) 2x IC50 SAHA; (E) 0.1x IC50 SGC-CBP30; (F) 0.5x IC50 SGC-CBP30; (G) 1x IC50 SGC-CBP30; (H) 2x IC50 SGC-

CBP30; (I) 2x IC50 SAHA+ 0.1x IC50 SGC-CBP30; (J) 2x IC50 SAHA+ 0.5x IC50 SGC-CBP30; (K) 2x IC50 SAHA+ 1x IC50 SGC-CBP30; 

(L) 2x IC50 SAHA+ 2x IC50 SGC-CBP30. Smears were taken after 2 h incubation with different treatments prior to protein lysate 

preparation. No apparent changes in morphology as determined via light microscope. 
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Appendix 5: Publication for Chapter 5: Activity of bromodomain protein 

inhibitors/binders against asexual-stage Plasmodium falciparum parasites  

 



Accepted Manuscript

Activity of bromodomain protein inhibitors/binders against asexual-stage Plasmodium
falciparum parasites

Ming Jang Chua, Dina Robaa, Tina S. Skinner-Adams, Wolfgang Sippl, Katherine T.
Andrews

PII: S2211-3207(18)30009-5

DOI: 10.1016/j.ijpddr.2018.03.001

Reference: IJPDDR 229

To appear in: International Journal for Parasitology: Drugs and Drug
Resistance

Received Date: 16 January 2018

Revised Date: 6 March 2018

Accepted Date: 8 March 2018

Please cite this article as: Chua, M.J., Robaa, D., Skinner-Adams, T.S., Sippl, W., Andrews, K.T.,
Activity of bromodomain protein inhibitors/binders against asexual-stage Plasmodium falciparum
parasites, International Journal for Parasitology: Drugs and Drug Resistance (2018), doi: 10.1016/
j.ijpddr.2018.03.001.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Activity of bromodomain protein inhibitors/binders against asexual-stage Plasmodium 1 

falciparum parasites 2 

 3 

Ming Jang Chua1, Dina Robaa2, Tina S. Skinner-Adams1, Wolfgang Sippl2* and Katherine T 4 

Andrews1*#  
5 

 6 

1Griffith Institute for Drug Discovery, Griffith University, Queensland, Australia                                7 

2
 Institute of Pharmacy, Martin-Luther-University Halle-Wittenberg, Halle, Germany 8 

 9 

*These authors contributed equally to this work.   10 

 11 

# Corresponding author: 12 

Professor KT Andrews 13 

Griffith Institute for Drug Discovery 14 

Don Young Road, Building N.75 15 

Griffith University, Nathan 16 

Queensland, Australia 4111 17 

Ph ++61(0)7 3735 4420 18 

Fax ++61(0)7 3735 6001 19 

k.andrews@griffith.edu.au 20 

 21 

   22 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

ABSTRACT 23 

Bromodomain-containing proteins (BDPs) are involved in the regulation of eukaryotic gene 24 

expression. Compounds that bind and/or inhibit BDPs are of interest as tools to better 25 

understand epigenetic regulation, and as possible drug leads for different diseases, including 26 

malaria. In this study, we assessed the activity of 42 compounds demonstrated or predicted 27 

(using virtual screening of a pharmacophore model) to bind/inhibit eukaryotic BDPs for 28 

activity against Plasmodium falciparum malaria parasites. In silico docking studies indicated 29 

that all compounds are predicted to participate in a typical hydrogen bond interaction with the 30 

conserved asparagine (Asn1436) of the P. falciparum histone acetyltransferase (PfGCN5) 31 

bromodomain and a conserved water molecule. Only one compound (the dimethylisoxazole 32 

SGC-CBP30; a selective inhibitor of CREBBP (CBP) and EP300 bromodomains) is also 33 

predicted to have a salt-bridge between the morpholine nitrogen and Glu1389. When tested 34 

for in vitro activity against asynchronous asexual stage P. falciparum Dd2 parasites, all 35 

compounds displayed 50% growth inhibitory concentrations (IC50) >10 µM. Further testing 36 

of the three most potent compounds using synchronous parasites for 72 h showed that SGC-37 

CBP30 was the most active (IC50 3.2 µM). In vitro cytotoxicity assays showed that SGC-38 

CBP30 has ~7-fold better selectivity for the parasites versus a human cell line (HEK 293). 39 

Together these data provide a possible starting point for future investigation of these, or 40 

related compounds, as tools to understand epigenetic regulation or as potential new drug 41 

leads.          42 

 43 

Keywords: Plasmodium falciparum, anti-plasmodial activity, bromodomain protein inhibitor 44 
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1. Introduction 46 

Bromodomains are conserved acetyl-lysine-specific protein-interaction modules (1). 47 

Bromodomain-containing proteins (BDPs) have been shown to play important roles in 48 

regulating eukaryotic gene expression and mutations or changes in the expression of BDPs 49 

has been linked to human diseases, including cancer, inflammation, neurological disorders, 50 

cardiovascular disease and diabetes (2, 3). As a result of these links, BDP inhibitors are under 51 

investigation as drug leads, with the hope that interfering with lysine acetylation mediated 52 

signalling may be therapeutic (4). 53 

 54 

Similar to higher eukaryotes, the epigenetic regulation of gene expression is important in 55 

human protozoan pathogens. For example, parasites such as Toxoplasma, Trypanosoma and 56 

Plasmodium that cause toxoplasmosis, typanosomiasis and malaria, respectively, rely on 57 

epigenetic modifications to regulate gene expression (5). BDPs have also been identified in 58 

all of these parasites, and have been hypothesized to be potential drug targets (reviewed in 59 

(5)). Seven BDP encoding genes have been annotated in Plasmodium falciparum (5), with 60 

two partially characterised to date. P. falciparum histone acetyltransferase GCN5 (PfGCN5; 61 

PF3D7_0823300) has been shown to have lysine acetyltransferase (KAT) activity (6, 7) and 62 

P. falciparum bromodomain protein 1 (PfBDP1; PF3D7_1033700) has been shown to be 63 

involved in the regulation of invasion-related genes in asexual stage parasites (8). Both of 64 

these BDPs appear to be essential for parasite growth (8, 9). While the crystal structure of 65 

PfGCN5 bromodomain in complex with a triazolophthalazine-based small molecule inhibitor 66 

(L-45/L-Moses) has been reported (10), there is a gap in our knowledge with respect to 67 

studies investigating the growth inhibitory effect of BDP binders/inhibitors against malaria 68 

parasites (reviewed in (5)). In this study, a panel of 42 potential BDP binders/inhibitors, 69 

including 38 identified by an in silico pharmacophore screen, were examined for predicted 70 
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binding to P. falciparum BDP/bromodomains and for in vitro growth inhibitory activity 71 

against asexual-stage P. falciparum infected erythrocytes. The three most potent anti-72 

plasmodial compounds were assessed in an additional P. falciparum growth inhibition assay, 73 

and for cytotoxicity against a mammalian cell line.    74 

 75 

2. Methods 76 

2.1 Compounds 77 

The anti-plasmodial control drug chloroquine diphosphate salt (Sigma-Aldrich, USA) was 78 

prepared as a 10-20 mM stock in phosphate buffered saline (PBS). The BDP 79 

binders/inhibitors bromosporine, CPI-203, PFI-4 and SGC-CBP30 (all from Selleck 80 

Chemicals, USA) were prepared as 10-20 mM stocks in DMSO. A further 38 compounds 81 

(Table 1) were obtained from the Princeton Biomolecular Research, Inc. (Princeton, NJ, 82 

USA) compound library, and prepared as 10-20 mM stocks in DMSO. These 38 compounds 83 

were selected based on virtual screening of a pharmacophore model of the bromodomain of 84 

PF3D7_0110500 (PDB ID 4PY6), selected as it was the only P. falciparum 85 

bromodomain/BDP in the Protein Databank (11) crystallized in complex with an inhibitor 86 

(the PLK1 kinase/BRD4 dual inhibitor BI-2536) (12). Based on the crystal structure of 87 

PF3D7_0110500 (PDB ID 4PY6) in complex with BI-2536, a pharmacophore model was 88 

generated using the program LigandScout 3.1 (13). Residues of the protein binding pocket 89 

were assigned as excluded volume features. The model was manually curated: the 90 

hydrophobic feature generated for the ethyl moiety of the inhibitor was removed and a 91 

hydrophobic feature was added for the methyl-group of the dihydropteridine core. The 92 

pharmacophore model was screened against the Princeton Biomolecular Research, Inc., 93 

compound collection (multiconformational format) using the iscreen module implemented in 94 

LigandScout 3.1, using default settings.  95 
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 97 

2.2 Docking studies 98 

Pharmacophore hits identified by virtual screening were prepared for docking using the 99 

LigPrep tool as implemented in Schrödinger’s software (14), where all possible tautomeric 100 

forms as well as stereoisomers were generated and energy minimized using the OPLS force 101 

field. The PfGCN5-bromodomain (PDB ID 4QNS) and PfBDP1 (PDB ID 3FKM) crystal 102 

structures were retrieved from the PDB. The protein structures were superposed and 103 

subsequently prepared with Schrödinger's Protein Preparation Wizard: Hydrogen atoms were 104 

added and the hydrogen bond network was subsequently optimized. The protonation states at 105 

pH 7.0 were predicted using the PROPKA tool within the Schrödinger program. The 106 

structures were finally subjected to a restrained energy minimization step using the 107 

OPLS2005 force field (RMSD of the atom displacement for terminating the minimization 0.3 108 

Å). The four conserved water molecules lining the bottom of the binding cavity were 109 

retained. Receptor grid preparation for the docking procedure was carried out by assigning 110 

the conserved asparagine residue as the centroid of the grid box. The ligands were docked 111 

into the prepared protein structures using GLIDE (Schrödinger Inc, New York, USA) in the 112 

Standard Precision mode. 113 

 114 

2.3 P. falciparum in vitro culture and growth inhibition assays 115 

P. falciparum multi-drug resistant Dd2 parasites were cultured in O positive human 116 

erythrocytes in RPMI 1640 media (Gibco, USA) supplemented with 10% heat-inactivated 117 

pooled human sera and 5 µg/mL gentamicin. Cells were cultured at 37oC in 5% O2 and 5% 118 

CO2 in N2, essentially as previously described (15). Growth inhibitory activity of compounds 119 

was tested in vitro against asexual intraerythrocytic stage parasites over 48 h starting with 120 
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asynchronous parasites or over 72 h starting with ring-stage parasites, using [3H]-121 

hypoxanthine-uptake growth inhibition assays, as previously described (16). At least three 122 

independent assays, each in triplicate wells, were carried out and 50% inhibitory 123 

concentrations (IC50’s), determined by log-linear interpolation (17). Data are presented as 124 

mean IC50 (±SD). The antimalarial drug chloroquine served as a positive control.  125 

 126 

2.5 Cytotoxicity assays 127 

Cytotoxicity assays were carried out using human embryonic kidney cells (HEK 293), as 128 

previously described (18). All assays were carried out in triplicate wells on three separate 129 

occasions. Data are presented as mean IC50 (±SD), with IC50’s calculated determined by log-130 

linear interpolation (17).  131 

 132 

3.  Results and Discussion 133 

To investigate the anti-plasmodial activity of potential BDP binders/inhibitors (hereafter 134 

termed BDPi), a panel of 42 compounds (Table 1) was tested. Compounds included four 135 

known BDPi (bromosporine, CPI-203, PFI-4 and SGC-CBP30; Table 1) with different 136 

mammalian BDP specificities. Bromosporine (19) is a pan-BDP inhibitor, while CPI-203 137 

(20), PFI-4 (21) and SGC-CBP30 (22) each have specificity for different mammalian BDPs. 138 

A further 38 compounds were selected by virtual screening of the Princeton Biomolecular 139 

Research Inc. compound library. These compounds were selected based on in silico screening 140 

of a pharmacophore-model (Supplementary Figure S1) obtained using the crystal structure 141 

of PF3D7_0110500 (PDB ID 4PY6) which, at commencement of this study, was the only 142 

available structure of a P. falciparum bromodomain crystallized in complex with an inhibitor 143 

(the PLK1 kinase/BRD4 dual inhibitor BI-2536) (12). The 38 compounds identified as 144 

potential inhibitors/binders by this virtual screen (Table 1) span different chemotypes, 145 
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including some known BDPi scaffolds such as benzimidazolone (21, 23) and 146 

triazolophthalazine (24).  147 

Docking studies were carried out on all 42 compounds with the available crystal structures of 148 

bromodomains of PfGCN5 (PDB ID 4QNS) and PfBDP1 (PDB ID 3FKM). Each compound 149 

is predicted to participate in a typical hydrogen bond interaction with the conserved 150 

asparagine of PfGCN5 (Asn1436) and a conserved water molecule (Supplementary Figure 151 

S2; SGC-CBP30, OSSL_258906, OSSL_158302 and OSSK_842646 shown). Additionally, 152 

SGC-CBP30 is predicted to have a salt-bridge between the morpholine nitrogen and Glu1389 153 

(Supplemental Figure S2b). This salt-bridge is also observed in the previously published 154 

crystal structure of the bromodomain of PfGCN5 in complex with triazolophthalazine (10) 155 

(Supplemental Figure S2a). The salt-bridge interaction was not observed for any of the 156 

other compounds assessed for anti-plasmodial activity in this study. Docking in the available 157 

crystal structure of PfBDP1 (PDB ID 3FKM) was, however, more problematic, since the 158 

crystal structure is in apo form, and part of the ZA loop (residues 362-366) is missing. This 159 

ZA loop is a highly flexible loop which is known to constitute an important part of the 160 

inhibitor-binding pocket of bromodomains (20, 25). Docking studies revealed that the 161 

compounds can form hydrogen bond interactions with the conserved Asn413 of PfBDP1, and 162 

SGC-CBP30 can also profit from an additional salt bridge with Asp361 (Supplemental 163 

Figure S2f). While these docking studies provide interesting preliminary predictions 164 

regarding interactions with P. falciparum BDP(s), future studies are needed to experimentally 165 

determine if these specific compounds bind/inhibit P. falciparum BDP(s) and, if so, with 166 

what specificity. Since the selective CPB/EP300 inhibitor SGC-CBP30 showed the highest 167 

antiplasmodial activity among the tested compounds, a BLAST search (26) was conducted in 168 

order to find the closest homologues of CBP and EP300 bromodomains in P. falciparum 169 
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(Supplemental Figure S3). This revealed that PfBDP1 shares the highest homology with 170 

CPB and EP300. 171 

 172 

In vitro 48 h activity assays with asynchronous asexual intraerythrocytic stage P. falciparum 173 

line Dd2 parasites demonstrated that all 42 BDPi lack potent anti-Plasmodium activity (IC50 174 

≥10 µM; Table 1). The three most potent compounds were the CPB/EP300 bromodomain 175 

inhibitor SGC-CBP30 (IC50 10.03 (±0.32)), the diethylbenzimidazolone OSSK_842646 (IC50 176 

11.28 (±2.00)) and the triazolophthalazine OSSL_258906 (IC50 11.80 (±3.06)). The activity 177 

of these compounds was confirmed in a 72 h assay starting with synchronous ring-stage 178 

parasites. The activity of OSSK_842646, OSSL_258906 and the control drug chloroquine 179 

was not significantly different between 48 h and 72 h assays (P>0.05; Table 2). While the 180 

dimethylisoxazole SGC-CBP30 showed greater activity in the 72 versus 48 h assay (Table 2; 181 

p=0.006), potency was still low (µM range). Although cytotoxicity studies with SGC-CBP30 182 

suggest low selectivity for the parasite versus HEK 293 cells (Table 2; ~7-fold), an IC50 183 

value for OSSK_842646, OSSL_258906 against HEK 293 cells was not achieved (IC50 >50 184 

µM) so selectivity indices could not be accurately determined (Table 2; >4-fold).  185 

 186 

The current study describes the anti-plasmodial activity of a panel of compounds known or 187 

predicted to bind/inhibit mammalian BDP(s). While data suggest that these compounds have 188 

low potency against the P. falciparum parasites, they provide a possible starting point for the 189 

investigation of rationally designed analogues with improved activity against malaria 190 

parasites. In addition, as LC-MS data show that BDPs’ are also expressed in sexual stages of 191 

Plasmodium parasite development (27), investigating the activity of these compounds against 192 

different Plasmodium life cycle stages may be warranted. Further studies on the potential 193 
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specificity of these compounds for P. falciparum BDPs may also validate these inhibitors as 194 

chemical tools to study Plasmodium epigenetic regulatory processes.   195 

 196 

Acknowledgements 197 

We thank the Australian Red Cross Blood Service for the provision of human blood and sera. 198 

We thank the Australian National Health and Medical Research Council (APP1074016 to 199 

KTA) for research support and Griffith University for scholarship support (GUIPRS and 200 

GUPRS to MJC). This project was carried out in part under the A-PARADDISE program 201 

funded under the European Union's Seventh Framework Programme (to KTA and WS). 202 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Table 1: In vitro activity of BDP inhibitors against asexual stage P. falciparum Dd2 parasites 203 

Compound  Structure cLog P 
      IC50 PfDd2   

(µM) 
Compound  Structure cLog P 

IC50 PfDd2 

(µM)  

Chloroquine 

 

4.63 0.11 (±0.04) OSSL_258894 b 

 

2.29 33.87 (±4.52) 

Bromosporinea 

 

1.67 26.33 (±7.13) OSSL_258896 b 

 

3.16 33.98 (±21.38) 

CPI-203a 

 

3.28 81.43 (±13.68) OSSL_258897 b 

 

3.37 35.00 (±0.00) 

PFI-4a 

 

2.35 26.43 (±3.82) OSSL_258891 b 

 

2.99 40.78 (±28.87) 
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SGC-CBP30a 

 

5.09 10.03 (±0.32) OSSL_258895 b 

 

2.75 47.43 (±8.06) 

OSSK_842646 b 

 

4.83 11.28 (±2.00) OSSL_258907 b 

 

2.43 71.77 (±20.41) 

OSSK_764253 b 

 

3.07 32.45 (±15.98) OSSL_258903 b 

 

4.77 >100 

OSSK_764205 b 

 

3.65 20.23 (±1.60) OSSL_258893 b 

 

3.32 >100 

OSSK_995759 b 

 

2.77 43.24(±12.43) OSSL_158302 b 

 

4.78 14.70 (±0.00) 
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OSSL_308235 b 

 

1.73 53.83 (±17.10) OSSK_711135 b 

 

3.20 >100 

OSSK_764265 b 
 

1.64 57.30 (±19.34) OSSK_711274 b 

 

4.63 36.93 (±20.19) 

OSSK_764219 b 
 

1.35 72.40 (±3.35) OSSK_711212 b 

 

2.35 87.35 (±1.67) 

OSSK_764195 b 

 

2.79 72.88 (±8.79) OSSK_711203b 

 

4.33 >100 

OSSK_764277 b 

 

1.86 81.25 (±12.64) OSSL_094251 b 

 

4.59 23.25(±6.15) 

OSSK_842567 b 

 

4.21 >100 OSSK_442833 b 

 

3.46 48.06(±6.79) 

N

O

NHN

N

NN
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OSSK_711132 b 

 

2.29 >100 OSSL_094246 b 

 

2.90 >100 

OSSK_447894 b 

 

1.91 >100 OSSK_287503 b 

O

N

N
O N O

N

O

 

3.12 >100 

OSSL_326023 b 
 

2.79 >100 OSSK_695521 b 

 

3.61 59.60 (±26.44) 

OSSL_258906 b 

 

3.54 11.80 (±3.06) OSSL_094264 b 

 

1.57 >100 

OSSL_258905 b 

 

5.24 28.82(±4.58) OSSK_446201 b 

 

3.91 97.20 (±0.00) 

S

O

O
O

O

N
H

O

N

S

S

N
O

N
H

O

N
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OSSL_258904 b 

 

2.90 26.03 (±2.24) OSSK_310407 b 

 

4.40 >100 

OSSL_258898 b 

 

3.56 28.17 (±4.79)  

 

  

a purchased from Selleck Chemicals; bpurchased from Princeton Biomolecular Research Inc.204 
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Table 2 Comparative anti-plasmodial activity of selected compounds in 48 h versus 72 h 205 

growth inhibition assays and cytotoxicity activity against HEK 293 cells.  206 

Compounds 
PfDd2 IC50 (µM) 

p value 
HEK 293 IC50                          

(µM) 
SIa 

48 h 72 h 

SGC-CBP30 10.03 (±0.32) 3.16 (±1.94) 0.006 22.09 (±2.00) 2-7 

OSSK_842646 11.28 (±2.00) 6.35 (±2.45) 0.073 >50 >4 

OSSL_258906 11.80 (±3.06) 5.96 (±1.19) 0.051 >50 >4 

CQ 0.11 (±0.04) 0.05 (±0.02) 0.052 18.58 (±1.95) 169-372 

a SI – Selectivity index (mammalian cell IC50 /PfDd2 IC50) 207 

 208 

  209 
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Highlights 1 

• 42 demonstrated or predicted BDP binders/inhibitors investigated 2 

• In silico docking predicts all have hydrogen bond interaction with conserved Asn1436 of 3 

PfGCN5 bromodomain 4 

• Pan-bromodomain inhibitor SGC-CBP30 also has predicted salt-bridge between morpholine 5 

nitrogen and Glu1389 6 

• SGC-CBP30 has most potent in vitro activity against asexual-stage P. falciparum (IC50 3.2 7 

µM) 8 

• SGC-CBP30 has ~7-fold better selectivity for P. falciparum versus HEK 293 cell 9 
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Figure S1: Structure-based pharmacophore model generated using LigandScout. Blue rings indicate 

an aromatic feature (Aro), yellow spheres a hydrophobic feature (HYD), and two red spheres and 

arrows denote a H-bond acceptor feature (HBA, vector type). The resolved part of the inhibitor BI-

2536 (PDB ID 4PY6) is shown as green sticks, the binding pocket residues as white sticks, and 

water molecules as red spheres. 
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c) d) 

 
e)            f) 

 
Figure S2. a-e) Bromodomain of PfGCN5 (orange colored ribbon) in complex with inhibitors; a) 

crystal structure of the bromodomain of PfGCN5 in complex with the triazolophthalazine L-Moses 

(colored cyan); b) docking pose of SGC-CBP30 (colored green); c) docking pose of the 

triazolophthalazine OSSL_258906 (colored green); d) docking pose of the triazolophthalazine 

OSSL_158302 (colored green); e) docking pose of the diethylbenzimidazolone OSSK_842646 

(colored green); f) Docking pose of SGC-CBP30 in PfBDP1 (magenta colored ribbon). Only 

interacting amino acid residues of the bromodomain as well as the four conserved water molecules 

(red spheres) are displayed for clarity. Hydrogen bond and salt-bridge interactions between inhibitor 

and protein/water are shown as dashed green lines. 



 
Figure S3. Phylogenetic tree of CBP and EP300 homologues in Plasmodium falciparum generated 

after a BLAST search.   



Table S1. Glide-SP docking scores of all tested compounds in PfGCN5 and PfBDP1 crystal 

structures. 

Compound name 
Glide docking 

score PfGCN5 

Glide docking 

score PfBBP1 

romosporine - 6.45 - 4.61 

CPI-203 - 4.04 - 4.45 

PFI-4 - 7.27 - 4.64 

SGC CBP30 - 6.23 - 3.65 

OSSK 842646 -7.75 - 4.19 

OSSK 764253 (S-) - 7.74 - 4.83 

OSSK 764253 (R-) - 7.45 - 4.85 

OSSK 764205 - 7.59 - 5.28 

OSSK 995759 (S-) - 7.81 - 4.85 

OSSK 995759 (R-) - 7.58 - 5.34 

OSSL 308235 - 6.76 - 5.97 

OSSK 764265 - 8.14 - 4.88 

OSSK 764219 - 8.04 - 5.10 

OSSK 764195 (S-) - 7.85 - 4.68 

OSSK 764195 (R-) - 7.98 - 4.88 

OSSK 764277 (S-) - 7.80 - 4.76 

OSSK 764277 (R-) - 7.83 -  4.84 

OSSK 842567 - 7.03 - 4.28 

OSSK 711132 - 7.62 - 5.33 

OSSK 447894 - 7.01 - 4.78 

OSSL 326023 (R-) - 6.31 - 4.78 

OSSL 326023 (S-) - 6.18 - 4.71 

OSSL 258906 - 6.99 - 5.13 

OSSL 258905 (S-) - 6.88 - 4.64 

OSSL 258905 (R-) - 6.89 - 5.11 

OSSL 258904 - 6.95 - 4.48 

OSSL 258898 (R-) - 7.08 - 

OSSL 258898 (S-) - 7.09 - 4.46 

OSSL 258894 - 7.42 - 5.37 

OSSL 258896 - 7.19 - 5.66 

OSSL 258897 (R-) - 7.31 - 5.60 

OSSL 258897 (S-) - 7.18 - 5.59 

OSSL 258891 - 7.53 - 4.91 

OSSL 258895 (S-) - 7.27 - 5.20 

OSSL 258895 (R-) - 7.53 - 5.39 

OSSL 258907 - 7.60 -5.33 

OSSL 258903 - 7.08 - 5.18 

OSSL 258893 - 6.37 - 4.06 

OSSL 158302 - 7.34 - 4.31 

OSSK 711135 - 7.68 - 4.75 

OSSK_711274 - 6.46 - 4.61 

OSSK 711212 - 7.71 - 5.04 

OSSK 711203 - 7.73 - 5.33 

OSSL 094251 - 5.62 - 4.27 

OSSK 442833 - 4.61 - 4.56 

OSSL 094246 - 5.55 - 4.27 

OSSK 287503 - 5.93 - 4.02 

OSSK 695521 - 6.41 - 4.07 

OSSL 094264 - 6.59 - 5.43 

OSSK 446201 - 6.24 - 4.32 

OSSK 310407 - 6.13 - 4.44 
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a b s t r a c t

Malaria is one of the most significant tropical diseases and remains a major challenge due to the lack of a
broadly effective vaccine and parasite resistance to current drugs. This means there is a need for new
drug candidates with novel modes of action. Aromatic bisamidines, such as furamidine (DB75), were
initially developed as anti-Trypanosoma agents however as clinical trials with furamidine highlighted
potential side effects they were not pursued further in that setting. Despite apparent cytotoxicity lia-
bilities the potency of furamidine against Plasmodium falciparum makes it a promising scaffold for the
development of new anti-Plasmodium agents with improved selectivity. In this study a bisamidine
compound series based on furamidine was synthesized by introducing modifications at the furan core
structure and terminal amidine groups. The activity of the derived compounds was tested in vitro against
drug sensitive and resistant P. falciparum lines and a human cell line (HEK293 cells) to generate anti-
Plasmodium structure-activity relationships and to provide preliminary selectivity data.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Malaria is an infectious hematologic disease that is caused by
different Plasmodium species. Infectionwith Plasmodium falciparum
can lead to severe symptoms, with >200 million clinical cases and
~450,000 malaria-related deaths occurring annually [1]. Clinical
manifestations of malaria are induced by the asexual stages of the
parasite that develop inside red blood cells [2] and it is this lifecycle
stage that is the primary target of most treatment drugs. Over the
past two decades, there has been significant reduction in the
number of malaria cases and, since 2000, malaria-related deaths
have halved [1,3]. Despite these gains, the emergence of drug
resistant P. falciparum parasites and reduced clinical efficacy of
current drugs, including the gold standard artemisinin combination
therapies (ACTs) is a major obstacle and is fueling the discovery of
new alternatives [4].

To address the need for new treatment options for malaria, new
chemical entities with different modes of action to currently used
antimalarial agents are needed. Among bis-tertiary amines, bis-
quaternary ammonium salts and bis-2-aminopyridinium salts
also aliphatic guanidines and aliphatic amidines were subjects of
investigation to antimalarial activity [5]. Bisamidines are well
known for their wide range of biological activities including anti-
microbial, anti-inflammatory and anticancer effects [6]. The
dibenzenecarboximidamide derivative, pentamidine, is used clini-
cally for the treatment of leishmaniasis, trypanosomiasis and
pneumocystis pneumonia [7]. Pentamidine is thought to act
through blocking replication of parasite kinetoplast DNA in Leish-
mania parasites [8]. Due to a lack of alternatives, pentamidine is still
used despite its potential life-threatening side effects. Investigation
of pentamidine alternatives resulted in the discovery of the furan
derivative furamidine (also known as DB75; Fig. 1). Furamidine is a
fluorescent structural analogue of pentamidine with activity
against trypanosoma sp, Pneumocystis carinii, Cryptosporidium par-
vum [9e12], and in vitro cultured asexual intraerythrocytic stage
P. falciparum K1 parasites (IC50 15.5 nM) [13], but with low oral
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bioavailability (cmax ¼ 0.008 mmol/L, t1/2 ¼ 107 h, F ¼ 0.2% after p.o.
administration to mice) [14]. While the mode of action of fur-
amidine is not fully understood, this compound has been localized
to the nucleus and mitochondria of tumor cells [15,16] and to the
nucleus in P. falciparum [17]. Furamidine has also been shown to
bind to theminor groove of DNA at 50-AATT-3' [18,19]. Different 2,5-
bis(4-guanylphenyl)furans, substituted on position 3 and/or 4 of
the furane ring including the 3,4-dimethylfuran derivative have
been synthesized and tested in mice [20]. Several compounds
showed good activity against Trypanosoma rhodesiense but were
not able to cure mice infected with P. berghei [20,21]. Pafuramidine
(also known as DB289), developed by Boykin et al. [22], is an orally
active O-methylamidoxime prodrug of furamidine and has
enhanced bioavailability [23,24]. Pharmacokinetics, absorption,
distribution, biotransformation, excretion and conversion of
pafuramidine to furamidine has been investigated in rat and cyn-
omolgus monkey, showing that oral doses were well absorbed and
effectively converted (cmax (male) ¼ 26.1 ng/mL, t1/2 (male) ¼ 0.9 h,
F (male)¼ 11% after p.o. administration of 14C-pafuramidine to rats)
[25]. In a recent human African trypanosomiasis (HAT) trial
comparing efficacy versus standard treatment with pentamidine,
pafuramidine was well tolerated [26]. In a clinical trial in Thailand
in P. vivax and P. falciparum malaria patients, monotherapy with
pafuramidine (100 mg, twice daily for 5 days) led to a cure rate of
>95% [27]. However, nephron- and hepatotoxicity observed in a
Phase 3 trial for first stage HAT [28] have compromised further use
of this compound. Related analogues of furamidine, including
amidines in which the guanyl function was incorporated into a
heterocycle, have been already described but showed no increased
antimalarial activity when tested against P. berghei in mice [20,21].
The “masked” amidines also generally exhibited lower anti-
trypanosomal activity than their guanyl counterparts [20]. While
some symmetrical and non-symmetrical amidines have been syn-
thesized and have been shown to have potent in vitro antiparasitic

activity (e.g. P. falciparum K1 IC50 10e140 nM) [29,30], the selec-
tivity of these compounds for parasites versus normal human cells
was not reported [31]. Here we describe the synthesis and biolog-
ical characterization of a set of novel aromatic bisamidines based on
furamidine and dimethylfuramidine to determine their potential as
antimalarial agents. This work includes the synthesis of novel N-
substituted dimethylfuramidine derivatives, 3,4-
bisalkoxymethylenfuramidines, N-substituted 3-
acetamidefuramidines, 3-chlorofuramidine derivatives, as well as
a set of urea and guanidine based bisamidines. The growth inhib-
itory effects of the compounds were tested against the chloroquine
sensitive P. falciparum 3D7 line [32] and the multi-drug resistant
Dd2 line [33]. To assess the general toxicity of the compounds, a
cytotoxicity assay on human epithelial kidney cell line HEK293 was
performed and data were compared to that obtained for
P. falciparum.

2. Chemistry

2.1. Synthesis of 3,4-bisalkoxymethylenfuramidines

The strategy for the synthesis of 3,4-
bisalkoxymethylenfuramidines was developed based on a modi-
fied procedure of Stephen et al. [34]. As first step, a Friedel-Crafts-
acylation reaction of bromobenzene using fumarylchloride was
performed [35]. Reduction of compound 1 [36] yielded the satu-
rated 1,4-diketon 2 [37] which was converted to the desired com-
pound 3 [36] by cyclic dehydration using phosphoric acid.
Modification of position 3 and 4 of the furan core structure was
realized by introducing two bromomethylene groups (4) [20] fol-
lowed by treatment with sodium alcoholate in THF yielding com-
pounds 5a-d. Finally, a two-step procedure was used to convert the
aryl bromides into the final amidine functions. The cyano groups
were introduced by a palladium-catalyzed coupling reaction [38].
Final treatment of the cyano groups in 6a-d with LIHMDS and
ethanolic hydrochloric acid gave the final compounds 7a-d which
were purified by RP-18 chromatography developed by Bakunov
et al. [39]. The final compounds were handled as formate salts
(Scheme 1).

2.2. Synthesis of N-substituted 3-acetamidefuramidines

The synthetic route for obtaining 3-acetamidefuramidines (14a-
y) was based on the 1,4-addition reaction of dimethyl malonate to
compound 1 (2.1.) [40]. Compound 9 represents the key compound
to attain asymmetric substituted furan derivatives. Cyclization of
the substituted diketone 9 using phosphoric acid in acetic

Fig. 1. Structures of reported furamidine derivatives - furamidine DB75 and pafur-
amidine DB289.

Scheme 1. Reagents and conditions: (a) AlCl3, 0/ 60 �C, 48 h, HCl, H2O; (b) SnCl2, EtOH, AcOH, reflux, 20 min; (c) cat. Hþ, AcO2, reflux, 10 min; (d) paraformaldehyde, HBr, HOAc, RT,
48 h; (e) Na, R2OH, 0 �C/reflux, 5 h; (f) Zn(CN)2, Pd(PPh3)4, DMF, 80 �C, 24 h; (g) LIHMDS, THF, 0 �C/RT, 48 h, HCl, EtOH, 0 �C/RT, 24 h.
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anhydride gave compound 10 according to the described procedure
(2.1.). Ester hydrolysis of the dimethyl malonate residue and the
spontaneous decarboxylation yielded compound 11. The conver-
sion of the arylbromides to the cyano group was then performed as
previously described. Various substituents at the 3-position of the
furan moiety were introduced by amide synthesis using a common
PyBOP based procedure [41]. Treatment with ethanolic hydro-
chloric acid and ethanolic ammonia, also known as Pinner-method,
afforded the desired bisamidines 14a-y [42] (Scheme 2). An over-
view of the synthesized N-substituted 3-acetamidefuramidines is
given in Table 2.

2.3. Synthesis of 3-chlorofuramidines

For synthesis of the 3-chlorofuramidines 20a and b, compound
1 (2.1.) had to be cyclisized by introduction of the chloro-
substituent at position 3. Therefore phosphorus pentachloride
was heated with educt 1without solvent to get the furan derivative
16 [36]. After introduction of a bromomethylene group the crude 17
[20] was etherified with the corresponding alkoxides to get the
compounds 18a,b which were converted via 19a,b into the corre-
sponding amidines 20a,b (Scheme 3). An overview of the synthe-
sized 3-chlorofuramidines is given in Table 3.

2.4. Synthesis of guanidine and urea based bisamidines

For the synthesis of guanidine based bisamidines, a three-step
procedure was developed which started with an addition reaction
of 4-cyanophenylisocyanate and 4-aminobenzonitrile to get com-
pound 21 [43]. Afterwards the yielded urea derivative was con-
verted to the corresponding guanidine by treatment with
triphenylphosphine bromide and the respective amine [44]. Here,
the dehydration of the urea compound gives a reactive carbodii-
mide in situwhich reacts with various amines to the corresponding
guanidines 22a-d. Finally, the Pinner-procedure was applied on
compounds 22a-d yielding the desired bisamidines 23a-d. The
desired urea based bisamidine derivative 24, was obtained from
compound 21 using the Pinner-method (Scheme 4) [45]. An

overview of the synthesized guanidine and urea based bisamidines
is given in Table 4.

2.5. Synthesis of N-substituted dimethylfuramidine derivatives

For the synthesis of dimethylfuramidine derivatives, a method
described by Anbazhagan et al. [46] was used. Starting with 8 [20],
hydroxylamine was first added to obtain the N-hydrox-
ycarbimidamide derivative 25. To convert the oxime into the
methoxy derivative, methylation of 25 was achieved using
dimethyl sulfate to get 26.

The starting point for the synthesis of the N-alkyl substituted
dimethylfuramidine derivatives was 8. According to the Pinner-
method, the corresponding amine derivatives were used to obtain
theN-alkylated bisamidines 27a-d (Scheme 5) [20,47]. An overview
of the synthesized N-substituted dimethylfuramidine compounds
is given in Table 5.

3. Results and discussion

In 1977, the bisamidine compound furamidine (DB75) was
developed as an anti-Trypanosoma agent (IC50 4.5 nM T. brucei
rhodesiense; IC50 23.3 mM T. cruzi) and exhibited promising anti-
parasitic activity against a broad spectrum of microorganisms
including Giardia lamblia (IC50 0.2 mM), P. falciparum (IC50 15.5 nM)
and Leishmania spp. (IC50 2.8 mM) [10e15]. Furamidine and its

Scheme 2. Reagents and conditions: (a) dimethylmalonate, toluene, DBU, RT, 30 min; (b) cat. Hþ, AcO2, reflux, 10 min; (c) K2CO3, MeOH, H2O, reflux, 12 h, (d) Zn(CN)2, Pd(PPh3)4,
DMF, 80 �C, 24 h; (e) PyBOP, THF, 10 min, RT, HNR2, DIPEA, overnight, RT; (f) HCl, EtOH, 7 d, RT, NH3, EtOH, 7 d, RT. R groups are shown in Table 2.

Scheme 3. Reagents and conditions: (a) PCl5, 3 h, 40 �C; (b), HBr, HOAc, RT, 5 d; (c) Na, ROH, 0 �C/reflux, 5 h; (d) Zn(CN)2, Pd(PPh3)4, DMF, 80 �C, 24 h; (e) HCl, EtOH, 7 d, RT, NH3,
EtOH, 7 d, RT.

Scheme 4. Reagents and conditions: (a) CH2Cl2, DIPEA, overnight, RT; (b) Ph3PBr2,
CHCl3, DIPEA, H2NR, 0 �C/reflux, 1,5 h; (c) HCl, EtOH, 7 d, RT, NH3, EtOH, 7 d, RT. R
groups are shown in Table 4.
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analogues exhibit very low oral bioavailability due to their cationic
nature and as a result are not effective if administered orally. In
efforts to circumvent this limitation, various prodrug strategies for
bisamidines have been explored [22,27]. Subsequently, the deriv-
ative pafuramidine (DB289) was subjected to clinical trials against
human African trypanosomes, malaria parasites and P. jiroveci
pneumonia. After oral administration and absorption, pafuramidine
is converted to furamidine, which results in excellent anti-
microbial activity [29]. However, the emergence of liver and kid-
ney toxicity led to their discontinuation. Because of this, optimized
furamidine derivatives with anti-Plasmodium activity, reduced
toxicity and improved pharmacokinetics are required if this class of
compounds is to be pursued for malaria or other parasitic diseases.

To begin this optimization, the influence of modifications to the
furan core structure of these compounds on in vitro anti-
Plasmodium activity and general toxicity were assessed by syn-
thesizing a set of 44 compounds. The impact of hydrophobic sub-
stituents at position 3 and 4 of the furan ring was assessed by
introducing several dialkoxy groups (3,4-
bisalkoxymethylenfuramidines 7a-d). Furthermore, N-substituted
3-acetamidefuramidines 14a-y were synthesized using a 7-step
synthetic procedure to produce asymmetric substituted furan de-
rivatives. The nature of the amide substituents was varied including
hydrophobic, polar and basic substituents to obtain a chemically
diverse set of compounds. As further asymmetric derivatives, 3-
chloro-4-alkoxymethylenfuramidines 20a and 20b were synthe-
sized. Moreover, a set of guanidine (23a-d) and urea (24) based
bisamidines was additionally synthesized to evaluate the influence
of the linker structure. The unsubstituted guanidine (Table 4, R¼H)
has been reported to be active against Trypanosoma congolense and
Babesia rodhaini [48]. The urea derivative 24 has been reported to
inhibit human serine protease [49] and HRgpA and RgpB gingi-
pains, enzymes which are involved in the pathogenesis of gingivitis
and periodontal disease [50].

For biological characterization, we concentrated on testing anti-
Plasmodium activity and, to exclude possible toxic effects, activity
against a human cell line. The in vitro anti-Plasmodium growth
inhibitory effects were tested against P. falciparum drug-sensitive

(3D7) and drug-resistant (Dd2) lines. Growth inhibition of the
compounds was initially tested against these lines at 10 mM in at
least two independent assays. Hit compounds (�50% inhibition at
10 mM) were then tested in dose response assays to determine 50%
growth inhibition values (IC50). Overall, none of the compounds
displayed greater activity against P. falciparum than furamidine (7e;
Table 1), although some have low nM IC50s, as discussed below. Hit
compounds were assessed for in vitro cytotoxicity using a human
epithelial kidney cell line (HEK293). All compounds exhibited low
or no cytotoxicity at the concentrations tested (HEK293
IC50 > 33 mM).

Together with the reference structure furamidine (7e; Table 1),
the most potent anti-Plasmodium activity was seen for the N-
substituted dimethylfuramidine compounds 27a-d (IC50
0.02e0.15 mM; Table 5). Compounds 27a-d also showed high
selectivity for the parasite versus HEK293 cells (SI 220e8131;
Table 5), with 27b being less toxic than furamidine 7e (HEK295 IC50
309.01 mM versus 178.04 mM, respectively) and more parasite-
selective (SI 3433e8131; Table 5). The next most active class of
compounds were the 3,4-bisalkoxymethylenfuramidines (7a-d),
however P. falciparum IC50s were around 1 mM, at least an order of
magnitude lower than the N-substituted dimethylfuramidine
compounds 27a-d. The best from this series were the unbranched
alkoxy derivatives 7a, b and d which have IC50 values in the high
nM range against Dd2 (900 nM, 850 nM and 310 nM, respectively;
Table 1). Introducing more bulky substituents (i.e. isopropoxy, 7c)
resulted in reduced inhibitory activity against both P. falciparum
strains.

In case of the 3-acetamidefuramidines a significant drop in
inhibitory activity against P. falciparum was observed (Table 2). Of
note, the introduction of a basic group containing side chains (e.g.
14k-u) resulted in a complete loss of activity. Only derivatives with
hydrophobic substituents such as 14d-14g showed inhibitory ac-
tivity around 1 mM against both lines. Compound 15, having an
ester side chain instead of an amide and a small ethyl rest, showed
good inhibition against P. falciparum 3D7 with an IC50 of 220 nM,
however was less active against Dd2.

As alternative to the furan linker, urea and guanidine derivatives
were synthesized (Table 4). While the guanidine derivatives (23a-
d) showed a noticeable loss in activity, the urea derivative 24
showed comparable activity and selectivity for 3D7 as the furan
derivatives (IC50 3D7 46 nM, SI 5783, Table 4), whereas the inhi-
bition against Dd2 is reduced.

To analyze the further in vivo potential of the inhibitors we
calculated several physicochemical properties and predicted
pharmacokinetic parameters (Table 6). For predicting the proper-
ties PreADMET (https://preadmet.bmdrc.kr/admetox/) and PRO-
TOX (http://tox.charite.de/tox/) web services were used. For

Scheme 5. Reagents and conditions: (a) DMSO, t-BuOK, overnight, 0 �C/RT; (b)
dioxane, NaOH, overnight, RT; (c) HCl, EtOH, 7 d, RT, corresp. amine, EtOH, 7 d, RT. R
groups ae shown in Table 5.

Table 1
Biological activity of compounds 7a-d, furamidine (7e) [20], and positive controls chloroquine and SAHA.

Cpd. no. R P. falciparum IC50 (mM) HEK293
IC50 (mM)

SIa

Dd2 3D7 Dd2 3D7

7a Me 0.90 ± 0.27 1.04 ± 0.09 >50 >56 >48
7b Et 0.85 ± 0.22 1.19 ± 0.05 >50 >59 >42
7c iPr 1.20 ± 0.20 1.08 ± 0.06 >50 >42 >46
7d nPr 0.31 ± 0.09 0.39 ± 0.04 >50 >128 >161
7e (furamidine) 0.05 ± 0.02 0.011 ± 0.006 178.04 ± 3.68 3560 16182
chloroquine 0.09 ± 0.01 0.02 ± 0.0025 n.d. n.d. n.d.
SAHA 0.26 ± 0.04 n.d. n.d. n.d. n.d.

a SI e selectivity index; mammalian cell IC50/P. falciparum IC50.
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Table 2
Biological activity of N-substituted 3-acetamidefuramidines compounds 14a-y, 15, and positive controls chloroquine and SAHA.

Cpd. no. R P. falciparum IC50 (mM) HEK293
IC50 (mM)

SIa

Dd2 3D7 Dd2 3D7

14a 3.07 ± 1.17 5.41 ± 0.08 >50 >16 >9

14b 3.83 ± 0.65 5.76 ± 0.46 >50 >13 >8

14c 2.42 ± 0.97 n.d. >50 >20 n.d.

14d 1.19 ± 0.36 1.18 ± 0.07 >50 >42 >42

14e 1.67 ± 0.31 0.77 ± 0.06 >50 >30 >65

14f 1.43 ± 0.25 1.39 ± 0.22 >50 >35 >36

14g 1.47 ± 0.15 1.40 ± 0.86 >50 >34 >36

14h 5.48 ± 2.88 6.09 ± 0.56 >50 >10 >8

14i 5.43 ± 2.50 6.61 ± 0.70 >50 >10 >7

14j 22.25 ± 11.24 >10 >50 >3 n.d.

14k >10 >10 >50 n.d. n.d.

14l >10 >10 >50 n.d. n.d.

14m >10 >10 >50 n.d. n.d.

14n >10 >10 >50 n.d. n.d.

14o n.d. >10 >50 n.d. n.d.

14p >10 >10 >50 n.d. n.d.

14q >10 >10 >50 n.d. n.d.

14r n.d. 5.13 ± 0.37 >50 n.d. >9
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comparison the experimentally derived IC50 values on HEK293 cells
are included in Table 6. The in silico pharmacokinetic data (e.g.
Caco2 apparent permeability (Papp nm/s) and human intestinal
absorption (HIA %) as well as physicochemical data (e.g. TPSA and
consensus logP) showed that compounds 20a, 24 and 27 have
similar or better predicted permeability and oral bioavailability
compared to the reference furamidine (7e) [20]. Compound 20a
and 27b are classified as well absorbed compounds (HIA 70e100%)
[51].

In addition the predicted human toxicity (LD50) using the
PROTOX approach [52] as well as the experimentally measured
cytotoxicity against HEK293 cells of the most potent compounds
(e.g. 20a, 24 and 27b) was found to be lower compared to fur-
amidine (7e) or dimethylfuramidine (27d).

4. Conclusions

The current work including the synthesis of a wide number of
bisamidine derivatives and the assessment of their activities

against two strains of P. falciparum and toxicity to human cells shed
light on the structural requirements for activity and selectivity. Our
work has uncovered novel aromatic bisamidines with promising
activities against drug-sensitive and drug-resistant lines of
P. falciparum, some with high selectivity for the parasite versus
human HEK293 cells. The most promising compounds, bisamidines
20a, and 27b represent promising structures for further in vivo and
tox investigation and optimization as anti-Plasmodium agents.

5. Experimental protocols

5.1. Chemistry

5.1.1. General
All materials and reagents were purchased from SigmaeAldrich

Co. Ltd. and Carbolution Chemicals. All of the solvents were
analytically pure and dried before use. Thin-layer chromatography
was carried out on aluminum sheets coated with silica gel 60 F254
(Merck, Darmstadt, Germany). For column chromatography under

Table 2 (continued )

Cpd. no. R P. falciparum IC50 (mM) HEK293
IC50 (mM)

SIa

Dd2 3D7 Dd2 3D7

14s >10 >10 >50 n.d. n.d.

14t >10 >10 >50 n.d. n.d.

14u >10 >10 >50 n.d. n.d.

14v 17.37 ± 7.05 7.54 ± 0.71 >50 >3 >7

14w >10 >10 >50 n.d. n.d.

14x 5.33 ± 0.70 1.43 ± 0.59 >50 >10 >35

14y 6.63 ± 2.25 1.70 ± 0.10 >50 >8 >30

15 0.86 ± 0.27 0.22 ± 0.001 232.04 ± 1.87 270 1055

chloroquine 0.09 ± 0.01 0.02 ± 0.0025 n.d. n.d. n.d.
SAHA 0.26 ± 0.04 n.d. n.d. n.d. n.d.

a SI e selectivity index; mammalian cell IC50/P. falciparum IC50.
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Table 3
Biological activity of 3-chlorofuramidine derivatives 20a, b, and positive controls chloroquine and SAHA.

Cpd. no. R P. falciparum IC50 (mM) HEK293
IC50 (mM)

SIa

Dd2 3D7 Dd2 3D7

20a Me 0.09 ± 0.01 0.16 ± 0.01 209.00 ± 2.16 2322 1306
20b nPr 0.14 ± 0.03 0.09 ± 0.02 1% viability at 50 mM n.d. n.d.
chloroquine 0.09 ± 0.01 0.02 ± 0.0025 n.d. n.d. n.d.
SAHA 0.26 ± 0.04 n.d. n.d. n.d. n.d.

a SI e selectivity index; mammalian cell IC50/P. falciparum IC50.

Table 4
Biological activity of guanidine and urea based bisamidine derivatives 23a-d, 24 [45], and positive controls chloroquine and SAHA.

Cpd. no. R P. falciparum IC50 (mM) HEK293 IC50 (mM) SIa

Dd2 3D7 Dd2 3D7

23a >10 >10 >50 n.d. n.d.

23b >10 >10 >50 n.d. n.d.

23c >10 >10 >50 n.d. n.d.

23d >10 >10 >50 n.d. n.d.

24 O 0.21 ± 0.14 0.046 ± 0.003 266.04 ± 3.18 429 5783
chloroquine 0.09 ± 0.01 0.02 ± 0.0025 n.d. n.d. n.d.
SAHA 0.26 ± 0.04 n.d. n.d. n.d. n.d.

a SI e selectivity index; mammalian cell IC50/P. falciparum IC50.

Table 5
Biological activity of N-substituted dimethylfuramidine derivatives 25, 26, 27a-d [20,47], and positive controls chloroquine and SAHA.

Cpd. no. R P. falciparum IC50 (mM) HEK293 IC50 (mM) SIa

Dd2 3D7 Dd2 3D7

25 OH 7.15 ± 1.48 >1 >50 >10 n.d.
26 OCH3 10.60 ± 0.99 >1 >50 >5 n.d.
27a 0.03 ± 0.01 0.02 ± 0.004 33.29 ± 2.61 1109 1664

27b 0.09 ± 0.03 0.038 ± 0.005 309.01 ± 0.05 3433 8131

27c 0.15 ± 0.05 0.038 ± 0.010 33.06 ± 1.98 220 870

27d H 0.06 ± 0.01 0.033 ± 0.015 74.04 ± 1.34 1233 2242
chloroquine 0.09 ± 0.01 0.02 ± 0.0025 n.d. n.d. n.d.
SAHA 0.261 ± 0.04 n.d. n.d. n.d. n.d.

a SI e selectivity index; mammalian cell IC50/P. falciparum IC50.
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normal pressure, silica gel 60 (0.036e0.200 mm) was used. Purifi-
cation of the final compounds was carried out by preparative RP-
HPLC (Shimadzu, Kyoto, Japan; LC-10AD, SIL-HT auto sampler). A
prepacked 7.8e300 mm XTerra RP-18 (7 lm) column from Waters
(Milford, MA, USA) was used and the UVevis detector SPD-M10A
VP PDA was set to 254 nm. A shallow gradient over 45 min from
water containing 0.1% TFA to 95% methanol was run and the eluate
collected and fractionated. Final compounds were confirmed to be
of >95% purity based on HPLC. The purity was measured by UV
absorbance at 254 nm. The HPLC system consisted of an XTerra
RP18 column (3.5 mm3.9� 100mm) from themanufacturerWaters
(Milford, MA, USA), two LC-10AD pumps, an SPD-M10A VP PDA
detector, and a SIL-HT autosampler, all from the manufacturer
Shimadzu (Kyoto, Japan). The mobile phase was in all cases a
gradient of methanol/water (starting at 95% water and going to 5%
water). Mass spectrometry analyses were performed with a Fin-
nigan MAT 710C mass spectrometer (Thermo Separation Products,
San Jose, CA, USA) for the ESI-MS spectra and with an LTQ (linear
ion trap)-Orbitrap XL hybrid mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) for the HRMS-ESI (high-resolution
mass spectrometry) spectra. For the HRMS analyses, the signals for
the isotopes with the highest prevalence (35Cl, 79Br) were given and
calculated. 1H and 13C NMR spectra were recorded on Varian
Gemini 2000 and Varian Inova 500 spectrometers using deuterated
chloroform (CDCl3) and deuterated DMSO ((CD3)2SO) as solvents.
Chemical shifts are referenced to the residual solvent signals. The
following abbreviations for solvents and reagents were used: ethyl
acetate (EtOAc), methanol (MeOH), tetrahydrofuran (THF), chloro-
form (CHCl3), water (H2O).

The spectroscopic data of compounds 15, 20a and 27a-d are
provided in the Supplementary Material.

5.1.2. (E)-1,4-Bis(4-bromophenyl)but-2-en-1,4-dione (1) [36]
To a suspension of AlCl3 (0.24mol) and bromobenzene (100 mL)

fumaryl chloride (0.1 mol) was given dropwise at 0 �C. The mixture
was stirred for 48 h at 60 �C. After cooling to RT, the crude mixture
was poured into ice water/HCl (750 mL) and extracted with DCM (3
times 500 mL). The organic phase was washed two times with 2 M
NaOH, dried over Na2SO4, filtered, and evaporated. The crude
product was recrystallized in CHCl3 to give 3 (65% yield) as a light
yellow solid. 1HeNMR (CDCl3, 400 MHz), d (ppm): 7.94 (2H, s,

RCHCHR); 7.90 (4H, m, AreH); 7.66 (4H, m, AreH). 13CeNMR
(CDCl3, 125 MHz), d (ppm):188.52, 135.50, 134.85, 132.30, 130.29,
129.39. EI-MS: m/z: 392, 394, 396 [M]þ.

5.1.3. 1,4-Bis(4-bromophenyl)butan-1,4-dione (2) [37]
SnCl2$2H2O (17.9 mmol) was given to a suspension of 1

(5.1 mmol) in AcOH (67 mL) and EtOH (67 mL). The mixture was
heated under reflux for 20 min giving a pale yellow solution. After
cooling to RT the mixture was evaporated. The crude product was
filtered, and washed with diethyl ether to get 2 (94%) as a white
solid. 1H NMR (CDCl3, 400 MHz), d (ppm): 7.87 (4H, m, AreH), 7.60
(4H, m, AreH), 3.39 (4H, s, RCH2CH2R). 13C NMR (CDCl3, 125 MHz),
d (ppm):197.47, 135.40, 131.94, 129.63, 128.40, 32.44. EI-MS: m/z:
394, 396, 398 [M]þ.

5.1.4. 2,5-Bis(4-bromophenyl)furan (3) [36]
Phosphoric acid (65 ml) in acetic anhydride (1 mL) was given to a

boiling solution of 2 (1 mmol) and acetic anhydride (6.5 mL) and
heated for 10 min. After cooling to RT the solid was filtered and
purified by column chromatography (eluent: heptane/CHCl3) to
give the furan derivative 3 as light yellow crystals (84% yield). 1H
NMR (CDCl3, 400 MHz), d (ppm): 7.57 (4H, d, J¼ 8.6 Hz, AreH); 7.50
(4H, d, J ¼ 8.6 Hz, AreH); 6.72 (2H, s, furane). 13C NMR (CDCl3,
125MHz), d (ppm): 152.66,131.89,129.43,125.22,121.29,107.89. EI-
MS: m/z: 376, 378, 380 [M]þ.

5.1.5. 3,4-Bis(bromomethyl)-2,5-bis(4-bromophenyl)furan (4) [20]
A suspension of 3 (0.02 mol), paraformaldehyde (0.1 mol) and

30% HBr in AcOH (80 g) was stirred for 48 h at RT. The soIid was
filtered off, washed with water and recrystallized in acetone to give
4 (83% yield) as white crystals. 1H NMR (CDCl3, 400 MHz), d (ppm):
7.61 (8H, m, Are); 4.62 (4H, s, CH2). 13C NMR (CDCl3, 125 MHz),
d (ppm): 150.41; 132.44; 128.33; 128.02; 123.04; 119.35; 23.22. EI-
MS: m/z: 562, 564, 566 [M]þ.

5.1.6. General method for Williamson-ether-synthesis to get 5a-d
Sodium (4.3 mmol) was dissolved and stirred at 0 �C in 1 mL of

the corresponding alcohol. Afterwards 4 (1.77mmol) was dissolved
in 10 mL of the corresponding alcohol and given dropwise to the
alcoholate solution. The mixture was heated to reflux for 5 h. After
cooling down to RT, water was given to the mixture. The formed

Table 6
In silico ADME and Tox prediction for furamidine (7e) and the most potent compounds. For predicting the properties PreADMET (https://preadmet.bmdrc.kr/admetox/) and
PROTOX (http://tox.charite.de/tox/) web applications were used. For comparison the experimentally derived IC50 values on HEK293 cells are shown in the last row.

Furamidine (7e) 20a 24 27b 27d

BBB 0.05 0.16 0.03 1.33 0.06
Caco2 Papp nm/s 0.48 6.56 21.11 17.69 0.48
HIA % 64.48 78.98 67.53 90.73 84.99
CYP 2C19 inhibition Non Non Non Non Non
CYP 2C9 inhibition Non Non Non Non Non
CYP 2D6 inhibition Inhibitor Inhibitor Non Inhibitor Inhibitor
CYP 3A4 inhibition Non Non Non Non Non
P-gp inhibition Non Non Non Non Non
hERG inhibition medium risk medium risk medium risk medium risk medium risk
Plasma protein binding % 15.7 70.0 28.9 72.7 27.9
Buffer solubility mg/L 1350.9 61365.9 1506.3 976.2 3912.1
Water solubility soluble soluble very soluble moderately moderately
TPSA Å2 116.36 122.11 144.35 88.38 116.36
Consensus logP 1.75 3.01 0.34 4.35 2.36

MDDR like rule Drug-like Drug-like
Rule of five Suitable Suitable Suitable Suitable Suitable
WDI like rule Failed In 90% cutoff Failed In 90% cutoff Failed

LD50 mg 165 206 600 165 165
HEK293 IC50 mM 178.04 ± 3.68 209.00 ± 2.16 266.04 ± 3.18 309.01 ± 0.05 74.04 ± 1.34
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solid was filtered off and purified by column chromatography
(eluent: CHCl3) to give 5a-e.

5.1.6.1. 2,5-Bis(4-bromophenyl)-3,4-bis(methoxymethyl)furan (5a).
White solid (85% yield). 1H NMR (500 MHz, CDCl3), d (ppm):
7.60e7.54 (m, 8H, AreH), 4.45 (s, 4H, furaneCH2), 3.45 (s, 6H, CH3).
13C NMR (126 MHz, CDCl3), d (ppm): 150.62, 131.88, 129.20, 127.90,
122.19, 120.17, 64.25, 58.10. EI-MS: m/z: 464, 466, 468 [M]þ.

5.1.6.2. 2,5-Bis(4-bromophenyl)-3,4-bis(ethoxymethyl)furan (5b).
White solid (85% yield). 1H NMR (400 MHz, CDCl3) d 7.63e7.59 (m,
4H, AreH), 7.59e7.55 (m, 4H, AreH), 4.52 (s, 4H, furaneCH2), 3.64
(q, J ¼ 7.0 Hz, 4H, CH2CH3), 1.29 (t, J ¼ 7.0 Hz, 6H, CH2CH3). 13C NMR
(101 MHz, CDCl3) d 150.62, 131.99, 129.48, 128.10, 122.25, 120.56,
66.04, 62.55, 15.44. EI-MS: m/z: 492, 494, 496 [M]þ.

5.1.6.3. 2,5-Bis(4-bromophenyl)-3,4-bis[(1-methylethoxy)methyl]
furan (5c). White solid (57% yield). 1H NMR (400 MHz, CDCl3)
d 7.64e7.59 (m, 4H, AreH), 7.59e7.54 (m, 4H, AreH), 4.49 (s, 4H,
furaneCH2), 3.80 (hept, J¼ 6.1 Hz, 2H, CH(CH3)2), 1.28 (d, J¼ 6.1 Hz,
12H, CH(CH3)2). 13C NMR (101 MHz, CDCl3) d 150.65, 131.94, 129.55,
128.12,122.19,120.69, 71.65, 60.24, 22.33. EI-MS:m/z: 520, 522, 524
[M]þ.

5.1.6.4. 2,5-Bis(4-bromophenyl)-3,4-bis(propoxymethyl)furan (5d).
White solid (94% yield). 1H NMR (500 MHz, CDCl3) d 7.64e7.60 (m,
4H, AreH), 7.59e7.55 (m, 4H, AreH), 4.50 (s, 4H, furaneCH2), 3.54
(t, J ¼ 6.6 Hz, 4H, CH2CH2CH3), 1.73e1.63 (m, 4H, CH2CH2CH3), 0.98
(t, J ¼ 7.4 Hz, 6H, CH2CH2CH3). 13C NMR (126 MHz, CDCl3) d 150.63,
131.97, 129.48, 128.07, 122.21, 120.62, 72.53, 62.75, 23.14, 10.98. EI-
MS: m/z: 520, 522, 524 [M]þ.

5.1.7. General method for cyanization of phenylbromides to get 6a-
d

A suspension of the corresponding phenylbromide derivative
(5a-d) (1 mmol), Zn(CN)2 (2.8 mmol), Pd(Ph3P)4 (0.1 mmol) and
DMF (3.6 mL) was heated at 80 �C for 12 h under argon. After
cooling to RT themixturewas evaporated and the residue dissolved
in DCM/H2O (75:25). The organic layer was separated, washed two
times with water, dried over Na2SO4 and evaporated. The residue
was purified by column chromatography (eluent: CHCl3/MeOH) to
give 6a-d as white solids.

5.1.7.1. 4,4‘-[3,4-Bis(methoxymethyl)furan-2,5-diyl]bisbenzonitrile
(6a). White solid (19% yield). 1H NMR (400MHz, CDCl3) d 7.90e7.83
(m, 4H, AreH), 7.78e7.71 (m, 4H, AreH), 4.50 (s, 4H, furaneCH2),
3.50 (s, 6H, CH3). 13C NMR (101MHz, CDCl3) d 167.67,150.59,134.03,
132.73, 126.82, 122.87, 118.81, 111.68, 64.01, 58.46. EI-MS: m/z: 358
[M]þ.

5.1.7.2. 4,4‘-[3,4-Bis(ethoxymethyl)furan-2,5-diyl]bisbenzonitrile
(6b). White solid (25% yield). 1H NMR (500 MHz, CDCl3)
d 7.89e7.84 (m, 4H, AreH), 7.76e7.71 (m, 4H, AreH), 4.55 (s, 4H,
furaneCH2), 3.67 (q, J ¼ 7.0 Hz, 4H, CH2CH3), 1.30 (t, J ¼ 7.0 Hz, 6H,
CH2CH3). 13C NMR (126MHz, CDCl3) d 150.44,134.14,132.68,126.81,
123.12, 118.84, 111.57, 66.30, 62.14, 15.39. EI-MS: m/z: 386 [M]þ.

5.1.7.3. 4,4‘-{3,4-Bis[(1-methylethoxy)methyl]furan-2,5-diyl}bisben-
zonitrile (6c). White solid (19% yield). 1H NMR (500 MHz, CDCl3)
d 7.90e7.85 (m, 4H, AreH), 7.75e7.70 (m, 4H, AreH), 4.53 (s, 4H,
furaneCH2), 3.82 (hept, J¼ 6.1 Hz, 2H, CH(CH3)2), 1.29 (d, J¼ 6.1 Hz,
12H, CH(CH3)2). 13C NMR (126 MHz, CDCl3) d 150.40, 134.17, 132.59,
126.77, 123.24, 118.81, 111.47, 71.92, 59.76, 22.24. EI-MS: m/z: 414
[M]þ.

5.1.7.4. 4,4‘-[3,4-Bis(propoxymethyl)furan-2,5-diyl]bisbenzonitrile
(6d). White solid (32% yield). 1H NMR (400MHz, CDCl3) d 7.91e7.86
(m, 4H, AreH), 7.76e7.71 (m, 4H, AreH), 4.54 (s, 4H, furaneCH2),
3.57 (t, J ¼ 6.6 Hz, 4H, CH2CH2CH3), 1.74e1.63 (m, 4H, CH2CH2CH3),
0.98 (t, J ¼ 7.4 Hz, 3H, CH2CH2CH3). 13C NMR (101 MHz, CDCl3)
d 150.32, 134.00, 132.52, 126.63, 123.03, 118.69, 111.39, 72.57, 62.18,
22.95, 10.77. EI-MS: m/z: 414 [M]þ.

5.1.8. General method for the amidination of benzonitriles to get
7a-d

To a suspension of the corresponding bisbenzonitriles 6a-
d (1 mmol) in THF (8 mL) LiHMDs (5 mmol, 1 M in THF) was given
dropwise under argon, and the reaction mixture was stirred for
48 h at RT. Afterwards themixturewas cooled to 0 �C, ethanolic HCl
solution (15 mL) was added and stirred for another 24 h. After
dilution with diethyl ether, the precipitate was separated by
centrifugation and purified by preparative HPLC (eluent: MeOH/
ammonium formate solution) to get 7a-d as formate salts.

5.1.8.1. 4,4‘-[3,4-Bis(methoxymethyl)furan-2,5-diyl]bis(benzene-
carboximidamide) formate (7a). Light yellow solid (46% yield). 1H
NMR (500 MHz, DMSO) d 8.43, (s, 2H, formate), 8.02 (d, J ¼ 8.7 Hz,
4H, AreH), 7.98 (d, J ¼ 8.7 Hz, 4H, AreH), 4.54 (s, 4H, furaneCH2),
3.39 (s, 6H, CH3). 13C NMR (126 MHz, DMSO) d 165.84, 150.08,
134.27, 129.07, 128.35, 126.52, 123.23, 63.46, 58.01. HR-MS:
393.1925 [calculated for C22H25N4O3

þ: 393.1921].

5.1.8.2. 4,4‘-[3,4-Bis(ethoxymethyl)furan-2,5-diyl]bis(benzene-
carboxyimidamide) formate (7b). Light yellow solid (61% yield). 1H
NMR (500 MHz, DMSO) d 8.46 (s, 2H, formate), 8.03 (d, J ¼ 8.7 Hz,
4H, Ar-H), 7.96 (d, J¼ 8.7 Hz, 4H, Ar-H), 4.57 (s, 4H, furan-CH2), 3.62
(q, J ¼ 7.0 Hz, 4H, CH2CH3), 1.19 (t, J ¼ 7.0 Hz, 6H, CH2CH3). 13C NMR
(126 MHz, DMSO) d 167.74, 165.51, 149.49, 133.77, 128.43, 128.22,
126.08, 122.93, 65.09, 61.11, 15.07. HR-MS:m/z: 211.1155 [calculated
for C24H30N4O3

2þ: 211.1154].

5.1.8.3. 4,4‘-{3,4-Bis[(1-methylethoxy)methyl]furan-2,5-diyl}bis(ben-
zenecarboximidamide) formate (7c). Light yellow solid (37% yield).
1H NMR (400 MHz, DMSO) d 8.42 (s, 2H, formate), 8.09e7.99 (m,
8H, AreH), 4.54 (s, 4H, furaneCH2), 3.80 (hept, J ¼ 6.1 Hz, 2H,
CH(CH3)2), 1.21 (d, J ¼ 6.1 Hz, 12H, CH(CH3)2). 13C NMR (101 MHz,
DMSO) d 167.29, 164.99, 149.46, 134.12, 128.82, 127.13, 126.03,
123.31, 70.79, 58.90, 21.98. HR-MS: m/z: 449.2545 [calculated for
C26H33N4O3

þ: 449.2547].

5.1.8.4. 4,4‘-[3,4-Bis(propoxymethyl)furan-2,5-diyl]bis(benzene-
carboximidamide) formate (7d). Light yellow solid (29% yield). 1H
NMR (400 MHz, DMSO) d 8.44 (s, 2.5H, formate), 8.04 (d, J ¼ 8.4 Hz,
4H, Ar-H), 7.97 (d, J¼ 8.4 Hz, 4H, Ar-H), 4.57 (s, 4H, furan-CH2), 3.53
(t, J ¼ 6.4 Hz, 4H, CH2CH2CH3), 1.58 (m, 4H, CH2CH2CH3), 0.91 (t,
J ¼ 7.4 Hz, 6H, CH2CH2CH3). 13C NMR (101 MHz, DMSO) d 167.30,
165.52, 149.57, 133.77, 128.43, 128.17, 126.06, 122.94, 71.42, 61.35,
22.45, 10.68. HR-MS: m/z: 449.2544 [calculated for C26H33N4O3

þ:
449.2547].

5.1.8.5. 4,4‘-Furan-2,5-diyl)bis(benzenecarboximidamide) hydro-
chloride (7e). Resynthesis of furamidine (DB75) was realized ac-
cording to the reported procedure [20].

Light yellow solid (58% yield). 1H NMR (400 MHz, DMSO) d 9.59
(s, 4H, H2NR), 9.39 (s, 4H, H2NR), 8.11 (d, J ¼ 8.6 Hz, 4H, AreH), 8.01
(d, J ¼ 8.4 Hz, 4H, AreH), 7.46 (s, 2H, furaneH). 13C NMR (101 MHz,
DMSO) d 164.90, 152.46, 134.24, 128.98, 126.40, 123.83, 111.74. HR-
MS: m/z: 305.1393 [calculated for C18H17N4Oþ: 305.1397].
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5.1.9. 4,4‘-(3,4-Dimethylfuran-2,5-diyl)bisbenzonitrile (8) [20]
Synthesis of compound 8 as starting material for N-substituted

analogues of NSC 305836was performed according to the reported
procedures [47].

5.1.10. Dimethyl-2-[(1,4-bis(4-bromophenyl))-1,4-diketobut-2-yl]
malonate (9)

To a suspension of 1 (16 mmol) and dimethylmalonate (7.26 mL)
in toluene (50 mL) DBU (157 ml) was given. The mixture was stirred
at RT until the educt was completely converted (ca. 30 min; TLC
control). The crudemixturewas evaporated and purified by column
chromatography (eluent: EtOAc) to get 9 as a colorless oil (89%
yield).

1H NMR (400 MHz, CDCl3) d 7.90 (d, J ¼ 8.5 Hz, 2H, AreH), 7.75
(d, J ¼ 8.4 Hz, 2H, AreH), 7.62 (d, J ¼ 8.4 Hz, 2H, AreH), 7.58 (d,
J ¼ 8.4 Hz, 2H, AreH), 4.79 (ddd, J ¼ 8.6, 6.7, 5.7 Hz, 1H, CHRCH2),
3.90 (d, J¼ 8.7 Hz, 1H, CHR), 3.68 (s, 3H, CH3), 3.62 (s, 3H, CH3), 3.51
(dd, J ¼ 18.1, 5.6 Hz, 1H, CHRCH2), 3.36 (dd, J ¼ 18.1, 5.6 Hz, 1H,
CHRCH2). 13C NMR (101 MHz, CDCl3) d 199.44, 195.84, 168.56,
168.35, 134.86, 134.64, 132.23, 132.17, 130.42, 129.77, 129.01, 128.90,
53.02, 52.99, 52.97, 40.66, 39.27.

5.1.11. Dimethyl-2-[2,5-bis(4-bromophenyl)furan-3-yl]malonate
(10)

Cyclization of 9was achieved according to themethod described
in 5.3. to get 10 as light yellow solid (87% yield).

1H NMR (400 MHz, CDCl3) d 7.63e7.56 (m, 4H, AreH), 7.56e7.49
(m, 4H, AreH), 6.99 (s, 1H, furaneH), 4.84 (s, 1H, CH), 3.81 (s, 6H,
CH3). 13C NMR (101 MHz, CDCl3) d 168.12, 152.37, 150.32, 132.27,
132.03, 129.22, 128.91, 128.50, 125.56, 122.82, 121.82, 115.68, 108.95,
53.30, 49.04.

5.1.12. 2-[2,5-Bis(4-bromophenyl)furan-3-yl]acetic acid (11)
6 mmol 10was given to a mixture of 37.5 mLMeOH and 12.5 mL

saturated K2CO3-solution and the reaction mixture was heated for
12 h. After cooling down to RT, the crudemixturewas acidifiedwith
HCl and extracted (3 times with EtOAc). The organic layer was dried
over Na2SO4 and evaporated to get 11 as a white solid (>95% yield).

1H NMR (400MHz, CDCl3) d 7.61e7.48 (m, 8H, AreH), 6.78 (s,1H,
furaneH), 3.70 (s, 2H, furaneCH2). 13C NMR (101 MHz, CDCl3)
d 175.10,152.12,149.56,132.17,132.07,129.38,129.24,127.74,125.48,
122.18, 121.76, 115.61, 110.08, 31.74.

5.1.13. 2-[2,5-Bis(4-cyanophenyl)furan-3-yl]acetic acid (12)
Cyanisation of 11 was achieved according to the method

described in 5.6. to get 12 as a light yellow solid (73% yield). Cave!
Nascent hydrogene cyanide was neutralized by passing a solution
of KMnO4.

1H NMR (400 MHz, DMSO) d 12.69 (s, 1H, COOH), 8.01 (d,
J ¼ 8.5 Hz, 2H, AreH), 7.98e7.88 (m, 6H, AreH), 7.36 (s, 1H,
furaneH), 3.76 (d, J ¼ 9.2 Hz, 2H, furaneCH2). 13C NMR (101 MHz,
DMSO) d 171.43, 150.70, 148.34, 133.83, 133.28, 132.95, 132.84,
125.79, 124.29, 120.64, 118.76, 118.71, 114.66, 109.93, 109.89, 31.82.
HR-MS: m/z: 329.0918 [calculated for C20H13N2O3

þ: 329.0921].

5.1.14. General method for the synthesis of amides 13a-y
A mixture of 12 (0.3 mmol) and PyBOP (0.45 mmol) in THF

(20 mL) was stirred for 10 min. Afterwards, the corresponding
amine (0.34 mmol) and DIPEA (0.76 mmol) were given to the
mixture and stirred overnight at RT. The crude mixture was evap-
orated, the product was dissolved in EtOAc, washed with Na2CO3
solution, and dried over Na2SO4. After evaporation, the product was
purified by column chromatography (eluent: CHCl3/MeOH).

5.1.14.1. 2-[2,5-Bis(4-cyanophenyl)furan-3-yl]-N-methylacetamide
(13a). Light yellow solid (75% yield). 1H NMR (400 MHz, CDCl3)
d 7.85e7.77 (m, 4H, AreH), 7.75e7.69 (m, 4H, AreH), 6.93 (s, 1H,
furaneH), 5.79 (s, 1H, CONH), 3.66 (s, 2H, furaneCH2), 2.84 (d,
J ¼ 4.7 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) d 169.68, 152.15,
149.59, 134.03, 133.58, 132.90, 132.88, 126.14, 124.43, 119.89, 118.76,
118.70, 113.03, 111.56, 111.51, 34.38, 26.84. ESI-MS: 340.27 [M�H]-.

5.1.14.2. 2-[2,5-Bis(4-cyanophenyl)furan-3-yl]-N,N-dimethylaceta-
mide (13b). Light yellow solid (71% yield). 1H NMR (400 MHz,
CDCl3) d 7.78 (d, J¼ 8.4 Hz, 4H, AreH), 7.73 (d, J¼ 8.5 Hz, 2H, AreH),
7.68 (d, J ¼ 8.4 Hz, 2H, AreH), 6.91 (s, 1H, furaneH), 3.76 (s, 2H,
furaneCH2), 3.06 (s, 3H, CH3), 3.01 (s, 3H, CH3). 13C NMR (101 MHz,
CDCl3) d 169.27, 151.68, 149.06, 134.35, 133.72, 132.63, 132.59,
126.17, 124.18, 120.26, 118.71, 118.63, 112.79, 111.09, 110.97, 37.65,
35.84, 31.29. ESI-MS: m/z: 354.32 [M�H]-.

5.1.14.3. N-(Cyclohexylmethyl)-2-[2,5-bis(4-cyanophenyl)furan-3-yl]
acetamide (13c). Off-white solid (50% yield). 1H NMR (400 MHz,
CDCl3) d 7.85e7.78 (m, 4H, AreH), 7.76e7.68 (m, 4H, AreH), 6.92 (s,
1H, furaneH), 5.67 (s,1H, CONH), 3.66 (s, 2H, furaneCH2), 3.13e3.10
(m, 2H, CONHCH2), 1.82e0.75 (m, 11H, cyclohexaneeH). 13C NMR
(101 MHz, CDCl3) d 169.62, 152.19, 149.52, 134.03, 133.58, 132.92,
132.87, 126.09, 124.46, 119.99, 118.76, 113.08, 113.07, 111.57, 111.55,
46.24, 38.03, 34.72, 30.92, 26.42, 25.86. HR-MS: m/z: 422,1860
[calculated for C27H24N3O2

�: 422.1863].

5.1.14.4. 2-[2,5-Bis(4-cyanophenyl)furan-3-yl]-N-(2-phenylethyl)
acetamide (13d). Light yellow solid (66% yield). 1H NMR (400 MHz,
DMSO) d 8.24 (t, J ¼ 5.5 Hz, 1H, CONH), 8.03e7.96 (m, 4H, AreH),
7.95e7.88 (m, 4H, AreH), 7.29e7.14 (m, 6H, phenyleH, furaneH),
3.57 (s, 2H, furaneCH2), 3.39e3.27 (m, 2H, CH2CH2Ph, H2O), 2.73 (t,
J ¼ 7.2 Hz, 2H, CH2CH2Ph). 13C NMR (101 MHz, DMSO) d 168.66,
150.61, 148.37, 139.31, 133.91, 133.33, 132.96, 132.72, 128.60, 128.24,
126.03, 125.92, 124.25, 121.71, 118.77, 118.76, 114.29, 109.87, 109.80,
40.31, 34.97, 32.95. ESI-MS: m/z: 430.15 [M�H]-.

5.1.14.5. 2-[2,5-Bis(4-cyanophenyl)furan-3-yl]-N-(3-phenylpropyl)
acetamide (13e). Light yellow solid (74% yield). 1H NMR (400 MHz,
DMSO) d 8.20 (t, J ¼ 5.5 Hz, 1H, CONH), 8.04e7.97 (m, 4H, AreH),
7.96e7.88 (m, 4H, AreH), 7.31 (s, 1H, furaneH), 7.29e7.22 (m, 2H,
phenyleH), 7.20e7.12 (m, 3H, phenyleH), 3.61 (s, 2H, furaneCH2),
3.13e3.08 (m, 2H, CH2CH2CH2Ph), 2.56 (t, J ¼ 7.5 Hz, 2H,
CH2CH2CH2Ph), 1.75e1.67 (m, 2H, CH2CH2CH2Ph). 13C NMR
(101 MHz, DMSO) d 168.65, 150.64, 148.38, 141.59, 133.95, 133.34,
132.95, 132.73, 128.22, 128.21, 125.90, 125.70, 124.25, 121.85, 118.77,
118.74, 114.37, 109.86, 109.80, 38.39, 32.99, 32.45, 30.77. ESI-MS:m/
z: 444.23 [M�H]-.

5.1.14.6. N-(2,2-Diphenylethyl)-2-[2,5-bis(4-cyanophenyl)furan-3-yl]
acetamide (13f). Off-white solid (63% yield). 1H NMR (400 MHz,
CDCl3) d 7.78e7.62 (m, 8H, Ar-H), 7.25e7.18 (m, 5H, phenyl-H),
7.18e7.10 (m, 5H, phenyl-H), 6.61 (s, 1H, furan-H), 5.57 (s, 1H,
CONH), 4.15 (t, J ¼ 8.1 Hz, 1H, CH), 3.95e3.88 (m, 2H, CH2), 3.54 (s,
2H, furan-CH2). 13C NMR (101 MHz, CDCl3) d 168.91, 152.12, 149.51,
141.41, 133.81, 133.50, 132.87, 132.84, 128.90, 128.05, 127.10, 126.06,
124.44, 119.49, 118.76, 118.68, 112.68, 111.57, 111.54, 50.52, 44.00,
34.51. ESI-MS: m/z: 506.13 [M�H]-.

5.1.14.7. N-(3,3-Diphenylpropyl)-2-[2,5-bis(4-cyanophenyl)furan-3-
yl]acetamide (13g). Off-white solid (64% yield). 1H NMR (400 MHz,
CDCl3) d 7.82e7.76 (m, 4H, Ar-H), 7.75e7.68 (m, 4H, Ar-H),
7.28e7.20 (m, 5H, phenyl-H), 7.18e7.11 (m, 5H, phenyl-H), 6.84 (s,
1H, furan-H), 5.54 (t, J ¼ 5.3 Hz, 1H, CONH), 3.85 (t, J ¼ 7.8 Hz, 1H,
CH), 3.56 (s, 2H, furan-CH2), 3.30e3.25 (m, 2H, CONHCH2),

B. Sauer et al. / European Journal of Medicinal Chemistry 127 (2017) 22e40 31



2.27e2.21 (m, 2H, CH2). 13C NMR (101 MHz, CDCl3) d 168.90, 152.15,
149.49, 144.06, 133.98, 133.54, 132.93, 132.89, 128.79, 127.78,
126.68, 126.04, 124.43, 119.83, 118.75, 118.65, 112.99, 111.58, 111.57,
49.41, 39.10, 35.23, 34.55. ESI-MS: m/z: 520.16 [M�H]-.

5.1.14.8. N-(2-(Methylthio)ethyl)-2-[2,5-bis(4-cyanophenyl)furan-3-
yl]acetamide (13h). Off-white solid (52% yield). 1H NMR (400 MHz,
DMSO) d 8.31 (t, J¼ 5.4 Hz,1H, CONH), 8.00 (d, J¼ 8.4 Hz, 4H, Ar-H),
7.96e7.87 (m, 4H, Ar-H), 7.31 (s, 1H, furan-H), 3.61 (s, 2H, furan-
CH2), 3.30e3.25 (m, 2H, CH2CH2S), 2.58e2.52 (m, 2H, CH2CH2S),
2.06 (s, 3H, CH3). 13C NMR (101 MHz, DMSO) d 168.78, 150.63,
148.40, 133.91, 133.34, 132.96, 132.74, 125.92, 124.25, 121.64, 118.77,
118.76, 114.41, 109.86, 109.81, 38.13, 32.94, 32.69, 14.50. ESI-MS: m/
z: 400.08 [M�H]-.

5.1.14.9. N-(3-(Methylthio)propyl)-2-[2,5-bis(4-cyanophenyl)furan-
3-yl]acetamide (13i). Light yellow solid (61% yield). 1H NMR
(400 MHz, CDCl3) d 7.81 (d, J ¼ 8.4 Hz, 4H, Ar-H), 7.77e7.68 (m, 4H,
Ar-H), 6.92 (s, 1H, furan-H), 3.66 (s, 2H, furan-CH2), 3.40 (dd,
J ¼ 12.1, 6.3 Hz, 2H, CH2CH2CH2S), 2.46 (t, J ¼ 6.9 Hz, 2H,
CH2CH2CH2S), 2.01 (s, 3H, CH3), 1.78 (p, J ¼ 6.8 Hz, 2H,
CH2CH2CH2S). 13C NMR (101 MHz, CDCl3) d 168.94, 152.00, 149.36,
133.85, 133.38, 132.74, 132.71, 125.91, 124.26, 119.64, 118.58, 118.49,
112.87, 111.41, 111.37, 39.26, 34.41, 31.90, 28.11, 15.46. ESI-MS: m/z:
414.10 [M�H]-.

5.1.14.10. N-(3-Hydroxypropyl)-2-(2,5-bis(4-cyanophenyl)furan-3-
yl)acetamide (13j). White solid (76% yield). 1H NMR (400 MHz,
DMSO) d 8.14 (t, J ¼ 5.4 Hz, 1H, CONH), 8.04e7.97 (m, 4H, AreH),
7.96e7.88 (m, 4H, AreH), 7.30 (s, 1H, furaneH), 3.59 (s, 2H, fur-
aneCH2), 3.41 (t, J ¼ 6.3 Hz, 2H, CH2OH), 3.17e3.12 (m, 2H, CH2,
CONHCH2), 1.60e1.54 (m, 2H, CH2). 13C NMR (101 MHz, DMSO)
d 168.68, 150.63, 148.39, 133.95, 133.36, 132.96, 132.73, 125.91,
124.27, 121.84, 118.77, 114.36, 109.86, 109.80, 58.35, 36.06, 32.93,
32.27. ESI-MS: m/z: 384.16 [M�H]-.

5.1.14.11. N-[2-(Dimethylamino)ethyl]-2-[2,5-bis(4-cyanophenyl)
furan-3-yl]acetamide (13k). Light yellow solid (61% yield). 1H NMR
(400 MHz, CDCl3) d 7.89e7.82 (m, 2H, AreH), 7.82e7.77 (m, 2H,
AreH), 7.75e7.71 (m, 2H, AreH), 7.71e7.66 (m, 2H, AreH), 6.99 (s,
1H, furaneH), 6.56 (s, 1H, CONH), 3.64 (s, 2H, furaneCH2),
3.40e3.36 (m, 2H, CONHCH2), 2.46 (t, J ¼ 5.7 Hz, 2H, CH2N(CH3)2),
2.24 (s, 6H, CH2N(CH3)2). 13C NMR (101MHz, CDCl3) d 169.27,151.91,
149.50, 134.26, 133.77, 132.84, 132.76, 126.27, 124.37, 120.19, 118.83,
118.79, 113.15, 111.33, 111.27, 57.81, 45.04, 36.92, 34.30. ESI-MS:m/z:
399.23 [MþH]þ.

5.1.14.12. N-[2-(Diethylamino)ethyl]-2-[2,5-bis(4-cyanophenyl)
furan-3-yl]acetamide (13l). Light yellow solid (70% yield). 1H NMR
(400MHz, CDCl3) d 7.86 (d, J¼ 8.5 Hz, 2H, AreH), 7.79 (d, J¼ 8.4 Hz,
2H, AreH), 7.72 (d, J ¼ 8.5 Hz, 2H, AreH), 7.68 (d, J ¼ 8.4 Hz, 2H,
AreH), 7.01e6.89 (m, 2H, furaneH, CONH), 3.64 (s, 2H, furaneC2),
3.41e3.37 (m, 2H, CONHCH2), 2.71e2.69 (m, 2H, CH2N(CH2CH3)2),
2.63e2.58 (m, 4H, CH2N(CH2CH3)2)), 0.97 (t, J ¼ 7.1 Hz, 6H,
CH2N(CH2CH3)2)). 13C NMR (101 MHz, CDCl3) d 170.21, 151.97,
149.49, 134.20, 133.72, 132.84, 132.78, 126.17, 124.36, 120.17, 118.84,
118.79, 113.27, 111.32, 111.28, 51.31, 47.07, 36.50, 34.24, 11.09. ESI-
MS: m/z: 427.21 [MþH]þ.

5.1.14.13. N-(2-Piperidin-1-ylethyl)-2-[2,5-bis(4-cyanophenyl)furan-
3-yl]acetamide (13m). Light yellow solid (49% yield). 1H NMR
(400 MHz, CDCl3) d 7.90e7.85 (m, 2H, AreH), 7.82e7.77 (m, 2H,
AreH), 7.75e7.70 (m, 2H, AreH), 7.68 (d, J¼ 8.4 Hz, 2H, AreH), 7.05
(s, 1H, furaneH), 3.67 (s, 2H, furaneCH2), 3.45e3.40 (m, 2H,
CONHCH2CH2), 2.60e2.58 (m, 2H, CONHCH2CH2), 2.55e2.41 (m,

4H, piperidineeH), 1.61e1.52 (m, 4H, piperidineeH), 1.45e1.35 (m,
2H, piperidineeH). 13C NMR (101 MHz, CDCl3) d 169.46, 151.85,
149.48, 134.21, 133.75, 132.81, 132.76, 126.18, 124.32, 120.36, 118.82,
118.79, 113.43, 111.27, 111.23, 57.04, 54.20, 35.56, 34.31, 24.97, 23.58.
ESI-MS: m/z: 439.18 [MþH]þ.

5.1.14.14. N-[2-(Morpholin-4-yl)ethyl]-2-[2,5-bis(4-cyanophenyl)
furan-3-yl]acetamide (13n). Off-white solid (47% yield). 1H NMR
(400 MHz, CDCl3) d 7.97 (d, J ¼ 8.3 Hz, 2H, Ar-H), 7.82 (d, J ¼ 8.4 Hz,
2H, Ar-H), 7.74 (d, J¼ 8.5 Hz, 2H, Ar-H), 7.68 (d, J¼ 8.4 Hz, 2H, Ar-H),
7.26 (m, 1H, furan-H, CHCl3), 4.40e3.82 (m, 6H), 3.81e3.64 (m, 4H,
furan-CH2), 3.59e3.32 (m, 2H), 3.01e2.74 (m, 2H), 1.72e1.52 (m,
2H). ESI-MS: m/z: 441.13 [MþH]þ.

5.1.14.15. N-[2-(4-Methylpiperazin-1-yl)ethyl]-2-[2,5-bis(4-
cyanophenyl)furan-3-yl]acetamide (13o). The compound was used
for the next step without purification. ESI-MS:m/z: 454.19 [MþH]þ.

5.1.14.16. N-[3-(Dimethylamino)propyl]-2-[2,5-bis(4-cyanophenyl)
furan-3-yl]acetamide (13p). Light yellow solid (63% yield). 1H NMR
(400MHz, CDCl3) d 7.97 (s,1H, CONH), 7.86 (d, J¼ 8.4 Hz, 2H, AreH),
7.82 (d, J ¼ 8.4 Hz, 2H, Ar-H), 7.76e7.72 (m, 2H, Ar-H), 7.70 (d,
J¼ 8.4 Hz, 2H, AreH), 7.01 (s, 1H, furaneH), 3.64 (s, 2H, furaneCH2),
3.42e3.38 (m, 2H, CONHCH2), 2.47 (t, J ¼ 5.9 Hz, 2H, CH2N(CH3)2),
2.13 (s, 6H, CH2N(CH3)2), 1.75e1.66 (m, 2H, CH2CH2CH2). 13C NMR
(101 MHz, CDCl3) d 169.51, 151.86, 149.57, 134.14, 133.66, 132.95,
132.85, 126.03, 124.32, 120.37, 118.78, 118.75, 113.56, 111.41, 111.38,
58.40, 44.69, 39.73, 34.63, 24.65. ESI-MS: m/z: 413.13 [MþH]þ.

5.1.14.17. N-[4-(Dimethylamino)butyl]-2-[2,5-bis(4-cyanophenyl)
furan-3-yl]acetamide (13q). Light yellow solid (82% yield). 1H NMR
(400MHz, DMSO) d 8.25 (t, J¼ 5.7 Hz,1H, CONH), 8.05e7.98 (m, 4H,
AreH), 7.97e7.89 (m, 4H, AreH), 7.32 (s, 1H, furaneH), 3.61 (s, 2H,
furaneCH2), 3.13e3.10 (m, 2H, CH2), 3.05e2.97 (m, 2H, CH2), 2.71 (s,
6H, CH3), 1.65e1.54 (m, 2H, CH2), 1.49e1.39 (m, 2H, CH2). 13C NMR
(101 MHz, DMSO) d 168.72, 150.67, 148.43, 133.94, 133.32, 132.98,
132.75, 125.93, 124.27, 121.74, 121.73, 118.76, 114.30, 109.92, 109.85,
56.24, 42.07, 37.93, 32.97, 26.03, 21.16. ESI-MS:m/z: 427.18 [MþH]þ.

5.1.14.18. 1-{[2,5-Bis(4-cyanophenyl)furan-3-yl]acetyl}piperidine
(13r). Off-white solid (71% yield). 1H NMR (400 MHz, CDCl3)
d 7.82e7.76 (m, 4H, AreH), 7.73 (d, J ¼ 8.5 Hz, 2H, AreH), 7.68 (d,
J¼ 8.5 Hz, 2H, AreH), 6.91 (s, 1H, furaneH), 3.77 (s, 2H, furaneCH2),
3.52 (s, 4H, piperidineeH), 1.71e1.62 (m, 2H, piperidineeH),
1.61e1.49 (m, 4H, piperidineeH). ESI-MS: m/z: 394.24 [M�H]-.

5.1.14.19. 4-{[2,5-Bis(4-cyanophenyl)furan-3-yl]acetyl}morpholine
(13s). Light yellow solid (45% yield). 1H NMR (400 MHz, CDCl3)
d 7.79e7.74 (m, 4H, AreH), 7.74e7.70 (m, 2H, AreH), 7.69e7.64 (m,
2H, AreH), 6.88 (s, 1H, furaneH), 3.75 (s, 2H, furaneCH2),
3.72e3.59 (m, 6H, morpholineeH), 3.46 (s, 2H, morpholineeH). 13C
NMR (101 MHz, CDCl3) d 168.13, 152.01, 149.16, 134.35, 133.74,
132.84, 132.81, 126.34, 124.38, 119.99, 118.82, 118.70, 112.65, 111.44,
111.31, 66.99, 66.67, 46.58, 42.56, 31.23. ESI-MS: m/z: 396.21
[M�H]-.

5.1.14.20. 1-{[2,5-Bis(4-cyanophenyl)furan-3-yl]acetyl}-4-
methylpiperazine (13t). Light yellow solid (53% yield). 1H NMR
(400 MHz, DMSO) d 8.05e7.99 (m, 2H, AreH), 7.96e7.87 (m, 6H,
AreH), 7.27 (s,1H, furaneH), 3.88 (s, 2H, furaneCH2), 3.60e3.53 (m,
2H, piperazineeH), 3.53e3.46 (m, 2H, piperazineeH), 2.35e2.32
(m, 2H, piperazineeH), 2.31e2.25 (m, 2H, piperazineeH), 2.20 (s,
3H, CH3). 13C NMR (101 MHz, DMSO) d 167.39, 150.59, 148.40,
133.98, 133.36, 132.94, 132.75, 125.83, 124.26, 121.74, 118.78, 118.75,
114.60, 109.84, 109.74, 54.80, 54.32, 45.61, 45.22, 41.37, 30.48. ESI-

B. Sauer et al. / European Journal of Medicinal Chemistry 127 (2017) 22e4032



MS: m/z: 411.08 [MþH]þ.

5.1.14.21. 2-(4-{[2,5-Bis(4-cyanophenyl)furan-3-yl]acetyl}pipera-
zine-1-yl)ethanol (13u). Light yellow solid (66% yield). 1H NMR
(400 MHz, DMSO) d 8.04e7.99 (m, 2H, AreH), 7.96e7.88 (m, 6H,
AreH), 7.27 (s, 1H, furaneH), 4.43 (s, 1H, OH), 3.88 (s, 2H, fur-
aneCH2), 3.63e3.44 (m, 6H, CH2OH, piperazineeH), 3.31e3.28 (m,
2H, NCH2, H2O), 2.43 (s, 4H, piperazineeH). ESI-MS: m/z: 441.11
[MþH]þ.

5.1.14.22. 2-(4-{[2,5-Bis(4-cyanophenyl)furan-3-yl]acetyl}pipera-
zine-1-yl)pyrimidine (13v). Light yellow solid (73% yield). 1H NMR
(400 MHz, DMSO) d 8.40 (d, J ¼ 4.8 Hz, 2H, H3, H5), 8.03 (d,
J ¼ 8.3 Hz, 2H, Ar-H), 8.00e7.87 (m, 6H, Ar-H), 7.30 (s, 1H, furan-H),
6.67 (t, J ¼ 4.8 Hz, 1H, H4), 3.96 (s, 2H, furan-CH2), 3.82 (s, 2H,
piperazine-H), 3.77 (s, 2H, piperazine-H), 3.69 (s, 2H, piperazine-H),
3.60 (s, 2H, piperazine-H). ESI-MS: m/z: 475.10 [MþH]þ.

5.1.14.23. 1-{[2,5-Bis(4-cyanophenyl)furan-3-yl]acetyl}-4-
benzoylpiperazine (13w). Light yellow solid (54% yield). 1H NMR
(400 MHz, DMSO) d 8.02e8.00 (m, 2H, AreH), 7.98e7.87 (m, 6H,
AreH), 7.48e7.42 (m, 5H, benzoyleH), 7.28 (s, 1H, furaneH), 3.92 (s,
2H, piperazineeH), 3.73e3.51 (m, 6H, piperazineeH), 3.31 (s, 2H,
furaneCH2). 13C NMR (101 MHz, DMSO) d 169.21, 167.72, 150.63,
148.42, 135.64, 133.93, 133.33, 132.92, 132.75, 129.64, 128.42,
126.98, 125.82, 124.27, 121.50, 118.78, 118.75, 114.50, 109.85, 109.73,
79.14, 30.55. ESI-MS: m/z: 523.11 [MþNa]þ.

5.1.14.24. 1-{[2,5-Bis(4-cyanophenyl)furan-3-yl]acetyl}-4-(diphe-
nylmethyl)piperazine (13x). White solid (64% yield). 1H NMR
(400MHz, DMSO) d 8.00 (d, J¼ 8.4 Hz, 2H, AreH), 7.96e7.85 (m, 6H,
AreH), 7.44 (d, J ¼ 7.3 Hz, 4H, phenyleH), 7.31 (t, J ¼ 7.6 Hz, 4H,
phenyleH), 7.25 (s, 1H, furaneH), 7.20 (t, J ¼ 7.3 Hz, 2H, phenyleH),
4.38 (s, 1H, CH), 3.84 (s, 2H, furaneCH2), 3.61 (s, 2H, piperazineeH),
3.53 (s, 2H, piperazineeH), 2.39e2.24 (m, 4H, piperazineeH). 13C
NMR (101 MHz, DMSO) d 167.31, 150.59, 148.38, 142.30, 133.92,
133.33,132.92,132.69,128.53,127.62,126.95,125.79,124.25, 121.65,
118.78,118.73,114.54,109.83,109.70, 74.51, 51.73, 51.17, 45.43, 41.54,
30.42. ESI-MS: m/z: 561.32 [M�H]-.

5.1.14.25. 1-{[2,5-Bis(4-cyanophenyl)furan-3-yl]acetyl}-4-[bis(4-
fluorphenyl)methyl]piperazine (13y). Off-white solid (51% yield). 1H
NMR (400MHz, CDCl3) d 7.80e7.64 (m, 8H, Ar-H), 7.39e7.27 (m, 4H,
phenyl-H), 7.04e6.92 (m, 4H, phenyl-H), 6.86 (s, 1H, furan-H), 4.25
(s, 2H, CH), 3.73 (s, 2H, furan-CH2), 3.68 (s, 2H, piperazine-H), 3.49
(s, 2H, piperazine-H), 2.43e2.28 (m, 4H, piperazine-H). 13C NMR
(101 MHz, CDCl3) d 167.83, 163.27, 160.85, 151.86, 149.05, 137.42,
134.32, 133.74, 132.79, 132.73, 129.36, 129.28, 126.24, 124.32,
120.25, 118.82, 118.71, 115.85, 115.62, 112.72, 111.26, 111.19, 74.24,
51.94, 51.47, 46.34, 42.32, 31.33. ESI-MS: m/z: 597,24 [M�H]-.

5.1.15. General Pinner-method for amidination to get 14a-y
HCl-gas was led into abs. ethanol (10e15 mL) under cooling for

30 min. Afterwards, the bisbenzonitrile derivative (0.1e0.2 mmol)
was added and stirred for one week under argon. After conversion
the crudemixturewas evaporated. The residuewas dissolved in dry
ethanolic ammonia (10e15 mL) and stirred for another week. After
evaporation the free base can converted into the formate salt by
adding a mixture of 10 mL ethanol/formic acid (9:1). After precip-
itation in diethyl ether (20e30 mL) the salt was separated by
centrifugation. Purification was achieved by preparative HPLC
(eluent: MeOH/ammonium formate solution) to get 14a-y as
formate salts.

5.1.15.1. 2-[2,5-Bis(4-carbamimidoylphenyl)furan-3-yl]-N-methyl-
acetamide formate (14a). Yellow solid (41% yield). 1H NMR
(400 MHz, DMSO) d 8.48 (s, 2.5H, formate), 8.22e8.15 (m, 1H,
CONH), 8.04 (d, 4H, AreH), 7.95e7.89 (m, 4H, AreH), 7.30 (s, 1H,
furan-H), 3.61 (s, 2H, furan-CH2), 2.64 (d, J ¼ 4.6 Hz, 3H, CH3). 13C
NMR (101 MHz, DMSO) d 169.37, 168.01, 165.50, 150.81, 148.56,
134.34, 133.79, 128.56, 128.31, 127.66, 127.54, 125.51, 123.83, 121.21,
113.87, 32.94, 25.81. HR-MS: m/z: 376.1766 [calculated for
C21H22N5O2

þ: 376.1768].

5.1.15.2. 2-[2,5-Bis(4-carbamimidoylphenyl)furan-3-yl]-N,N-dime-
thylacetamide formate (14b). Yellow solid (32% yield). 1H NMR
(500 MHz, DMSO) d 8.47 (s, 2.5H, formate), 8.05 (d, J ¼ 8.5 Hz, 2H,
AreH), 7.97 (d, J ¼ 8.7 Hz, 2H, AreH), 7.95e7.87 (m, 4H, AreH), 7.26
(s, 1H, furaneH), 3.88 (s, 2H, furaneCH2), 3.11 (s, 3H, CH3), 2.90 (s,
3H, CH3). 13C NMR (126 MHz, DMSO) d 168.90, 167.77, 165.48,
150.70, 148.63, 134.41, 133.80, 128.51, 128.29, 127.64, 127.49, 125.42,
123.79, 121.26, 114.12, 37.15, 35.21, 30.73. HR-MS: m/z: 390.1925
[calculated for C22H24N5O2

þ: 390.1925].

5.1.15.3. N-(Cyclohexylmethyl)-2-[2,5-bis(4-carbamimidoylphenyl)
furan-3-yl]acetamide formate (14c). Yellow solid (17% yield). 1H
NMR (400 MHz, DMSO) d 8.47 (s, 2.5H, formate), 8.18 (t, J ¼ 5.6 Hz,
1H, CONH), 8.05e8.03 (m, 4H, AreH), 7.93e7.89 (m, 4H, AreH), 7.29
(s, 1H, furaneH), 3.63 (s, 2H, furaneCH2), 2.97e2.93 (m, 2H,
CONHCH2),1.72e0.76 (m,11H, cyclohexaneeH). 13C NMR (101MHz,
DMSO) d 168.80, 165.40, 165.33, 150.75, 148.48, 148.21, 134.32,
133.74, 128.54, 128.21, 127.76, 127.58, 125.49, 123.78, 121.40, 113.87,
45.08, 39.73, 37.43, 30.40, 26.00, 25.38. HR-MS: m/z: 458.2548
[calculated for C27H32N5O2

þ: 458.2551].

5.1.15.4. 2-[2,5-Bis(4-carbamimidoylphenyl)furan-3-yl]-N-(2-
phenylethyl)acetamide formate (14d). Yellow solid (21% yield).1H
NMR (500 MHz, DMSO) d 8.42 (s, 2.5H, formate), 8.31 (t, J ¼ 5.6 Hz,
1H, CONH), 8.05e8.02 (m, 4H, AreH), 7.94e7.90 (m, 4H, AreH),
7.30e7.16 (m, 6H, furaneH, phenyleH), 3.60 (s, 2H, furaneCH2),
3.37e3.33 (m, 2H, CH2CH2Ph), 2.75 (t, J¼ 7.3 Hz, 2H, CH2CH2Ph). 13C
NMR (126 MHz, DMSO) d 168.82, 166.94, 165.45, 165.42, 150.76,
148.52, 139.34, 134.33,133.78, 128.62, 128.57, 128.28, 128.27, 127.60,
127.47, 126.06, 125.52, 123.80, 121.20, 113.77, 40.37, 35.04, 32.99.
HR-MS: m/z: 466.2234 [calculated for C28H28N5O2

þ: 466.2238].

5.1.15.5. 2-[2,5-Bis(4-carbamimidoylphenyl)furan-3-yl]-N-(3-
phenylpropyl)acetamide formate (14e). Yellow solid (76% yield). 1H
NMR (500 MHz, DMSO) d 8.45 (s, 2.5H, formate), 8.30 (t, J ¼ 5.6 Hz,
1H, CONH), 8.07e8.03 (m, 4H, AreH), 7.94e7.90 (m, 4H, AreH), 7.31
(s, 1H, furaneH), 7.28e7.23 (m, 2H, phenyleH), 7.20e7.13 (m, 3H,
phenyleH), 3.63 (s, 2H, furaneCH2), 3.14e3.10 (m, 2H,
CH2CH2CH2Ph), 2.58 (t, 2H, CH2CH2CH2Ph), 1.76e1.70 (m, 2H,
CH2CH2CH2Ph). 13C NMR (126MHz, DMSO) d 168.83, 167.42, 165.48,
165.42, 150.79, 148.52, 141.61, 134.35, 133.78, 128.54, 128.26, 128.24,
127.65, 127.48, 125.72, 125.51, 123.81, 121.34, 113.83, 38.42, 33.02,
32.49, 30.82. HR-MS: m/z: 480.2391 [calculated for C29H30N5O2

þ:
480.2394].

5.1.15.6. N-(2,2-Diphenylethyl)-2-[2,5-bis(4-carbamimidoylphenyl)
furan-3-yl]acetamide formate (14f). Yellow solid (38% yield). 1H
NMR (500 MHz, DMSO) d 8.45 (s, 2.5H, formate), 8.31 (t, J ¼ 5.6 Hz,
1H, CONH), 8.00e7.94 (m, 4H, Ar-H), 7.94e7.90 (m, 2H, Ar-H),
7.90e7.86 (m, 2H, Ar-H), 7.31e7.25 (m, 8H, phenyl-H), 7.20e7.15 (m,
2H, phenyl-H), 7.01 (s, 1H, furan-H), 4.25 (t, J ¼ 7.9 Hz, 1H, CH),
3.81e3.75 (m, 2H, CH2), 3.51 (s, 2H, furan-CH2). 13C NMR (126 MHz,
DMSO) d 168.98, 167.17, 165.48, 150.69, 148.39, 142.72, 134.21,
133.68, 128.52, 128.38, 128.23, 127.86, 127.85, 127.69, 127.54, 126.33,
125.49, 123.77, 121.13, 113.37, 50.03, 43.31, 32.94. HR-MS: m/z:
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271.6311 [calculated for C34H33N5O2
2þ: 271,6312].

5.1.15.7. N-(3,3-Diphenylpropyl)-2-[2,5-bis(4-carbamimidoylphenyl)
furan-3-yl]acetamide formate (14g). Yellow solid (79% yield). 1H
NMR (500 MHz, DMSO) d 8.47 (s, 2.5H, formate), 8.28 (t, J ¼ 5.4 Hz,
1H, CONH), 8.07e8.01 (m, 4H, Ar-H), 7.95e7.88 (m, 4H, Ar-H), 7.31
(s, 1H, furan-H), 7.29e7.23 (m, 8H, phenyl-H), 7.18e7.12 (m, 2H,
phenyl-H), 3.98 (t, J ¼ 7.8 Hz, 1H, CH), 3.61 (s, 2H, furan-CH2),
3.04e2.97 (m, 2H, CONHCH2), 2.22e2.15 (m, 2H, CH2). 13C NMR
(126 MHz, DMSO) d 168.80, 167.69, 165.39, 165.32, 150.78, 148.52,
144.60, 134.29, 133.72, 128.51, 128.38, 128.23, 127.74, 127.57, 127.53,
126.08, 125.50, 123.79, 121.26, 113.79, 47.89, 37.63, 34.41, 33.00. HR-
MS: m/z: 556.2703 [calculated for C35H34N5O2

þ: 556.2707].

5.1.15.8. N-(2-(Methylthio)ethyl)-2-[2,5-bis(4-carbamimidoylphenyl)
furan-3-yl]acetamide formate (14h). Yellow solid (50% yield). 1H
NMR (500 MHz, DMSO) d 8.46 (s, 2.5H, formate), 8.39 (t, J ¼ 5.7 Hz,
1H, CONH), 8.06e8.01 (m, 4H, Ar-H), 7.96e7.89 (m, 4H, Ar-H), 7.31
(s, 1H, furan-H), 3.63 (s, 3H, furan-CH2), 3.32e3.29 (m, 2H,
CH2CH2S), 2.59e2.54 (m, 2H, CH2CH2S), 2.07 (s, 3H, CH3). 13C NMR
(126 MHz, DMSO) d 168.94, 167.53, 165.46, 165.43, 150.77, 148.54,
134.29, 133.76, 128.54, 128.27, 127.68, 127.55, 125.51, 123.79, 121.09,
113.87, 38.15, 32.98, 32.72, 14.52. HR-MS: m/z: 436.1799 [calculated
for C35H34N5O2

þ: 436.1802].

5 .1 . 15 . 9 . N - ( 3 - ( M e t h y l t h i o ) p r o p y l ) - 2 - [ 2 , 5 - b i s ( 4 -
carbamimidoylphenyl)furan-3-yl]acetamide formate (14i).
Yellow solid (78% yield). 1H NMR (500 MHz, DMSO) d 8.47 (s, 2H,
formate), 8.27 (t, J ¼ 5.6 Hz, 1H, CONH), 8.07e8.01 (m, 4H, Ar-H),
7.95e7.88 (m, 4H, Ar-H), 7.30 (s, 1H, furan-H), 3.62 (s, 2H, furan-
CH2), 3.18 (dd, J ¼ 12.5, 6.7 Hz, 2H, CH2CH2CH2S), 2.46 (t, J ¼ 7.1 Hz,
2H, CH2CH2CH2S), 2.02 (s, 3H, CH3), 1.69 (p, J ¼ 6.9 Hz, 2H.
CH2CH2CH2S). 13C NMR (126 MHz, DMSO) d 168.88, 167.68, 165.45,
165.40, 150.79,148.52, 134.32,133.76, 128.53,128.25, 127.70,127.55,
125.49, 123.80, 121.26, 113.83, 37.82, 33.00, 30.63, 28.50, 14.61. HR-
MS: m/z: 450.1957 [calculated for C24H28N5O2Sþ: 450.1958].

5.1.15.10. N-(3-Hydroxypropyl)-2-(2,5-bis(4-carbamimidoylphenyl)
furan-3-yl)acetamide formate (14j). Yellow solid (33% yield). 1H
NMR (500 MHz, DMSO) d 8.46 (s, 2.5H, formate), 8.24 (t, J ¼ 5.5 Hz,
1H, CON), 8.05e8.03 (4H, AreH), 7.94e7.90 (4H, AreH), 7.30 (s, 1H,
furaneH), 3.61 (s, 2H, furaneCH2), 3.42 (t, J ¼ 6.3 Hz, 2H, CH2OH),
3.18e3.14 (m, 2H, CONHCH2), 1.61e1.56 (m, 2H, CH2). 13C NMR
(126 MHz, DMSO) d 168.82, 167.55, 165.46, 165.43, 150.76, 148.51,
134.31, 133.76, 128.52, 128.25, 127.68, 127.54, 125.49, 123.80, 121.30,
113.84, 58.35, 36.05, 32.97, 32.30. HR-MS: m/z: 420.2028 [calcu-
lated for C23H26N5O3

þ: 420,2030].

5 .1.15 .11. N - [ 2 - (D ime t hy l am i no ) e t hy l ] - 2 - [ 2 , 5 - b i s ( 4 -
carbamimidoylphenyl)furan-3-yl]acetamide formate (14k).
Yellow solid (53% yield). 1H NMR (500 MHz, DMSO) d 8.35 (m, 4.5H,
formate, CONH), 8.05e8.03 (m, 4H, AreH), 7.96e7.93 (m, 4H,
AreH), 7.33 (s, 1H, furaneH), 3.64 (s, 1H, furaneCH2), 3.26e3.22 (m,
2H, CONHCH2), 2.43 (t, J ¼ 6.6 Hz, 2H, CH2N(CH3)2), 2.23 (s, 6H,
CH2N(CH3)2). 13C NMR (126 MHz, DMSO) d 168.94, 165.32, 165.30,
150.76, 148.53, 134.45, 133.91, 128.73, 128.45, 127.26, 127.12, 125.51,
123.79, 121.37, 113.99, 57.73, 44.71, 36.55, 32.97. HR-MS: m/z:
433.2345 [calculated for C24H29N6O2

þ: 433.2347].

5 .1.15 .12 . N - [ 2 - ( D i e t h y l am i n o ) e t h y l ] - 2 - [ 2 , 5 - b i s ( 4 -
carbamimidoylphenyl)furan-3-yl]acetamide formate (14l).
Yellow solid (50% yield). 1H NMR (500 MHz, DMSO) d 8.35 (s, 3H,
formate), 8.27 (s, 1H, CONH), 8.08e8.02 (m, 4H, AreH), 8.00e7.90
(m, 4H, AreH), 7.34 (s, 1H, furaneH), 3.63 (s, 4H, furaneCH2),
3.21e3.18 (m, 2H, CONHCH2), 2.59e2.44 (m, 4H, CH2N(CH2CH3,

DMSO), 0.95 (t, J ¼ 7.1 Hz, 6H, CH2N(CH2CH3)2. 13C NMR (126 MHz,
DMSO) d 168.85, 165.70, 165.18, 165.15, 150.77, 148.54, 134.48,
133.93, 128.78, 128.50, 127.10, 126.96, 125.49, 123.78, 121.35, 114.03,
46.56, 11.35. HR-MS: m/z: 461.2659 [calculated for C26H33N6O2

þ:
461,2660].

5 .1 .15 .13 . N - ( 2 - P i p e r i d i n - 1 - y l e t h y l ) - 2 - [ 2 , 5 - b i s ( 4 -
carbamimidoylphenyl)furan-3-yl]acetamid formate (14m).
Yellow solid (44% yield). 1H NMR (500 MHz, DMSO) d 8.48 (t, 1H,
J ¼ 5.6 Hz, CONH), 8.25 (s, 2H, formate), 8.09e8.03 (m, 4H, AreH),
8.02e7.96 (m, 4H, AreH), 7.37 (s, 1H, furaneH), 3.66 (s, 6H, fur-
aneCH2), 3.34e3.30 (m, 2H, CONHCH2CH2), 2.69e2.65 (m, 6H,
CONHCH2CH2, piperidineeH), 1.59e1.55 (m, 4H, piperidineeH),
1.43e1.36 (m, 2H, piperidineeH). 13C NMR (126 MHz, DMSO)
d 168.97, 165.00, 164.35, 150.77, 148.56, 134.60, 134.06, 128.95,
128.69, 126.64, 126.50, 125.48, 123.77, 121.39, 114.16, 56.62, 53.27,
35.43, 33.03, 24.29, 23.00. HR-MS: m/z: 473.2657 [calculated for
C27H33N6O2

þ: 473.2656].

5 .1.15 .14 . N - [ 2 - (Mo rpho l i n - 4 - y l ) e t hy l ] - 2 - [ 2 , 5 - b i s ( 4 -
carbamimidoylphenyl)furan-3-yl]acetamide formate (14n).
Yellow solid (81% yield). 1H NMR (500 MHz, DMSO) d 8.32 (s, 2H,
formate), 8.27 (t, J ¼ 5.6 Hz, 1H, CONH), 8.08e8.02 (m, 4H, Ar-H),
8.00e7.93 (m, 4H, Ar-H), 7.34 (s, 1H, furan-H), 3.64 (s, 2H, furan-
CH2), 3.55e3.49 (m, 4H, morpholine-H), 3.24e3.20 (m, 2H,
CONHCH2CH2), 2.39e2.32 (m, 6H, CONHCH2CH2, morpholine-H).
13C NMR (126 MHz, DMSO) d 168.83, 165.24, 165.12, 165.09, 150.77,
148.53,134.53,133.98,128.85,128.57,126.92,126.77,125.49,123.78,
121.46, 114.03, 66.13, 57.28, 53.21, 36.07, 33.03. HR-MS: m/z:
475.2450 [calculated for C26H31N6O3

þ: 475.2452].

5.1.15.15. N-[2-(4-Methylpiperazin-1-yl)ethyl]-2-[2,5-bis(4-
carbamimidoylphenyl)furan-3-yl]-acetamide formate (14o).
Yellow solid (43% yield). 1H NMR (500 MHz, DMSO) d 8.38 (s, 3.5H,
formate), 8.28 (s, 1H, CONH), 8.07e8.01 (m, 4H, AreH), 8.00e7.93
(m, 4H, AreH), 7.33 (s, 1H, furaneH), 3.63 (s, 2H, furaneCH2),
3.22e3.18 (m, 2H, CONHCH2CH2), 2.47e2.25 (m, 10H,
CONHCH2CH2, piperazineeH), 2.18e2.11 (m, 3H, CH3). 13C NMR
(126 MHz, DMSO) d 168.85, 165.95, 165.23, 150.79, 148.54, 134.48,
133.94, 128.79, 128.53, 127.10, 126.95, 125.49, 123.80, 121.42, 114.01,
56.67, 54.33, 52.18, 45.26, 36.35, 33.05. HR-MS: m/z: 488.2767
[calculated for C27H34N7O2

þ: 488.2769].

5 .1.15 .16 . N - [3 - (D ime thyl amino )p ropyl ] -2 - [2 , 5 -b i s (4 -
carbamimidoylphenyl)furan-3-yl] acetamide formate (14p).
Yellow solid (42% yield). 1H NMR (500 MHz, DMSO) d 8.47 (t,
J ¼ 5.5 Hz, 1H, CONH), 8.34 (s, 2.5H, formate), 8.08e8.03 (m, 4H,
AreH), 8.02e7.94 (m, 4H, AreH), 7.36 (s, 1H, furaneH), 3.64 (s, 2H,
furaneCH2), 3.15e3.10 (m, 2H, CONHCH2), 2.53e2.45 (m, 2H,
CH2N(CH3)2, DMSO), 2.28 (s, 6H, CH2N(CH3)2), 1.69e1.61 (m, 2H,
CH2). 13C NMR (126 MHz, DMSO) d 169.13, 164.96, 164.92, 150.79,
148.52,134.65,134.10,128.99,128.80,126.47,126.28,125.40,123.82,
121.48, 114.30, 54.33, 41.86, 36.02, 32.98, 24.03. HR-MS: m/z:
447.2500 [calculated for C25H31N6O2

þ: 447.2503].

5 .1.15 .17 . N - [ 4 - (D ime t hy l am ino ) bu t y l ] - 2 - [ 2 , 5 - b i s ( 4 -
carbamimidoylphenyl)furan-3-yl]acetamide formate (14q).
Yellow solid (46% yield). 1H NMR (500 MHz, DMSO) d 8.42 (t,
J ¼ 5.4 Hz, 1H, CONH), 8.34 (s, 2H, formate), 8.08e8.04 (m, 4H,
AreH), 8.00e7.95 (m, 4H, AreH), 7.36 (s, 1H, furaneH), 3.64 (s, 2H,
furaneCH2), 3.13e3.09 (m, 2H, CONHCH2), 2.53e2.47 (m, 2H,
CH2N(CH3)2, DMSO), 2.31 (s, 6H, CH2N(CH3)2), 1.53e1.41 (m, 4H,
CH2CH2). 13C NMR (126 MHz, DMSO) d 168.77, 165.58, 165.09,
165.07, 150.75, 148.52, 134.56, 134.00, 128.85, 128.59, 126.83,
126.68, 125.46, 123.78, 121.56, 114.09, 57.58, 43.74, 38.39, 32.99,
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26.55, 23.08. HR-MS: m/z: 461.2660 [calculated for C26H33N6O2
þ:

461.2660].

5.1.15.18. 1-{[2,5-Bis(4-carbamimidoylphenyl)furan-3-yl]acetyl}
piperidin formate (14r). Yellow solid (58% yield). 1H NMR (500MHz,
DMSO) d 8.45 (s, 2H, formate), 8.06 (d, J¼ 8.5 Hz, 2H, AreH), 7.97 (d,
J ¼ 8.6 Hz, 2H, AreH), 7.95e7.88 (m, 4H, AreH), 7.27 (s, 1H,
furaneH), 3.88 (s, 2H, furaneCH2), 3.55e3.50 (m, 2H,
piperidineeH), 3.50e3.45 (m, 2H, piperidineeH), 1.65e1.57 (m, 2H,
piperidineeH), 1.55e1.50 (m, 2H, piperidineeH), 1.49e1.43 (m, 2H,
piperidineeH). 13C NMR (126 MHz, DMSO) d 167.41, 167.13, 165.46,
165.41, 150.73, 148.48, 134.37, 133.78, 128.52, 128.29, 127.62, 127.42,
125.38, 123.80, 121.39, 114.07, 46.36, 42.37, 30.73, 26.11, 25.37,
23.98. HR-MS: m/z: 430.2234 [calculated for C25H28N5O2

þ:
430.2238].

5.1.15.19. 4-{[2,5-Bis(4-carbamimidoylphenyl)furan-3-yl]acetyl}mor-
pholine formate (14s). Yellow solid (35% yield). 1H NMR (500 MHz,
DMSO) d 8.43 (s, 2.5H, formate), 8.07 (d, J ¼ 8.6 Hz, 2H, AreH), 7.98
(d, J ¼ 8.7 Hz, 2H, AreH), 7.93 (d, J ¼ 8.8 Hz, 2H, AreH), 7.91 (d,
J¼ 8.6 Hz, 2H, AreH), 7.28 (s, 1H, furaneH), 3.92 (s, 2H, furaneCH2),
3.65e3.57 (m, 6H, morpholineeH), 3.53e3.48 (m, 2H,
morpholineeH). 13C NMR (126 MHz, DMSO) d 167.79, 167.24,
165.44,165.39,150.76,148.55,134.36,133.78,128.52,128.30,127.60,
127.41, 125.41, 123.82, 121.05, 114.05, 66.14, 45.84, 41.88, 30.39. HR-
MS: m/z: 432.2029 [calculated for C24H26N5O3

þ: 432.2030].

5.1.15.20. 1-{[2,5-Bis(4-carbamimidoylphenyl)furan-3-yl]acetyl}-4-
methylpiperazine formate (14t). Yellow solid (61% yield). 1H NMR
(500 MHz, DMSO) d 8.23 (s, 2H, formate), 8.08 (d, J ¼ 8.6 Hz, 2H,
AreH), 8.01e7.94 (m, 6H, AreH), 7.30 (s, 1H, furaneH), 3.91 (s, 2H,
furaneCH2), 3.63e3.58 (m, 2H, piperazineeH), 3.55e3.49 (m, 2H,
piperazineeH), 2.41e2.36 (m, 2H, piperazineeH), 2.35e2.30 (m,
2H, piperazineeH), 2.23 (s, 3H, CH3). 13C NMR (126 MHz, DMSO)
d 167.49, 165.00, 164.97, 164.16, 150.74, 148.56, 134.65, 134.06,
128.91, 128.68, 126.68, 126.48, 125.36, 123.80, 121.39, 114.36, 54.73,
54.25, 45.49, 45.12, 41.27, 30.58. HR-MS: m/z: 445.2345 [calculated
for C25H29N6O2

þ: 445.2347].

5.1.15.21. 2-(4-{[2,5-Bis(4-carbamimidoylphenyl)furan-3-yl]acetyl}
piperazin-1-yl)ethanol formate (14u). Yellow solid (82% yield). 1H
NMR (500 MHz, DMSO) d 8.38 (s, 3.5H, formate), 8.07 (d, J ¼ 8.5 Hz,
2H, AreH), 7.97 (d, J ¼ 8.7 Hz, 2H, AreH), 7.95e7.88 (m, 4H, AreH),
7.27 (s, 1H, furaneH), 3.90 (s, 2H, furaneCH2), 3.59e3.57 (m, 2H,
piperazineeH), 3.53e3.49 (m, 4H, CH2OH, piperazineeH),
2.48e2.44 (m, 2H, piperazineeH), 2.44e2.38 (m, 4H, NCH2,
piperazineeH). 13C NMR (126 MHz, DMSO) d 167.43, 166.23, 165.41,
165.37, 150.73, 148.53, 134.40, 133.82, 128.57, 128.34, 127.51, 127.31,
125.39, 123.81, 121.22, 114.13, 60.05, 58.51, 53.44, 52.92, 45.38,
41.52, 30.56. HR-MS: m/z: 475.2450 [calculated for C26H31N6O3

þ:
475.2452].

5.1.15.22. 2-(4-{[2,5-Bis(4-carbamimidoylphenyl)furan-3-yl]acetyl}
piperazin-1-yl)pyrimidine formate (14v). Yellow solid (86% yield).
1H NMR (500 MHz, DMSO) d 8.44 (s, 2.5H, formate), 8.40 (d,
J ¼ 4.8 Hz, 2H, H4, H6), 8.07 (d, J ¼ 8.6 Hz, 2H, Ar-H), 8.00 (d,
J¼ 8.7 Hz, 2H, Ar-H), 7.94 (d, J¼ 8.7 Hz, 2H, Ar-H), 7.90 (d, J¼ 8.7 Hz,
2H, Ar-H), 7.30 (s, 1H, furan-H), 6.68 (t, J ¼ 4.8 Hz, 1H, H5), 3.98 (s,
2H, furan-CH2), 3.85e3.81 (m, 2H, piperazine-H), 3.80e3.75 (m, 2H,
piperazine-H), 3.74e3.68 (m, 2H, piperazine-H), 3.64e3.59 (m, 2H,
piperazine-H). 13C NMR (126 MHz, DMSO) d 167.83, 167.29, 165.45,
165.42, 161.09, 157.98, 150.78, 148.59, 134.36, 133.78, 128.50, 128.31,
127.63, 127.44, 125.42, 123.82, 121.08, 114.07, 110.48, 45.04, 43.48,
43.14, 41.22, 30.68. HR-MS: m/z: 509.2405 [calculated for
C28H29N8O2

þ: 509.2408].

5.1.15.23. 1-{[2,5-Bis(4-carbamimidoylphenyl)furan-3-yl]acetyl}-4-
benzoylpiperazine formate (14w). Yellow solid (91% yield). 1H NMR
(500 MHz, DMSO) d 8.44 (s, 2.5H, formate), 8.07 (d, J ¼ 8.5 Hz, 2H,
AreH), 8.00e7.97 (m, 2H, AreH), 7.94e7.90 (m, 4H, AreH),
7.50e7.41 (m, 5H, benzoyleH), 7.28 (s, 1H, furaneH), 3.95 (s, 2H,
furaneCH2), 3.80e3.30 (m, 8H, piperazineeH). 13C NMR (126 MHz,
DMSO) d 169.22, 167.85, 167.22, 165.44, 150.79, 148.59, 135.62,
134.32, 133.77, 129.67, 128.51, 128.44, 128.31, 127.62, 127.45, 126.99,
125.42, 123.83, 120.92, 113.99, 40.11e39.02 (m, piperazine-C,
DMSO), 30.61. HR-MS: m/z: 535.2451 [calculated for C31H31N6O3

þ:
535.2452].

5.1.15.24. 1-{[2,5-Bis(4-carbamimidoylphenyl)furan-3-yl]acetyl}-4-
(diphenylmethyl)-piperazine formate (14x). Yellow solid (87% yield).
1H NMR (500 MHz, DMSO) d 8.45 (s, 2.5H, formate), 8.05 (d,
J ¼ 8.6 Hz, 2H, AreH), 7.97 (d, J ¼ 8.7 Hz, 2H, AreH), 7.91 (d,
J ¼ 8.6 Hz, 4H, AreH), 7.47e7.43 (m, 4H, phenyleH), 7.31 (t,
J ¼ 7.7 Hz, 4H, phenyleH), 7.26 (s, 1H, furaneH), 7.23e7.18 (m, 2H,
phenyleH), 4.36 (s, 1H, CH), 3.86 (s, 2H, furaneCH2), 3.66e3.62 (m,
2H, piperazineeH), 3.56e3.52 (m, 2H, piperazineeH), 2.37e2.33
(m, 2H, piperazineeH), 2.33e2.29 (m, 2H, piperazineeH). 13C NMR
(126 MHz, DMSO) d 167.45, 167.27, 165.44, 165.43, 150.75, 148.56,
142.37, 134.30, 133.76, 128.55, 128.50, 128.27, 127.63, 127.60, 127.48,
126.96, 125.39, 123.81, 121.03, 113.99, 74.62, 51.78, 51.23, 45.43,
41.54, 30.50. HR-MS: m/z: 597.2970 [calculated for C37H37N6O2

þ:
597.2973].

5.1.15.25. 1-{[2,5-Bis(4-carbamimidoylphenyl)furan-3-yl]acetyl}-4-
[bis(4-fluorphenyl)-methyl]-piperazine formate (14y). Yellow solid
(36% yield). 1H NMR (500 MHz, DMSO) d 8.44 (s, 2.5H, formate),
8.05 (d, J ¼ 8.5 Hz, 2H, Ar-H), 7.97 (d, J ¼ 8.6 Hz, 2H, Ar-H), 7.91 (d,
J ¼ 8.5 Hz, 4H, Ar-H), 7.48e7.43 (m, 4H, phenyl-H), 7.26 (s, 1H,
furan-H), 7.18e7.12 (m, 4H, phenyl-H), 4.45 (s, 1H, CH), 3.87 (s, 2H,
furan-CH2), 3.66e3.60 (m, 2H, piperazine-H), 3.56e3.51 (m, 2H,
piperazine-H), 2.35e2.31 (m, 2H, piperazine-H), 2.31e2.26 (m, 2H,
piperazine-H). 13C NMR (126 MHz, DMSO) d 167.93, 167.60, 165.87,
165.86,162.53,160.60,149.02,138.75.138.72,134.77,134.23,129.93,
129.86, 128.98, 128.75, 128.09, 127.94, 125.87, 124.28, 121.49, 115.92,
115.75, 114.46, 73.02, 68.17, 52.06, 51.49, 41.99, 30.97. HR-MS: m/z:
633.2786 [calculated for C37H35F2N6O2

þ: 633.2784].

5.1.15.26. Ethyl-2-[2,5-bis(4-carbamimidoylphenyl)furan-3-yl]ace-
tate formate (15). Yellow solid (53% yield). 1H NMR (500 MHz,
DMSO) d 8.47 (s, 2.5H, formate), 8.06 (d, J ¼ 8.5 Hz, 2H, AreH),
7.90e7.98 (m, 6H, AreH), 7.36 (s, 1H, furaneH), 4.14 (q, J ¼ 7.1 Hz,
2H, CH2CH3), 3.89 (s, 2H, furaneCH2), 1.20 (t, J ¼ 7.1 Hz, 3H,
CH2CH3). 13C NMR (126 MHz, DMSO) d 170.08, 167.83, 165.45,
165.42, 150.97, 148.62, 134.06, 133.63, 128.54, 128.39, 127.79, 127.76,
125.47, 123.88, 119.42, 113.89, 60.74, 31.64, 14.07. HR-MS: m/z:
391.1764 [calculated for C22H23N4O3

þ: 391.1765].

5.1.16. Synthesis of the 3-chloro-furamidines 20a and b
5.1.16.1. 2,5-Bis(4-bromophenyl)-3-chlorofuran (16) [36]. PCl5 (5 g)
and 1 (2.5 g) were heated in a flask without solvent for 3 h at 40 �C.
The crude mixture was dissolved in water and CHCl3. The organic
layer was separated, dried over Na2SO4 and evaporated.

White solid (>95% yield). 1H NMR (400 MHz, CDCl3) d 7.89e7.81
(m, 2H, Ar-H), 7.61e7.51 (m, 6H, Ar-H), 6.73 (s, 1H, furan-H). 13C
NMR (101 MHz, CDCl3) d 151.34, 146.18, 132.21, 131.97, 128.59,
128.32, 126.54, 125.47, 122.42, 122.10, 114.24, 109.88.

5.1.16.2. 2,5-Bis(4-bromophenyl)-3-(bromomethyl)-4-chlorofuran
(17) [20]. A suspension of 16 (0.02 mol), paraformaldehyde
(0.1 mol) and 30% HBr in AcOH (80 g) was stirred for 5 days at RT.
The soIid was filtered off, washed with water and recrystallized in
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acetone to give 17. The crude product was used without further
purification for next steps.

5.1.16.3. 2,5-Bis(4-bromophenyl)-3-chloro-4-(methoxymethyl)furan
(18a). Synthesis and purification was achieved according to 5.5. by
consumption of 17 with sodium methoxide in MeOH.

White solid (12% yield). 1H NMR (400 MHz, CDCl3) d 7.88e7.83
(m, 2H, Ar-H), 7.68e7.64 (m, 2H, Ar-H), 7.61e7.55 (m, 4H, Ar-H),
4.45 (s, 2H, CH2), 3.48 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3)
d 150.64, 145.49, 132.20, 131.99, 128.75, 128.22, 127.82, 126.65,
123.03, 122.23, 119.23, 115.50, 63.27, 58.10.

5.1.16.4. 2,5-Bis(4-bromophenyl)-3-chloro-4-(propoxymethyl)furan
(18b). Synthesis and purification was achieved according to 5.5. by
consumption of 17 with sodium n-propoxide in nPrOH.

White solid (12% yield). 1H NMR (400 MHz, CDCl3) d 7.87e7.82
(m, 2H, Ar-H), 7.71e7.66 (m, 2H, Ar-H), 7.61e7.54 (m, 4H, Ar-H), 4.48
(s, 2H, CH2), 3.55 (t, J ¼ 6.6 Hz, 2H. OCH2CH2), 1.74e1.63 (m, 2H,
OCH2CH2), 0.97 (t, J ¼ 7.4 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3)
d 150.50, 145.41, 132.13, 131.95, 128.81, 128.26, 127.79, 126.62,
122.91, 122.16, 119.56, 115.52, 72.25, 61.57, 23.09, 10.90.

5.1.16.5. 4,4‘-[3-Chloro-4-(methoxymethyl)furan-2,5-diyl]bis(benzo-
nitrile) (19a). Synthesis and purification was achieved according to
5.6. by consumption of 18a.

White solid (76% yield). 1H NMR (400 MHz, CDCl3) d 8.14e8.10
(m, 2H, Ar-H), 7.96e7.91 (m, 2H, Ar-H), 7.79e7.72 (m, 4H, Ar-H),
4.51 (s, 2H, furan-CH2), 3.50 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3)
d 150.58, 145.45, 133.34, 132.85, 132.83, 132.69, 126.72, 125.45,
121.75,118.71,118.63, 118.16, 112.34, 111.70, 62.95, 58.32. HR-MS:m/
z: 349.0740 [calculated for C22H25N4O3

þ: 349.07383].

5.1.16.6. 4,4‘-[3-Chloro-4-(propoxymethyl)furan-2,5-diyl]bis(benzo-
nitril) (19b). Synthesis and purification was achieved according to
5.6. by consumption of 18b.

White solid (47% yield). 1H NMR (400 MHz, CDCl3) d 8.14e8.09
(m, 2H, Ar-H), 7.99e7.93 (m, 2H, Ar-H), 7.79e7.71 (m, 4H, Ar-H),
4.54 (s, 2H, furan-CH2), 3.58 (t, J ¼ 6.6 Hz, 2H, OCH2CH2CH3),
1.75e1.62 (m, 2H, OCH2CH2CH3), 0.97 (t, J ¼ 7.4 Hz, 3H,
OCH2CH2CH3). 13C NMR (101 MHz, CDCl3) d 150.55, 145.49, 133.51,
132.97, 132.89, 132.77, 126.79, 125.53, 122.21, 118.82, 118.75, 118.27,
112.33, 111.73, 72.61, 61.38, 23.16, 10.96. HR-MS: m/z: 377.1050
[calculated for C22H18ClN2O2

þ: 377.1051].

5.1.16.7. 4,4‘-[3-Chloro-4-(methoxymethyl)furan-2,5-diyl]bis(benze-
necarboximidamide) formate (20a). Synthesis and purification was
achieved according to 5.13. by consumption of 19a.

Yellow solid (68% yield). 1H NMR (400MHz, DMSO) d 8.43 (s, 2H,
formate), 8.24 (d, J¼ 8.7 Hz, 2H, Ar-H), 8.07 (d, J¼ 8.7 Hz, 2H, Ar-H),
8.03e7.98 (m, 4H, Ar-H), 4.53 (s, 2H, furan-CH2), 3.40 (s, 3H, CH3).
13C NMR (126 MHz, DMSO) d 167.19, 165.29, 165.25, 149.92, 144.98,
132.96, 132.30, 128.67, 128.25, 126.10, 124.99, 120.98, 116.75, 62.34,
57.65. HR-MS: m/z: 383.1264 [calculated for C20H20ClN4O2

þ:
383.1269].

5.1.16.8. 4,4‘-[3-Chloro-4-(propoxymethyl)furan-2,5-diyl]bis(benze-
necarboxyimidamide) formate (20b). Synthesis and purificationwas
achieved according to 5.13. by consumption of 19b.

Yellow solid (63% yield). 1H NMR (400 MHz, DMSO) d 8.46 (s,
2.5H, formate), 8.23 (d, J ¼ 8.6 Hz, 2H, Ar-H), 8.08 (d, J ¼ 8.6 Hz, 2H,
Ar-H), 8.03e7.95 (m, 4H, Ar-H), 4.56 (s, 2H, furan-CH2), 3.53 (t,
J ¼ 6.5 Hz, 2H, OCH2CH2CH3), 1.65e1.53 (m, 2H, OCH2CH2CH3), 0.90
(t, J¼ 7.4 Hz, 3H, OCH2CH2CH3). 13C NMR (101MHz, DMSO) d 167.71,
165.44, 165.42, 149.89, 144.97, 132.90, 132.20, 128.98, 128.63,
128.50, 126.08, 125.00, 121.22, 116.65, 71.47, 60.63, 22.36, 10.62. HR-

MS: m/z: 411.1582 [calculated for C22H24ClN4O2
þ: 411.1582].

5.1.17. 1,3-Bis(4-cyanophenyl)urea (21) [43]
DIPEA (3.6 mmol) was given to a suspension of 4-

cyanophenylisocyanate (1.6 mmol) and 4-aminobenzonitrile
(2.4 mmol) in DCM (20 mL) at RT, and the reaction mixture was
stirred for 12 h. The formed solid was filtered off and recrystallized
with DCM to get 21 as a white solid (87% yield).

1H NMR (500 MHz, DMSO) d 9.37 (s, 2H, NH), 7.78e7.72 (m, 4H,
Ar-H), 7.68e7.61 (m, 4H, Ar H). 13C NMR (126 MHz, DMSO) d 151.74,
143.64, 133.28, 119.14, 118.34, 103.81. ESI-MS: m/z: 261.03 [M�H]-.

5.1.18. General method for the synthesis of the guanidine
derivatives 22a-d

A suspension of Ph3PBr2 (0.38 mmol) in CHCl3 (10 mL) was
cooled at 0 �C. Afterwards, DIPEA (0.76 mmol) was given to the
mixture and stirred for 15 min at 0 �C. After addition of 21
(0.38 mmol), the mixture was stirred for 1 h and subsequently the
corresponding amine was added and the reaction mixture was
heated under reflux for another 30 min. After cooling to RT, the
crude mixture was evaporated, the product was dissolved in CHCl3,
washed with saturated Na2CO3 solution, dried over Na2SO4 and the
solvent was evaporated. The product was purified by column
chromatography (eluent: CHCl3/MeOH) to get the guanidine de-
rivatives 22a-d as colourless oils.

5.1.18.1. 1,3-Bis(4-cyanophenyl)-2-(2-phenylethyl)guanidine (22a).
Colorless oil (53% yield). 1H NMR (400 MHz, CDCl3) d 7.44 (d,
J¼ 8.6 Hz, 4H, Ar-H), 7.38e7.27 (m, 3H, phenyl-H), 7.24e7.18 (m, 2H,
phenyl-H), 6.96 (d, J ¼ 8.6 Hz, 4H, Ar-H), 3.60 (t, J ¼ 6.6 Hz, 2H,
CH2CH2Ph), 2.91 (t, J ¼ 6.5 Hz, 2H, CH2CH2Ph). 13C NMR (101 MHz,
CDCl3) d 148.14,147.46,138.53,133.53,129.08,128.98,127.10,121.72,
119.25, 105.44, 43.68, 35.73. ESI-MS: m/z: 366.13 [MþH]þ.

5.1.18.2. 2,3-Bis(4-cyanophenyl)-1-[2-(dimethylamino)ethyl]guani-
dine (22b). Off-white solid (63% yield). 1H NMR (400 MHz, CDCl3)
d 7.53e7.47 (m, 4H, Ar-H), 7.24e7.14 (m, 4H, Ar-H), 3.33e3.26 (m,
2H, CH2CH2N(CH3)2), 2.65e2.59 (m, 2H, CH2CH2N(CH3)2), 2.48 (s,
6H, CH2CH2N(CH3)2). 13C NMR (101 MHz, CDCl3) d 149.47, 133.50,
121.31, 119.60, 104.77, 62.04, 45.30, 41.35. ESI-MS: m/z: 333.08
[MþH]þ.

5.1.18.3. 2,3-Bis(4-cyanophenyl)-1-[2-(diethylamino)ethyl]guanidine
(22c). White solid (48% yield). 1H NMR (400 MHz, CDCl3)
d 7.52e7.47 (m, 4H, AreH), 7.20 (d, J ¼ 7.2 Hz, 4H, AreH), 3.34e3.25
(m, 2H, CH2CH2N(Et)2), 2.75 (q, J ¼ 7.2 Hz, 4H, N(CH2CH3)2),
2.70e2.62 (m, 2H, CH2CH2N(Et)2), 1.14 (t, J ¼ 7.2 Hz, 6H,
N(CH2CH3)2). 13C NMR (101 MHz, CDCl3) d 149.58, 133.42, 132.21,
132.11, 128.72, 128.60, 120.56, 104.50, 55.56, 48.34, 42.54, 11.16. ESI-
MS: m/z: 361.07 [MþH]þ.

5.1.18.4. 2,3-Bis(4-cyanophenyl)-1-(2-piperidin-1-ylethyl)guanidine
(22d). White solid (41% yield). 1H NMR (400 MHz, CDCl3)
d 7.53e7.46 (m, 4H, Ar-H), 7.22 (d, J ¼ 7.9 Hz, 4H, Ar-H), 3.34e3.26
(m, 2H, CH2CH2-piperidine), 2.69e2.50 (m, 6H, CH2CH2-piperidine,
piperidine-H), 1.76e1.61 (m, 4H, piperidine-H), 1.62e1.49 (m, 2H,
piperidine-H). 13C NMR (101 MHz, CDCl3) d 149.44, 133.38, 121.80,
119.60, 104.71, 60.94, 55.21, 40.76, 25.52, 23.73. ESI-MS:m/z: 373.10
[MþH]þ.

5.1.19. General method for the synthesis of the derivatives 23a-d
Conversion of the nitrile derivatives 21 and 22a-d into the

amidines was achieved with Pinner-method according to 5.13. to
get 23a-d and 24 as formate salts.
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5.1.19.1. 2,3-Bis(4-carbamimidoylphenyl)-1-(2-phenylethyl)guani-
dine formate (23a). White solid (27% yield). 1H NMR (500 MHz,
DMSO) d 8.33 (s, 2.5H, formate), 7.68e7.63 (m, 4H, Ar-H), 7.32e7.27
(m, 2H, phenyl-H), 7.24e7.18 (m, 3H, phenyl-H), 7.04e6.98 (m, 4H,
Ar-H), 3.40 (t, J ¼ 7.3 Hz, 2H, CH2CH2Ph), 2.84 (t, J ¼ 7.3 Hz, 2H,
CH2CH2Ph). 13C NMR (126 MHz, DMSO) d 165.59, 164.74, 148.50,
139.36, 128.77, 128.72, 128.32, 126.12, 119.49, 118.44, 43.38, 35.01.
HR-MS: m/z: 400.2239 [calculated for C23H26N7

þ: 400.2244].

5.1.19.2. 2,3-Bis(4-carbamimidoylphenyl)-1-[2-(dimethylamino)
ethyl]guanidine formate (23b). White solid (80% yield). 1H NMR
(500 MHz, DMSO) d 8.15 (s, 1H, formate), 7.74e7.70 (m, 4H, Ar-H),
7.09 (d, J ¼ 8.4 Hz, 4H, Ar-H), 3.58 (t, J ¼ 5.9 Hz, 2H,
CH2CH2N(CH3)2), 3.18 (t, J ¼ 5.9 Hz, 2H, CH2CH2N(CH3)2), 2.74 (s,
6H, CH2CH2N(CH3)2). 13C NMR (126 MHz, DMSO) d 164.53, 162.99,
148.83, 129.00, 118.64, 56.35, 42.75, 42.63. HR-MS: m/z: 367.2353
[calculated for C19H27N8

þ: 367.2353].

5.1.19.3. 2,3-Bis(4-carbamimidoylphenyl)-1-[2-(diethylamino)ethyl]
guanidine formate (23c). White solid (62% yield). 1H NMR
(500MHz, DMSO) d 8.17 (s, 1,5H, formate), 7.74e7.70 (m, 4H, AreH),
7.06 (d, J ¼ 8.6 Hz, 4H, AreH), 3.59 (t, J¼ 6.1 Hz, 2H, CH2CH2N(Et)2),
3.20 (t, J ¼ 6.1 Hz, 2H, CH2CH2N(Et)2), 3.11 (q, J ¼ 7.2 Hz, 4H,
N(CH2CH3)2), 1.22 (t, J ¼ 7.2 Hz, 6H, N(CH2CH3)2). 13C NMR
(126 MHz, DMSO) d 164.56, 163.13, 149.06, 129.04, 119.75, 118.66,
50.40, 46.79, 37.25, 8.87. HR-MS: m/z: 395.2661 [calculated for
C21H31N8

þ: 395.2666].

5.1.19.4. 2,3-Bis(4-carbamimidoylphenyl)-1-(2-piperidin-1-ylethyl)
guanidine formate (23d). White solid (88% yield). 1H NMR
(500 MHz, DMSO) d 8.16 (s, 1,5H, formate), 7.75e7.70 (m, 4H, Ar-H),
7.09 (d, J ¼ 8.5 Hz, 4H, Ar-H), 3.65 (t, J ¼ 5.8 Hz, 2H, CH2CH2-
piperidine), 3.18 (t, J ¼ 6.0 Hz, 2H, CH2CH2-piperidine), 3.15 (s, 4H,
piperidine-H), 1.82e1.74 (m, 4H, piperidine-H), 1.52 (s, 2H, piperi-
dine-H). 13C NMR (126MHz, DMSO) d 164.57,163.02,149.03,129.04,
119.85, 118.85, 55.62, 52.39, 36.98, 22.58, 21.48. HR-MS: m/z:
407.2660 [calculated for C22H31N8

þ: 407.2666].

5.1.19.5. 1,3-Bis(4-carbamimidoylphenyl)urea formate (24) [45].
White solid (84% yield). 1H NMR (500 MHz, DMSO) d 8.41 (s, 0.5H,
formate), 7.85e7.81 (m, 4H, Ar-H), 7.71e7.67 (m, 4H, Ar-H). 13C NMR
(126 MHz, DMSO) d 164.79, 152.26, 144.83, 129.33, 120.32, 117.24.
HR-MS: m/z: 297.1457 [calculated for C15H17N6Oþ: 297.1458].

5.1.20. 4,4‘-(3,4-Dimethylfuran-2,5-diyl)bis[N-
hydroxybenzenecarboximidamide] formate (25)

To a suspension of hydroxylamine hydrochloride (20 mmol) in
DMSO (15 mL) cooled to 0 �C using an ice bath t-BuOK (20 mmol)
was added slowly while stirring over 1 h. 1 mmol of 8 was added
and the mixture was stirred overnight at RT. The mixture was
poured into 100 mL water and the precipitated solid was filtered
off. The crude product was purified by column chromatography
(eluent: CHCl3/MeOH) to give 25.

Yellow solid (78% yield). 1H NMR (500MHz, DMSO) d 9.69 (s, 2H,
OH), 8.14 (s, 1H, formate), 7.80e7.76 (m, 4H, AreH), 7.73e7.69 (m,
4H, AreH), 5.84 (s, 4H, NH2), 2.24 (s, 6H, CH3). 13C NMR (126 MHz,
DMSO) d 163.07, 150.41, 146.49, 131.66, 131.22, 125.73, 124.66,
119.98, 9.63. HR-MS: m/z: 365.1605 [calculated for C20H21N4O3

þ:
365.1608].

5.1.21. 4-{5-[4-(N-Methoxycarbaimidoyl)phenyl]-3,4-
dimethylfuran-2-yl}-N-hydroxybenzenecarboximidamide (26)

To a cooled suspension of 25 (0.28 mmol) in dioxane (1 mL) 2 M
NaOH (5.5 mL) was added slowly while stirring. Afterwards a so-
lution of dimethylsulfate (0.7 mmol) in dioxane (0.5 mL) was added

and the mixture was allowed to stire overnight at RT. The reaction
mixture was extracted 3 times with ethylacetate. The combined
organic layers were washed with water and saturated NaCl solu-
tion, dried over Na2SO4 and evaporated. The crude product was
purified by column chromatography (eluent: CHCl3/MeOH) to give
26.

Yellow solid (17% yield). 1H NMR (500 MHz, DMSO) d 7.79e7.74
(m, 4H, AreH), 7.74e7.69 (m, 4H, AreH), 6.09 (s, 4H, NH2), 3.76 (s,
6H, OCH3), 2.24 (s, 6H, CH3). 13C NMR (126 MHz, DMSO) d 150.65,
146.48, 131.59, 130.84, 126.12, 124.69, 120.22, 60.60, 9.64. HR-MS:
m/z: 393.1921 [calculated for C22H25N4O3

þ: 393.1921].

5.1.22. General method for the synthesis of the N-alkylated
bisamidines 27a, b and c

Conversion of the nitrile derivative 8 into the N-alkylated ami-
dines was achieved with Pinner-method according to 5.13. to get
27a, b and c as formate salts. In the second step, the corresponding
amine (2 mL) solved in ethanol (10 mL) was used instead of etha-
nolic ammonia.

5 .1.22 .1. 4 ,4 ‘ - (3 ,4-Dimethyl furan-2 ,5-d iyl )b i s (N-e thyl -
benzenecarboximidamide) formate (27a). Yellow solid (47% yield).
1H NMR (500 MHz, DMSO) d 8.46 (s, 2,5H, formate), 7.95e7.81 (m,
8H, Ar-H), 3.46 (d, J¼ 5.6 Hz, 4H, NHCH2CH3), 2.25 (s, 6H, CH3), 1.23
(t, J ¼ 7.0 Hz, 6H, NHCH2CH3). 13C NMR (126 MHz, DMSO) d 165.66,
161.69, 146.39, 134.32, 128.72, 127.82, 124.94, 122.16, 37.62, 13.16,
9.69. HR-MS:m/z: 389.2334 [calculated for C24H29N4Oþ: 389.2336].

5.1.22.2. 4,4‘-(3,4-Dimethylfuran-2,5-diyl)bis[N-(1-methylethyl)ben-
zenecarboximidamide] formate (27b) [47]. Yellow solid (73% yield).
1H NMR (500 MHz, DMSO) d 8.42 (s, 3.5H, formate), 7.94e7.88 (m,
4H, AreH), 7.89e7.81 (m, 4H, AreH), 4.08 (s, 2H, CH(CH3)2), 2.28 (s,
6H, CH3), 1.27 (d, J ¼ 5.6 Hz, 12H, CH(CH3)2). 13C NMR (126 MHz,
DMSO) d 165.34, 159.46, 157.69, 146.45, 134.04, 128.67, 124.95,
121.95, 44.83, 21.57, 9.68. HR-MS: m/z: 417.2645 [calculated for
C26H33N4Oþ: 417.2649].

5.1.22.3. 4,4‘-(3,4-Dimethylfuran-2,5-diyl)bis[N-(2-methylpropyl)
benzenecarboximidamide] formate (27c). Yellow solid (38% yield).
1H NMR (500 MHz, DMSO) d 8.43 (s, 3H, formate), 7.90 (s, 8H,
AreH), 3.26 (d, J ¼ 5.8 Hz, 4H, CH2), 2.27 (s, 6H, CH3), 2.07e1.95 (m,
2H, CH(CH3)2), 0.96 (d, J ¼ 6.0 Hz, 12H, CH(CH3)2). 13C NMR
(126 MHz, DMSO) d 165.45, 162.11, 146.41, 134.35, 128.75, 128.01,
125.00, 122.15, 49.73, 27.09, 19.94, 9.68. HR-MS: m/z: 445.2952
[calculated for C28H37N4Oþ: 445.2962].

5.1.22.4. 4,4‘-(3,4-Dimethylfuran-2,5-diyl)bis(benzenecarbox-
imidamide) hydrochloride (27d). Resynthesis of NSC305836 (27d)
was realized according to the reported procedure [20].

Light yellow solid (76% yield).1H NMR (400 MHz, DMSO) d 9.65
(s, 4H, NH2), 9.46 (s, 4H, NH2), 8.04 (m, 4H, AreH), 7.97 (m, 4H,
AreH), 2.30 (s, 6H, CH3). 13C NMR (101 MHz, DMSO) d 165.02,
146.49, 135.21, 128.86, 125.84, 125.17, 122.84, 9.77. HR-MS: m/z:
333.1709 [calculated for C20H21N4Oþ: 333.1710].

5.2. Biological evaluation

5.2.1. In-vitro activity against P. falciparum
For P. falciparum 3D7, growth inhibition assays were performed

using SYBR Green I [53] as previously described in Fr�eville et al.
[54]. Briefly, in vitro cultured P. falciparum 3D7 infected erythro-
cytes (0.5% parasitemia, 1% hematocrit) were seeded into 96-well
tissue culture plates containing vehicle control (DMSO, <0.5%),
positive control (chloroquine, Sigma Aldrich) or test compound and
incubated under standard P. falciparum culture conditions for 48 h.
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Cultures were stained for 30 min in the dark with SYBR Green I 1X
(Invitrogen) diluted in 20 mM Tris pH 8.8, 138 mM NaCl, and fixed
with 1% paraformaldehyde. Fixed parasitized red blood cells (RBC)
were stored at 4 �C in the dark until flow cytometry analysis.
Parasite growth was assessed by flow cytometry on a BD FACS
Canto II (BD Biosciences). Cell pairs were excluded from the analysis
using a forward scatter (FSC)-width versus FSC-area dot plot.
Infected and uninfected erythrocytes were gated on the basis of
their FSC and side scatter (SSC) signals. Fluorescence analysis
(Green fluorescence FITC) was performed using BD FACSDiva soft-
ware (version 6.1.3, BD Biosciences) on a total of 200,000 acquired
events. Fluorescencewas observed as described by Izumiyama et al.
[55] on a two-parameter dot plot (FTIC-FSC). Fluorescence of non-
infected RBC was adjusted to plot between 100 and 102. Results
are expressed as the percentage of growth inhibition. Each inde-
pendent experiment was carried out in duplicate and performed at
least two times.

P. falciparum Dd2 growth inhibition assays were carried out
using 3H-hypoxanthine incorporation similar to the method pre-
viously described [56]. Briefly, in vitro cultured P. falciparum line
Dd2 infected erythrocytes (1.0% parasitemia and 1.0% hematocrit)
were seeded in triplicate wells into 96 well tissue culture plates
containing vehicle control (DMSO, <0.5%), positive control (chlo-
roquine, Sigma Aldrich) or test compound and incubated under
standard P. falciparum culture conditions with 0.5 mCi [3H]-hypo-
xanthine for 48 h. Cells were then harvested onto 1450 MicroBeta
filter-mats (Filter Mat A; Perkin Elmer) and [3H]-hypoxanthine
incorporation determined using a 1450 Trilux MicroBeta liquid
scintillation counter. Growth was compared to matched DMSO
controls (<0.5%). Each independent experiment was carried out in
triplicate and performed at least three times. 50% inhibitory con-
centrations IC50(s) were determined via log linear interpolation
[57].

5.2.2. Toxicity on human HEK293 cells
HEK293 cells (DSMZ Braunschweig, ACC305) were incubated at

37 �C in a humidified incubator with 5% CO2 in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% FCS and 5 mM
glutamine. Cells were seeded at 1.5 � 103 cells per well in a 96-well
cell culture plate (TPP, Switzerland). The compounds were added
immediately to the medium at 50 mM to determine the percentage
viability. For hit compounds IC50 values were determined in dose
response assays. After 24 h, AlamarBlue® reagent (Invitrogen, CA)
was added according to the manufacturer instructions and incu-
bated again for 21 h before samples were analyzed. Detection of
viable cells, which convert resazurin (dye of AlmarBlue® reagent)
into the high fluorescent resorufin, was performed by using a
FLUOstarOPTIMA microplate reader (BMG Labtec) with the
following filter set: Ex 560 nm/Em 590 nm. All measurements were
performed in triplicates over three independent experiments and
data are means with SD � 12%.

5.3. In silico prediction of pharmacokinetic and tox data

For the in silico prediction the PreADMET web application was
used [58]. The PreADMET approach is based on different classes of
molecular descriptors that are considered for generating quanti-
tative structure property relationship or binary classification
models. The following properties were calculated: blood brain
barrier penetration (BBB) [59], Caco2 cell permeability (Caco2 Papp
nm/s) [60], human intestinal absorption (% HIA) [51], plasma pro-
tein binding, buffer solubility (classification model), log P
(consensus logP), and total polar surface area (TPSA Å2). Classifi-
cation models were used to predict the inhibition of sever-
al.cytochromes, hERG and para-glycoprotein (p-gp). Druglikeness

was predicted using Lipinski's rule of five [61], MDDR [62] and
World Drug Index rule (WDI) [63].

To predict the human toxicity the PROTOX approach developed
by Preissner et al. [52] which is available as web service (http://tox.
charite.de/tox/) was used. The prediction method is based on the
analysis of the similarity of compounds with known median lethal
doses (LD50) and incorporates the identification of toxic fragments.
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aq aqueous
CDCl3 deuterated chloroform
CHCl3 chloroform
corresp. corresponding
DCC dicyclohexylcarbodiimide
DIPEA diisopropylethylamine
dDMSO deuterated dimethyl sulfoxide
DMSO dimethylsulfoxide
EtOAc ethyl acetate
EtOH ethanol
Et3N triethylamine
eq equivalent
DB75 furamidine
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HEK human embryonic kidney
LIHMDS Lithium hexamethyldisilazide
MeOH methanol
n.d. not determined
DB 289 pafuramidine
NSC305836 dimethylfuramidine
Pfcrt plasmodium falciparum chloroquine resistance

transporter
PyBOP benzotriazol-1-yl-oxytripyrrolidinophosphonium

hexafluorophosphate
sol solution
t-BuOK potassium tert-butoxide
TEA triethylamine
TFA trifluoracetic acid
THF tetrahydrofuran
TLC thin-layer chromatography
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