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Abstract  

Plasmodium falciparum 1–deoxy–D–xylulose–5–phosphate reductoisomerase (PfDXR) plays 

a role in isoprenoid biosynthesis in the malaria parasite and is absent in the human host, 

making this parasite enzyme an attractive target for antimalarial drug design. To characterize 

PfDXR, it is necessary to produce large quantities of the enzyme in a soluble and functional 

form.  However, the over–production of malarial proteins in prokaryotic host systems often 

results in the formation of truncated proteins or insoluble protein aggregates.  A heterologous 

expression system was developed for the production of active PfDXR using codon 

harmonization and tight control of expression in the presence of lac repressor.  Yields of up 

to 2 mg/l of enzyme were reported using the optimised expression system, which is 8 to 10–

fold greater than previously reported yields.  The kinetic parameters Km, Vmax and kcat were 

determined for PfDXR; values reported in this study were consistent with those reported in 

the literature for other DXR enzymes.  A three–dimensional model of the malarial drug target 

protein PfDXR was generated, and validated using structure–checking programs and protein 

docking studies.  Structural and functional features unique to PfDXR were identified using 

the model and comparative sequence analyses with apicomplexan and non–apicomplexan 

DXR proteins.  Residues Val44 and Asn45, essential for NADPH binding; and catalytic hatch 

residues Lys224 and Lys226, which are unique to the species of Plasmodium, were mutated 

to resemble those of E. coli DXR.  Interestingly, these mutations resulted in significant 

reductions in substrate affinity, when compared to the unmutated PfDXR.  Mutant enzymes 

PfDXR(VN43,44AG) and PfDXR(KK224,226NS) also demonstrated a decreased ability to 

turnover substrate by 4–fold and 2–fold respectively. This study indicates a difference in the 

role of the catalytic hatch of PfDXR with regards to the way in which it captures substrates.  

The study also highlights subtle differences in cofactor binding to PfDXR, compared with the 

well characterized EcDXR enzyme.  The validated PfDXR model was also used to develop a 

novel efficient in silico screening method for potential tool compounds for use in the rational 

design of novel DXR inhibitors.  Following in silico screening of 46 potential DXR 

inhibitors, a two–tiered in vitro screening approach was undertaken. DXR inhibition was 

assessed for the 46 novel compounds using an NADPH–dependant DXP enzyme inhibition 

assay and antimalarial potential was assessed using P.falciparum–infected erythrocyte growth 

assays.  Select compounds were tested in human cells in order to determine whether they 

were toxic to the host.  From the parallel in silico and in vitro drug screening, it was evident 

that only a single compound demonstrated reasonable potential binding to DXR (determined 
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using in silico docking), inhibited DXR in vitro and inhibited P. falciparum growth, without 

being toxic to human cells.  Its potential as a lead compound in antimalarial drug 

development is therefore feasible.  Two outcomes were evident from this work.  Firstly, 

analogues of known antimalarial natural products can be screened against malaria, which 

may then lead towards the rational design of novel compounds that are effective against a 

specific antimalarial drug target enzyme, such as PfDXR.  Secondly, the rational design of 

novel compounds against a specific antimalarial drug target enzyme can be untaken by 

adopting a coupled in silico and in vitro approach to drug discovery. 
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CHAPTER 1 

LITERATURE REVIEW 

1.1 MALARIA 

1.1.1 Malaria: the burden 

Human malaria can be caused by transmission by four different species of Plasmodium 

protozoa, namely Plasmodium malariae, Plasmodium ovale, Plasmodium vivax and 

Plasmodium falciparum, with the latter being the most deadly strain (WHO, 20101).  A fifth 

species, Plasmodium knowlesi, which is known to infect primates, has in recent years been 

shown to infect humans (Vythilingam et al., 2006).  Reports have confirmed that one fifth of 

the cases of malaria diagnosed in Malaysia are due to P. knowlesi (Singh et al, 2004), 

because the mosquito vector responsible for infection, Anopheles latens, is endemic to the 

area (Vythilingam et al., 2006). 

 

In 2008, 108 countries were classified as areas at risk of malaria, with 57% being in Africa, 

30% in Asia and 5% in the Americas (SAMI, 2007; WHO, 20101).   In 2008, there were 247 

million cases of malaria reported, with nearly one million resulting in death.   In Africa a 

child dies every 45 seconds of malaria, accounting for more than 20% of all childhood deaths 

(WHO, 20101).  Numerous quantitative aspects have been investigated in order to more 

accurately estimate the burden that malaria places on the world.  However, estimations are 

rough because of a number of known limitations, for example, incomplete coverage of areas 

at risk and the difficulty in diagnosing malaria post mortem.  Results regarding these statistics 

have highlighted the severity of the malaria burden and the lack of support in the field of 

research (Ndugwa et al., 2007). 

 

In 2006, the World Health Organization issued a statement endorsing the use of indoor 

residual spraying with dichlorodiphenyltrichloroethane (DDT) for the purpose of malaria 

vector control in malaria epidemic areas.  Due to the relative ineffectiveness of other control 

strategies on the great burden imposed by malaria, other international organizations supported 

this endorsement, even though at the Stockholm Convention in 2001 DDT was targeted as a 

persistent organic pollutant requiring eventual elimination (Sadasivaiah et al., 2007).  

However, with an increasing mosquito resistance to insecticides, including DDT and 

pyrethroids, malaria control proves to be a continuous setback (WHO, 20101). 
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According to the WHO (20101), global eradication of malaria is unachievable, because of the 

emergence of drug resistance in P. falciparum.  The emergence of drug resistance means that 

many antimalarial drugs and prophylactics have become less effective.  Many new generation 

drugs are often associated with significant side effects, such as gastrointestinal stress 

(doxycycline), fatal heart rhythms (halofantrine) and neurological disturbances (mefloquine) 

(Doolan and Hoffman, 2001).  The incidence of increased insecticide resistance means that 

insecticides are no longer effective against the vector (Doolan and Hoffman, 2001).  These 

factors emphasize the urgent need for development of malaria vaccines and new effective 

antimalarial drugs (Doolan and Hoffman, 2001).   

 

1.1.2 Current research and development (R&D) 

There is a global need to encourage additional research in the development of pharmaceutical 

products against neglected diseases – such as tuberculosis, malaria, leishmaniasis, and 

trypanosomiasis – that affect millions of people annually, particularly in poverty–stricken 

countries with poorly developed health care systems (Kesselheim, 2008).  Coartem (a 

combination of lumefantrine and artemether) is an antimalarial drug that is commonly used in 

the treatment of malaria.  Still today its wholesale price is US$ 2.40 per treatment and is often 

marketed at five times this value in the private sector.  Its patent however expires in 2010, but 

it is expected that the price will not fall very quickly.  Because malaria is a disease of 

poverty, even a price of $1 per treatment is unacceptable.  Chloroquine, for example, costs 

less than $0.10 per treatment and so investment in antimalarial drug discovery and 

development is small (Balasegaram et al., 2006). 

 

In a study done by Trouiller et al. (2002), the outcomes of pharmaceutical R&D over 25 

years was analysed.  It was found that of 1393 drugs marketed between 1975 and 1999, only 

16 were for tropical diseases and tuberculosis.  According to the study, pharmaceutical 

companies argued that R&D is “too costly and risky to invest in low–return neglected 

diseases” (Trouiller et al., 2002).  A number of positive initiatives have however been put in 

place in the last decade; the Food and Drug Administration (FDA) Amendments Act of 2007 

is a programme that will afford companies the opportunity to apply for  a “voucher” entitling 

the company to sponsorship for research into drug development for tropical diseases 

(Kesselheim, 2008).  A major setback with this initiative is however the fact that the voucher 

will only see rewards on successful endeavours and the voucher will also not be weighted 

based on the “usefulness” of the drug.  For example, if a novel antimalarial drug which is 
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highly effective against malaria, but it degrades in the sun and needs to be taken six times per 

day, will earn a voucher, but will not be considered for reapplication for a follow–on that may 

be even more effective.  Another alternative to such an initiate could be for government to 

work with non–profit organisations who are involved in developing drugs/treatments for 

neglected diseases (Kesselheim, 2008).  GlaxoSmithKline is however putting money and 

resources into free malaria research.  In the past 2 years GlaxoSmithKline have screened 

more than two million molecules against asexual blood stage P. falciparum, with the 

investigation revealing 13 500 active compounds demonstrating more than 80% growth 

inhibition.  It has been said that sharing this data could trigger significant advances in malaria 

research, such as those that came from the human genome project (Fidock, 2010).   

 

In order for malaria research to advance, it is not only necessary to build a public repository 

of knowledge and data (Fidock, 2010), it is also essential to bridge the gap between chemical 

and biochemical investigators, in a multidisciplinary research approach (MIM, 2009).  For 

this reason, understanding the biochemistry of the parasite responsible for malaria is a major 

building block in the advancement of malaria research. 

 

1.1.3 The Plasmodium  life cycle 

Plasmodium protozoal parasites P. falciparum, P. vivax, P. ovale, and P. malariae 

encompass a life cycle which is split between a vertebrate host and an insect vector. The 

Plasmodium species’ infect primarily a human host, with the exception of P. malariae, which 

can affect other higher primates (Cann, 1996). 
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Figure 1.1:  The life–cycle of P.falciparum in the human host and in the insect vector (modified from Wirth, 
2002). 

 

The basic life cycle of the parasite (Figure 1.1) begins with the anopheles mosquito; 

sporozoites bud from oocysts located in the mosquito midgut. When a mature oocyst bursts, 

sporozoites are released into the hemolymph and travel to the salivary glands, where they 

come to rest.  Sporozoites remain viable for weeks, while the anopheles mosquito awaits its 

next blood meal. When the infected mosquito takes a blood meal, the sporozoites are injected 

into the skin of the vertebrate host (Kappe et al, 2003).  Once in the host blood stream, the 

sporozoites invade the liver and penetrate hepatocytes where they multiply within host cells 

for up to 16 days (Cann, 1996), in a replicative process called schizogony. Subsequently, 

segmentation of the cytoplasm, gives rise to merozoites, which then re–enter the blood.  
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Merozoites then penetrate the erythrocyte and the parasite then transforms into the 

trophozoite or feeding stage, ingesting large amounts of hemoglobin.  The processing of 

hemoglobin occurs in the parasite food vacuole and involves transforming the by–product 

heme, into the non–toxic crystalline form, called haemozoin.  The parasite cell then 

undergoes schizogony resulting in the rupturing of the erythrocyte and subsequent release of 

merozoites into the blood, which then invade new erythrocytes.  Erythrocytic schizogony is 

synchronized, meaning that erythrocytes generally rupture synchronously, releasing 

merozoites into the bloodstream.  Some merozoites differentiate into male and female 

gametocytes, while others actuate to infect other erythrocytes (Wirth, 2002).  The sexual 

stage gametocytes, which have no further activity in the human host, re–enter another 

mosquito vector after it has bitten the infected host.  Within the gut of the vector, the 

gametocytes become fertilized, resulting in an ookinete.  The ookinete penetrates the cell wall 

of the midgut, where it develops into an oocyst.  Sporogeny within the oocyst results in the 

release of sporozoites, which then migrate to the salivary glands of the vector, after the 

oocyst has ruptured; the system now ready for another cycle of infection (Cann, 1996). 

 

1.2 VACCINES AND ANTIMALARIAL DRUGS 

1.2.1 Malaria vaccines  

Malaria research is predominantly two–tier; firstly, research is being carried out in the field 

of antimalarial drug design and secondly, in the development of a vaccine that is effective 

against malaria.  It has been necessary to look closely at the parasite’s life cycle in order to 

procure an appropriate vaccine strategy.  The traditional approach to vaccine development 

has been to target specific aspects of the parasite development, including the pre–

erythrocytic, asexual and sexual stages (WHO, 20102). 

 

Different classes of vaccines exist, including: inactivated vaccines; live vector–based 

vaccines, which include attenuated and heterologous vaccines; subunit/component vaccines; 

conjugate vaccines; and DNA vaccines.  In malaria, inactivated vaccines typically result from 

the killing of blood stage parasites using methods such as formaldehyde treatment (Ghaffar 

and Haqqi, 2010).  Live vector vaccines involve chemically weakening a blood stage parasite 

such that the immune system can elicit an immune response – attenuation involves reducing 

the virulence of a pathogen while still keeping it viable (Badgett et al., 2002), while a 

heterologous prime boost vaccine introduces a virus, in order to provide protection from the 
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parasite (Ho et al., 2008).  A subunit vaccine typically involves isolating a specific protein 

from the parasite and presenting it to the immune system so that an immune response is 

elicited.  And alternative to this is recombinantly engineering a protein gene from a virus.  In 

this case, the parasite will produce the protein, to which the immune system will develop 

antibodies (The College of Physicians of Philadelphia, 2010).  A conjugate vaccine involves 

covalently attaching an antigen to a protein carrier, whereby the carrier protein provides the 

epitopes required for immune system recognition (Goldblatt, 2000).  DNA vaccines involve 

introducing genetically engineered DNA in order to induce an immune response – this type of 

vaccination typically induces a greater number of immune response types when compared to 

other vaccine strategies (Alarcon et al., 1999). 

 

In malaria vaccine production, two strategies are typically investigated, including live 

attenuated whole parasite vaccines and subunit vaccines.  Most subunit vaccines are 

developed to mimic naturally acquired immunity from long term exposure while whole 

parasite vaccines induce immune responses that are greater than that from naturally acquired 

immunity (reviewed by Matuschewski and Mueller, 2007).  The success of whole parasite 

vaccines was reported by Nussenzweig and co–workers in 1967, whereby an immune 

response against malaria was achieved in a rodent malaria model, subsequent to irradiation of 

sporozoites.  The group reported that mice were completely immunized with repeat doses of 

γ–irradiated sporozoites.  Subsequent to this was the development of genetically attenuated 

parasites (GAPs) (Mueller et al., 1995), which have overcome the short fallings of the live 

attenuated sporozoite vaccines with regards to safety and batch–to–batch variation.  GAPs 

have superseded γ–irradiated sporozoites in that they are consistently produced, they are 

genetically stable and they have greater potency (reviewed by Matuschewski and Mueller, 

2007).  In the case of subunit vaccines, numerous vaccine strategies have been undertaken 

that involve targeting the Plasmodium parasite at different stages of the parasite lifecycle; 

these include strategies that target the pre–erythrocytic stage, the liver stage and the blood 

stage of the parasite.   

 

In the case of pre–erythrocytic vaccine strategies, an antibody response at the level of the 

sporozoites could potentially result in no hepatocyte (liver) invasion.  A vaccine that targets 

the liver–stage of the parasite would facilitate the parasite not reaching the blood, hence 

preventing clinical symptoms (Taylor–Robinson, 2002).  This type of vaccine would be 

superlative for travellers as it would prevent the development of the clinical disease and 
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partial immunity would at least reduce morbidity (WHO, 20102).  An erythrocytic (asexual 

blood stage) vaccine typically involves eliciting an antibody response against attenuated 

merozoites or malarial surface antigens, with the resultant T–cell response resulting in no 

development of the parasite in the erythrocyte.  This type of vaccine would be most effective 

as a “disease reduction vaccine” in countries where malaria is endemic (WHO, 20102).  

Sexual stage vaccines aim to prevent or decrease transmission of the parasite to other hosts.  

This type of vaccine has public health benefits in future planning (WHO, 20102).  

 

Convincing evidence suggests that a vaccine for humans, against malaria, is indeed feasible.  

Firstly, naturally acquired immunity has been reported in individuals living in malaria–

endemic countries, where immunity is progressively built up in the first 20 years of life.  This 

immunity appears to be linked to antigenic stimulation, however understanding the molecular 

basis of naturally acquired immunity is still preliminary (WHO, 20102).  Secondly, reports of 

malaria resistance by the sickle cell trait (genotype HbAS) have allowed researchers to isolate 

antibodies from people demonstrating a natural immunity to malaria for the creation of new 

vaccines (Williams et al., 2005).  Researchers have speculated that resistance involves factors 

such as a reduced ability of P. falciparum parasites to grow and multiply in HbAS 

erythrocytes, while other observations suggest that it might also involve the accelerated 

acquirement of malaria–specific immunity (Williams et al., 2005).  Lastly, clinical trials to 

date have shown that 90% protection against infection could be conferred to human test 

subjects under laboratory conditions, following immunization using irradiated sporozoites 

(WHO, 20102). 

  

There are however a number of issues in the vaccine development process, such as; malaria 

parasites are often able to evade the host’s immune system (Ferreira et al., 2002), 

recombinant expression of Plasmodium  antigens proves to be very difficult (Girard et al., 

2007), there is a lack of useful animal models in which to test potential drugs (WHO, 20102), 

there is insufficient clinical trial capacity, which is also linked to serious administrative issues 

at a level of local ethical committee reviewing (Girard et al., 2007) – all these factors limit 

the development of clinically useful vaccines.  With respect to natural immunity, the malaria 

parasite is able to evade the host’s immune system by polymorphism of target antigens, 

meaning that no natural immunity can be conferred upon the human host (Ferreira et al., 

2004).  There is also a major lack in the understanding of the types of immune response 

elicited, which means that it is difficult to come up with an effective strategy in vaccine 
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development. Difficulty also lies in producing the appropriate protective antigens in vitro, 

especially in the case of conformationally dependent epitopes (Girard et al., 2007).  Once 

antigens have been purified in vitro and vaccine candidates developed, these need to be tested 

in an appropriate animal model.  Animal models are essential because the immune response 

needs to be analysed within a similar physiological environment in which the vaccine will 

exist.   Animals are however not always susceptible to human pathogens and this requires 

careful selection of strain or species pathogens (Brewer and Schijns, 2009). 

 

Numerous pre–erythrocytic vaccine candidates have been researched and include vaccine 

candidates against P.falciparum circumsporozoite protein (CSP) as well as a number of other 

vaccines based on the CSP antigen (WHO, 20102).  Another pre–erythrocytic multiple–

antigen DNA vaccine was designed to encode five different liver–stage antigens: CSP, liver 

stage antigens 1 and 3 (LSA–1 and –3), exported protein 1 (EXP1), and the sporozoite 

surface protein 2 (SSP2, also known as thrombospondin–related adhesive protein, TRAP) 

(Parker et al., 2001).  Additional targeted antigens for pre–erythrocytic vaccine development 

include the liver stage antigens 1 and 3 (LSA–1 and –3), the sporozoite and liver stage 

antigen (SALSA) and the sporozoite threonine and asparagine rich protein (STARP).  The 

most advanced vaccine development against asexual stages of the parasite include vaccines 

against apical membrane antigen 1 (AMA–1) (Malkin et al., 2005), merozoite surface protein 

3 (MSP–3) (Druilhel et al., 2005), MSP–2 (WHO, 20102), as well as MSP–1 against 

P.falciparum (WHO, 20102) and P. vivax (Bastos et al., 2007).  Transmission–blocking 

candidates that target the sexual stages of the parasite include vaccines against: P.falciparum 

surface protein antigens Pfs25 and Pfs28 as well as the P. vivax homologues Pvs25 and Pvs28 

(WHO, 20102). 

 

The world’s most clinically advanced malaria vaccine candidate to date is however against 

the CSP antigen that is found at the surface of the sporozoite and of the infected hepatocyte.  

The Mosquirix (RTS,S) vaccine was developed by GlaxoSmithKline (GSK) and is expected 

to complete late–stage trials in 2011 involving 16,000 people.  It is currently underway in 

seven African countries: Burkina Faso, Gabon, Ghana, Kenya, Malawi, Mozambique and 

Tanzania.  Recent Phase II studies showed that RTS,S demonstrated a 53% success in 

preventing clinical episodes of malaria; with a future goal of 80% success by 2025 (GSK, 

2009). 
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1.2.2 Drugs available in the treatment of malaria 

While the world awaits the successful production of a vaccine against malaria, the use of 

antimalarial drugs remains the only method of treatment for this disease of burden.  Current 

antimalarial drugs most commonly target the asexual stages of the parasite (Rosenthal, 2003); 

Table 1.1 summarises the existing antimalarials, the drug target pathway and enzyme. 

 

Chemotherapies against asexual stages of malaria involve targeting numerous pathways that 

exist in the parasite membrane, cytosol, food vacuole, mitochondrion and plastid–like 

organelle, the apicoplast.  Proteins involved in phospholipid synthesis and membrane 

transport represent antimalarial targets of the parasite membrane (Table 1.1).  Extensive 

phospholipid synthesis is required in the malaria parasite in the development of numerous 

membranes, including those that enclose the parasitophorous vacuole, the cytosol and 

numerous other subcellular compartments (Sahu et al., 2008).  Antimalarials that target the 

unique membrane transport proteins have been reported, despite the fact that knowledge of 

the many transport mechanisms remains limited (Gero et al., 2003).  

 

Subsequent to antimalarial treatment of asexual parasites, disease transmission can still 

prevail for several weeks, resulting in further spread of the disease in a community.  A 

multifaceted approach could be taken such as combination therapies that target gametocytes 

or exoerythrocytic parasite stages in addition to asexual blood stage parasites.  This approach 

may lead toward an overall reduction in morbidity and mortality at a community level.  

Numerous limitations exist in this approach, for example, mature gametocytes are resistant to 

current antimalarial drugs, excluding primaquine, which is not commonly used because of the 

severe side effects imparted by the drug (Williamson, 2008). 
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Table 1.1 Summary of existing antimalarials and the pathway that they target in asexual blood stage parasites. 

Target location  Pathway/mechanism  Target molecule  Existing therapies  References 

Food vacuole  Heme polymerization  Hemozoin  Quinolines  De et al., 1998 
 Hemoglobin hydrolysis  Plasmepsins  Protease inhibitors  Haque et al., 1999 
  Falcipains  Protease inhibitors  Rosenthal, 2001 
 Endocytosis    Macromolecular tracers Artemisinins Hoppe et al., 2004 
Parasite membrane  Phospholipid synthesis  Choline transporter  G25 Sahu et al., 2008 

Membrane transport  Unique channels  Dinucleoside dimers Gero et al., 2003 
Cytosol   Folate metabolism Dihydrofolate reductase   

(DHFR) 
Pyrimethamine, cycloguanil,  
trimethoprim, chlorproguanil 

Cowman, 1998; Milhous and Kyle, 1998 

Dihydropteroate synthase  
(DHPS) 

Sulfa compounds Cowman, 1998 

Thymidylate synthase (TS) 5–Fluoroorotate Jiang et al., 2000 
Shikimate pathway 5–Enolpyruvyl shikimate 3–

phosphate synthase 
Glyphosate Sahu et al., 2008 

Glycolysis  Lactate dehydrogenase  Azoles Becker and Kirk, 2004; Cameron et al., 2004 
Mitochondrion  Electron transport Cytochrome c oxidoreductase  Hydroxynapthoquinones Milhous and Kyle, 1998 
Apicoplast  Protein synthesis  Apicoplast ribosome  Antibiotics Sahu et al., 2008 

DNA synthesis  DNA gyrase  Quinolones Sahu et al., 2008 

Transcription RNA polymerase  Rifampin Sahu et al., 2008 

Type II fatty acid biosynthesis β–Ketoacyl–ACP synthases III 
(FabH) 

Thiolactomycin Waller et al., 2003 

Enoyl–ACP reductase (FabI) Triclosan  Waller et al., 2003 

Isoprenoid synthesis  1–Deoxy–D–xylulose–5–
phosphate reductoisomerase 

Fosmidomycin  Jomaa et al., 1999 

Protein farnesylation  Farnesyl transferase  Peptidomimetics  Chakrabarti et al., 2002 
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1.2.3 Malaria chemoprophylaxis 

Antibiotics, including tetracycline and its derivatives are still commonly used as antimalarial 

drugs, both in the treatment of and as a prophylaxis against malaria (Bloland, 2004).  A 

number of prophylactics are used, most commonly, by travellers visiting malaria–endemic 

countries.  The choice of prophylaxis is generally area–specific and is hence Plasmodium 

specific (WHO 20103).  Prophylactic drugs that act on the pre–erythrocytic liver forms are 

called causal prophylaxis, while drugs that act on the erythrocytic blood forms are called 

suppressive prophylaxis.  Suppressive prophylaxis is used predominantly for prevention of P. 

falciparum malaria, which resides predominantly in sub–Saharan Africa.  Causal prophylaxis 

is typically chosen in the prevention of P. vivax or P. vivax/P.falciparum malaria (Castelli et 

al., 2010). 

 

The most common prophylactic treatments typically involve combination therapies and may 

include: 1) chloroquine/proguanil (Nivaquine® + Paludrine®, or Savarine®), which is 

prescribed for P.vivax endemic areas with low P.falciparum prevalence and  no widespread 

chloroquine resistance; 2) Mefloquine (Lariam® or Mephaquine®) is effective against P. 

falciparum and other plasmodial infections in malarial endemic areas, with the exception of 

some focal areas of South East Asia and Africa; 3) Atovaquone/proguanil (Malarone®) is 

effective in P.falciparum chloroquine resistance areas; 4) Doxicycline® is a tetracycline 

antibiotic that is effective in P.falciparum chloroquine–resistant areas even if cases of 

prophylactic failures are reported; 5) Primaquine® has therapeutic use for the treatment of P. 

vivax and P. ovale infections; 6) Tafenoquine® is an 8–aminoquinoline and is effective both 

as causal and suppressive prophylaxis for P.vivax and P.falciparum; 7) Chloroquine is a 4–

aminoquinoline, and is effective in areas dominated by P. vivax or in areas where 

P.falciparum is still sensitive to chloroquine – it is however typically used in combination 

with other prophylactics such as proguanil or doxycycline (WHO 20103; Castelli et al., 2010) 

 

However, due to the development of antimalarial drug resistance, both in treatment and in 

prophylaxis, much confusion for both Doctors and travellers arises as to which is the most 

effective drug, which areas necessitate special precautions and which drugs result in the most 

serious side effects (Castelli et al., 2010). 
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1.2.4 Antimalarial drug resistance 

Antimalarial drug resistance can be defined as the “ability of a parasite strain to survive 

and/or multiply despite the administration and absorption of a drug given in doses equal to or 

higher than those usually recommended; but within tolerance of the subject”.  The drug in 

question must “gain access to the parasite or the infected red blood cell for the duration of the 

time that is necessary for its normal action” (Bruce–Chwatt et al., 1986). 

 

The first accounts of antimalarial drug resistance were only publicised 1986 in Parasitology 

Today, despite the fact that the emergence of resistance occurred in the 1950s.  P.falciparum 

was becoming resistant not only to chloroquine, but also to almost all existing alternative 

treatments with the exception of quinine (Ambroise–Thomas and Rossignol, 1986).  Yet 

despite significant progress in the molecular analysis of the Plasmodium  parasite, the 

problem of drug–resistant malaria is unquestionably worse now than was reported in 1986 

(Wongsrichanala et al., 2002). 

 

Quinine was used as an antimalarial drug since the seventeenth century.  Resistance to 

quinine was reported throughout the twentieth century, but consistent reports of treatment 

failure, mainly in Southeast Asia, were reported from 1965.  Chloroquine resistance was first 

reported in Southeast Asia and South America in the 1950s and eventually spread to all of 

sub–Saharan Africa by 1988 (Hyde, 2005).  

 

Despite the rapid spread of pyrimethamine and sulfadoxine resistance in Southeast Asia in 

the 1960s, the combination therapy was still widely used into the 1990s to combat 

chloroquine–resistant parasites in Africa. Artemisinin and its derivatives were used in 

monotherapy treatment in the 1970s; however, due to the very short half–life of the drug in 

human plasma, artemisinin derivatives are only used in combination therapies.  Until 2005, 

no clinical resistance had been observed (Hyde, 2005), however, more recently Dondorp et 

al. (2009) publicised that a reduction in efficacy of artemisinin combination therapies had 

been reported on the Cambodia–Thailand border, which is said to be a historical site for 

antimalarial drug resistance.  Mefloquine and atovaquone resistance was reported shortly 

after their release and atovaquone is now used clinically only in combination with proguanil 

(Depetrillo et al, 2010). LapDap is a chlorproguanil/dapsone combination treatment and has 

been used effectively against pyrimethamine/sulfadoxine–resistant infections.  Unfortunately 
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the combination is not 100% efficacious because it targets the same enzymes as 

pyrimethamine/sulfadoxine drugs (Figure 1.2) (Hyde, 2005).  
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Figure 1.2: Approximate dates of introduction of antimalarial drugs as clinical agents and observations of 
treatment failure.   
Antimalarial drugs that were used from 1945 to 2005 include: chloroquine (CQ), proguanil (PG), 
pyrimethamine (Pyr), sulfadoxine (SDX), artemisinin (Art), mefloquine (Mef), halofantrine (Har), atovaquone 
(Ato), LapDap (LD) and are shown in green, with their respective reported resistances shown in red (adapted 
from Hyde, 2005). 
 

The most common mechanism of drug resistance involves spontaneous mutations that confer 

resistance (or reduced sensitivity) to specific drugs or classes of drugs; these can be either 

single or multiple mutations.  The biochemical mechanism of resistance has been well 

documented for antimalarials such as chloroquine, the antifolates, atovaquone (Bloland, 

2001) and quinine (Bennett et al., 2007). 

 

Chloroquine belongs to the family of antimalarial drugs called the quinolines (De et al., 

1998).  Chloroquine resistance is associated with the parasites’ increased ability to pump 

chloroquine out of the erythrocytes at a rate that does not allow the drug to reach toxic levels.  

The result of this is an inability of chloroquine to inhibit heme polymerization, which is the 

mechanism of action of the drug in question (Bloland, 2001).  This is accomplished through 

two transporter proteins on the digestive vacuole, namely chloroquine resistance transporter 

(CRT) and the P–glycoprotein homologue 1 (Pgh1) (Johnson et al., 2008; Martin et al., 2009) 

and originates through mutations in the pfcrt gene (Bennett et al., 2007).  Antifolate drugs are 

typically used in combination therapies against DHFR and DHPS (Cowman, 1998).  Specific 

combinations of mutations have been associated with varying degrees of resistance (reviewed 

by Sridaran et al., 2010).  In some cases, partial resistance has been conferred by simply 
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expressing more of the relevant enzyme and thus increasing the ratio of enzyme to inhibitor 

(Cowman, 1998).  Atovaquone, forms part of the hydroxynapthoquinone drug family and acts 

by inhibiting the cytochrome bc1 complex of the electron transport chain (Milhous and Kyle, 

1998).  Resistance is conferred by single point mutations in the cytochrome–b gene, and 

while resistance develops rapidly when used alone, a combination strategy results in a very 

slow resistance development (Bloland, 2001).  Quinine belongs to the same family as 

chloroquine, the quinolines; and quinine resistance and chloroquine resistance are often (but 

not always) seen together.  Yet the mechanism of conferring resistance was poorly 

understood until recently (Bennett et al., 2007).  Quinine resistance is associated with a 

mutation on chromosome 13 as a partner (with pfcrt), which predominantly harbours a gene 

encoding a P. falciparum Na+/H+ exchanger (PfNHE) (Ferdig et al., 2004; Bennett et al., 

2007).  

 

Numerous factors have contributed to antimalarial drug resistance and include human 

behaviour, parasite biology, vector biology, pharmacokinetics and economics (Bloland, 

2001).  Because of this increasing problem of antimalarial drug resistance, the need for new 

and effective drugs against existing targets and new targets is escalating (Macreadie et al., 

2000). 

 

1.2.5 Identifying novel antimalarial targets 

Antimalarial drug development is restricted by a number of aspects; first and foremost the 

new drug needs to be safe, it needs to demonstrate efficacy, it needs to be cheap, and it needs 

to demonstrate additional properties important for the specific disease indication.  It is 

generally accepted that new antimalarials should be dosed orally in a single–daily dosing 

regimen, for no more than 3 days (Wright, 2005).  It would also be prudent to consider the 

potential inclusion of features to counter the parasite’s ability to adapt.  The new drug also 

needs to be effective against current drug–resistant strains (Cowman et al., 1998).   

 

Antimalarial drug development ranges from minor modifications of existing agents, to the 

development of novel agents against new targets (Olliaro and Yuthavong, 1999).  The 

optimization of combination therapies, development of existing drug target analogues, and 

the testing of compounds originally developed against other diseases, include some of the 

potential minor modifications to existing targets (Rosenthal, 2003); while the development of 

new targets involves synthesizing rationally designed drug target molecules, as well as 



Chapter 1 – Literature Review 
 

15 
 

discovering natural products that are efficient against malaria (Olliaro and Yuthavong, 1999).  

Natural products chemistry in drug discovery has lead to the development of numerous 

natural product–derived compounds, some of which are in phase III clinical trials or have 

been developed as drugs (Butler, 2004).  For example, the antimalarial compound arteether is 

a fast–acting schizontocide that is specifically utilized for the treatment of chloroquine 

resistant P.falciparum malaria and cerebral malaria. Arteether is a synthetic derivative of 

artemisinin, a product of the Chinese plant Artemisia annua (Robert and Meunier, 1998). 

 

Numerous approaches are being taken to identify novel antimalarial targets, including 

strategies that target unique aspects of the parasite biology (Rangarajan and  Padmanaban, 

2001).  Potential chemotherapeutic targets include enzymes of the digestive vacuole, 

enzymes involved in macromolecular and metabolite synthesis and enzymes responsible for 

signalling and other membrane processes (Olliaro and Yuthavong, 1999).   

 

1.2.6 Food vacuole drug targets 

Drug discovery has lead researchers to look at possible target enzymes in the heme 

biosynthetic pathway (Sato and Wilson, 2002).  In the acidic food vacuole, erythrocyte 

hemoglobin is hydrolyzed into heme, which is then polymerized into insoluble hemozoin 

pigment and globin, which is further hydrolyzed to individual amino acids.  Antimalarial 

drugs that act against this process typically prevent hemozoin formation, resulting in an 

accumulation of heme, which is toxic to the parasite (Tekwani and Walker, 2005).  Despite 

the fact that parasites have become chloroquine resistant, it must be noted that the drug was 

used for more than 50 years, with very slow development of resistance (Rosenthal, 2003). 

 

The food vacuole also appears to be the target of artemisinin (Table 1.1), which tenders very 

potent activity without any reported drug resistance; in November 2010, the world Health 

Organization made a call to all malaria–endemic countries imploring then to monitor 

antimalarial drug efficacy such that artemisinin resistance could be detected early (WHO, 

20104).  Artemisinin and its derivatives confer antimalarial effects by free–radical damage.  It 

has been suggested that the alkylation of plasmodial proteins is the result of the free–radical 

accumulation (Bhisutthibhan et al., 1998). 

 

Hemoglobin degradation is essential for the intraerythrocytic development of the malaria 

parasite.  This process is mediated by a number of proteases of the food vacuole (Moura et 
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al., 2009), including; aspartic proteases (plasmepsins) (Table 1.1) (Banerjee et al., 2002; 

Moura et al., 2009), metalloproteases (falcilysin) (Eggleson et al., 1999), cysteine proteases 

(falcipains) (Shenai et al., 2000), as well as the recently discovered dipeptidyl 

aminopeptidase 1 (DPAP1) (Klemba et al., 2004).  Falcipain–2 and falcipain–3 (Table 1.1) 

are cysteine proteases that are essential hemoglobinases of P. falciparum, and represents 

potential antimalarial drug targets (Singh and Rosenthal, 2001).  It has been shown that 

cysteine and aspartic protease inhibitors exert synergistic antimalarial effects in vitro and in 

vivo (Semenov et al., 1998) and it may be prudent to develop a combination antimalarial 

which incorporates the inhibition of both proteases (Rosenthal, 2003).  Moura et al. (2009) 

showed, by way of a plasmepsin knockout P.falciparum stain, that the antimalarial activity of 

previously characterized aspartic protease inhibitors was independent of the effect that they 

had on the plasmepsins.  This work led to the identification of non–food vacuole plasmepsins 

against which, adaptive inhibitors could be designed (Moura et al. 2009). 

 

1.2.7 Parasite membrane drug targets 

In order to produce the membranes that enclose the parasitophorous vacuole the malaria 

parasite needs to undergo extensive phospholipid synthesis.  Phosphatidylcholine is the most 

abundant lipid in the in the parasite membrane and antimalarial drugs that target phospholipid 

synthesis, function by inhibiting choline transport (Vial and Calas, 2001).  The lead 

compound, G25 (Table 1.1) was found to be effective both in vitro and in vivo by blocking 

choline transport; choline being the precursor for phosphatidylcholine (Rosenthal, 2003). 

 

The invasion of an erythrocyte by a malaria parasite results in major alterations in the 

permeability of the host’s cell membrane. The infected erythrocyte membrane demonstrates a 

significant increase in permeability to low molecular weight solutes such as inorganic ions, 

nutrients and metabolic waste.  It is believed that this is accomplished through the 

introduction of channels both into and out of the red blood cell.  Recent evidence suggests 

that it is both the host’s endogenous channels as well at the parasite’s encoded proteins that 

make this possible (Martin et al., 2009).  The membrane transport system is therefore 

necessary to facilitate the uptake of solutes and nutrients from the extracellular medium and 

the disposal of metabolic wastes.  The properties of these parasite–induced transport systems 

are significantly different from those in normal human cells, making it a valid target for 

antimalarial drug development (Gero et al., 2003).   
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The parasite encodes in excess of 100 membrane transport proteins, some of which have been 

proposed to be suitable drug targets.  Unfortunately, most inhibitors against membrane 

proteins have demonstrated poor specificity and low affinity (Martin et al., 2009).  However, 

a series of dinucleoside phosphate dimers have been found to be highly toxic to the parasite 

and experimental evidence has confirmed that they are incapable of entering normal 

mammalian cells (Gero et al., 2003).  A number of newly identified transport protein families 

have been identified including those of the α–type small conductance mechanosensitive ion 

channels (Rayavara and Desai, 2008), CorA metal  transporter proteins, copper transporters, 

β–type mitochondrial and plastid porin proteins, as well as vacuolar iron transporters 

(reviewed by Martin et al., 2009).  Of these transporter families, 11 of these transporters have 

been predicted to be localized to the apicoplast, 17 to the mitochondrion, 8 to the digestive 

vacuole and 5 to the ER/Golgi (Martin et al., 2009).  It may be practical to assess their 

potential as drug target proteins, because little or no research into these proteins has been 

done.  This may lend toward the development of antimalarial drugs against new targets. 

 

1.2.8 Cytosolic drug targets 

Numerous metabolic pathways are located in the cytosol, however, many of these pathways 

are highly conserved among organisms, making them inefficient drug targets (Rosenthal, 

2003).  One pathway that has proven to be an effective target is that of folate metabolism 

(Plowe, 2001), where protein targets include GTP cyclohydrolase I (GCHI), DHFR, DHPS 

and TS (Hyde et al., 2008).  The enzymes of the folate biosynthetic pathway are essential for 

DNA synthesis and are therefore considered to be valid drug targets.  Antifolate drugs have 

been fashioned against DHFR, DHPS and TS (Table 1.1); however, other enzymes in this 

pathway have not been considered until recently (Hyde, 2005).  Loss in efficacy for DHFR 

and DHPS inhibitors has been reported (Plowe, 2001) and as discussed previously, even 

combination therapies against DHFR and DHPS have been associated with resistance 

(Cowman, 1998).  The GCHI enzyme of the folate pathway has however come under scrutiny 

in the last decade as a candidate for antimalarial drug design because it has only 30% 

similarity with the human and Escherichia coli homologues (Lee et al., 2001). 

 

The shikimate pathway also presents an attractive target for malaria chemotherapy because of 

the absence of the pathway in mammals.  The shikimate pathway, also called the aromatic 

biosynthetic pathway, constitutes a series of seven enzymatic reactions that produce the 

aromatic precursor chorismate from simple products of carbohydrate metabolism.  In plants, 
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the pathway is localized to the chloroplast; however, in the parasite the pathway is predicted 

to occur in the cytoplasm, as is seen with fungi and bacteria.  A series of fluorinated analogs 

of shikimate have been tested against malaria and two were found to be effective antimalarial 

agents (Table 1.1) (McConkey, 1999).  

 

Lactate dehydrogenase (LDH) (Table 1.1) is an enzyme that is involved in glycolysis and is a 

cytosolic pathway that is of interest in antimalarial drug design.  Several inhibitors of LDH 

have been reported to demonstrate antimalarial activity in vitro (Razakantoanina et al., 2000).  

LDH utilizes NADH (nicotinamide adenine dinucleotide) as a cofactor and boasts a unique 

NADH binding site, which offers the opportunity for the design of selective compounds 

(Deck et al., 1998).   

 

The Plasmodium parasite is dependent on high amounts of polyamines for growth and 

accomplishes this through polyamine synthesis.  This pathway is of interest when it comes to 

antimalarial drug development because it differs highly from the mammalian pathway such 

that in the parasite, S–adenosylmethionine decarboxylase and ornithine decarboxylase 

(AdoMetDC/ODC) makes up a single bifunctional protein, while in mammals, AdoMetDC 

and ODC are two proteins (Müller et al., 2008).  Cytostatic effects with curative rates have 

however been reported for the traditional inhibitors, meaning that combination therapies with 

polyamine analogues in murine malaria models had to be employed (Bitonti et al., 1989).  

Another enzyme of the pathway that has come under scrutiny is spermidine synthase 

(SpdSyn).  The SpdSyn inhibitor cyclohexylamine resulted in complete arrestment of parasite 

development (Becker et al., 2010). 

 

The purine salvage and pyrimidine synthetic pathways have also come under observation for 

identification of potential drug targets (Keough et al., 1999) because of the unique features of 

the parasite enzymes coupled to their essential role in parasite survival, but not in the human 

host (Rosenthal, 2003).  Plasmodium parasites cannot synthesize purines and therefore rely 

on the host in order to obtain these vital DNA building blocks. P.falciparum obtains it 

purines from hypoxanthine, and hypoxanthine–guanine phosphoribosyltransferase (HGPRT) 

and is therefore an obvious drug target (Keough et al., 1999).  In the case of pyrimidine 

synthesis, the pyrimidine synthetic enzymes of Plasmodium parasites are different from those 

found in the human host and therefore lend toward their potential as drug targets.  

Interestingly, pyrimidine synthesis works synergistically with mitochondrial electron 
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transport and a possible combination drug that targets pyrimidine synthesis and mitochondrial 

electron transport could possibly be explored (Rosenthal, 2003). 

 

1.2.9 Mitochondrial drug targets 

There appears to only be a single target in the mitochondrion namely ubiquinol–cytochrome c 

oxidoreductase (complex III) (Table 1.1).  An antimalarial drug that has been found to be 

very effective against this target is atovaquone, which is used in combination therapies 

because of drug resistance problems (Rosenthal, 2003).  The mitochondrion is a valid drug 

target organelle because it houses the apparatus for genome replication, repair, 

recombination, transcription, and translation.  A number of unusual features of the 

components of this apparatus have been discovered through genome sequence analyses, 

warranting further investigation of the mitochondrion for drug discovery and development 

(Mather et al., 2007).   

 

1.2.10 Apicoplast drug targets 

Apicomplexan parasites harbour a plastid–like organelle called an apicoplast which is derived 

from the endosymbiosis of cyanobacterium (Ralph et al., 2004).  The function of the 

apicoplast has been debated since its discovery in the 1970s.  The plastid is involved in a 

number of processes including; synthesis of haem for mitochondrial respiration (Wilson et 

al., 1991), fatty–acid synthesis and starch storage (Köhler et al., 1997), and the production of 

aromatic amino acids (Palmer, 1992).  The heritage of the apicoplast means that many of its 

bacterial–like enzymes are fundamentally different from that of the mammalian host, making 

them potential drug targets (Ralph et al., 2004). 

 

The P. falciparum genome sequence has been elucidated and revealed that the malaria–

causing parasite has three genomes; the nuclear genome (14 chromosomes), mitochondrial 

DNA genome (6 kb) and the plastid–like genome (35 kb) (Gardner et al., 1998).  

Interestingly, most apicoplast–destined proteins are coded for by the nuclear genome (Wilson 

et al., 1996) and are transported to the organelle, via molecular mechanisms that are not fully 

understood (Spork et al., 2009).  Proteins destined for the apicoplast do however boast a 

targeting signal sequence that results in its transport to the desired destination (Wilson et al., 

1996).  An in silico study predicted that an endoplasmic reticulum (ER)–associated protein 

degradation (ERAD) system exists in the parasite, which is directly involved the transport of 

nuclear–encoded proteins to the apicoplast (Spork et al., 2009). 
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The existence of the plastid–like genome may explain why some antibacterial compounds 

that otherwise do not attack eukaryotes have an antimalarial effect (Rosenthal, 2003).  The 

tetracyclines, clindamycin, macrolides and chloramphenicol inhibit various steps of 

prokaryote–like protein synthesis, while quinolone inhibits DNA gyrase, and rifampin 

inhibits RNA polymerase (Table 1.1) (Rosenthal, 2003). 

 

Type II fatty acid biosynthesis occurs in the apicoplast and has obvious chemotherapeutic 

applications because it is absent in humans.  The antibiotic thiolactomycin, targets the 

enzyme FabH (Waller et al., 1998), while the other subunit, FabI (Table 1.1) is the target for 

the antibiotic triclosan (Surolia and Surolia, 2001).   

 

The non–mevalonate pathway is a metabolic pathway which ultimately leads to the synthesis 

of the isoprenoid precursor molecules isopentenyl diphosphate (IPP) and dimethylallyl 

diphosphate (DMAPP) (Singh et al., 2006). 1–Deoxy–D–xylulose 5–phosphate 

reductoisomerase (DXR) catalyzes the reaction whereby 1–deoxy–D–xylulose 5–phosphate 

(DXP) is reduced to 2–C–methylerythritol 4–phosphate (MEP) using a distinct pathway that 

is dissimilar to that of the mevalonate pathway employed in the human host.  This, coupled to 

the fact that isoprenoids are essential for survival of the malaria parasite, make it a potent 

drug target.  The antibiotic, fosmidomycin (Table 1.1) has been shown to be an effective 

inhibitor of DXR in vivo in a rodent malaria model; however, the apparent need for frequent 

and prolonged dosing means that its use as a monotherapy is limited (Jomaa et al., 1999; 

Wiesner and Jomaa, 2007).  Recently, the use of microarrays to identify mutations was 

employed in a study of drug resistance.  The study allowed for the elucidation of the 

molecular and biochemical basis of the P.falciparum parasite’s resistance to fosmidomycin.  

Fosmidomycin–resistant parasites demonstrated an increase in gene copy number of the 

putative target P.falciparum DXR (PfDXR) as a plausible mechanism for in vitro derived 

resistance.  This amplification event is used commonly by parasites such that they increase 

the transcription of important genes in order to counteract the effects of the drug.  The 

parasite is able to do so because the environment of the human host is relatively stable 

(Dharia et al., 2009).  The elucidation of the mechanism of fosmidomycin resistance is 

important so that an appropriate combination therapy can be employed against malaria 

(Borrmann et al., 2005). 
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1.2.11 Emerging drug target enzymes 

A very interesting group of proteins that have emerged as potential drug targets in recent 

years are the Plasmodium chaperones (reviewed by Pesce et al., 2010).  The chaperones, 

including heat shock proteins (Hsps) are ubiquitous in almost all cells, with P.falciparum 

encoding 43 Hsp40s, 6 Hsp70s, and 3 Hsp90s.  Chaperones are involved in a number of 

cellular processes including; protein folding, protein translocation, signal transduction, as 

well as in the cellular stress response.  Hsps are highly conserved across the species, some 

differences do however exist in P.falciparum Hsps, including unique structural characteristics 

and parasite specific features that could make them fitting targets in antimalarial drug design 

(reviewed by Pesce et al., 2010).     

 

The isolation and characterization of the 90 kDa heat shock protein 90 (Hsp90) has lead to 

the discovery of an extensive N–terminal acidic domain, which is specific to the Plasmodium 

Hsp90 (Acharya et al., 2007).  Inhibitors of Hsp90 that have been reported include; 

geladanamycin and its clinical derivative 17–allylamino–17–demethoxy–geladanamycin (17–

AAG) as anti–cancer drugs (Solit and Chiosis, 2008).  Geladanamycin in combination with 

ascomycin (an inhibitor of the plasmodial immunophilin FKBP35, which is associated with 

PfHsp90) has also been shown to be effective at reducing P.falciparum growth (Kumar et al., 

2005).  The development of antimalarial drugs to target Hsp90 poses a challenge in that the 

drug will need to effectively target Plasmodium  Hsp90 and not human Hsp90 (Pesce et al., 

2010).   

 

The 70 kDa heat shock protein 70 (Hsp70) is probably the most well characterized Hsp 

(Tavaria et al., 1996).  The immuno–suppressive drug, 15–deoxyspergualin (DSG) is a 

specific modulator of Hsp70 and was found to have both in vitro (Midorikawa et al., 1998) 

and in vivo (Midorikawa and Haque, 1997) inhibitory effects on malaria.  Similarly, in a 

recent study, a library of pyrimidinone compounds was screened against malaria and of the 

157 compounds tested, 9 demonstrated IC50 (concentration at which there is 50% inhibition) 

values in a range of 30 nM to 1.6 µM (Chang et al., 2009).  It has been suggested that the 

Plasmodium  Hsp70 protein PfBiP (Figure 1.6) may be involved in the export of parasite 

proteins into the erythrocyte (Shonhai et al., 2007) and may therefore be worth exploring as 

an antimalarial target (Pesce et al., 2010).  Both the Hsp70 and Hsp40 chaperones are 

essential for survival of the parasite; it therefore may be prudent to target the Hsp40–Hsp70 
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interaction (Botha et al., 2007).  This may be difficult based on the fact the P.falciparum 

Hsp70 shares a very similar homology to the human homologue (Chiang et al., 2009).  The 

chaperone activity of PfHsp70–1 (Figure 1.6) is however sufficiently different to the human 

Hsp70 and it codes for a different Hsp40 binding site, so it may therefore be worth exploring 

the synthesis of small modulators of PfHsp70–1 (Pesce et al., 2010).   

 

Hsp40 is a 40 kDa chaperone and is classified into one of 4 groups, including; type I, type II, 

type III and type IV.  Hsp40s are typically made up of 4 domains, namely: The N–terminal J 

domain, a glycine/phenylalanine–rich region (GF domain), a cysteine–rich zinc–binding 

domain and a C–terminal domain.  Because the J domain is said to be essential in the Hsp40–

Hsp70 interaction (Cheetham and Caplan, 1998), it may be possible to target such functional 

domains as the J domain, in drug discovery (Pesce et al., 2010).  This however, cannot be 

said for the type IV Hsp40s because they lack a functional J domain (Cheetham and Caplan, 

1998). To date, it appears that no inhibitors of Hsp40 have been published in antimalarial 

drug discovery. 

 

Protein kinases are another group of proteins that perform vital roles cellular processes 

including growth regulation and differentiation (Geyer et al., 2005; Christian and Laurent, 

2007).  Many kinases have not been characterized; however, sufficient information exists that 

have allowed for the identification of unique families of plasmodial kinases, hence making 

this a targeted group in antimalarial drug design (Jirage et al., 2010).  A group of kinases that 

have been heavily targeted in drug design are the cyclin–dependent protein kinases (CDKs), 

whose vital cellular role involves the regulation of progression of the cell cycle (reviewed by 

Morgan, 1997).  CDKs that have been targeted in antimalarial drug design include; PfPK5, 

the CDK/mitogen–activated protein kinase (MAPK) hybrid protein PfPK6, the MO15–related 

Pfmrk, as well as numerous cyclin–related kinases (Pfcrk–1, Pfcrk–3, Pfcrk–4, and Pfcrk–5) 

(Knockaert et al., 2002).  Inhibitors against PfPK5 include; purvalanol, hymenialdisine, and 

indirubin–30–monoxime.  PfPK6 has been shown to be effectively inhibited by roscovitine 

and olomoucine (Hardcastle et al., 2002), while Pfmrk has been shown to be inhibited by a 

group of compounds containing a lactam moiety (Xiao et al., 2001), as well as by a number 

of other compound groups including; purines, quinolinones, flavones, oxindoles, and 

chalcones (reviewed by Waters and Geyer, 2003; Keenan et al., 2005).   
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A novel in silico approach was taken to facilitate drug discovery and involved a 

computational approach which prioritized potential metabolic drug target enzymes.  A 

pathway/genome database (PGDB) has been constructed for P.falciparum 3D7, using its 

annotated genomic sequence.  A computational algorithm was applied and resulted in the 

identification of 216 “chokepoint enzymes”.  Chokepoint enzymes are those that are 

potentially essential to the parasite and are therefore potential drug targets (Yeh et al., 2004).  

In 2009, the Bioinformatics and Functional Genomics group in Germany, improved the 

precision of the prediction results, and presented a refined list of 22 new potential candidate 

targets for P. falciparum, half of which have publicized reasonable evidence to be valid 

targets against other diseases (Fatumo et al., 2009). 

 

Despite sufficient progress in the development of new drugs, the mechanism of action of 

existing drugs is poorly understood.  Also, the rate of development of new drugs does not 

match the decline in effectiveness of antimalarial drugs.  An obstacle in the rapid 

development of novel antimalarials is the lack of specialists and funding in the field of R&D 

(Macreadie et al., 2000).  At present only 10% of global R&D resources are directed at 

malaria, even though it accounts for 90% of the global disease burden (SAMI, 2007).  

Evidence of bias against the diseases of poverty has been reported by the World Health 

Organization, whereby there has been widespread systematic prejudice in medical journals 

against diseases that dominate the least–developed regions of the world (Horton, 2003). 

 

1.3 THE ANTIMALARIAL DRUG TARGET ENZYME PFDXR 

1.3.1 Targeting the non–mevalonate pathway  

Isoprenoids are the most chemically diverse group of compounds present in all organisms and 

have essential roles in membrane structure, redox chemistry, reproductive cycles, growth 

regulation, signal transduction and defense mechanisms (Rodriguez–Concepcion et al, 2000).  

Isopentenyl diphosphate (IPP) is the general precursor required for isoprenoid biosynthesis, 

which occurs via either the mevalonate (MVA) or mevalonate–independent (MEP) pathway 

(Disch et al., 1998).  Organisms such as mammals and fungi use the MVA pathway for 

isoprenoid biosynthesis (Vial et al., 1984), while numerous bacteria, green algae, and higher 

plants utilize the alternative MEP pathway (Disch et al., 1998).    
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Figure 1.3: The biosynthesis of isoprenoids via the MEP pathway.   
The condensation of pyruvate and glyceraldehydes–3–phosphate, by DXS results in the formation of DXP.  
DXP then undergoes rearrangement and reduction by NADPH (nicotinamide adenine dinucleotide phosphate) to 
form MEP.  This step is catalyzed by DXR (enzyme of interest).  The subsequent five reaction steps result in the 
formation of IPP and DMAPP isoprenoids, via 4–diphosphocytidyl–2–C–methyl–D–erythritol (CDP–ME), 4–
diphosphocytidyl–2–C–methyl–D–erythritol 2–phosphate (CDP–ME2P), 2–C–methyl–D–erythritol–2,4–
cyclodiphosphate (MECP), and 1–hydroxy–2–methyl–2–(E)–butenyl 4–diphosphate (HMBPP) (adapted from 
Singh et al., 2007). 
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The MEP pathway (Figure 1.3) is comprised of seven enzymatic steps, which begin with the 

formation of 1–deoxy–D–xylulose–4–phosphate (DXP) by condensation of pyruvate and 

glyceraldehyde by DXP synthase (DXS) (Takahashi et al., 1998).  The subsequent step is 

catalyzed by DXR and involves an intramolecular rearrangement and NADPH–dependent 

reduction of DXP to MEP (2–C–methyl–erythritol 4–phosphate) (Argyrou and Blanchard, 

2004). 

 

The MEP pathway in P. falciparum differs greatly from the human isoprenoid biosynthesis 

via the MVA pathway, which proceeds through acetyl–CoA with mevalonate as a key 

intermediate (Hunter, 2007).  Because of the crucial role that isoprenoids play in survival of 

organisms, the synthetic steps involved in isoprenoid biosynthesis could be targeted in 

antimalarial drug design (Dubey, 2002).  The genetic validation of DXR was accomplished 

using a single cross–over strategy, such that plasmid integration at the DXR locus only 

resulted when gene function was preserved.  From the study it was hence concluded that 

DXR is essential for intraerythrocytic development of P. falciparum (Odom and Van 

Voorhis, 2010), further validating the enzyme as a drug target enzyme. 

 

Research conducted on the MEP pathway demonstrates a relatively young field of research 

(Jomaa et al., 2007).  DXS and DXR have been expressed as recombinant enzymes in 

Pseudomonas aeruginosa (Altincicek et al., 2000) and inhibitors against the two enzymes 

have been published, including fluoropyruvate as an inhibitor of DXS and fosmidomycin 

against DXR (Altincicek et al., 2000).  Evidence for the reversibility of the DXR–catalyzed 

reaction in E. coli and Mycobacterium tuberculosis, with a reaction equilibrium that is 

essentially in favor of MEP production, has resulted in an increase in interest in this particular 

reaction step in drug discovery (reviewed by Singh et al., 2007).  It is this reaction that has 

come under increased examination as a target for novel antimalarial drug design (Rohmer et 

al., 2004).  The last two catalytic steps of the MEP pathway are mediated by two enzymes 

that catalyze unique radical–type reactions.  These enzymes contain oxygen–sensitive iron–

sulphur clusters and are therefore highly sensitive to oxygen, meaning that previous attempts 

to purify catalytically–active enzymes have failed (Jomaa et al., 2007); until very recently, 

where Seemann and her group (2009) were able to characterize the last enzyme of the 

pathway, where 57Fe Mössbauer spectroscopy was used to investigate the LytB enzyme in 

whole E. coli cells, as well as in the anaerobically purified enzyme  
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1.3.2 Catalytic Mechanism of DXR 

In a study by Argyrou and Blanchard (2004), M. tuberculosis DXR (MtDXR) was expressed 

in E. coli and purified using conventional column chromatography and characterized by 

performing mechanistic and structural studies on the enzyme.  It was concluded that MtDXR 

requires a divalent metal ion for catalysis and Co2+, Mn2+ and Mg2+ have all been shown to 

activate the enzyme (Argyrou and Blanchard, 2004).  This corresponds to the findings for E. 

coli DXR (EcDXR) put forward by Reuter et al. (2002), where active site residues were 

shown to complex with Mn2+ ions.  However, in vivo studies have suggested that Mg2+ is the 

most relevant divalent cation for DXR catalysis in E. coli (Koppisch et al., 2002), M. 

tuberculosis (Argyrou and Blanchard, 2004), Synechocystis   sp. PCC6803 (Yin and Proteau, 

2003) and P.falciparum (Singh et al., 2006).  DXR catalyses the reaction, whereby DXP 

substrate undergoes both molecular rearrangement and reduction.  Firstly, the C3–C4 bond is 

broken and a new bond between C2 and C4 of the substrate forms, resulting in a MEP 

aldehyde intermediate.  Following this rearrangement, the aldehyde intermediate is then 

reduced by the NADPH cofactor to form the product MEP, as illustrated in Figure 1.4. 

 
Figure 1.4: The reaction catalyzed by DXR, including the divalent magnesium cation (red) (modified from 
Singh et al., 2007). 

 

The possibility of using 1–deoxy–D–xylulose (DX) substrate instead of DXP was investigated 

independently by Querol et al. (2002) and Takahashi et al. (1998), after DX was reported to 

be used by a wild–type E. coli strain by Schwender et al. (1997).  Querol et al. (2002) found 

no oxidation of NADPH resulted and it was hence concluded that DXP is the correct 

substrate for DXR.  The crystal structure of EcDXR, with Mn2+ and fosmidomycin bound, 

provided evidence that fosmidomycin binds in a fashion closely related to the substrate DXP 

(Steinbacher et al., 2003).   
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1.3.3 Structural Characterization of DXR 

A number of DXR crystal structures have been solved from numerous DXR enzymes 

including: E. coli, M. tuberculosis, Zymomonas mobilis and Thermotoga maritima (Reuter et 

al., 2002; Yajima et al., 2002; Ricagno et al., 2004; Mac Sweeney et al., 2005; Henriksson et 

al., 2007; Takenoya et al., 2010).  In a recent study by Yajima et al. (2007), for the first time, 

EcDXR was crystallized with Mg2+, as well as NADPH cofactor and fosmidomycin inhibitor.  

Previous DXR crystal structures that have been solved have been complexed with either a 

divalent metal ion, or substrate, or inhibitor and include: EcDXR complexed with a sulphate 

ion and NADPH (Yajima et al., 2002); the apo form of EcDXR (Reuter et al., 2002); EcDXR 

complexed with Mn2+ and fosmidomycin (Steinbacher et al., 2003); EcDXR complexed with 

a sulphate ion and biphosphate ion (Yajima et al., 2004); Z. mobilis DXR (ZmDXR) 

complexed with NADPH (Ricagno et al., 2004); EcDXR complexed with NADPH and DXP 

substrate (Mac Sweeney et al., 2005); EcDXR complexed with NADPH and fosmidomycin 

(Mac Sweeney et al., 2005); MtDXR complexed with a sulfate ion (Henriksson et al., 2006);  

MtDXR complexed with Mn2+ and NADPH (Henriksson et al., 20072); MtDXR complexed 

with peptidyl–prolyl cis–trans isomerase A (Henriksson, 20071); Yersinia pestis DXR 

complexed with Mg2+ and inhibitor 1,2–ethanediol (Osipiuk et al., 2009); and T. maritima 

(TmDXR) complexed with NADPH (Takenoya et al., 2010).  In 2010, the crystallization and 

preliminary X–ray crystallographic study was carried out on P.falciparum DXR and the 

group is currently performing structural analysis by molecular replacement (Umeda et al., 

2010).  This information is however not yet publically available, meaning that the use of a 

homology model remains feasible.  Two homology models were created, which in the 

interim, has allowed for the facilitation of structure–function predictions and inhibitor 

binding properties (Singh et al., 2007; Goble et al., 2010).  One of the models was however 

not made publically available and there were very few PfDXR inhibitor binding studies 

available (fosmidomycin and FR900098) for the authors to use in validation of their model 

(Singh et al., 2007). 

 

Numerous structural and biochemical analyses on various DXR enzymes have also been 

documented in literature.  These include: EcDXR (Yajima et al., 2002; Reuter et al., 2002; 

Steinbacher et al., 2003; Mac Sweeney et al., 2005), ZmDXR (Grolle et al., 2000; Ricagno et 

al., 2004), Synechocystis   sp. PCC6803 DXR (SyDXR) (Fernandes et al., 2005), as well as 

very limited analysis on PfDXR (Jomaa et al., 1999).  According to biochemical studies, 

EcDXR exists as an 86 kDa homodimer in its quaternary form (Figure 1.5A), where each 
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monomer presents itself in a 43.5 kDa v–shape (Reuter et al., 2002).  The DXR monomer 

comprises three domains, namely the amino–terminal dinucleotide binding domain (residues 

1–150), the carboxyl terminal four–helix bundle (residues 328–400), and a connective 

domain, which accommodates most of the active site and is also involved in dimerisation of 

the enzyme.  The connective domain also incorporates a flexible loop, called the catalytic 

hatch, which is said to move over the active site after the substrate has bound (Yajima et al., 

2002).  The accepted substrate binding site for the enzyme is in a cleft where concurrence of 

the three domains occurs (Figure 1.5B).   

 

 

A B

 
Figure 1.5: The well documented dimeric EcDXR enzyme with cofactors and fosmidomycin bound. 
Ribbon representation of the EcDXR crystal structure (adapted from Yajima et al., 2007).  (A) The 
homodimeric structure of DXR is made up of two monomers with the one subunit coloured green, with the other 
subunit coloured blue.  NADPH (coloured by element) and fosmidomycin (coloured yellow) atoms are shown as 
sticks, with the coordinating magnesium ion shown in red (B) Zoomed into the active site, the catalytic hatch 
(coloured purple) (Arg207–Met213) closes over the active site, once fosmidomycin has moved into the active 
site.  Figures were prepared using PyMol. 

 

Crystallization of EcDXR in complex with the inhibitor fosmidomycin (Mac Sweeney et al., 

2005) revealed that the phosphonate moiety of fosmidomycin was bound at the active site by 

residues Ser186, Gly187, Ser222, Met225, Asn227, Lys228 and Ile250 (reviewed by Singh et 

al., 2007).  The catalytic cleft conceals mostly hydrophilic amino acids that are strictly 
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conserved among all DXR enzymes in literature; a summary of these residues can be seen in 

Table 1.2.  An important difference to be noted includes interactions with Gly197 and His219 

that were established in PfDXR that have to date, not been observed in any published DXR 

crystal structures (Singh et al., 2006).  These interactions were however not observed in the 

other PfDXR homology model that has been published in the literature (Goble et al., 2010); 

however, the study reported that these interactions were observed with fosmidomycin’s 

closest analogue, FR900098.  The residues that are responsible for enzyme catalysis are 

highly conserved among DXR enzymes and include Ser199, Ser235, Asn240 and Lys241 in 

PfDXR (Ser186, Ser222, Asn227 and Lys228 in EcDXR according to Table 1.2).  The 

literature reports that a number of residues are essential in active site formation and instead of 

having a direct interactive role rather perform a structural role.  Such residues include 

His153, His209, Trp212, Met214 His257 and Pro274 in E. coli (Yajima et al., 2002).  Glu231 

has been implicated in a number of functions including direct enzyme catalysis (Yajima et 

al., 2002; Steinbacher et al., 2003), structural support (Goble et al., 2010) and divalent metal 

coordination (Reuter et al., 2002; Steinbacher et al., 2003; Mac Sweeney  et al., 2005) (Table 

1.2). 

 

As mentioned previously, the presence of a divalent cation is essential for active site 

formation and catalysis, where Asp150, Glu152, Glu231 (Steinbacher et al., 2003, Mac 

Sweeney et al., 2005) and Gly234 (Reuter et al., 2002), along with three water molecules 

form an octahedral coordination complex (with the divalent ion) in EcDXR.  Similar residues 

have been implicated in metal ion coordination in TmDXR and include Asp142, Glu144 and 

Glu209 (Asp150, Glu152 and Glu217 in E. coli) (Takenoya et al., 2010).  By a network of 

salt bridges, numerous residues are positioned to play a supportive role metal ion binding; in 

E. coli, these residues include Lys125, His153, and Lys228 (Reuter et al., 2002) (Table 1.2). 

 

The binding of NADPH has also been associated with the structuring of the active site 

(Steinbacher et al., 2003) and includes a number of amino acids.  Gly11 and Ser12 coordinate 

the diphosphate moiety, while Ala35 and Gly36 interact with the 2’–phosphate of the 

NADPH adenosine mononucleotide moiety; Gly14 had also been said to be essential in 

divalent metal ion coordination (Reuter et al., 2002) (Table 1.2). 



Chapter 1 – Literature Review 
 

30 
 

Table 1.2: Analysis of critical amino acids in DXR and their predicted role.  

Putative Function Identified Amino Acid Organism Predicted Role Reference 

NADPH cofactor binding Gly11, Ser12 E. coli Coordinates the pyrophosphonate  moiety of 
NADPH 

Reuter et al., 2002 

Gly14  E. coli Forms an important part of the NADPH binding 
motif  

Reuter et al., 2002 

Ala35 and Gly36 E. coli Accommodates the 2’ phosphate moiety of 
NADPH 

Reuter et al., 2002 

 Thr10, Gly11, Gly36, Ile101, Ala105 E. coli Pentose phosphate of adenine forms five hydrogen 
bonds to Thr10, Gly11 and Gly36 and the adenine 
ring interacts hydrophobically with Ile101 and 
Ala105 

Yajima et al., 2007 

 Trp212 and Met214 E. coli Stacking functions essential in forming 
hydrophobic contacts with nicotinamide moiety of 
NADPH 

Steinbacher et al., 2003 

Coordination with the 
divalent metal ion 

Asp150, Glu152 and Glu231 
 

E. coli Bound Mg2+ accompanied with three water 
molecules make an octahedral coordination with 
the three  residues 

Reuter et al., 2002; 
Steinbacher et al., 2003;  
Mac Sweeney et al., 2005 

 Glu234 E. coli Said to also coordinate the divalent metal ion, 
along with the other residues (Asp150, Glu152 
and Glu231) 

Reuter et al., 2002 

 Asp142, Glu144 and Glu209 
(Asp150, Glu152 and Glu217 in  E. coli) 

T.maritima Bound Mg2+ accompanied with three water 
molecules make an octahedral coordination with 
the three  residues 

Takenoya et al., 2010 

 Lys125, His153, and Lys228 E. coli By a network of salt bridges, support the residues 
that coordinate with the metal ion 

Reuter et al., 2002 

Coordination with the 
substrate DXP or  
fosmidomycin or both 

Ser186, Ser222, Asn227 and Lys228          E. coli Catalytic residues that interact with the substrate 
DXP or fosmidomycin via a hydrogen bonding 
network with the phosphonate moiety, via oxygen 
atoms  

Steinbacher et al., 2003; 
Yajima et al., 2007 
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 Gly187, Met225, and Ile250 E. coli Along with the other catalytic residues (Ser186, 
Ser222, Asn227 and Lys228), interact with the 
phosphonate moiety of fosmidomycin 

Mac Sweeney et al., 2005 

 His209 and His153  E. coli Important for enzyme catalysis as they have been  
implicated in having a structural role 

Yajima et al., 2002 

 Trp212, His257 and Pro274 E. coli Perform a stacking role which orders the active 
site structure (only in the presence of NADPH) 

Steinbacher et al., 2003 

 His208–Met214 E. coli His208–Met214 is considered to be the catalytic 
hatch that functions to open/close the active site of 
DXR and along with Trp212 and Met214 bind 
directly to fosmidomycin 

Yajima et al., 2007 

 His209 and Pro274 E. coli Perform a support role to Trp212 and Met214 Yajima et al., 2007 

 Trp204 (Trp212 in E. coli) Synechocystis  
sp. PCC6803 

Involved in the substrate binding and is essential 
for closing the loop over the active site, possibly 
forming a highly specific binding pocket (may 
also have a role in discriminating substrates for 
DXR) 

Fernandes et al., 2005 

  Gly197 and His219  
(Gly187 and His209 in E. coli) 

P. falciparum Involved in binding fosmidomycin and have to 
date, not been observed in any published DXR 
crystal structures 

Singh et al., 2006 
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1.3.4 Kinetic Characterization of DXR  

The steady state behaviour of many enzymes can be best represented by the hyperbolic 

relationship between the steady–state velocity and the concentration of substrate, cofactor or 

reversible modifier. For enzymes that follow typical Michaelis Menten kinetic behaviour, the 

maximum velocity (Vmax) and the Michaelis constant (Km) can be quantified (Eisenthal et al., 

1974).  The Michaelis constant is often thought of as being the dissociation constant for the 

substrate–enzyme complex where the lower the Km, the greater the affinity that the substrate 

has for the enzyme (Smith and Wood, 1991).  The maximal velocity cannot be looked at on 

its own because of its clear dependency on substrate concentration.  A more appropriate 

measure of enzyme efficiency is the turnover number (kcat), which is a direct measure of the 

catalytic production of product under saturating enzyme conditions.  Another useful 

parameter for enzyme analysis is the second order rate constant, kcat/Km, which is summarised 

as the specificity constant indicative of an enzyme’s efficiency (Smith and Wood, 1991).  A 

rapid reaction turnover (large value of kcat) or a high affinity for substrate (small value of Km) 

will result in greater enzyme efficiency (large kcat/Km). 

 

Kinetic characterization of numerous DXR enzymes has been undertaken has from 1998 and 

continues still today, with no values being reported to date for PfDXR.  Values that have been 

experimentally quantified in the literature are summarised in Table 1.3. 
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Table 1.3: Kinetic values quantified experimentally for DXR enzymes in the literature, including Km (mM), turnover number (1/[s]) and catalytic efficiency Km/kcat).  Parameters 
were quantified in the presence of Mn2+, Mg2+ or Co2+. 

Organism Substrate 
Specific 
Activity 
(µmol/min/mg) 

Km (mM) kcat (1/[s]) Km/kcat Reference 

E. coli 1–deoxy–D–xylulose 5–phosphate 4 – 18 0.003 – 0.250 29 – 38 0.22 – 0.99 Takahashi et al., 1998; Kuzuyama et al., 2000; 
Hoeffler et al., 2002; Koppisch et al., 2002;   
Fox and Poulter, 2005; Walker and Poulter, 
2005; Wong and Cox, 2007 

Z. mobilis 1–deoxy–D–xylulose 5–phosphate 19.5 0.3   Grolle et al., 2000 

Streptomyces coelicolor 1–deoxy–D–xylulose 5–phosphate 25.8 0.19 19.2 0.1 Cane et al., 2001 

Synechocystis   sp. 1–deoxy–D–xylulose 5–phosphate 20 – 22 0.134 – 12 0.16 – 17 0.037 Yin and Proteau, 2003; Fernandes et al., 2005; 
Phaosiri and Proteau, 2004 

M. tuberculosis 1–deoxy–D–xylulose 5–phosphate 

 

0.004 – 0.240 2.1 – 5.3 0.05 Dhiman et al., 2005; Henriksson et al., 2006; 
Argyrou and Blanchard, 2004 

T.maritima 1–deoxy–D–xylulose 5–phosphate  8 – 10.5  x 10–3 40 0.29 0.0075 Takenoya et al., 2010 

Francisella tularensis 1–deoxy–D–xylulose 5–phosphate  0.104 2 1.2 Jawaid et al., 2009 

A. thaliana 1–deoxy–D–xylulose 5–phosphate 2.1 – 5.6 0.132 4.4  Rohdich et al.2006 

Coleus forskohlii 1–deoxy–D–xylulose 5–phosphate   0.147     Engprasert et al., 2005 
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According to an online enzyme database (Chang et al., 2009); there are no recorded entries 

for the PfDXR homologue, with respect to kinetic data. To date, only one laboratory has 

characterized kinetic parameters for PfDXR, where IC50 values were calculated using an 

NADPH–dependent assay with recombinant PfDXR protein (Gieβmann et al., 2008). 

 

1.4 HETEROLOGOUS PROTEIN EXPRESSION  

1.4.1 Production of target proteins in different expression systems 

E. coli is the principle bacterial expression system used in molecular biology (Billman–

Jacobe, 1996) because of its ability to produce large quantities of expressed protein in short 

times (Verma et al, 1998).  This is because many of its biological processes have been 

extensively studied and are well understood.  The E. coli expression system however, is not 

sufficient for cloning and expression of all recombinant proteins, because the system is not 

capable of post–translational modification (Geisse et al., 1996).  Other bacterial expression 

systems have been used with success; for example, Mycobacterium bovis BCG and 

Salmonella typhimurium have been utilized as vaccine vectors in order to deliver recombinant 

proteins to specific sites in higher organisms (Billman–Jacobe, 1996).  When choosing an 

appropriate expression system, specific aspects need to be considered, namely: the problem 

of gene maintenance, the control of expression and the cellular destination of the recombinant 

protein (Billman–Jacobe, 1996).   

 

If bacterial expression is unsuccessful, other host expression systems need to be considered. 

Common eukaryotic alternatives include; Pichia pastoris and Saccharomyces cerevisiae 

yeast strains, the baculovirus expression system in insect cells, human cells, as well as cell–

free systems (Gräslund et al., 2008). Cell–free systems have been used comprehensively to 

express and purify thousands of proteins and this system is particularly useful when 

producing proteins that are toxic to E. coli.  Cell–free systems have also been used to produce 

PCR–amplified linear DNA fragments, without needing to clone into a vector (Gräslund et 

al., 2008).  

 

Numerous studies have been undertaken in order to directly compare various expression 

systems.  In a study by Morton and Potter (2000), bacterial (E. coli), yeast (S. cerevisiae, P. 

pastoris), insect (Spodoptera frugiperda), and mammalian (COS7 cells) expression systems 

were utilized in order to overproduce the enzyme rabbit liver carboxylesterase.  Expression in 
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E. coli and S. cerevisiae resulted in little or no activity of the mammalian carboxylesterase, 

while expression in P. pastoris, S. frugiperda (baculovirus expression) and COS7 cells 

resulted in the purification of active enzyme.  However, only the baculovirus–infected S. 

frugiperda expression system resulted in purification of milligram quantities of active 

enzyme (Morton and Potter, 2000).  Thousands of recombinant proteins have to date, been 

successfully purified from baculovirus–infected insect cells; ranging from cytosolic enzymes 

to membrane–bound proteins (Kost et al., 2005).  The advantages of this virus–based 

expression system are that it is safe, easy to use and adaptable to facilitate large scale–up.  

Insect cells are able to perform general functions including folding, modifying, and assembly 

and trafficking of newly synthesized proteins.  However, the protein processing pathways are 

not necessarily equivalent to that of the higher eukaryote; for example, the N–glycosylation 

pathway (Kost et al., 2005).  A number of studies have published accounts of improved 

protein production following cotransfection with baculovirus–expressing chaperones.  For 

example, human lipoprotein lipase was coexpressed with calreticulin (Zang et al., 2003); 

similarly, Epstein–Barr virus replication protein BZLF1 (Yokoyama et al., 2000) and human 

tumour suppression protein LKB1 (Martinez–Torrecauadrada et al., 2005) were coexpressed 

with the human chaperone combinations Hsp70/Hsp40 and Hsp70/Hsdj (human homologue 

of bacterial DnaJ).  In both these cases, marked improvement in yield of functionally active 

human enzymes was accomplished using the human chaperones.  The insect expression 

system appears to be a popular choice in the production and purification of human proteins; 

very little literature however exists for expression of malarial proteins in insect cells.   

 

Mammalian expression systems comprise an array of different cell lines that are used for 

protein production; the most commonly used cell lines include: Chinese hamster ovary 

(CHO) cells, baby hamster kidney (BHK) cells, human embryonic kidney (HEK) 293 cells, 

mouse L–cells and myeloma cell lines like J558L or Sp2/0.  Less frequently employed cell 

lines include: NIH 3T3 cells, lymphoblastoid cell lines, and murine erythroleukemia (MEL) 

cells (Geisse et al., 1996).  It has been said that when employing a mammalian expression 

system, the structure of the target protein needs to be considered when choosing the 

expression cell line.  One needs to consider aspect such the degree of post–translational 

modification that is required, for example, disulfide bonding and protein glycosylation.  

Furthermore, the expression plasmid construction should be carefully designed as to fully 

utilize the expression system of choice (Geisse et al., 1996).  Similarly, mammalian 

expression systems are not popular for malarial protein production, perhaps due to the fact 
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that the degree of post–translational modification in higher eukaryotes is not the same as that 

of the malarial system (Kost et al., 2005).  Other non–bacterial expression systems are 

relatively simple to use, however, they are significantly more time consuming resulting in a 

decrease in their popularity (Gräslund et al., 2008). 

 

1.4.2 Methods to improve protein expression 

Despite the success that has been reported using other host expression systems, heterologous 

production of proteins in a bacterial expression system remains dominant, even for 

complicated proteins such as malarial enzymes.  This is because the bacterial expression 

systems are simple, they boast rapid growth and overexpression is most often associated with 

overproduction of the recombinant protein (Ahuja et al., 2006).  However, a major limitation 

associated with overproduction of recombinant protein is the formation of insoluble non–

functional clusters of protein known as inclusion bodies, which accumulate due to the 

attraction of exposed hydrophobic regions of a misfolded protein (Carrió and Villaverde, 

2002). Another problem faced is degradation by the proteolytic machinery of the cell 

(Georgiou and Valax, 1996).  

 

The overproduction of parasitic proteins, specifically those of P. falciparum, proves to be a 

challenge because of a number of different aspects.  One of these includes the codon bias of 

prokaryotic host expression systems, meaning codons that are preferentially used by 

P.falciparum are not used in highly expressed genes by E. coli (Baca and Hol, 2000). The 

heterologous expression of 1000 P.falciparum proteins in E. coli was carried out in a single 

study and 337 of these target proteins were expressed, however, only 37 remained soluble 

(Mehlin et al., 2006).  The parameters that were used in choosing the target proteins included 

size, where proteins had to be reasonably small (less than 450 amino acids);  proteins could 

not have more than 30% identity to any other protein that has been published in the Protein 

Data Bank; and they had to be non–membrane proteins.  From this study, it was concluded 

that there was a reasonable correlation between the gene’s A/T (adenine and thiamine) 

content (%) and the corresponding protein solubility (Mehlin et al., 2006).     

 

The mRNA of P.falciparum is characterized by its high A/T content and it encodes an 

abundance of lysine and arginine repeats, which often leads to the early termination of 

translation resulting in the formation of truncated protein forms or insoluble inclusion bodies 

(Flick et al., 2004). Amino acid codons used most frequently in P. falciparum are different 
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from those used in other organisms (Narum et al., 2001).  Experimental strategies that have 

been adopted in order to overcome these obstacles include: rare codon tRNA supplementation 

(Baca and Hol, 2000), codon optimization (Narum et al., 2001; Nicoll et al., 2006) and codon 

harmonization (Angov et al., 2008).   

 

Rare codon tRNA supplementation involves coexpression of the target protein with a RIG 

plasmid that encodes rare transfer RNAs for arginine (R), isoleucine (I) and glycine (G) 

(Baca and Hol, 2000).  This strategy was used successfully for the production of full–length 

P.falciparum Hsp70, where a considerable reduction in lower molecular weight degradation 

products was reported after coexpression with the RIG plasmid (Matambo et al., 2004).  

Codon optimization is an experimental strategy in which the coding region of a target protein 

is designed to include the most frequently used codons of the host cell (Nicoll et al., 2006). 

Narum et al. (2001) reported that optimising the codon usage of P. falciparum merzoite 

proteins to that of mammalian systems improved the expression and immunogenicity of gene 

fragments in DNA vaccines used on mice.  However, the expression of numerous other 

malaria proteins was not improved through codon optimization (Birkholtz et al., 2008).  

Codon harmonization is an alternative strategy that involves substituting codons with 

synonymous ones that have the same or similar usage frequencies in the expression host, 

while maintaining the integrity of the pause site profile of a native sequence (Angov et al., 

2008).  Codon harmonization permits translation in the heterologous host in a similar way to 

the native host, and thereby potentially enhances protein folding, unlike the product of an 

optimized gene (Angov et al., 2008).   

 

Site–directed mutagenesis has also been shown to be useful in enhancing solubility of 

recombinant proteins, by replacing non–polar amino acids with charged ones such as lysine 

(Dale et al., 19941).  Protein aggregation can also be minimized by adjusting growth 

parameters, such as temperature (Lilie et al., 1998; Okita et al., 2004; de Marco, 20071) or 

growth media (Moore et al., 1993).  It has also been documented by Hanning and Makrides 

that coexpression of recombinant proteins with molecular chaperones, has positively 

improved protein yield (Hanning and Makrides, 1998).   

 

1.4.3 Molecular chaperones 

Molecular chaperones are divided into a number of highly conserved families and are present 

in all living cells, those under normal or stress conditions (Boshoff et al., 2004).  Molecular 
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chaperones function by facilitating the folding and refolding of proteins in the cell and have 

been implicated in vital cellular processes such as protein synthesis, protein translocation, 

protein folding and protein degradation (Fink, 1999).  Molecular chaperones distinguish 

between folded and unfolded proteins by recognising the hydrophobic surfaces that are 

characteristic of unfolded proteins (Boshoff et al., 2004).   Newly translated proteins 

frequently enter non–productive folding pathways which result in their misfolding and 

ultimate aggregation.  The assistance of chaperones is therefore necessary such that proteins 

are able to reach their active configuration; they do so by guiding the target protein along the 

productive folding pathway (Houry, 2001).   

 

Hsps are a group of highly conserved proteins that are ubiquitous in all cells and whose main 

role is to act as molecular chaperones (Shonhai et al., 2007).  In eukaryotes, Hsps are named 

according to molecular size, for example, Hsp70 is 70 kDa in size and the bacterial 

homologue of Hsp70 is DnaK.  Hsp40 is 40 kDa in size, with its bacterial homologue being 

named DnaJ.  Similarly, the bacterial homologue of Hsp60 is named GroEL (Szabo et al., 

1994).  In prokaryotes the most physiologically important and ubiquitous chaperones can be 

divided into two teams: DnaK–DnaJ–GrpE and GroEL–GroES, which have distinct but co–

operative functions (Nishihara et al., 1998).  

 

DnaK and DnaJ work in combination, where DnaJ delivers the substrate protein to its partner 

DnaK.  DnaK then binds the substrate via hydrophobic protein sequences of four to five 

residues flanked by basic residues.  Statistically, these binding motifs occur once every 36 

residues, although most are buried in folded proteins (Rüdiger et al., 1997).  In so doing, 

DnaK stabilizes the unfolded protein giving it sufficient time to fold correctly.  GrpE is a 

nucleotide exchange factor that functions to promote dissociation of adenosine 5'–

diphosphate (ADP) from the nucleotide–binding cleft of DnaK (Harrison, 2003).  DnaK–

DnaJ–GrpE (KJE) chaperone system was classified as the most important chaperone system 

in the cell for suppressing protein aggregation (Thomas et al., 1997).  The E. coli chaperone 

ClpB assists the KJE system in solubilising and refolding aggregated proteins (Watanabe et 

al., 2000) and is also thought to rescue proteins from high molecular weight aggregates 

(Bukau et al., 2006).  The small heat shock proteins IbpA and IbpB are considered “holder 

chaperones” that also bind protein aggregates and along with KJE/ClpB, facilitate refolding 

(Schlieker et al., 2002).  In a study by Deuerling et al. (1999), it was found that DnaK, only 



Chapter 1 – Literature Review 

39 
 

in combination with trigger factor (TF), promoted proper folding of proteins, but neither was 

essential for folding and viability at intermediate growth temperatures.     

 

The prokaryotic homologue of Hsp60, GroEL, assists in the proper folding of nascent 

polypeptides.  Analysis of its tertiary structure shows that it forms a 3D barrel structure with 

a hydrophilic interior, with GroES (Hsp10) forming the lid (Weissman et al., 1995). 

Substrates bind GroEL via hydrophobic interactions on the interior rim of the hydrophilic 

chamber (Burston and Clarke, 1995) and require subsequent binding of GroES and ATP to 

trigger the release of the protein into the cavity. The folding intermediate then has about 10 

seconds to fold as ATP (adenosine triphosphate) is hydrolysed to ADP (adenosine 

diphosphate); the dissociation of ADP and the binding of ATP, triggers the release of GroES 

and the folded polypeptide (Burston and Clarke, 1996; Weissman et al., 1995).  It has 

however been shown that GroEL assists only in the folding of a minority of proteins 

(Deuerling et al., 1999); a possible reason for this may be the fact that GroEL has an upper 

size limit of 60 kDa (Houry et al., 1999).  The KJE and GroEL–GroES (ELS) systems, along 

with TF is therefore said to be the primary chaperones for de novo folding in E. coli (Haacke 

et al., 2009).    

 

1.4.4 P.falciparum molecular chaperones 

As with all other organisms, P. falciparum is abundant in these cellular helpers.  As 

mentioned previously, the Hsps have become targeted in recent years for antimalarial drug 

design, as well as in coexpression studies with other proteins, including antimalarial drug 

target proteins (reviewed by Pesce et al., 2010).  According to Pesce et al. (2010), there may 

be some value in understanding the complexity of the chaperone networks and partnerships 

such that resident chaperones can be used to improve the soluble production of antimalarial 

target proteins in vitro. Figure 1.6 summarizes the localization of some of the important 

chaperone families. 
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Figure 1.6: Chaperones in malaria for a P. falciparum–infected erythrocyte.  
Only organelles of interest are shown, where Hop (heat shock organising protein) is shown in red, Hsp40s in 
blue, Hsp70s in green and Hsp90s in purple (Kumar et al., 1991; Cunnea et al 2003; Hosoda et al., 2003; Hiller 
et al., 2004; Vincensini et al., 2005; Nyalwidhe et al., 2006; Sargeant et al.,2006; Acharya et al., 2007; Botha et 
al., 2007; Powers and Workman, 2007; Tuteja, 2007; Bhattacharjie et al., 2008; Pesce et al., 2008; Misra and 
Ramachandran, 2009). 
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1.5 RESEARCH MOTIVATION 

There is a global need to invest in additional research in the development of pharmaceutical 

products against diseases of poverty like malaria (Kesselheim, 2008); however, because of 

the low–returns and costliness of such research, pharmaceutical companies are not always 

willing to invest resources into this neglected disease (Trouiller et al., 2002).  The recent 

genetic validation of PfDXR (Odom and Van Voorhis, 2010) means that this enzyme has 

become a particularly interesting antimalarial drug target.   

 

Numerous inhibitors of DXR have been published in the literature, most of which share 

structural similarity with either the DXP substrate (Hoeffler et al., 2002; Wong et al., 2004; 

Phaosiri and Proteau, 2004; Fox and Poulter, 2005) or the antibacterial agent fosmidomycin 

(Reichenberg et al., 2001; Ortmann et al., 2003; Kurz et al., 20031; Kurz et al., 20032; 

Mincheva et al., 2003; Ortmann et al., 2005; Merckle et al., 2005; Woo et al., 2006; Devreux 

et al., 2006).  Fosmidomycin is the benchmark against which all other DXR inhibitors are 

compared because it has been shown to inhibit PfDXR both in vitro and in vivo (Jomaa et al., 

1999).  Fosmidomycin has however been shown to demonstrate a reduction in 

pharmacological efficacy (reviewed by Singh et al., 2007) and so the search for potent 

inhibitors against DXR continues.   

 

However, the difficulty involved in purifying malarial protein remains a major setback in 

drug discovery (Mehlin et al., 2006) and PfDXR is no exception (reviewed by Singh et al., 

2007).  Because of this, it has taken more than 10 years to produce a PfDXR crystal structure, 

which has not yet been structurally validated (Umeda et al., 2010).  As a result of the crystal 

structure not yet being available, a three–dimensional PfDXR homology model would have 

to suffice.  In this work, a homology model was created and validated using structure–

checking programmes and docking of 34 known DXR inhibitors.  The model was used to 

create an in silico screening tool for the rational design of novel DXR inhibitors.  Numerous 

coexpression strategies were then employed in order to express soluble, functional PfDXR 

protein; coexpression with lac repressor resulted in the greatest protein solubility because of 

its ability to tightly control protein expression.  Up to 4 mg per litre of protein could be 

purified using this strategy, which was then used for the in vitro kinetic characterization of 

PfDXR.   
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Site–directed mutagenesis was undertaken using the information obtained from the 

theoretical model and features that are unique to PfDXR were identified, which included 

major differences in the PfDXR catalytic hatch and NADPH binding site.  Subsequent to 

rigorous analysis of the PfDXR active site, a compound library was synthesized and screened 

both in silico and in vitro for DXR inhibition potential and antimalarial potential.  An in 

silico and in vitro parallel approach was hence employed to provide vital information which 

links theoretical and experimental evidence for an important antimalarial target enzyme 

PfDXR; this approach may assist in drug discovery in the future. 

  

1.6 AIMS AND OBJECTIVES OF THIS WORK 

A parallel approach to antimalarial drug screening was taken in this work: 

 

Firstly, a three–dimensional PfDXR homology model was created and validated, which was 

then used to screen for potential lead compounds against the antimalarial drug target enzyme 

PfDXR.  This was accomplished under the following objectives: 

1. CREATION AND VALIDATION OF A PFDXR HOMOLOGY MODEL USING MODELLER, with 

the specific objectives of rigorously analysing the PfDXR active site; for the 

prediction of function using structural alignment strategies with apicomplexan and 

non–apicomplexan DXRs from the literature; and for  development of a novel method 

for inhibitor screening  

2. IN SILICO SCREENING OF A POTENTIAL DXR INHIBITOR LIBRARY, with the specific 

objectives of developing a link between structure and inhibition potential; as well as 

for further rigorous analysis of the PfDXR active site 

 

Secondly, a high yield of functional PfDXR was purified for further characterization of the 

enzyme’s active site and for the purpose of screening novel inhibitors for in vitro DXR–

inhibition and P. falciparum–growth inhibition.  This was done under the following 

objectives:  

3. HETEROLOGOUS PROTEIN PRODUCTION AND PURIFICATION OF PFDXR, with the specific 

objectives of codon harmonization of the PfDXR gene; cloning the codon harmonized  

PfDXR coding region into the pQE30 expression system; co–expressing PfDXR with 

malarial and bacterial chaperones, as well as with the lac repressor protein in order to 

improve the yield of folded, functional protein  
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4. STRUCTURALLY AND KINETICALLY CHARACTERIZE THE PFDXR, with the specific 

objectives of characterizing PfDXR kinetically; using site–directed mutagenesis to 

create PfDXR mutants for the determination of structurally significant residues 

5. PFDXR INHIBITION STUDIES USING NOVEL INHIBITORS , with the specific objectives of 

screening potential PfDXR inhibitors in silico using the PfDXR theoretical model; 

and for the determination of DXR–inhibition potential of novel ligands 

6. GROWTH INHIBITION ASSAYS  USING P. FALCIPARUM–INFECTED ERYTHROCYTES, with 

the specific objectives of determining antimalarial potential of novel PfDXR 

inhibitors 
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CHAPTER 2 

IN SILICO ANAYSIS OF PfDXR IN LINKING STRUCTURE 

AND FUNCTION 

 

2.1  INTRODUCTION 

Not long after the discovery of DXR, reports of natural inhibitors emerged; the most potent 

inhibitor against PfDXR is still the antibacterial agent fosmidomycin (Figure 2.1), isolated 

from Streptomyces lavendulae (Jomaa et al., 1999).  Replacement of the formyl–hydrogen 

(H) of fosmidomycin by a methyl group (CH3) yielded the inhibitor FR900098 which was 

even more potent than fosmidomycin in vitro (Figure 2.1) (Okuhara et al., 1980).  To date, 

several DXR inhibitor libraries have been identified (Jomaa et al., 1999; Herforth et al., 

2004; Silber et al., 2005; Haemers et al., 2006; Gieβmann et al., 2008), yet fosmidomycin 

and its analogue FR900098 have been shown to still be the most potent (reviewed by Singh et 

al., 2007).  These compounds have however been shown to exhibit reduced pharmacological 

properties (reviewed by Singh et al., 2007) and fosmidomycin was also shown to only have a 

resorption rate of 10 – 30%.  Therefore their potential to become drugs is considered to be 

poor (Murakawa et al., 1982; Jomaa et al., 1999).   
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Figure 2.1: Structures of the most potent DXR inhibitors, fosmidomycin and its acetyl analogue FR900098 and 
the structure of the substrate DXP. 

 

In general, PfDXR inhibitors can be classified into two groups; structural analogues of the 

substrate DXP (Figure 2.1) (Hoeffler et al., 2002; Phaosiri and Proteau, 2004; Wong et al., 

2004; Fox and Poulter, 2005) and structural analogues of fosmidomycin (Reichenberg et al., 

2001; Kurz et al., 20031; Kurz et al., 20032; Mincheva et al., 2003; Ortmann et al., 2003; 

Ortmann et al., 2005; Merckle et al., 2005; Woo et al., 2006; Devreux et al., 2006).   

 

Important structural elements of DXR inhibitors have been identified and include a 

hydroxamic acid functionality (hydroxylamine inserted into a carboxylic acid), and a 

phosphonate group (Kurz et al., 20031; Kurz et al., 20032; Wiesner and Jomaa, 2007).  The 
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crystal structure of EcDXR revealed that the hydroxamic acid moiety displaced two water 

molecules in the octahedral coordination of the divalent metal ion, where the N–formyl 

oxygen was trans to Glu231 and the N–formyl nitrogen was trans to Asp150 (Steinbacher et 

al., 2003).  Hoeffler et al. (2002) found that the presence of a hydroxyl group was essential 

for the rearrangement reaction and that it most likely acted as a Lewis acid (electron–pair 

acceptor) in the chelation of the divalent cation.  The presence of the nitrogen atom has been 

shown to be crucial towards binding of inhibitors in the active site, most likely by changing 

the arrangement of the active site pocket (Zubrzycki and Blatch, 2001).  Modifications of the 

hydroxamic moiety have also resulted in the synthesis of benzoxazolone, benzothione, 

hydroxamic acid and oxazolopyridinone functionalities (Courtois et al., 2004; Kuntz et al., 

2005). 

 

In the EcDXR crystal structure, the phosphonate moiety was shown to be anchored by 

numerous hydrogen bonding interactions to Ser186, Ser222, Asn227, and Lys228 

(Steinbacher et al., 2003).  It has been shown that the two negatively charged oxygens of the 

phosphonate group are necessary for good inhibition of DXR (Perruchon et al., 2008).  In the 

case of most enzymes that boast a phosphate binding site, the incidence of many flexible Gly 

residues is common (Flitsch et al., 1987), resulting in no specific recognition for the charged 

phosphate partner.  This means that in drug discovery, the synthesis of compounds with 

neutral heterocyclic parts to target the phosphate binding pocket is common (Harvey et al., 

1966).  However, in the case of the DXR active site, the presence of the divalent metal ion for 

coordination means that the maintenance of the phosphonate moiety is the general strategy of 

choice (Gieβmann et al., 2008).  Also, because of the susceptibility of the O–P bond to 

phosphatase cleavage (seen with DXP), the C–P bond of the phosphonate is commonly used 

in inhibitor design (Meyer et al., 2003). 

 

However, because of the bioavailability of fosmidomycin (most likely due to its high water 

solubility) (Na–Bangchang et al., 2008), the initiation and design of phosphonate prodrugs 

was undertaken, which included for example, ester prodrugs (Reichenberg et al., 2001; 

Ortmann et al., 2003; Ortmann et al., 2005), biphosphonates (Ling et al., 2005) and 

carboxylic acids (Kurz et al., 20032).  The rationale behind this was that the ester linkages 

would be cleaved in vivo by non–specific plasma esterases, yielding the phosphonic acid 

moiety.  Some of these phosphonate mimics (particularly the diphenyl phosphonate 

analogues) appeared to be even more active than fosmidomycin and FR900098 (Reichenberg 
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et al., 2001).  Contradictory to this, Courtois et al. (2004) found that, in some cases, 

hydrolysis of the diethyl phosphonate analogues to the acid led to a reduction in inhibitory 

activity in plant cells. 

 

Another structural aspect of novel DXR inhibitors that needs to be considered is the length of 

the carbon chain that links the hydroxamic acid and phosphonate group.  Chain length has 

been linked to inhibitory activity, where the longer chained compounds appear to become less 

active against DXR (Woo et al., 2006).  Upon analysis of the space–fill rendition of the 

EcDXR crystal structure (Wiesner and Jomaa, 2007), it is clear that there is limited space 

available for inhibitors much larger than fosmidomycin.  Mac Sweeney et al. (2005) reported 

that inhibitors with long carbon chains would most likely displace NADPH or bind to the 

open hatch conformation of the enzyme.  This was however addressed by Gieβmann et al. 

(2008) who reported that significant inhibitory activity of an O–phenyl–substituted 

fosmidomycin analogue (24h) (which possessed and elongation of the hydroxamic moiety) 

possibly resulted from the support of a hydrophobic binding pocket reasonably far away from 

the active site pocket (Gieβmann et al., 2008). 

 

While modifications to the carbon chain length have been undertaken, modifications 

addressing the three carbon spacer are scarce.  This has however been addressed in recent 

years; Devreux (2006) synthesized a library of cyclopropyl analogues containing a three–

membered ring between C1 and C2 in order to restrict rotational freedom; and Haemers et al. 

(2006) on the other hand, concentrated rather on bulkiness and synthesized a library of 

fosmidomycin analogues containing a phenyl moiety at the α–position.  It was concluded that 

the presence of the aromatic group may assist in the ability of compounds to cross the 

parasite membranes (Haemers et al., 2006) because of its improvement in lipophilicity (Foye 

et al., 2008).  The low lipophilicity typical of fosmidomycin, which leads to difficulty in 

crossing phospholipid membranes and also adds to its poor absorption, was the motivation for 

development of lipophilic DXR inhibitors (Deng et al., 2009).  Interestingly enough, these 

compounds demonstrated reasonable activity against numerous pathogenic bacteria.   

 

Silber et al. (2005) took their research into drug discovery further using protein–based 

docking with various DXR crystal structures and ligand–based 3D QSAR (quantitative 

structure–activity relationship), coupled to AFMoC (adaptation of fields for molecular 

comparison) to assess the structure–activity relationship of 34 DXR inhibitors with the target 
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enzyme.  This in silico approach allowed Silber et al. (2005) to link the molecular interaction 

properties and ligand structure with inhibitory activity. 

 

With the structural analysis of the preliminary X–ray crystal structure of P.falciparum DXR 

still underway (Umeda et al., 2010); it was necessary to create an appropriate PfDXR 

homology model for the facilitation of predictions about structure–function relationships and 

for determination of inhibitor binding properties.  This approach has been used previously 

and a PfDXR model developed and successfully used in in silico docking studies with various 

inhibitors, including fosmidomycin and FR900098 (Singh et al., 2006).  However, this model 

was not made publically available and there were very few PfDXR inhibitor binding studies 

available (fosmidomycin and FR900098) (Jomaa et al., 1999) for the authors to use to 

validate of their model.  Since this PfDXR modelling study, further experimental inhibitor 

binding studies have been conducted on PfDXR (Gieβmann et al., 2008).  The lack of a 

publically available PfDXR crystal structure or homology model provided the opportunity to 

produce a more vigorously validated PfDXR model for use in further structure, function and 

inhibitor screening studies.  

 

The primary objectives of this work involved firstly identifying structural and functional 

features unique to PfDXR and secondly, developing an in silico docking system to identify, 

by screening, novel inhibitors of DXR.  A three–dimensional homology model for PfDXR 

was created using MODELLER (version 9v2), which was verified by way of a 

Ramachandran plot and by way of docking–based validation.  Using comparative sequence 

and structural analysis with apicomplexan and non–apicomplexan DXR proteins sourced 

from a literature review, structural and functional features unique to PfDXR were identified.  

This included the identification of insert regions, unique to apicomplexan DXRs, as well as 

significant structural differences with respect to the catalytic hatch and NADPH binding site, 

which were consistent in the apicomplexans.  The PfDXR active site was also rigorously 

analysed, so that a structure–based approach could be taken for determination of novel 

inhibitors.  This was accomplished by comparative docking of 34 known DXR inhibitors into 

PfDXR and EcDXR.  Following this, a screen of 46 compounds was undertaken using the 

PfDXR homology model in an attempt to understand and potentially predict the effectiveness 

of novel inhibitors in vitro (see Chapter 5). 
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2.2  EXPERIMETNAL PROCEDURES 

2.2.1 Primary validation and structural analysis of the predicted active site of PfDXR 

It can be assumed that the tertiary structure of two proteins is similar if their sequences share 

a significant degree of similarity (Kroemer et al., 1996).  Subsequent to sequence alignment 

using ClustalX (Thompson et al., 1997), a PfDXR homology model was created using 

MODELLER (version 9v2) (Sali and Blundell, 2001), with the crystal structures of EcDXR 

(accession number: 1Q0Q_A) (Mac Sweeney et al., 2005), ZmDXR (accession number: 

1R0K_A) (Ricagno et al., 2004) and E. coli IspC (accession number: 1ONP_A) (Steinbacher 

et al., 2003) used as templates; sequence similarity of 36.2%, 36.6% and 35.2% was found 

for EcDXR, ZmDXR and IspC respectively, when compared to PfDXR.  These models could 

hence allow for the structural prediction of a reasonable PfDXR homology model because 

medium–accuracy comparative models are based on 30 to 50% sequence identity (Baker and 

Sali, 2001).  The initial PfDXR model was energy minimized using the InsightII/DISCOVER 

module, with 500 steps of steepest decent, at 22oC.  The homology model was assessed using 

WHATIF (version 6.0), PROCHECK (Vriend, 1990; Laskowski et al., 1993) and the 

Ramachandran plot.  Model images were rendered using PyMOL (version 0.98) (DeLano, 

2003) and Accelrys Visualizer/Material Studios (version 2.0) (www.accelrys.com).   

 

2.2.2 Comparative sequence analysis for prediction of function 

The 417 amino acid sequence of PfDXR proposed here was aligned against the apicomplexan 

DXRs from P. vivax (accession number: XM_001615665), P. berghei (accession number: 

XM_673952) and P. yoelii (accession number: XM_720958), as well as the plant homologue 

Arabidopsis thaliana (accession number: AJ242588) and bacterial homologues Z. mobilis 

(accession number: 1R0K_A) and E. coli (accession number: 1JVS_A).  Sequence 

alignments were derived using the ClustalW (Thompson et al., 1994) and BLOSUM matrices 

were used to score the alignments, with the parameters for ‘gap open’, ‘gap extension’, and 

‘gap distance’ set at 10, 0.5, and 8 respectively.  The obtained alignments were manually 

inspected to ensure consistency with known structural information.  Gene Runner (version 

3.1) was used to analyse sequences with respect to open reading frames, composition and 

motif searches. 
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2.2.3 Docking–based model validation and inhibitor screening 

For PfDXR homology modelling, the EcDXR crystal structure in complex with the substrate 

DXP was used (accession number: 1Q0Q_A), while docking was undertaken using the same 

EcDXR crystal structure in complex with fosmidomycin (accession number: 1Q0L_A) (Mac 

Sweeney et al., 2005).  This was done so that the modelling protocol could be appropriately 

validated; the protocol was validated by docking the minimized fosmidomycin structure back 

into the original protein crystal structure (accession number: 1Q0L_A).  From the reference 

crystal structure for EcDXR (accession number: 1Q0L_A), fosmidomycin was removed from 

the binding site and the molecule was desolvated; the NADPH cofactor was retained – this 

was the EcDXR template that was used for this work.  All structures of known DXR 

inhibitors (from the literature) were sketched in Accelrys Visualizer/Material Studios (version 

2.0), with the phosphonate moieties in the deprotonated state and were DFT–minimized at the 

B3LYP/6–31G(d) level using Gaussian 03 (www.gaussian.com). Docking studies were 

performed on an Intel Core 2 Duo 3GHz workstation, equipped with OCZ 8800GTX 768MB 

DDR3 graphics.  Using AutoDock 4.2 (Morris et al., 1998), the AutoDock tool set was used 

to merge non–polar hydrogens such that all permitted torsions were allowed in the docking 

studies. The protein active site and surrounding residues were mapped using the AutoGrid 4.2 

algorithm, incorporating a grid box of dimensions 60 x 60 x 60 units along the x, y and z 

axes, respectively. Atom maps were generated for all potential interactions between the 

ligand and the active site residues, where catalytic residues (Ser186, Ser222, Asn227 and 

Lys228 for EcDXR; Ser199, Ser235, Asn240 and Lys241 for PfDXR) and the metal 

coordinating residue (Glu231 for EcDXR; Glu244 in PfDXR) were kept flexible. The 

dockings were executed using a Lamarckian algorithm to create populations containing 150 

individuals and allowing for a maximum of 2.5 x 106 energy evaluations. For each ligand, 10 

docks were generated with visual analysis and ligand scoring data being used to decide upon 

the optimal conformation for each docking run. 

 

Unless otherwise stated, atoms were coloured by element where oxygen (O) = red; nitrogen 

(N) = blue; phosphate (P) = orange; hydrogen (H) = light grey; carbon (C) = dark grey; 

chlorine (Cl) = green; fluorine (F) = cyan; and bromine (Br) = brown. 
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2.3  RESULTS 

2.3.1 Primary validation of the predicted PfDXR model 

According to the NCBI database, there are 24 published three–dimensional molecular 

structures for the DXR enzyme available (NCBI, 2010), none of which are from the P. 

falciparum homologue.  This provided the platform from which the creation of the PfDXR 

homology model was initiated.  Following sequence alignment, a predicted PfDXR three–

dimensional structure was generated and appropriately validated.  The first measure for 

model verification involved analysis of the tertiary structure using WHATIF and WHAT 

CHECK.  The Ramachandran plot of psi and phi backbone conformational angles for each 

residue in the protein indicated that a normal distribution was apparent (Figure 2.2A).  The 

data from the Ramachandran plot (summarised in Figure 2.2B) indicated that the PfDXR 

model presented here was comparable to the EcDXR crystal structure (accession number: 

1Q0L_A), with respect to most favoured regions (87.4%), generously allowed regions 

(10.3%), and additionally allowed regions (1.5%) and for the stereochemical quality of the 

model, as observed using the PROCHECK protein structure checking programme.  Only 

three residues (0.8%) were in disallowed conformations and these included Ser112, Glu387 

and Glu390 (Figure 2.2A and 2.2B).  With respect to the protein secondary structure, all three 

disallowed conformations were only fractionally out of the generously allowed region.  All 

three residues were identified on a surface loop, suggesting that it would be unlikely that 

these residues could modify the internal protein core or secondary structure of the protein.  

The superimposition of the predicted PfDXR homology model and EcDXR (accession 

number: 1Q0L_A) suggested that they shared very similar structures overall (data not 

shown), validating the proposed three–dimensional tertiary arrangement of PfDXR.  This 

assumption could be made because the PfDXR tertiary structure was modelled using a 

number of DXR templates from several well studied organisms.   
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EcDXR PfDXR 
Total Number of Residues 398 417
Most favoured regions [A,B,L] 332 (93 %) 339 (87.4%)
Generously allowed regions [~a,~b,~l,~p]   24 (6.7 %) 40 (10.3%)
Additional allowed regions [a,b,l,p]         1 (0.3 %) 6 (1.5%)
Disallowed regions         [XX]               0 (0 %) 3 (0.8%)
Glycine residues 21 15
Proline residues                          18 13

End-residues (excl. Gly & Pro)
Overall Score (PROCHECK)
Mainchain G-factor Score 

2
0.19
0.20

1
-0.48
-0.72

A

B

 
Figure 2.2: Primary validation of the predicted PfDXR model. 
(A) Conformational map (Ramachandran plot) of the psi and phi backbone conformational angles for each 
residue in the modelled PfDXR, where “most favoured” (coloured in red), “generously allowed” (yellow), 
“additionally allowed” (beige), and “disallowed” (white) regions are described.  (B) Ramachandran plot 
statistics for EcDXR crystal structure (accession number: 1Q0L_A) and PfDXR homology model (presented in 
this work).  The overall PROCHECK score of less than –0.50 is recommended and investigation is needed for a 
score of more than –1.0; both EcDXR and PfDXR score within the accepted reference scores.  The G–factor 
score is a measure of the overall normality of the structure and is the average of all the different G–factors for 
each residue in the structure.   

 

The native P.falciparum DXR enzyme (489 amino acids) (accession number: 

XM_001348779.1) (Gardner et al., 1998) codes for a 71 amino acid leader peptide, which is 

said to comprise an N–terminal extension resembling an endoplasmic reticulum signal 

peptide and a 44 amino acid sequence exhibiting characteristics of a plastidial targeting 

sequence (Schwartzbach et al., 1998; Jomaa et al., 1999).  Expression of PfDXR with the 

leader sequence appeared to be toxic to T. gondii (Jomaa et al., 1999) and for this reason, 

PfDXR was modelled without the inclusion of the leader sequence.  Following validation of 
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the PfDXR homology model, an attempt to link the tertiary structure and possible function 

was examined more closely.  Sequence alignment with known DXR enzymes that have had 

their crystal structures defined was the platform from which the potential structure–function 

relationship of PfDXR could be surmised.   

 

2.3.2 Comparative sequence analysis for prediction of function 

A great deal of literature exists for the characterization of numerous DXR enzymes, the most 

well studied being EcDXR (Kuzuyama et al., 1998; Takahashi et al., 1998; Yajima et al., 

2002; Steinbacher et al., 2003; Mac Sweeney et al., 2005).  From the literature, it is evident 

that catalytic residues and structural residues are highly conserved among the homologues 

(Figure 2.3) and PfDXR is no exception.  Upon careful inspection of the amino acid sequence 

alignment, it became evident that some differences did however exist with respect to the 

NADPH binding motif residues, as well as an area on the catalytic hatch which is highly 

conserved.  Of those residues that are reported in the literature to bind NADPH, the 

apicomplexans presented a highly conserved Val and Asn at positions 43 and 44 (for 

PfDXR), while the E. coli and plant homologues replaced these with an Ala and Gly (Figure 

2.3).  Similarly, some apicomplexans had large, highly charged residues (Lys residues at 224 

and 226 on PfDXR) in an area of high conservancy on the catalytic hatch (His209 – Gly215 

on EcDXR), where the bacterial and plant homologues boasted small polar residues instead 

(Figure 2.3). 

 

Further analysis of the sequence alignment revealed that the PfDXR, as well as the other 

apicomplexans, contained sequence insertions that were not evident in the bacterial and plant 

homologues (Figure 2.3).  These insertions appeared at the following positions on the PfDXR 

sequence: residues 30–32, 184–193 and 382–383 (Figures 2.3 and 2.4).  At residues 291–293 

on the A. thaliana (AtDXR) sequence (at 307 on the PfDXR sequence), the plant homologue 

contained an insertion that did not appear in any of the other homologues (Figure 2.3).   
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P.yoelli           IFGSTGSIGTNTLSIIRECNKIEKKFNVEALYVNKNVEGIYEQAKEFLPKYVCIHDPSKY 146 
P.berghei          IFGSTGSIGTNTLSIIRECNKIEKQFNVEALYVNKNIEGIYEQAKEFLPKYVCIHDPNKY 89 
P. falciparum      IFGSTGSIGTNALNIIRECNKIENVFNVKALYVNKSVNELYEQAREFLPEYLCIHDKSVY 70 
P.vivax            IFGSSGSIGANALDVIRECNRVERRFNVEALYVNKSVTKLYEQAREFLPKYVCIHDESKY 179 
E. coli            ILGSTGSIGCSTLDVVRHN–––PEHFRVVALVAGKNVTRMVEQCLEFSPRYAVMDDEASA 62 
Z. mobilis         VLGATGSIGHSTLDLIERN–––LDRYQVIALTANRNVKDLADAAKRTNAKRAVIADPSLY 66 
A. thaliana        IVGSTGSIGTQTLDIVAEN–––PDKFRVVALAAGSNVTLLADQVRRFKPALVAVRNESLI 70 
                   :.*::**** .:*.:: .       :.* ** .. .:  : :   .  .    : :     
     
P.yoelli           EELKKLLENIKNYNPIILIGNEGMKQICSSNEIDKIVIGIDSFQGLYSTIYAIKNNKTIA 206 
P.berghei          EELKKLLENIKNYNPIILIGNEGMKQICSSNEIDKIVIGIDSFQGLYSTIYAIKNNKTIA 149 
P. falciparum      EELKELVKNIKDYKPIILCGDEGMKEICSSNSIDKIVIGIDSFQGLYSTMYAIMNNKIVA 130 
P.vivax            EELKMLLRKIKGYNPEILVGDDGMKQMCSSNTLDRIIIGIDSFHGLYSTIYAIKSNKIIG 239 
E. coli            KLLKTMLQQQ–GSRTEVLSGQQAACDMAALEDVDQVMAAIVGAAGLLPTLAAIRAGKTIL 121 
Z. mobilis         NDLKEALA–––GSSVEAAAGADALVEAAMMG–ADWTMAAIIGCAGLKATLAAIRKGKTVA 122 
A. thaliana        NELKEALADL–DYKLEIIPGEQGVIEVARHPEAVTVVTGIVGCAGLKPTVAAIEAGKDIA 129 
                   : **  :    .       * :.  : .        : .* .  ** .*: **  .* :  
   
P.yoelli           LANKESIVSAGFFLKKLLTVHKNSTIIPVDSEHNAIFQCLNNNILLKSKCLQENYSKINQ 266 
P.berghei          LANKESIVSAGFFLKKLLTVHKNSTIIPVDSEHNAIFQCLNNNILLKSKCLQENYSKINK 209 
P. falciparum      LANKESIVSAGFFLKKLLNIHKNAKIIPVDSEHSAIFQCLDNNKVLKTKCLQDNFSKINN 190 
P.vivax            LANKESIVSAGFFLKKLLTSHTKSCIIPVDSEHSAIFQCLDNNKVLKTKCLQDSFSKVNQ 299 
E. coli            LANKESLVTCGRLFMDAVKQSK–AQLLPVDSEHNAIFQSLPQPIQHNLGYADLEQ–––NG 177 
Z. mobilis         LANKESLVSAGGLMIDAVREHG–TTLLPVDSEHNAIFQCFPH–––HNRDYVRR––––––– 171 
A. thaliana        LANKETLIAGGPFVLPLANKHN–VKILPADSEHSAIFQCIQG–––LPEGALRK––––––– 178 
                   *****:::: * :.           ::*.****.****.:            
  
 
P.yoelli           INKIFLCSSGGPFQNLSIDELKNVSSEKALKHPKWNMGKKISIDSATMMNKGLEVIEAHF 326 
P.berghei          INKIFLCSSGGPFQNLSIDELKNVTSEKALKHPKWNMGKKISIDSATMMNKGLEVIEAHF 269 
P. falciparum      INKIFLCSSGGPFQNLTMDELKNVTSENALKHPKWKMGKKITIDSATMMNKGLEVIETHF 250 
P.vivax            IKKLILSSSGGPFQNASLDELKKVTAEDALKHPKWKMGPKITIDSATMMNKGLEVIEAHF 359 
E. coli            VVSILLTGSGGPFRETPLRDLATMTPDQACRHPNWSMGRKISVDSATMMNKGLEYIEARW 237 
Z. mobilis         –––IIITASGGPFRTTSLAEMATVTPERAVQHPNWSMGAKISIDSATMMNKGLELIEAFH 228 
A. thaliana        –––IILTASGGAFRDWPVEKLKEVKVADALKHPNWNMGKKITVDSATLFNKGLEVIEAHY 235 
                      ::: .***.*:  .: .:  :.   * :**:*.** **::****::***** **:   
  
P.yoelli           LFDIDYNDIEIIVHKECIMHSCVEFLDKSVISQMYYPDMRVQIIYALTWPNRINT–––NL 385 
P.berghei          LFDIDYNDIEIIVHKECIIHSCVEFLDKSVISQMYYPDMRVQIIYALTWPNRIST–––NL 328 
P. falciparum      LFDVDYNDIEVIVHKECIIHSCVEFIDKSVISQMYYPDMQIPILYSLTWPDRIKT–––NL 309 
P.vivax            LFDVDYNHIEILVHKECILHSCVEFIDKSVVSQMYLPDMKLPILYALTWPNRIAT–––EL 418 
E. coli            LFNASASQMEVLIHPQSVIHSMVRYQDGSVLAQLGEPDMRTPIAHTMAWPNRVNS–––GV 296 
Z. mobilis         LFQIPLEKFEILVHPQSVIHSMVEYLDGSILAQIGSPDMRTPIGHTLAWPKRMET–––PA 287 
A. thaliana        LFGAEYDDIEIVIHPQSIIHSMIETQDSSVLAQLGWPDMRLPILYTMSWPDRVPCSEVTW 295 
                   **    ..:*:::* :.::** :.  * *:::*:  ***:  * ::::**.*:     .  
  
P.yoelli           KSLNFEEISPLTFYKPSLKHFPCINLAYHAGRKSNFFPTVLNASNEVVNNLFLNNKIKYF 443 
P.berghei          KSLNFEEISPLTFYKPSLKHFPCIKLAYHAGRKSNFFPTVLNASNEVANNLFLNNKIKYF 386 
P. falciparum      KPLDLAQVSTLTFHKPSLEHFPCIKLAYQAGIKGNFYPTVLNASNEIANNLFLNNKIKYF 367 
P.vivax            PSLNLASTSPLTFYSPSLDHFPCIKLAYQAGRQGNFYPTVLNAANEVANKLFLSNKIGYF 476 
E. coli            KPLDFCKLSALTFAAPDYDRYPCLKLAMEAFEQGQAATTALNAANEITVAAFLAQQIRFT 354 
Z. mobilis         ESLDFTKLRQMDFEAPDYERFPALTLAMESIKSGGARPAVMNAANEIAVAAFLDKKIGFL 345 
A. thaliana        PRLDLCKLGSLTFKKPDNVKYPSMDLAYAAGRAGGTMTGVLSAANEKAVEMFIDEKISYL 355 
                     *:: .   : *  *.  ::*.: **  :   .   . .:.*:** .   *: ::* :  
  
 
P.yoelli           DIPAIISQVLESFNPQQISENPEDLMKQILEIHNWSKQKAVDIYNTKITS–––– 493 
P.berghei          DIPAIISQVLESFNPQQICETPEDLISKF––––––––––––––––––––––––– 415 
P. falciparum      DISSIISQVLESFNSQKVSENSEDLMKQILQIHSWAKDKATDIYNKHNSS–––– 417 
P.vivax            DIAAIISDVLESFTPQEVSNNCEDLMHQIGGIHKWAVRRAEEVYRVRSSAAQ–– 528 
E. coli            DIAALNLSVLEKMD––MREPQC–––VDDVLSVDANAREVARKEVMRLASSA––– 400 
Z. mobilis         DIAKIVEKTLDHYT––PATPSS–––LEDVFAIDNEARIQAAALMESLPA––––– 389 
A. thaliana        DIFKVVELTCDKHRNELVTSPS–––LEEIVHYDLWAREYAANVQLSSGARPVHA 406 
                   **  :   . :              : .. 

Figure 2.3: Comparative sequence analysis for prediction of function. 
Multiple sequence alignment of P.falciparum DXR using ClustalW and BLOSUM matrices for scoring.  The consensus 
sequence characterizes identical residues as ‘*’, strongly similar residues as ‘:’ and weakly similar residues as ‘.’.  
Residues are highlighted according to catalytic or structural function and include: residues that bind NADPH cofactor 
highlighted in light blue (Reuter et al., 2002) and dark blue (Goble et al., 2010), structural residues important in active 
site formation (green) and catalytic residues (yellow) (Yajima et al., 2002; Steinbacher et al., 2003).  The catalytic 
hatch (pink) is said to move over the active site once the substrate has bound (Reuter et al., 2002).  Significant 
differences in residues, between the E. coli and apicomplexan homologues, are highlighted using arrows and include: 
Ala35, Gly36 (arrow in light blue), Asn211 and Ser213 (arrows in pink) for EcDXR.  Sequence insert regions specific 
to apicomplexans appear in blocks (red), with potential N–glycosylation sites (NFSK/NYSK) and protein kinase C 
phosphorylation site (SQK) within insert region coloured red.  Alignment was performed with homologous sequences 
from other organisms, namely: P. vivax (accession number: XM_001615665), P. berghei (accession number: 
XM_673952), P. yoelii (accession number: XM_720958), A. thaliana (accession number: AJ242588), Z. mobilis 
(accession number: 1R0K_A) and E. coli (accession number: 1JVS_A). All sequences are truncated forms that do not 
include portions of the N–terminus. 
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When the PfDXR sequence was inspected for possible motifs (using visual analysis and using 

the Gene Runner motif search tool), a potential N–glycosylation site (N–{P}–[ST]–{P}) at 

residues 184–187 and protein kinase C (PKC) phosphorylation site ([ST]–x–[RK]) at residues 

382–384, were located within the sequence insertion regions (Figures 2.3 and 2.4), where P = 

the site  of phosphorylation and x = any  residue.   

 
Figure 2.4: Three–dimensional analysis of predicted surface motifs. 
(A) Ribbon representation of the 417 amino acid PfDXR monomer coloured by domain: N–terminal 
dinucleotide binding domain (green), a connective domain (blue) which includes a 30 residue catalytic hatch 
(purple), and a C–terminal four–helix bundle domain (red).  Motifs on the protein surface that occur at sequence 
insert regions are highlighted (side chains shown), where an N–glycosylation site (NFSK) (dark blue) and a 
protein kinase C phosphorylation site (SQK) (raspberry) is shown in sticks and designated by an arrow.  (B) 
Linear representation of PfDXR monomer coloured by domain, with the location of the insert regions labelled 
by residue position (relative to PfDXR) and residue name. The PfDXR insert regions occur at residue positions 
30, 184 and 382 and residues are labelled appropriately. At residue position 307 (on the PfDXR sequence), 
AtDXR presents an insert that does not appear in other homologues. 
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The other apicomplexans shared the same N–glycosylation motif at the same alignment 

position; however the PKC phosphorylation motif was specific to the PfDXR homologue 

(Figure 2.3 and 2.4).  The tertiary analysis of the apparent v–shaped PfDXR monomer 

confirmed that these two potential motifs were predicted to be on the protein surface, 

consistent with being a site of post–translational modification (Figure 2.4A). 

 
 
2.3.3 Structural analysis of the predicted PfDXR homology model 

The EcDXR enzyme presents itself as an 86 kDa homodimer, with three domains making up 

each monomer (Reuter et al., 2002); these include an N–terminal dinucleotide binding 

domain (residues 1–150), a C–terminal four–helix bundle (residues 328–400) (Yajima et al., 

2002), and a connective domain (residues 151–327), which accommodates most of the active 

site and is also involved in dimerisation of the enzyme (Reuter et al., 2002).  The PfDXR 

model proposed here presents itself as a 46.7 kDa v–shaped monomer, as is seen with the 

EcDXR homologue (Figure 2.4A) (Reuter et al., 2002).  The residues that correspond to the 

regions in the P. falciparum sequence are as follows: residues 1–160 in the PfDXR sequence 

comprises the N–terminal domain; residues 161–340, the connective domain; and residues 

341–417 make up the C–terminal domain (Figure 2.4).  According to the literature, the 

connective domain also contains a catalytic hatch, which is said to move over the active site 

after the substrate/inhibitor has bound (Yajima et al., 2002).  The connective domain of 

PfDXR appears to contain this catalytic hatch (199–229 for PfDXR) (Figures 2.5 and 2.6), 

which is highly conserved (from His222–Gly228) (Figure 2.3) in the position that is 

immediately adjacent to the active site.  However differences do exist as mentioned 

previously (including residues Lys224 and Lys226, which are Asn211 and Ser213 EcDXR 

equivalents).  It is evident from Figure 2.5 that the bulkiness of the hatch residues, Lys224 

and Lys226, differs significantly from that of the EcDXR equivalents Asn211 and Ser213.  

Asn211 is within 9.15 Å of the inhibitor (when FR900098 is bound) and similarly, Lys224 is 

within 9.56 Å of the docked inhibitor, for PfDXR and EcDXR respectively (Figure 2.5).     
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Figure 2.5: The catalytic hatch closes over the active site once the substrate/inhibitor has bound. 
(A) FR900098 docked into PfDXR, showing residues within 4 Angstroms of the inhibitor, as well as the hatch 
in ribbon representation (green) from residues 199 to 229, with the side chains of hatch residues Lys224 and 
Lys226 shown in green. Hydrogen bonding is shown in green. (B) FR900098 docked into EcDXR, showing 
residues within 4 Angstroms of the inhibitor, as well as the hatch in ribbon representation (coloured blue) from 
residues 186 to 216, with the side chains of hatch residues Asn211 and Ser213 shown in blue. Hydrogen 
bonding is shown in green.  

 
As with the proposed EcDXR models in the literature (Reuter et al., 2002; Yajima et al., 

2002; Mac Sweeney et al., 2005), the connective domain of the PfDXR model also 

accommodates all of the active site residues, namely Ser199, Ser235, Asn240, Lys241, 

Glu244 (Ser186, Ser222, Asn227, Lys228, Glu231 in EcDXR) (Figure  2.6) (Yajima et al., 

2002; Steinbacher et al., 2003).  Other structurally significant residues in EcDXR include 

His153, His209, Trp212, His257 and Pro274 (His163, His222, Trp225, His270 and Pro287 in 

PfDXR), which are essential in the formation of the active site architecture (Yajima et al., 

2002; Steinbacher et al., 2003).  It is evident from Figure 2.6 that the architecture of the 

PfDXR and EcDXR active sites are very similar, where the catalytic residues and structural 

residues named have very similar orientations and positions.  While the active DXR enzyme 

presents itself as a homodimer, for the purpose of this modelling work, the monomeric form 

of the enzyme was analysed.  While this appears to be a potential limitation of this modelling 

approach, it is evident from Figure 1.5A that the two monomers interact in such a way that 

the subunit interactions would not impact the architecture of the active site.  This is evident 

upon the superimposition of the experimentally determined three–dimensional EcDXR 

crystal structure onto the PfDXR homology model, where the active site architecture remains 

intact (Figure 2.6 and 2.7).   
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Figure 2.6: Structural analysis of the predicted active site of PfDXR. 
(A) Stick representation of PfDXR monomer coloured by domain, zoomed into the catalytic site: N–terminal 
dinucleotide binding domain (coloured pale green), connective domain (pale blue) which includes a 30 residue 
catalytic hatch (shown in ribbon representation and coloured purple), and C–terminal four–helix bundle domain 
(pale red).  The side chains for hatch residues His222 (purple), Trp225 and Met227 are shown (dark blue).  The 
Lys224 and Lys226 residues are shown in sticks (pink) because they are different in size and charge when 
compared to the E. coli homologue (pink).  Catalytic residues that are shown in sticks include: Ser199, Ser235, 
Asn240, Lys241 and Glu244 (light blue).  Structural residues that are shown in sticks include: His270 and 
Pro287 (dark blue).  Hydrogens are not shown.  (B) Stick representation of EcDXR monomer coloured by 
domain, zoomed into the catalytic site: N–terminal dinucleotide binding domain (pale green), connective 
domain (pale blue) which includes a 30 residue catalytic hatch (shown in ribbon representation and coloured 
purple), and C–terminal four–helix bundle domain (pale red).  The side chains for hatch residues His209 
(purple), Trp212 and Met214 are shown (dark blue). In some docking studies, Met276 (purple) has been shown 
to close over the active site instead of Met214.  The hatch residues, Asn211 and Ser213 are shown in sticks 
(pink) because they differ from the topologically equivalent PfDXR residues, Lys224 and Lys226.  Catalytic 
residues that are shown in sticks include: Ser186, Ser222, Asn227, Lys228 and Glu231 (light blue).  Structural 
residues that are shown in sticks include: His257 and Pro274 (dark blue). Hydrogens are not shown.  

 

Adjacent to the substrate/inhibitor active site, exists the NADPH binding motif.  According to 

the literature, NADPH binding motif residues for EcDXR include: Thr10, Gly11, Ser12, 

Gly14, Ala35 and Gly36 (Reuter et al., 2002).  The equivalent residues in PfDXR are: Thr15, 

Gly16, Ser17, Gly19, Val43 and Asn44.  It is clear from this that major differences in the 

NADPH binding motif exist when comparing EcDXR and PfDXR, where the small side 

chains of Ala35 and Gly36 are replaced for significantly larger residues in PfDXR (shown in 

sticks in Figure 2.7).  When compared to the orientation of residues that exist within 4 Å of 

the cofactor in PfDXR versus EcDXR, it is apparent that there is a high degree of 

conservancy when comparing the two homologues.  However, the two predicted NADPH 

binding residues, Val43 and Asn44, inhabit very different orientations with respect to their 

EcDXR equivalents, especially Asn44.  In this work, NADPH established 9 hydrogen 

bonding interactions with EcDXR, which included: Thr10, Ser12 (x2), Ile13, Lys37, Asn38, 
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Ile101, Lys125 and Gly215 (Figures 2.3 and 2.7).  In the case of most of the above–

mentioned residues, hydrogen bonding with the cofactor occurred via the main chain groups 

as opposed to the side chains, which are in many cases not capable of hydrogen bonding.  

While there appear to be no clear interactions between EcDXR and motif residues mentioned 

in the literature, those critical motif residues do reside within 4 Å of the bound NADPH.  

With PfDXR, similar protein–cofactor interactions were observed, with hydrogen bonding of 

the protein to residues Gly16, Ser17, Ile18, Asn44, Ser46, Asp111 and Asn133 (Gly11, 

Ser12, Ile13, Gly36, Asn38, Val102 and Asn124 in EcDXR) (Figures 2.3 and 2.7).  As with 

the EcDXR NADPH binding residues that have been mentioned in the literature, all PfDXR 

equivalent residues also reside within 4 Å of the bound NADPH. 

 
Figure 2.7: Superimposition of EcDXR with bound NADPH onto the PfDXR equivalent with bound NADPH 
shows a very similar orientation (legend on next page).  
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Schematic view of NADPH (coloured by atom type) bound to PfDXR at the NADPH binding motif. Resides 
within 4 Å of the ligand are shown and are coloured by atom type and labelled blue.  The schematic view of 
NADPH (coloured black) bound to EcDXR (1Q0L) is superimposed onto the PfDXR equivalent such that 
orientations are identical. Resides within 4 Å of the ligand are and are coloured and labelled black.  Ala35 and 
Gly36 (in EcDXR) are known to interact directly with NADPH and are shown in sticks because they differ in 
size and orientation when compared to the PfDXR equivalents Val43 and Asn44.   

 

After rigorous analysis of the PfDXR homology model’s highly conserved substrate and 

NADPH binding sites, docking–based model validation was carried out using 34 known 

inhibitors of DXR published in the literature. 

 

2.3.4 Docking–based model validation and inhibitor screening 

The reliability of the docking protocol was validated by removing fosmidomycin from the 

modelled EcDXR (accession number: 1Q0L_A) in the literature.  Fosmidomycin was then 

re–docked into the protein, as well as into the modelled PfDXR and analysed.  Similarly, this 

protocol was applied to 34 other ligands (Figure 2.8); for each docking run, 10 possible docks 

were generated.  The best docking mode was chosen based on the binding affinity 

demonstrated by the ligand, orientation of the ligand in the active site, and the number of 

potential bonding interactions.  Upon analysis, structurally similar ligands, i.e. from the same 

research group, appeared to exhibit similar orientations in both the PfDXR and EcDXR active 

sites.  
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Figure 2.8: The chemical structures of novel DXR inhibitors from the literature. 
Inhibitors used for docking studies (in columns from left to right), namely fosmidomycin, FR900098, Gieβmann 
et al. (2008) ligands 24a–h, Herforth et al. (2004) ligands 9a–d, Haemers et al. (2006) fosmidomycin analogues 
1c, 1e, 2a, 2b and Silber et al. (2005) ligands KD562, LD_1_1, LD_1_5, LD_2_6, LD_2_7, LD_2_8, LIHP_83, 
LTB65, LTB66, LTB95, TK85, UK213, UK2213, UK721.  Structures were drawn using ACD/ChemSketch 
freeware software version 11.01. 

 
All ligands were quantified with respect to binding affinity and the number of hydrogen 

bonding interactions.  The theoretical inhibition potential of each ligand was graphically 

classified into quadrants using these two parameters (Figure 2.9).  For EcDXR, those ligands 

that demonstrated the lowest binding energy (kcal/mol) with the highest incidence of 

interaction resided in the bottom right quadrant and included: LTB95, LD_2_6, FR900098, 

LD_1_1, KD562, UK213, TK85, LD_2_7, UK721, fosmidomycin and LTB65 (Figure 2.9A).  

For PfDXR, ligands that demonstrated a good binding affinity and reasonable strength of 
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binding included: LTB95, 2a, TK85, UK721, fosmidomycin, FR900098 and LD_2_7 (Figure 

2.9B).  In all the above mentioned docking simulations, critical interactions between the 

enzyme and the ligands’ phosphonate moiety were documented, as were interactions with the 

N–formyl oxygen.  It is evident from Figure 2.9 that those ligands which have been reported 

to be efficient at inhibiting DXR, such as FR900098 and fosmidomycin (highlighted in 

yellow), resided within the expected quadrant.  This method of screening was therefore 

validated as a useful tool to screen compound libraries in silico.   

 

When fosmidomycin was docked into PfDXR the phosphonate moiety of the ligand 

interacted with the following residues: Ser199, Ser235, Asn240 and Lys241; the exact 

EcDXR equivalent residues, namely: Ser186, Ser222, Asn227 and Lys228 also interacted 

with phosphonate moiety when fosmidomycin was docked into EcDXR.  Interactions with 

FR900098 included: Ser199, Gly200, Ser235, Asn240 and Lys241 for PfDXR (Figure 

2.10A), while EcDXR interacted with Ser151, Gly185, Ser186, Ser222, Asn227, Lys228 and 

Glu231 (Figure 2.10B).  In the case of the phosphate mimics 24a–h (Gieβmann et al., 2008), 

α–substituted fosmidomycin analogues (Haemers et al., 2006) and DXR inhibitors (Silber et 

al., 2005), it was evident that a phosphonate moiety carrying a significant negative charge, as 

well as a nitrogen atom carrying a partial/induced negative charge, was required for 

reasonable binding of the active site residue.  This was validated by the fact that when the 3’–

amido–3’–deoxy–N6–(1–naphthylmethyl) adenosine derivatives 9a–d (Herforth et al., 2004) 

were docked into EcDXR and PfDXR, very few hydrogen bonding interactions were 

observed.  This compound library was originally derived for the purpose of blocking the 

NADPH binding site; however, in this study all compounds demonstrated a preference for 

DXR active site and preferentially bound there. 
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Figure 2.9: Docking–based model validation and DXR inhibitor screening (legend on next page). 
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(A) For PfDXR, graph showing the correlation between binding affinity (in kcal/mol) and the number of 
hydrogen bonds for 32 potential DXR inhibitors docked into EcDXR.  (B) For EcDXR, graph showing the 
correlation between binding affinity (in kcal/mol) and the number of hydrogen bonds for 32 potential DXR 
inhibitors docked into PfDXR.  Inhibitors include: fosmidomycin (highlighted yellow), FR900098 (highlighted 
yellow), DXR inhibitors KD562, LD_1_1, LD_1_5, LD_2_6, LD_2_7, LD_2_8, LIHP_83, LTB65, LTB66, 
LTB95, TK85, UK213, UK2213, UK721 (Silber et al., 2005), 3’–amido–3’–deoxy–N6–(1–naphthylmethyl) 
adenosine 9a–d (Herforth et al., 2004), α–substituted fosmidomycin  analogues 1c, 1e, 2a, 2b (Haemers et al., 
2006), and non–hydrolyzable phosphate mimics 24a–h (Gieβmann et al., 2008).  The potential DXR inhibitors 
are classified into one of four quadrants: top left = poor binding affinity with poor hydrogen bonding; top right = 
poor binding affinity with good hydrogen bonding; bottom left = good binding affinity with poor hydrogen 
bonding; bottom right = good binding affinity with good hydrogen bonding. (insert A and B) Graph showing a 
correlation between binding affinitiy (in kcal/mol) and known experimental IC50 value determined by Gieβmann 
et al. (2008) for fosmidomycin, FR900098 and non–hydrolysable phosphonate mimics 24a–h docked into 
PfDXR and EcDXR respectively. 

 

Visual assessment of the docked ligands into PfDXR and EcDXR provided some evidence 

regarding bulkiness of the ligand side chain and the potential bonding interactions that were 

possible with the respective proteins.  From these trends it could be assumed that the DXR 

enzyme does not efficiently accommodate ligands boasting bulky side chains and in many 

cases, ligands conformationally altered from the minimized state in order to enter the active 

site.  For example, the EcDXR backbone with 24g docked was superimposed onto the 

PfDXR backbone equivalent with 24g docked, with the protein orientations being identical.  

Analysis of the docking log showed that when 24g was docked into PfDXR, the ligand 

adopted a reasonably linear arrangement comparable with that of the undocked minimised 

ligand (Figure 2.10C).  However, when docked into EcDXR, 24g assumed an entirely new 

conformation, as can be seen in Figure 2.10D.  However, in the case of PfDXR, the elongated 

conformation of 24g was such that the phosphonate moiety did not move into the small active 

site pocket (indicated by the black circle in Figure 2.10C), while with EcDXR, the altered 

conformation of 24g allowed the ligand’s phosphonate group to move into the active site, 

with which it shared the fluorine side chain group (indicated by the black circle in Figure 

2.10D). 
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Figure 2.10: The potential interactions between PfDXR and bound inhibitors, FR900098 and 24g.  
(A) Schematic view of FR900098 bound to PfDXR active site. (B) Schematic view of FR900098 bound to 
EcDXR (1Q0L) active site (identical orientation to that of PfDXR with FR900098 bound). (C) Schematic view 
of phosphate mimic 24g bound to PfDXR active site. (D) Schematic view of phosphate mimic 24g bound to 
EcDXR (1Q0L) active site (identical orientation to that of PfDXR with 24g bound). For all schematics, resides 
within 4 Å of the ligands are shown and labelled, with hydrogen bonds dotted in green.  Those atoms of 
NADPH within 4 Å of the ligand are shown in solid green.  For orientation purposes, the catalytic residues have 
been circled in black, such that Ser199, Ser235, Asn240 and Lys241 (for PfDXR) and Ser186, Ser222, Asn227 
and Lys228 (for EcDXR) form the border of the circled area as a broad indication of the active site pocket. 
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Binding affinity was then plotted against experimental IC50 (Figure 2.9 inserts) in order to 

assess whether a link between theoretical inhibition and actual inhibition existed.  A single 

set of ligand data was therefore analysed (Gieβmann et al., 2008) and the actual IC50 values 

(µM) for the DXR inhibitors were plotted against the theoretical binding affinity (kcal/mol) 

determined by this study.  The inhibition of EcDXR demonstrated a reasonable correlation of 

0.68, while PfDXR showed a less significant correlation between binding affinity and IC50 of 

0.60.   

 

2.4  DISCUSSION 

A three–dimensional model of the malarial drug target protein PfDXR was created and 

sufficiently validated using the Ramachandran plot.  Analysis of the tertiary structure of 

PfDXR allowed for the conclusion that all the catalytically and structurally significant 

residues involved in binding the substrate/inhibitor or cofactor, are highly conserved among 

bacterial (E. coli and Z. mobilis), plant (A. thaliana) and apicomplexan homologues (P. vivax, 

P. berghei and P. yoelii).  The P.falciparum DXR enzyme is no different, where PfDXR 

catalytic residues Ser199, Ser235, Asn240, Lys241 (Ser186, Ser222, Asn227, Lys228 in 

EcDXR), presented almost identical conformations when the PfDXR homology model was 

superimposed onto the EcDXR crystal structure.  These catalytic residues were found to 

interact with almost every known DXR inhibitor presented in the study, predominantly by 

way of the phosphonate moiety that was typical in most DXR inhibitors used in this study.  It 

must however be noted that in the experimental determination of an enzyme’s crystal 

structure, buffers that are slightly acidic (pH 5.5 – 6.5) are typically used; this environment 

may interfere with an enzyme’s functionality.  However in a study by Dhiman et al (2005), a 

pH range for MtDXR between 5 and 9 was reported, meaning that even in slightly acidic 

conditions, enzyme functionality is unlikely to be affected. 

 

The literature reports that the DXR enzyme active site presents a phosphate binding pocket, 

structured to accommodate the DXP phosphate group.  However, because of the 

susceptibility of the O–P bond to phosphatase cleavage, the non–cleavable C–P bond of the 

phosphonate moiety is commonly used in inhibitor design (Meyer et al., 2003).  In this work, 

the data illustrated that a phosphonate moiety carrying a significant negative charge, as well 

as a nitrogen atom carrying a partial/induced negative charge, was required for reasonable 

binding to the active site residue.  This has also been documented in the literature for 
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fosmidomycin and FR900098 in a DFT study, which quantified the partial charges for each 

atom of the respective inhibitors (Zubrzycki et al., 2001).  The presence of these charged or 

partially charged groups, as compared to the carbon atom, may provide an active site 

environment suitable for tight binding.   

 

This was confirmed by the docking of the 3’–amido–3’–deoxy–N6–(1–naphthylmethyl) 

adenosine derivatives 9a–d (Herforth et al., 2004) into PfDXR and EcDXR.  These NADPH 

binding site inhibitors contained no phosphonate moiety or charged nitrogen, which resulted 

in very few hydrogen bonding interactions with the catalytic residues at the DXR active site.  

The ligands from this group were not bulky and therefore entered the active site efficiently, 

yielding a reasonable binding affinity.  The apparent lack of hydrogen bonding meant that the 

ligands could move freely between the active site and external environment.  Interestingly, all 

these compounds had a preference for binding at the active site, as opposed to the NADPH 

binding motif, when the docking grid box was enlarged to include the NADPH binding 

pocket.  Given this, it is surprising that the compounds of this group still displayed moderate 

antimalarial activity against P. falciparum (micromolar range) and some inhibitory activity 

against DXR (Herforth et al., 2004), especially if they had a preference for the active site.  

This may have been as a result of the ligands entering both the active site and NADPH 

binding pocket, resulting in an amplified inhibitory effect.  The activity was however weak 

when compared to fosmidomycin, which has been shown to have antimalarial activity against 

P. falciparum in the nanomolar range (Jomaa et al., 1999; Haemers et al., 2006; Gieβmann et 

al., 2008). 

 

In a recent study by Gieβmann et al. (2008), IC50 values (µM) were quantified for 

fosmidomycin, FR900098 and a range of other non–hydrolyzable phosphate mimics using an 

NADPH–dependent assay.  The study concluded that FR900098 was two to three times more 

active against the malaria parasite than fosmidomycin.  Fosmidomycin was shown to have 

similar inhibition in the malaria parasite and bacterial DXR (Gieβmann et al., 2008).  In this 

study, fosmidomycin and FR900098 maintained similar binding affinities, ligand efficiencies 

and number of hydrogen bonds for EcDXR and PfDXR respectively (Gieβmann et al., 2008).   

 

Coupled with fosmidomycin and FR900098, the docking of other non–hydrolysable 

phosphate mimics (24a–h) into EcDXR and PfDXR were used for docking–based validation 

of the PfDXR model.  Statistically, the difference in order of magnitude, for EcDXR and 



Chapter 2 – In silico analysis of PfDXR in linking structure and function 

67 
 

PfDXR experimental IC50 values, should be consistent with computational binding affinities.  

For example, the binding affinities for 24c docked into EcDXR and PfDXR was –4.15 and  

–12.16 kcal/mol respectively.  This meant that theoretically PfDXR has a 2.9–fold greater 

inhibition potential because it utilized significantly less energy to bind at the active site.  

Experimentally, 24c was found to demonstrate a 2.2–fold higher inhibition of PfDXR when 

compared to EcDXR (Gieβmann et al., 2008).  The other phosphate mimics (24a–h), 

demonstrated the same trend (data not shown), indicating that the theoretical PfDXR model 

behaves in the same manner as the PfDXR enzyme does experimentally.  However, while 

EcDXR demonstrated a reasonable correlation between IC50 (µM) and theoretical binding 

affinity (kcal/mol), PfDXR did not demonstrate a confident correlation.  This may provide 

evidence for the difference in accuracy when using a known crystal structure versus a 

homology model of a protein for analysis.  It was therefore necessary to further validate the 

PfDXR homology model, especially given the poor correlation described for PfDXR.  

Docking–based model validation was therefore carried out using 34 inhibitors known to be 

competent DXR inhibitors in vitro.  Data analyses resulted in the development of a visual 

screening tool, sufficient to classify DXR inhibitors into quadrants, based on the ligands’ 

potential binding affinity (kcal/mol) and number of potential hydrogen bonding interactions.  

Fosmidomycin and its acetyl analogue FR900098 are known to be the benchmark against 

which all DXR inhibitor studies are compared.  Because these two DXR inhibitors resided 

within the expected quadrant (demonstrating good binding affinity and a great number of 

hydrogen bonding interactions), it could be said that this method of quantification provided a 

model against which one could differentiate between active and inactive inhibitors.  Hence 

this efficient methodology could be used to screen for potential tool compounds for use in the 

rational design of novel DXR inhibitors.   

 

Closer analysis of the inhibitor binding, coupled to the information reported in the literature 

may present the ultimate validation of the PfDXR homology model proposed in this work.  

As in the literature, when FR900098 was docked into EcDXR and PfDXR, the ligand 

maintained a similar orientation to that of fosmidomycin (Singh et al., 2006), with the 

phosphonate moiety binding the highly charged but small active site pocket.  Upon docking 

of fosmidomycin and FR900098 into PfDXR, it became evident that Glu244 (Glu231 in 

EcDXR) played a supporting role to stabilise the catalytic Lys, while the literature reports 

that Glu231 is involved in divalent metal ion coordination (Yajima et al., 2002; Steinbacher 

et al., 2003).  In AutoDock 4.2, Mg2+ is assigned an automatic Gasteiger charge of 0.  This 
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means that an unrealistic environment is created whereby the octahedral complex of 

negatively charged residues of Asp163, Glu165 and Glu244 (Asp150, Glu152 and Glu231 in 

EcDXR) cannot interact with the positively charged divalent cation (Steinbacher et al., 2003).  

This was seen when fosmidomycin and FR900098 were docked into the EcDXR and PfDXR 

structures respectively, containing both the Mg2+ and NADPH cofactors.  With the automatic 

assignment of the 0 Gasteiger charge, neither ligands docked with reasonable binding 

efficiency nor were there adequate hydrogen bonding, when compared to the docking 

confirmation of the respective enzymes with the divalent metal ion removed.  Because of this, 

docking studies were carried out using the respective enzymes with bound NADPH only. 

 

In the literature, NADPH cofactor binding in EcDXR occurs via: backbone amides of Gly11 

and Ser12 (Gly16 and Ser17 in PfDXR), which coordinate the NADPH diphosphonate 

moiety (Reuter et al., 2002); Ala35 and Gly36 (Val43 and Asn44 in PfDXR) which 

accommodate the 2’ phosphate (Reuter et al., 2002); Thr10 (Thr15 in PfDXR), which 

anchors the 2’ phosphonate moiety (Yajima et al., 2002); and Gly14 (Gly19 in PfDXR), 

which forms an important part of the NADPH binding motif (Reuter et al., 2002; Kuzuyama 

et al., 2000).  In this work, the NADPH pyrophosphonate moiety was coordinated by Ser12 

and Ile13 in EcDXR and Gly16, Ser17 and Ile18 in PfDXR (Gly11, Ser12 and Ile13 in E. 

coli).  In the case of Ile (in both EcDXR and PfDXR), hydrogen bonding via the main chain 

electronegative nitrogen, potentially occurred as an alternative (EcDXR) or additional 

(PfDXR) interaction to Gly11 or Gly14 (Gly19 or Gly22); the literature reported additional 

interactions of NADPH with PfDXR residues Ile15, Met224, and Met286 (Singh et al., 2006) 

(Ile18, Met227, and Met289 for PfDXR in this work).  The 2’ phosphate was coordinated by: 

Lys37 and Asn38 in EcDXR; and Asn44 and Ser46 in PfDXR.  In EcDXR, again interactions 

occurred via the main chain electronegative nitrogen of Lys37 and Asn38, possibly as an 

alternative to Ala35 and Gly36 – which can also only interact via the main chain because of 

the lack of electronegative groups on their respective side chains.  It is worth noting however 

that Ala35 and Gly36 were still within hydrogen bonding distance (4 Å) of NADPH.  In the 

case of PfDXR, the interaction of NADPH with Asn44 (Gly36 in EcDXR) was consistent 

with that reported in the literature for EcDXR.  The interaction of Ser46 also occurred via the 

main chain electronegative nitrogen and could have been an alternative interaction to the 

main chain electronegative nitrogen of Val43 (Ala35 in EcDXR).  Additional hydrogen 

bonding interactions for PfDXR included interactions between the 2'–hydroxyl group of the 

adenosine sugar ring, with Asp111 and Asn133.  Similarly, in EcDXR the same 2'–hydroxyl 
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interacted with Lys125, while the 3'–hydroxyl interacted with Ile101.  These additional 

interactions have not been reported in the literature.   

 

The propinquity of the NADPH binding site to the DXR active site is evident because 

structurally important residues including Trp212, Met214 and Met276 for EcDXR are within 

hydrogen bonding distance of bound NADPH.  The same can be said of PfDXR residues 

Met227 and Met289 – Trp225 however does not appear to be within 4 Å of NADPH.  No 

interactions with the NADPH adenine ring were evident in this work, although in the 

literature interactions with strands β1, β 2 and β 5 were reported for ZmDXR (Ricagno et al., 

2004).  Interestingly, those residues that form the octahedral complex with Mg2+ in EcDXR 

(Asp150, Glu152 and Glu231) (Reuter et al., 2002) reside within 5 Å of NADPH, which may 

explain why no interactions exist between the enzyme and the NADPH adenine ring.  This 

could potentially make the enzyme–substrate–cofactor complex too rigid, which it evidently 

is not if one considers the significant movement of the catalytic hatch upon substrate binding 

(Yajima et al., 2002), as discussed in Chapter 4.  Superimposition of the docked cofactor into 

EcDXR and into PfDXR confirmed that the orientation of NADPH in both homologues was 

comparable.   

 

The NADPH binding motif is highly conserved among DXR enzymes, and it is therefore 

interesting that with there are significant differences with respect to Ala35 and Gly36 for 

EcDXR, where all the apicomplexans incorporate a Val and an Asn instead.  This is 

particularly interesting because Asn has a considerably larger side chain when compared to 

the Gly equivalent and upon docking; it was evident that it had an orientation that was 

notably different to the Ala35 equivalent.  Thus it is reasonable to conclude that the protein–

cofactor interactions were similar for the EcDXR and PfDXR homologues, with some major 

differences in the architecture of the NADPH binding motif. 

 

As with the catalytic and cofactor binding residues, structurally important residues His163, 

His222, Trp225, His270 and Pro287 (His153, His209, Trp212, His257 and Pro274 in 

EcDXR) also existed in almost identical conformations subsequent to PfDXR 

superimposition onto the EcDXR structure.  In the literature, interactions with Gly197 

(Gly200 in PfDXR) and His219 (His222 in PfDXR) have been observed for the PfDXR–

NADPH–fosmidomycin complex (Singh et al., 2006), in addition to the interaction with the 

catalytic residues Ser199, Ser235, Asn240, Lys241 (Ser186, Ser222, Asn227, Lys228 in 



Chapter 2 – In silico analysis of PfDXR in linking structure and function 

70 
 

EcDXR) (Steinbacher et al., 2003).  These additional interactions (with Gly200 and His222) 

were not observed upon fosmidomycin docking, they were however observed upon docking 

of other ligands such as FR900098 and 24f (for Gly200) docked into PfDXR, and 24g and 

UK2213 both presented apparent interactions with His222 in PfDXR.  The hydrogen bonding 

interaction between His209 (His222 in PfDXR) and the phosphate moiety of the substrate is 

said to be the reason for the closing of the hatch once the substrate has entered (Kuzuyama et 

al., 2000; Yajima et al., 2002), shielding the reactants completely from the solvent 

environment (Reuter et al., 2002).  Hence this supports the theory that the ligands boasting 

large conformations, such as 24g or 24h, could prevent the correct organization of the active 

site subsequent to inhibitor binding.  This may be because the side chains of active site 

residues protruded out of the active site binding pocket, potentially creating a highly charged 

environment that results in the catalytic hatch behaving in an altered manner. In other cases, 

some ligands with bulky side chains conformationally altered from the minimized state and 

engaged in intramolecular bonding to facilitate entry into the active site.   

 

According to the available literature, the catalytic hatch moves over the active site after the 

substrate/inhibitor has bound (Yajima et al., 2002) and the hatch, as well as the nicotinamide 

moiety of NADPH are both required for the correct positioning of the active site (Steinbacher 

et al., 2003).  Catalytic hatch residues Trp212 and Met214 in EcDXR (Trp225 and Met227 in 

PfDXR) perform a vital stacking role when the active site is shaped (Steinbacher et al., 

2003).  Upon docking of various inhibitors into EcDXR, it was evident that non–hatch 

residue Met276 provided a potential substitute for Met214.  Further analyses of the mostly 

conserved catalytic hatch presented an interesting difference in the PfDXR hatch, where the 

small polar uncharged Asn and Ser residues in EcDXR (Asn211 and Ser213), were 

substituted for large, positively charged Lys in PfDXR (Lys224 and Lys226).  With Asn211 

being within 9.56 Å of the ligand and similarly, with Lys224 being within 9.15 Å of the 

ligand, for EcDXR and PfDXR respectively, no direct intermolecular interactions would be 

possible.  However, the difference in the bulkiness and charge may have resulted in the 

PfDXR catalytic hatch behaving in a slightly modified manner to that of other species’, 

especially given the degree of movement of the Lys224 residue upon inhibitor binding.  

Ser213 in EcDXR and Lys226 in PfDXR did not appear to form part of the active site 

architecture as they exist at the C–terminal portion of the hatch.  Mutation of these Lys hatch 

residues in PfDXR could possibly result in the perturbation of the enzyme’s Km 

(concentration of substrate that leads to half–maximal velocity), as well as the kcat (substrate 
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turnover) and enzyme efficiency.  Because the hatch is associated with substrate specificity 

(Fernandes et al., 2005), the disruption of the tertiary structure of the hatch may result in a 

significant loss in the enzyme’s ability to perform efficiently. 

 

Following structural analysis of the PfDXR substrate and cofactor binding sites, which was 

comparable to the well studied EcDXR crystal structure, an attempt to link structure to 

function was carried out.  Structural and functional features unique to PfDXR were identified 

using the protein tertiary structure and comparative sequence analyses with apicomplexan 

and non–apicomplexan DXR proteins.  A potential N–glycosylation site and PKC 

phosphorylation site were identified on the surface of the protein.  The cellular location of a 

target protein, as well as enzyme activity and associations with other proteins can be altered 

through phosphorylation by protein kinases (EMBL, 2008).  Protein kinases play a functional 

role in a multitude of processes, including cell proliferation, division, differentiation and 

apoptosis (Manning et al., 2002).  PfDXR potentially boasts a surface PKC phosphorylation 

motif at a region of sequence insertion.  None of the other homologues showed evidence of 

the motif at a similar position, suggesting that this may be an attribute specific to PfDXR.  

The motif, however, was not predicted to occur on an extended loop.  Experimentally, PKC 

demonstrates a preference for the phosphorylation of serine/threonine when these residues are 

located close to a C–terminal basic residue (Woodgett et al., 1986, Kishimoto et al., 1985).  

The potential PKC phosphorylation motif of PfDXR contains only a single C–terminal basic 

lysine, suggesting that it may be a relatively poor substrate for PKC.   

 

Unlike the sequence coding for a potential PKC phosphorylation site, the prospective N–

glycosylation site presents itself on an extended loop region that was evident when the 

EcDXR crystal structure was superimposed onto the three–dimensional PfDXR homology 

model.  Although glycosylation appears to be rare in P. falciparum, a basic N–glycosylation 

pathway does exist (Templeton et al., 2004).  The occurrence of this motif at the protein 

surface suggests that it could potentially be an active glycosylation site.  Glycosylation at this 

motif could be involved in the facilitation of protein folding or improved solubility 

(Fournillier et al., 2001).  Alternatively, it could be involved in PfDXR targeting to the 

apicoplast after it has moved through the secretory pathway (Fournillier et al., 2001).   

 

Protein targeting in malaria parasites involves numerous compartments and is highly complex 

(van Dooren et al., 2000).  Examples of known targeting methods in P. falciparum include 
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post–translational addition of a GPI (Glycosylphosphatidylinisotol) anchor (Karsten et al., 

1998), sorting by timing (Le Cabec et al., 1996), oligosaccharide–mediated signalling 

(glycosylation) (Dahms et al., 1989), and targeting via motifs embedded in the amino acid 

sequence of the protein (van Dooren et al., 2000).  Perhaps the most well studied example of 

amino acid motif–based targeting is the apicoplast (Waller et al., 1998, Jomaa et al., 1999).  

Even though trafficking to the apicoplast is better understood than with other compartments, 

much remains unknown (Wienk et al., 1999).  Most proteins of the apicoplast are encoded in 

the nucleus and are imported into the apicoplast following post–translational modification 

(van Dooren et al., 2000).  Numerous P. falciparum proteins contain an N–terminal 

hydrophobic region (signal peptide) that functions to target the secretory pathway (von 

Heijne, 1985).  Studies have confirmed that further signalling is required for transport to the 

apicoplast, over and above targets into the secretory system; this is known as a sub–terminal 

targeting system (McFadden, 19991; McFadden, 19992).  Targeting motifs are readily 

interchangeable (McFadden, 19991; McFadden, 19992), however, no obvious amino acid 

motifs have been identified.  It has been speculated that evidence for these motifs may lie in 

the secondary or three–dimensional tertiary structures (Wienk et al., 1999), where 

mutagenesis experiments may provide some information regarding the residues that are 

important for trafficking (van Dooren et al., 2000). 

 

N–linked glycosylation occurs in both eukaryotes and archaea, but very rarely in bacteria 

(Marshall, 1972).  This may be the rationale for the absence of the motif in the EcDXR 

sequence at a surface position.  Other Plasmodium apicomplexans, which include P.yoelli, P. 

berghei and P. vivax, exhibit an N–glycosylation motif at the same position as P. falciparum.  

Interestingly, the position of the motif, which is consistent with all apicomplexa, appears at 

an insertion region that is not a feature of the bacterial or plant homologues.  Experimental 

evidence suggests that P.falciparum possess both a secretory and glycosylation pathway 

(Gowda and Davidson, 1999; Templeton et al., 2004) that involves trafficking of apicoplast–

destined proteins through four membranes, resulting from the secondary endosymbiotic 

origin of the apicoplast (van Dooren et al., 2000).  This may be a potential reason for the 

evolution of the sequence insertions in the Plasmodium species.  In conclusion, a well 

validated homology model, coupled to the information obtained from sequence analyses, may 

provide the platform from which a protein’s structure and function can be linked.
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CHAPTER 3 

HETEROLOGOUS PRODUCTION OF PfDXR TARGET 

ENZYME 

 

3.1  INTRODUCTION 

Recombinant protein expression places a rigorous energetic burden on the host expression 

system and misfolding is often a direct consequence of overproducing a recombinant protein 

because the host’s folding machinery is inadequate at such high expression rates (de Marco, 

20071).  Many attempts have been made to increase yield of correctly folded, functional 

protein by co–production with chaperones; however, the success has been limited (reviewed 

by de Marco et al., 20072).  In coexpression studies, the limited success of using this method 

for protein overproduction has been suggested to be a result of incorrect chaperone 

combinations (de Marco and de Marco, 2004).  It has been said that not any combination is 

suitable for a specific protein and that interactions are dependent on the specific features of 

the protein during folding (de Marco and de Marco, 2004).   

 

The molecular chaperones used can either be heterologous or homologous to the target 

protein of interest.  When overproduction of a target protein is induced in a host, the cell’s 

endogenous chaperone system can become overloaded, thereby limiting the amount of 

soluble protein that can be produced (Carrió and Villaverde, 2002). The ideal cell for 

overproduction allows for the overexpression of the target protein as well as the molecular 

chaperone(s).  The use of more than one plasmid is therefore most often required, but the 

success of this approach may be limited by the need to utilize plasmids with compatible but 

significantly different origins (de Marco and de Marco, 2004).  The overproduction of 

molecular chaperones has been used successfully to enhance the yield of numerous target 

proteins (Nishihara et al., 1998; Ahn et al., 2004; Martínez–Torrecuadrada et al., 2005; 

Schrodel et al., 2005; Hu et al., 2007).  However this technique has also been found to be 

highly protein and chaperone specific (Carrió and Villaverde, 2002; de Marco and de Marco, 

2004).   

   

The use of E. coli chaperone combinations to improve the solubility of other bacterial target 

proteins has been largely documented in the literature.  For example, Staphylococcus aureus 
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trimethoprim–resistant type SI DHFR (Dale, et al., 19942), and Agrobacterium tumefaciens 

N–carbamoyl–D–amino acid amidohydrolase AM10 (Sareen et al., 2001) were coexpressed 

with the ELS system and in both cases the production of active protein was greatly improved 

upon.  Numerous eukaryotic target enzymes have also been used successfully when 

coexpressed with the ELS and/or KJE chaperone combinations.  For example, maize 

protoporphyrinogen IX oxidase (de Marco et al., 2000), Japanese cedar pollen, Cryj2 

(Nishihara et al., 2000), Saccharomyces cerevisiae GTR1 (de Marco and de Marco, 2004) 

and Xenopus laevis Xklp3B (de Marco and de Marco, 2004). In all the above–mentioned 

experiments, significant improvements in yield of folded, functional protein were reported.  

Human proteins that have been overproduced using chaperone coexpression include: human 

kinases Csk, Fyn, Lck and Btk (de Marco and de Marco, 2004; reviewed by de Marco et al., 

20072), p50csk protein tyrosine kinase (Amrein et al., 1995), phosphomannose isomerase 

(Proudfoot et al., 1996), and CLIPB14 serine protease (Schrödel et al., 2005).  Hayhurst and 

Harris (1999) successfully used the E. coli Skp chaperone to improve the solubility of single–

chain antibody fragments (scAb) specific for the herbicide atrazine.  From the study, the 

authors hypothesized that Skp may be useful in the purification of other problematic 

periplasmically expressed proteins (reviewed by de Marco et al., 20072). 

 

In a study by de Marco et al. (20072), coexpression of an entire network of E. coli chaperones 

in different combinations were used to improve the yield of 64 different recombinant target 

proteins. Chaperone combinations included: KJE; KJE/ClpB; ELS; KJE/ClpB/ELS (high 

amounts); KJE/ClpB/ELS (lower amounts); IbpAB; IbpAB/ELS; and IbpAB/KJE/ClpB/ELS.  

Chaperone coexpression, combined with a two–step procedure in which protein synthesis and 

protein refolding were coupled, resulted in increased solubility of up to 70%.  Chaperone 

coexpression coupled to a one–step procedure, however demonstrated significantly less 

improvement in solubility (reviewed by de Marco et al., 20072).   

 

A number of literature reviews however have stated that the success of this chaperone–based 

protein expression method is highly protein specific (Wall and Pluckthun, 1995; Makrides, 

1996; Gräslund et al., 2008).  This provided the motivation for Haacke et al. (2009) to 

investigate whether chaperone coexpression can be applied to any target protein or whether 

the method is protein specific; 10 members of a single protein family (kinases) were 

coexpressed with different chaperone combinations, namely: KJE/ELS, KJE/ELS/TF, 

KJE/ELS/ClpB; KJE/ELS/ClpB/TF.  The study showed that subsequent to chaperone 
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coexpression some kinases showed a two–fold increase in yield of functional protein, other 

kinases showed improvements in expression but not in solubility (57%), while a significant 

proportion showed no improvement in expression or solubility. The authors therefore 

concluded that it is not possible to predict whether recombinant protein production will be 

improved upon by using chaperone coexpression (Haacke et al., 2009).  In the case of each 

target protein, optimization of each individual expression system is often required to benefit 

from this technique (reviewed by de Marco et al., 20072).   

 

It is possible that chaperone coexpression may be improved upon by utilizing homologous 

chaperone combinations that are native to the cellular compartment in which the target 

protein exists.  It is therefore necessary to be acquainted with the localization of the target 

cell’s chaperone machinery and the co–chaperone partnerships that exist in the cell.  

Although the coexpression of P. falciparum molecular chaperones for improved solubility 

and yield of malaria drug target proteins is appealing, it has to be considered that the 

expression of such molecular chaperones may also be very problematic in E. coli because the 

prokaryotic E. coli expression system is not capable of post–translational modification of 

eukaryotic proteins (Geisse et al., 1996).  To our knowledge, no chaperone coexpression 

studies have been undertaken which have utilized homologous malarial chaperones for 

production of folded, functional P.falciparum proteins.  Hence this technique may be 

employed in drug discovery for the successful purification of potential drug target proteins, 

for the rational design of inhibitors as novel and potent antimalarial drugs.   

 

In this study, the successful overproduction and purification of soluble active PfDXR was 

endeavoured upon using codon harmonization and numerous coexpression strategies; 

including coexpression with molecular chaperones from both E. coli and P. falciparum, as 

well as coexpression with lac repressor to control transcription. An NADPH–dependent DXP 

enzyme activity assay was then used to confirm the successful purification of a functional 

target enzyme, with the well characterized EcDXR enzyme as a control.   



Chapter 3 – Heterologous production of PfDXR target enzyme 

76 
 

3.2  EXPERIMENTAL PROCEDURES 

3.2.1 Materials, special reagents and chemicals 

All general chemicals used in this study were of the highest analytical grade.  The reagent 

and supplier information can be seen in Table C.1, Appendix C.  Restriction enzymes used in 

this study (SacI, BamHI, EcoRI, SalI, HindIII and AatII) and their respective buffers were 

obtained from New England Biolabs.  The plasmids that were used for this work included: 

pQE30, which was purchased from Qiagen; pGEM–T Easy, which was purchased from 

Promega; pQE9–EcDXR, which was a kind gift from Jomaa Pharmaka GmbH; pMRBAD–

PfHsp70–1, which was constructed by Dr Addmore Shonhai; pGro7, pKJE7 and pG–KJE8, 

which were purchased from Takara Bio Inc.  The overview for each plasmid used in the study 

is summarised in Table 3.1. 

 

Table 3.1:  Plasmids encoding the target proteins of interest, the molecular chaperones and lac repressor 
investigated in this study. 

Plasmid  Protein Promoter Inducer Origin of 

replication 

Resistance 

marker 

Source 

pG–KJE8 DnaK–DnaJ–GrpE araB L–arabinose p15A Chloramphenicol Takara Bio Inc. 

pGro7 GoEL–GroES araB L–arabinose p15A Chloramphenicol Takara Bio Inc. 

pKJE7 DnaK–DnaJ–GrpE araB L–arabinose p15A Chloramphenicol Takara Bio Inc. 

pMRBAD–PfHsp70–1 PfHsp70–1 araB L–arabinose p15A Kanamycin  A Shonhai 

pREP4 lac repressor  araB L–arabinose p15A Kanamycin Qiagen 

pQE9–EcDXR EcDXR T5 IPTG ColE1 Ampicillin H Jomaa 

pQE30–hPfDXR PfDXR T5 IPTG ColE1 Ampicillin This study  

 

3.2.2 The construction of an expression plasmid with a codon harmonised PfDXR 

coding region 

3.2.2.1 Codon harmonisation of the PfDXR coding region 

The codon harmonization algorithm used in this study was implemented as a PHP–script 

driven web interface and is available at (www.sami.org.za/equalize). This algorithm follows a 

codon frequency matching approach whereby codons are assigned on the basis of closest 

matching codon preference fraction when comparing the source and target codon preference 

tables. Each wild–type codon is substituted with a synonymous codon having the closest 

codon preference match between the source and target codon preference tables.  This 

approach preserves the pause site profile of a wild–type gene in the synthetic gene designed 

for heterologous expression.  Pause sites are predicted by calculating pausing propensity of a 

sliding window by applying a modified codon adaptation index (CAI) approach. 
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The PfDXR (AF111813) coding region was converted to its harmonized version (PfDXR) 

using the highly expressed E. coli codon preference as target codon preference table.  The 

Shine–Delgarno (SD) removal module of the website indicated no putative false start 

sequences in the harmonized version of the gene.  The final step in the design pipeline was 

the removal of selected restriction sites required for downstream subcloning steps and 

subsequent addition of BamHI and SacI restriction sites to the 5' and 3' ends to facilitate 

directional insertion into pQE30. The full length harmonized version of the coding region 

was synthesized by GENEART (www.geneart.com).  The codon harmonised DXR coding 

region fragment was inserted into a pGA15 vector. The plasmid DNA was purified (Pure 

Yield™ Plasmid Midiprep, Promega) from transformed bacteria and the final 0804945–

DXR–pGA15 construct was verified by DNA sequencing.  This was done in collaboration 

with the University of Pretoria, South Africa, by Mr Jaco de Ridder, under the supervision of 

Professor Abraham Louw. 

 

3.2.2.2 Insertion of the codon harmonized PfDXR coding region  into the pQE30  

For the construction of the pQE30–PfDXR plasmid, the harmonised coding region for 

PfDXR was first amplified by polymerase chain reaction (PCR) from plasmid 0804945–

DXR–pGA15 using the following primers: forward primer hPfDXRBamHIF (5’– GGA TCC 

GGC GCT ATC AAG AAA C –3’) and reverse primer hPfDXRSalIR (5’– GTC GAC TTA 

AGA GCT GTT GTG –3’).  The primers were designed using the Gene Runner software 

package (version 3.05).  It was our initial intention to clone the full length coding region, via 

BamHI and SacI restriction sites.  However, it was decided that because the full length 

PfDXR coding region is toxic to E. coli cells (Jomaa et al., 1999), the PfDXR coding region 

was constructed to exclude the first 71 amino acid leader sequence and the inclusion of 

BamHI and SalI restriction sites in the forward and reverse primers respectively.  Primers 

were synthesised and purchased from IDT and the properties of the respective primers are 

summarised in Table 3.2. 

 

Table 3.2: Analysis of hPfDXRBamHIF and hPfDXRSalIR primer properties. 
Properties hPfDXRBamHIF hPfDXRSalIR 

Number of bases 22–mer 21–mer 

GC Content  54.5% 47.6% 

AT+GC Tm  68oC 62oC 
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PCR was conducted using Taq DNA PCR system (Amersham Biosciences) and PCR 

amplifications performed in the GeneAmp PCR system 9700 (PE Applied Biosystems).  The 

PCR reaction mixture (50µl) contained the following: 100 ng plasmid DNA, 1 µM forward 

primer, 1 µM reverse primer, 2.5 units Taq DNA polymerase (Qiagen), 0.2 mM dNTPs, 1x 

reaction buffer (200 mM Tris–HCl, 100 mM KCl, 100 mM (NH4)2SO4, 15 mM MgCl2; pH 

8.7 at 20°C) containing 15 mM MgCl2) and sterile milli–Q water to a final volume of 50 µl. 

Cycling parameters used for the PCR reaction were as follows: 1 cycle of 1 minute at 95oC; 

followed by 30 cycles of denaturation, annealing and extension (30 seconds at 95oC, 1 minute 

at 52oC and 2 minutes at 72oC); 1 cycle of 5 minutes at 72oC; followed by a hold at 4oC.   

 

The PCR amplified PfDXR coding sequence was visualised using short wave ultraviolet 

(UV) after resolution by 0.8% agarose gel electrophoresis (AGE) (Appendix A4) and excised 

from the gel and transferred into a pre–weighed 1.5 ml microcentrifuge tube. Purification of 

the DNA was performed using a DNA Gel Extraction Kit (Fermentas), according to the 

manufacturer’s instructions.  Elution efficiency was increased by performing a second elution 

step.  The gel purified PCR amplified PfDXR coding region (2µl) was diluted 100 times 

using sterile milli–Q water and quantification of DNA was performed using a GeneQuant 

(Pharmacia Biotech).  DNA concentration was determined using the formula: A600nm x 

dsDNA factor (50 µg/ml) x dilution factor (100).   

 

The gel purified PCR amplified PfDXR coding region was ligated to the pGEM–T Easy 

cloning vector (Promega) in a reaction containing 50 ng pGEM–T Easy cloning vector, 100 

ng DNA encoding PfDXR coding region, 3 units T4 DNA ligase and 2x ligation buffer (60 

mM Tris–HCl, 20 mM MgCl2, 20 mM dithiothreitol, 2 mM ATP, 10% polyethylene glycol, 

pH 7.8). Ligation control reactions included a negative control with no insert DNA and a 

positive control using control insert DNA (Promega). The ligation reactions were incubated 

at 4oC overnight and transformed into super–competent E. coli JM109 commercial cells (50 

µl), according to the protocol described in Appendix A1.   A single colony from the 

transformed cells was inoculated into sterile 2x YT broth (5 ml) containing the appropriate 

antibiotic(s) and incubated at 37oC with shaking overnight (180–200 rpm).  The bacterial 

cells were collected by centrifugation (12 000 x g at room temperature for 1 minute) and 

plasmid DNA was purified using the Qiagen DNA minipreparation protocol, according to the 

manufacturer’s instructions.  The plasmid DNA was stored at –20oC, after diagnostic 
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restriction analysis and AGE (see Appendix A3 and A4).  The pGEMT–hPfDXR construct 

was verified by DNA sequencing (see Appendix A5). 

 

The PfDXR coding region was excised from the pGEM–T Easy cloning vector by double 

digestion with SalI and BamHI restriction enzymes, by bulk digestion of pGEMT–hPfDXR 

plasmid DNA (1 µg).  The pQE30 vector DNA (1 µg) was digested with the same restriction 

enzymes in order to create complementary ends for ligation.  The digested DNA encoding the 

PfDXR coding region, and pQE30 vector sequence was visualised on a 0.8% agarose gel 

containing 0.5 µg/ml ethidium bromide in the presence of 0.5x TBE buffer at 100 V.  

Purification of the DNA was performed using DNA Gel Extraction Kit (Fermentas), 

according to the manufacturer’s instructions.  The gel purified DNA encoding the PfDXR 

coding region, and pQE30 cloning vector sequence were ligated in a reaction containing 50 

ng DNA encoding pQE30 cloning vector, 100 ng DNA encoding the PfDXR coding region, 3 

units T4 DNA ligase and 2x ligation buffer. Ligation control reactions included a negative 

control with no insert DNA and a positive control using control insert DNA (Promega). The 

ligation reactions were incubated at 4oC overnight and transformed into super–competent     

E. coli JM109 cells (50 µl).  The pQE30–PfDXR plasmid DNA was isolated from E. coli    

JM 109 transformants and stored at –20oC, after diagnostic restriction analysis and AGE 

(Appendix A3 and A4). 

 

3.2.3 Heterologous expression and purification of recombinant PfDXR  

3.2.3.1 Heterologous production of PfDXR with and without coexpression 

E. coli XL1 Blue cells (100 µl) (Appendix A2) were transformed with pQE30–PfDXR 

plasmid DNA using the population effect according to the protocol summarized in Appendix 

A1.  A volume of the overnight culture was then inoculated into 240 ml sterile 2x YT broth 

containing 100 µg/ml ampicillin, such that the absorbance was at 0.1.  The culture was grown 

at 37oC with shaking on a platform (180–200 rpm) until the A600nm was between 0.4 and 0.7 

absorbance units (AU).  A pre–induction sample was taken (1 ml) and 1 mM isopropyl–β–D–

thiogalactopyranoside (IPTG) was added to induce production of PfDXR.   

 

For coexpression studies E. coli XL1 Blue cells, containing pMRBAD–PfHsp70, pGro7, 

pKJE7, pG–KJE8 or pREP4, were transformed with pQE30–PfDXR plasmid DNA using the 

population effect according to the protocol summarized in Appendix A1.  A volume of the 

overnight culture was then inoculated into 240 ml sterile 2x YT broth containing 100 µg/ml 
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ampicillin and 50 µg/ml kanamycin or 34 µg/ml chloramphenicol, according to Table 3.1, 

such that the absorbance was at 0.1.  The culture was grown at 37oC with shaking on a 

platform (180–200 rpm) until the A600nm was approximately 0.4 AU.  A pre–induction sample 

was taken (1 ml) and 0.2% L–arabinose in order to induce the chaperone.  The culture was 

further incubated at 37oC with shaking on a platform (180–200 rpm) until the A600nm was 

approximately 0.8 AU was reached; the culture was then inoculated with 1 mM IPTG in 

order to induce production of PfDXR.   

 

Samples after hourly induction were taken for six hours and again overnight.  All induction 

samples were quantified at A600nm and were then centrifuged at 12 000 x g at room 

temperature for 1 minute.  Each pellet was resuspended in sterile phosphate–buffered–saline 

(PBS) (137 mM NaCl, 2.2 mM KCl, 4.3 mM Na2HPO4, and 1.4 mM KH2PO4, pH 7.4); at 

150µl PBS per 0.5 AU at A600nm.  The whole cell extracts were then analyzed using sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS–PAGE) according to the protocol 

summarized in Appendix A6.  The presence of His–tagged PfDXR protein was confirmed 

using western analysis according to the protocol summarized in Appendix A7.  In the case of 

the coexpression study with PfHsp70, the presence of PfHsp70 was confirmed using anti–

PfHsp70 according to the protocol summarized in Appendix A7. 

 

PfDXR solubility was assessed after induction of 4 hours; E. coli cells were harvested via 

centrifugation in an Avanti® JE centrifuge from Beckman Coulter at 6000 rpm at 4oC for 15 

minutes. The cell pellet was resuspended in wash buffer (1/20th culture volume) (20 mM 

Tris–HCl, 300 mM NaCl, 10 mM imidazole, 1 mM MnCl2, pH 7.6, 1 mM PMSF).  Cells 

were frozen overnight, and thawed in the presence of 1 mg/ml lysozyme in 1.5 ml aliquots.  

Aliquots were thawed on ice and sonicated at 60 amperes (Vibra Cell, Sonics and Materials, 

USA) at 4oC for 3 x 30 seconds.  Cell debris was pelleted after centrifugation at 12 000 x g at 

4oC for 15 minutes.  Soluble and insoluble (resuspended in 1.5 ml PBS) fractions for the 

different samples were visualized by SDS–PAGE and western analysis, as described in 

Appendix A6 and A7. 

 

3.2.3.2 Nickel affinity–based purification of PfDXR 

E. coli M15[pREP4] cells (100 µl) were transformed with pQE30–PfDXR plasmid DNA 

using the population effect according to the protocol summarized in Appendix A1.  A volume 

of the overnight culture was then inoculated into 240 ml sterile 2x YT broth containing 100 
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µg/ml ampicillin, such that the absorbance was at 0.1.  The culture was grown at 37oC with 

shaking on a platform (180–200 rpm) until the A600nm was between 0.4 and 0.6 AU, at which 

stage production of PfDXR was induced with 1 mM IPTG.  Subsequent to PfDXR 

solubilization (as described above), soluble protein was purified using a competitive elution 

strategy (50 mM Tris, 300 mM NaCl, 500 mM imidazole).  Two different nickel affinity–

based strategies were employed in PfDXR purification; this first made use of a 1 ml His–

trapTM HP column (GE Healthcare), where nickel affinity chromatography was performed on 

an ӒKTA basic FPLC (fast protein liquid chromatography).  PfDXR protein was eluted using 

a gradient elution from 0 to 500 mM imidazole in 10 ml.  The second method made use of a 

His–spin protein miniprepTM and was carried out according to the manufacturer’s instructions 

(Zymo Research) (Appendix A8).  Following both strategies, the eluted protein was buffer–

exchanged into assay buffer (20 mM Tris–HCl, 300 mM NaCl, 10 mM imidazole, 1 mM 

MnCl2, pH 7.6) via size exclusion chromatography/gel filtration chromatography (GFC) at 

4˚C using a Sephadex G–25 medium (Amersham Biosciences) column (10 cm x 1 cm); 

twenty, 1 ml fractions were collected.  Proteins were monitored at A280nm (100 µl, 96–well 

microtitre UV plate; Corning Costar) and protein concentration was assessed using a 

Bradford’s protein assay (Appendix A9). 

 

3.2.3.3 NADPH–dependent DXP enzyme assay 

The assay, which monitors NADPH reduction, as DXP is converted to MEP, is described in 

full in Appendix A10.  This experiment was done in triplicate for four separate batches of 

PfDXR protein.  Specific activity (µmol/min/mg) for each enzyme was calculated using the 

straight line of the graph which plotted average absorbance at 340 nm over 10 minutes. 
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3.3  RESUTLS 

3.3.1 The construction of an expression plasmid with a codon harmonised PfDXR 

coding region 

3.3.1.1 Codon harmonisation of the PfDXR coding region 

Codon harmonization was used in an attempt to improve the protein production of folded 

function PfDXR target enzyme.  When comparing the sequence of the codon optimized 

coding region of PfDXR versus the codon harmonized coding region of PfDXR (Figure B.1, 

Appendix B), it is evident that the harmonized sequence has only 71% identity with that of 

the codon optimized coding region of PfDXR.  Following successful codon harmonization, it 

was necessary to clone the codon harmonized coding region of PfDXR into an appropriate 

expression vector. 

 

3.3.1.2 Insertion of the codon harmonized PfDXR coding region  into the pQE30  

The choice of plasmid vector here was based on the presence of a T5 promotor, as well as a 

Histidine6–tag for the purpose of affinity purification.  The cloning strategy that was 

employed is summarised in Figure 3.1. 

 

DNA sequencing was used to confirm the correct cloning of the pQE30–hPfDXR plasmid 

such that the protein translation was in frame and there were no mutations.  According to 

Figure B.2 (Appendix B), the presence of the BamHI and SalI restriction sites occur at 

nucleotide position 145 and 1405 respectively.  The pQE30–hPfDXR plasmid map and 

diagnostic restriction enzyme analysis can be seen in Figure B.3 (Appendix B).   
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PCR amplification of PfDXR with removal of leader sequence 
and addition of BamHI  and SalI restriction sites

Gel purification of PCR product

Ligation of PfDXR coding region into pGEM-T Easy 
Release of PfDXR coding region by a double digest with BamHI and SalI 

Ligation of PfDXR coding region into pQE30 plasmid via BamHI and SalI restriction sites

+

 

Figure 3.1: Cloning strategy for the creation of the pQE30–hPfDXR construct (legend on next page). 
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The codon harmonised PfDXR coding region was PCR–amplified from the 0804945–pGA15–hPfDXR plasmid 
(using the primers hPfDXRBamHI and hPfDXRSalIR), resulting in the deletion of the 71 amino acid leader 
sequence, as well as the insertion of a BamHI and SalI restriction sites at the 5’ and 3’ ends of the coding region 
respectively.  The gel purified PCR product was then ligated into pGEM–T Easy as a means of interim storage.  
The PfDXR coding region was then released from the pGEM–T–hPfDXR by double digesting with BamHI and 
SalI.  The digestion product was then ligated into pQE30 via the same restriction enzyme pair to yield the 
pQE30–hPfDXR plasmid. 

 

After the successful confirmation of the pQE30–hPfDXR construct, it was necessary to 

assess whether the codon harmonization of the PfDXR gene improved the expression and 

solubility of PfDXR. 

 

3.3.2 Heterologous expression and purification of recombinant PfDXR  

3.3.2.1 PfDXR was insoluble after heterologous production  

Initial experiments using the codon optimized PfDXR coding region, which was inserted into 

the pQE31 plasmid (pEQ31–oPfDXR), revealed that the PfDXR protein expressed from the 

optimized coding region resulted in very little expression and little to no production of 

soluble protein (data not shown).  In an attempt to enhance the solubility of PfDXR, the 

coding region was therefore harmonized.  According to SDS–PAGE analysis of the induction 

profile of PfDXR expressed from pQE30–hPfDXR, it was evident that the protein was not 

overexpressed (Figure 3.2) and resulted in decreased protein levels compared to PfDXR 

expressed from pEQ31–oPfDXR (data not shown).  Western analysis using anti–His6 

antibodies confirmed the presence of PfDXR after 1 hour of induction, where the greatest 

protein expression transpired 4 hours post–induction (Figure 3.2, lane 6).  Solubility analysis 

was therefore assessed after 4 hours, which evidently indicated that almost all the PfDXR 

protein expressed remained in the insoluble fraction (Figure 3.2, lane 11).  Purified EcDXR 

was used as a positive control (Figure 3.3, lane 1) and it migrated as a 45 kDa band.    
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Figure 3.2: Analysis of PfDXR expression and solubility in E. coli cells.   
IPTG induced logarithmic phase E. coli XL1 Blue[pQE30–hPfDXR] whole cell lysate and solubility analyses 
fractions were analysed by denaturing SDS–PAGE (A) and western analysis (B).  The molecular mass marker   
was resolved on the left (kDa).  Purified EcDXR (44.6 kDa) was used as a positive control (lane 1).  The pre–
induced E. coli XL1 Blue[pQE30–hPfDXR] whole cell lysate is shown in lane 2 (at time = 0; A600nm = 0.4), with 
samples after hourly induction by 1 mM IPTG shown in lanes 3 to 8 (1 to 6 hours), and overnight induction 
shown in lane 9.  Following sonication and centrifugation, soluble supernatant fractions (lane 10) and insoluble 
fractions (lane 11) were analysed.  The presence of the PfDXR monomer (46.7 kDa) was confirmed by western 
analysis and is shown by the arrow.   

 

Having shown that PfDXR aggregated in E. coli cells when heterologously produced, the 

next step was to determine whether a viable expression strategy could be procured in order to 

acquire folded functional target protein for further characterization. 

 

3.3.2.2 Coexpression of PfDXR using E. coli and malarial chaperones  

Because of the nature and function of chaperones, the coexpression of PfDXR with the E. 

coli molecular chaperone combinations KJE and ELS was employed in an attempt to improve 

the heterologous production of the target enzyme.  

 

Coexpression of PfDXR with KJE resulted in successful overexpression of DnaK (70 kDa), 

DnaJ (40 kDa), as well as GrpE (26 kDa) and according to SDS–PAGE analysis all 

chaperones mentioned also remained soluble after lysis (Figure 3.3, lane 10).  Despite the 

presence of the KJE in the soluble fraction, the chaperones appeared to be unable to improve 

the solubility of PfDXR as the majority of the target protein produced resided in the insoluble 
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fraction (Figure 3.3, lane 11).  When compared to Figure 3.2, where PfDXR was produced 

alone, PfDXR protein production was considerably less when coexpressed with KJE. 
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Figure 3.3: Analysis of PfDXR expression and solubility after co–expression with the E. coli molecular 
chaperones DnaK, DnaJ and GrpE. 
L––arabinose and IPTG induced logarithmic phase E. coli XL1 Blue[pQE30–hPfDXR][pKJE7]  whole cell 
lysate and solubility analyses fractions were analysed by denaturing SDS–PAGE (A) and western analysis (B).  
The molecular mass marker   was resolved on the left (kDa).  Purified EcDXR (44.6 kDa) was used as a positive 
control (lane 1).  The pre–induced E. coli XL1 Blue[pQE30–hPfDXR][pKJE7] whole cell lysate is shown in 
lane 2 (at time = 0; A600nm = 0.4), with samples after hourly induction by 0.2% L–arabinose (at time = 0) and 1 
mM IPTG (at time = 1) shown in lanes 3 to 8 (1 to 6 hours post L––arabinose induction), and overnight 
induction shown in lane 9.  Following sonication and centrifugation, soluble supernatant fractions (lane 10) and 
insoluble fractions (lane 11) were analysed.  The presence of the PfDXR monomer (46.7 kDa) was confirmed by 
western analysis and is shown by black arrows.  The efficient induction of the E. coli chaperones DnaJ (70 
kDa), DnaK (40 kDa) and GrpE (25 kDa) are shown by black arrows.   

 

In contrast to the KJE coexpression profile, the co–production of ELS with PfDXR resulted 

in the successful solubilization of PfDXR.  The amount of PfDXR protein produced was 

however considerably less than the amount of protein produced from the coexpression of the 

codon optimized PfDXR coding region with ELS (data not shown).  However, the total 

quantity of soluble protein was still comparable because only ~50% of PfDXR expressed 

from pQE31–oPfDXR remained soluble, while ~80% of PfDXR expressed from the codon 

harmonized equivalent remained soluble (Figure 3.4, lane 10).   
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Figure 3.4: Analysis of PfDXR expression and solubility after co–expression with the E. coli molecular 
chaperones GroEL and GroES.   
L––arabinose and IPTG induced logarithmic phase E. coli XL1 Blue[pQE30–hPfDXR][pGro7]  whole cell 
lysate and solubility analyses fractions were analysed by denaturing SDS–PAGE (A) and western analysis (B).  
The molecular mass marker   was resolved on the left (kDa).  Purified EcDXR (44.6 kDa) was used as a positive 
control (lane 1).  The pre–induced E. coli XL1 Blue[pQE30–hPfDXR][pGro7] whole cell lysate is shown in 
lane 2 (at time = 0; A600nm = 0.4), with samples after hourly induction by 0.2% L–arabinose (at time = 0) and 1 
mM IPTG (at time = 1) shown in lanes 3 to 8 (1 to 6 hours post L––arabinose induction), and overnight 
induction shown in lane 9.  Following sonication and centrifugation, soluble supernatant fractions (lane 10) and 
insoluble fractions (lane 11) were analysed.  The presence of the PfDXR monomer (46.7 kDa) was confirmed by 
western analysis and is shown by black arrows.  The efficient induction of the E. coli chaperones GroEL (60 
kDa) is shown by a black arrow, while the 10 kDa GroES was not sufficiently resolved and cannot be seen. 

 

The next strategy endeavoured to decipher whether an even greater improvement in total 

PfDXR protein could be accomplished using the homologous P.falciparum molecular 

chaperone PfHsp70–1.  Based on SDS–PAGE analysis of the induction profile, PfHsp70–1 

was not overexpressed, while there was significant overexpression of PfDXR, from as early 

as 2 hours post– induction (Figure 3.5, lane 4).  When considering the more sensitive western 

analysis, it is evident that there was in fact increasing expression of PfHsp70–1 an hour post–

induction, which was maintained overnight.  However PfDXR expressed well for the first 6 

hours (Figure 3.5, lanes 3–8), then expression decreased overnight (Figure 3.5, lane 9).  The 

co–production of PfHsp70–1 with PfDXR unfortunately resulted in unsuccessful 

solubilization of PfDXR, and all target protein precipitated with the insoluble proteins 

(Figure 3.5, lane 11).  
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Figure 3.5: Analysis of PfDXR expression and solubility after co–expression with the malarial chaperone 
PfHsp70–1. 
L––arabinose and IPTG induced logarithmic phase E. coli XL1 Blue[pQE30–hPfDXR][pGro7]  whole cell 
lysate and solubility analyses fractions were analysed by denaturing SDS–PAGE (A) and western analysis for 
PfDXR (B) and PfHsp70 (C).  The molecular mass marker   was resolved on the left (kDa).  Purified EcDXR 
(44.6 kDa) was used as a positive control (lane 1).  The pre–induced E. coli XL1 Blue[pQE30–hPfDXR][pGro7] 
whole cell lysate is shown in lane 2 (at time = 0; A600nm = 0.4), with samples after hourly induction by 0.2% L–
arabinose (at time = 0) and 1 mM IPTG (at time = 1) shown in lanes 3 to 8 (1 to 6 hours post L––arabinose 
induction), and overnight induction shown in lane 9.  Following sonication and centrifugation, soluble 
supernatant fractions (lane 10) and insoluble fractions (lane 11) were analysed.  The presence of the PfDXR 
monomer (46.7 kDa) was confirmed by western analysis and is shown by black arrows.  The presence of the 
malarial chaperone PfHsp70 was confirmed by western analysis and is shown by black arrows.   

 

While some of the above–mentioned coexpression strategies using heterologous and 

homologous chaperone combinations improved the expression of PfDXR, none resulted in 

successful solubilization of the target enzyme sufficiently enough to warrant continuing with 

the strategy in PfDXR purification. 

  

3.3.2.3 Tight control of transcription of PfDXR by coexpression with lac repressor 

The tight control of gene expression was the final coexpression strategy attempted.  The 

coexpression of the lac repressor protein with PfDXR was employed in the hope that it would 

enhance expression and solubility of PfDXR. The transcription of the hPfdxr gene was halted 

by the presence of the lac repressor protein in the E. coli host, until expression was induced 
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by IPTG.  As expected, prior to induction of target protein (i = 0), there was no expression of 

PfDXR (Figure 3.6, lane 2).  This is in contrast to the expression profile of PfDXR expressed 

alone, where the leaky expression of the PfDXR gene resulted in some basal transcription of 

PfDXR pre–induction (Figure 3.2, lane 2); while this was not completely compelling in the 

above–mentioned figure, it was evident in almost all other expression studies for PfDXR 

alone (data not shown).  According to Figure 3.6, it is clear that there was significant 

overexpression of PfDXR in the presence of lac repressor, with the greatest expression 

occurring after 4 hours (Figure 3.6, lane 6).  Western analysis using anti–His antibodies 

confirmed that more than 90% of the PfDXR protein produced remained soluble (Figure 3.6, 

lane 10).   
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Figure 3.6: Analysis of PfDXR expression and solubility after co–expression with the lacI repressor protein. 
IPTG induced logarithmic phase E. coli M15 [pQE30–hPfDXR][pREP4] whole cell lysate and solubility 
analyses fractions were analysed by denaturing SDS–PAGE (A) and western analysis (B).  The molecular mass 
marker   was resolved on the left (kDa).  Purified EcDXR (44.6 kDa) was used as a positive control (lane 1).  
The pre–induced E. coli M15 [pQE30–hPfDXR][pREP4] whole cell lysate is shown in lane 2 (at time = 0; 
A600nm = 0.4), with samples after hourly induction by 0.2% L–arabinose (at time = 0) and 1 mM IPTG (at time = 
1) shown in lanes 3 to 8 (1 to 6 hours post L––arabinose induction), and overnight induction shown in lane 9.  
Following sonication and centrifugation, soluble supernatant fractions (lane 10) and insoluble fractions (lane 11) 
were analysed.  The presence of the PfDXR monomer (46.7 kDa) was confirmed by western analysis and is 
shown by black arrows.   

 

Based on the heterologous expression results put forward here, it was concluded that the 

coexpression strategy utilizing the lac repressor protein would be used for the subsequent 

purification of PfDXR for the purpose of kinetic characterization. 
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3.3.2.4 Nickel affinity purification of PfDXR after coexpression with lac repressor  

Two separate nickel affinity protocols were employed in this work, both generating 

significantly different results.  The first strategy made use of a 1 ml His–trapTM HP column 

coupled to FPLC, with PfDXR protein being eluted using a gradient elution from 0 to 500 

mM imidazole concentration.  The second method made use of a His–spin protein 

miniprepTM, which involved a single elution event at 500 mM imidazole concentration.  After 

protein quantification by SDS–PAGE analysis and confirmation by Bradford’s protein assay, 

protein purity and protein concentration were quantified.  The His–spin method resulted in 

the purification of consistently pure protein (~90%) (data not shown) at consistent yields 

(0.15–0.25 mg/l), the His–trap method resulted in the purification of significantly more 

PfDXR; ~2 mg/l of starting culture volume (Figure 3.7, lane 6), with the same degree of 

purity as seen with the other method.  The major disadvantage of this method was however 

that the nickel affinity purification step was carried out at room temperature; meaning that the 

activity of the target enzyme may have been compromised.   
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Figure 3.7: Purification by nickel affinity chromatography of PfDXR produced during co–expression with the 
lac repressor protein. 
His–tagged PfDXR was purified by way of nickel affinity chromatography.  The PfDXR purification profile 
was analysed by denaturing SDS–PAGE (A) and western analysis (B).  The molecular mass marker   was 
resolved on the left (kDa).  Purified EcDXR (44.6 kDa) was used as a positive control (lane 1).  The post–
induced E. coli M15 [pQE30–hPfDXR][pREP4] whole cell lysate is shown in lane 2 (at time = 4; A600nm = ± 2). 
Following sonication and centrifugation, the insoluble supernatant fractions (lane 3) and soluble fractions (lane 
4) were analysed.  Nickel affinity purified samples subsequent to gel filtration are shown in lanes 6, 7 and 8.  
The presence of the PfDXR monomer (46.7 kDa) was confirmed by western analysis and is indicated by black 
arrows.   

 

PfDXR protein was purified successfully using two different purification methods. Using the 

His–trap method resulted in protein yields that were 20–fold greater when compared to the 



Chapter 3 – Heterologous production of PfDXR target enzyme 

91 
 

His–spin method; this was evident when comparing the SDS–PAGE profile for qualification 

and confirmation.  However, when analysing the specific activity of the final purified protein, 

the His–spin method, which was carried out at 4oC (1.04 ± 0.04 µmol/min/mg), resulted in a 

4–fold greater activity per mg of protein, when compared to the His–trap method (0.25 ± 0.03 

µmol/min/mg).   

 

3.4  DISCUSSION 

Numerous strategies were employed in this study to enhance the expression and solubility of 

the PfDXR enzyme.  Codon bias can be problematic during the production of recombinant 

proteins in E. coli (Baca and Hol, 2000) because P.falciparum is characterized by a high A/T 

content (Flick et al., 2004).  Codon harmonization was therefore one of the approaches taken 

to improve upon the production of soluble protein from this problematic malarial enzyme 

(Angov et al., 2008).  The method used for harmonization was such that there was 

preservation of the pause site profile of the native sequence; with the intention that the correct 

arrangements of the protein secondary structures would be maintained.  Analysis of the 

sequence alignment of the codon optimized versus the codon harmonised coding regions for 

PfDXR revealed that they share 71% sequence identity, while still preserving the protein 

sequence. This strategy was however unsuccessful as codon harmonization in this work, 

resulted in a reduction in the total amount of PfDXR produced.  However neither codon 

optimization nor harmonization resulted in the production of soluble PfDXR (data not 

shown), confirming the recalcitrant nature of the PfDXR protein.   

 

Often the host cell’s chaperone system becomes overloaded during recombinant protein 

production, limiting the amount of soluble protein that can be produced (Carrió and 

Villaverde, 2002).  The overproduction of molecular chaperones, as a coexpression 

technique, has been used successfully for a wide range of proteins (reviewed by de Marco et 

al., 20072); however it is difficult to predict which chaperone family will recognise a 

particular protein (Haacke et al., 2009).  It has been said that in the case of each target 

protein, optimization of each individual expression system is often required to benefit from 

this technique (reviewed by de Marco et al., 20072). 

 

According to Botha et al. (2007), PfHsp70–3 (NP 701211) and PfHsp70–y (MAL13P1.540) 

are potentially localized to the apicoplast, however, Spork (2008) hypothesized that 
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PhHsp70–y was unlikely to be an apicoplast protein due to the presence of endoplasmic 

reticulum KDEL retrieval sequence.  DnaK is the prokaryotic equivalent to Hsp70, so one 

could hypothesize that DnaK could assist in PfDXR functionality by assisting with its correct 

folding during translation.  However, the presence of soluble KJE failed to enhance the 

expression or solubility of PfDXR, neither from the optimized gene (data not shown) nor 

from the harmonized gene.  In contrast to this, ELS recognised PfDXR as a substrate and 

significantly enhanced its solubility.  Unfortunately the total protein expressed was 

significantly less than that of PfDXR alone, although more than in the presence KJE.  Due to 

the size of the cavity formed by GroEL, this chaperone family has an upper size limit for 

substrates of ~60 kDa (Houry et al., 1999), therefore allowing PfDXR, which is 47 kDa in 

size, to act as a substrate. DnaK is more likely to recognise protein substrates larger than 70 

kDa (Mayer et al., 2000) and this may explain why PfDXR was not recognised as a substrate 

by the KJE chaperone family.  In addition to this is the fact that PfDXR may not have DnaK 

binding motifs (Deuerling et al., 2004).  It could also be possible that the overexpression of 

the chaperones (at t = 0) resulted in the overloading of the E. coli expression system’s protein 

synthesis machinery, such that when PfDXR expression was induced (at t = 1), no 

transcription machinery was available.  In summary, while ELS coexpression resulted in 

some expression improvement when compared to KJE, neither chaperone combinations 

resulted in enhancement sufficient to warrant their further use.  It may be possible that E. coli 

chaperones are not capable of folding malarial proteins and that a strategy should be 

employed that uses homologous molecular chaperones.   

 

The use of the homologous chaperone PfHsp70–1 in a coexpression study with PfDXR 

showed compelling evidence for the positive production of PfDXR.  Unfortunately, western 

analysis confirmed that all of the target protein was essentially insoluble.  Chaperones that 

have been said to be residents of the apicoplast include: PfHsp70–3 (Botha et al., 2007), 

Hsp40–5 (PFD0465w) (Botha et al., 2007) and the Hsp60 named Cpn60 (Sato and Wilson, 

2005).  PfHsp70 used in this study was cytosolic PfHsp70–1 (Botha et al., 2007) and 

therefore may not have been suitable when trying to express the apicoplast target protein 

PfDXR.  There is evidence to suggest that PfHsp70–1 interacts with numerous apicoplast 

destined proteins in plants, via a transit peptide sequence.  P.falciparum transport is quite 

different from that seen in plants where apicoplast–destined proteins contain both a transit 

peptide immediately upstream of the leader sequence (Foth et al., 2003).  It is therefore not 

possible to speculate that the two systems work in a similar manner and that Hsp70 
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recognises the apicoplast targeted proteins.  It has been suggested that PfBiP (a P.falciparum 

Hsp70) is responsible for the export of Plasmodium proteins into the erythrocyte.  This, 

together with the fact that PfBiP has been shown to interact with more Plasmodium  proteins 

than the other PfHsp70s (e.g. Hsp70–1 and Hsp70–3) (reviewed by Pesce et al., 2010), makes 

it seem highly unlikely that Hsp70–1 is capable of binding and correctly folding the 

apicoplast–destined PfDXR. Based on the results of this study, however, the most probable 

molecular chaperone folding partner may be the P. falciparum homologue of GroEL 

(PfHsp60) because it is localised in the apicoplast (Sato and Wilson, 2005), and because 

GroEL has been shown to be capable of binding proteins of up to 60 kDa in size (Houry et 

al., 1999).  

 

The most successful strategy to improve expression and solubility of PfDXR was 

undoubtedly the coexpression of PfDXR with the lac repressor protein, which halts basal 

transcription in the E. coli host expression system.  In the presence of lac repressor, the basal 

level of expression is tightly controlled (Spehr et al., 2000), such that subsequent to the 

induction of PfDXR, significant overexpression of the target enzyme resulted, with the 

greatest overexpression occurring 4 hours post induction.  This tightly controlled expression 

system was therefore employed production and purification of PfDXR.  It is possible that this 

system led to the greatest control of the levels of PfDXR, and the enzyme was induced at the 

correct time during growth of the cells to enable the production of soluble protein.   In the 

absence of the lac repressor protein, the levels of PfDXR were not controlled in the cell.  

 

When comparing the total protein by SDS–PAGE analysis, it was evident that the total 

protein purified after GFC was approximately 70 to 80% that of the total soluble protein 

isolated subsequent to cell lysis.  The use of SDS–PAGE as a method of direct quantification 

is however not an accurate gauge because of loading discrepancies which will most certainly 

affect the amount of PfDXR protein resolved on the gel.  Therefore, the activity of the target 

protein needs to be considered, using an assay that is specific for the enzyme of interest; in 

this work, the NADPH–dependent DXP assay was used.  The purity of PfDXR was assessed 

to be ~90%, for both the His–trap and His–spin methods of purification, however, as a 

consequence of the His–trap nickel affinity step being carried out at room temperature, the 

enzyme did not demonstrate maximal enzyme activity to the same degree as protein purified 

by means of the His–spin method.  The advantage of the His–trap method however, was that 

it allowed for the purification of ~ 2 mg of protein per litre of starting culture and it is also 
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more amenable to scale–up.  This method would therefore be sufficient if a large quantity of 

target enzyme was required for drug screening experiments such as nuclear magnetic 

resonance (NMR) binding assays, by which novel compounds that demonstrate specificities 

for the target enzyme could be identified (reviewed by van Dongen et al., 2002).  The His–

spin method on the other hand only allowed for the purification of up to 0.5 mg of PfDXR 

per litre of starting culture, but the enzyme was 4–fold more active.  For the accurate 

quantification of enzyme’s kinetic parameters, it would therefore be prudent to sacrifice yield 

for activity.  In future work, the His–trap method could be further optimized so that a scale up 

procedure could be followed that is conducted at 4oC.  Ideally, the same yields could be 

obtained as described here for the His–trap method, but with activity in the range that was 

obtained for the His–spin method in this work. 

 

In conclusion, the results of this study showed that the influence of various strategies to 

improve solubility cannot be predicted but must be optimized for each particular recombinant 

protein.  For the His–trap method, the yield of PfDXR per litre of culture (up to 2 mg), was 8 

to 10–fold higher than previously reported yields in the literature (Gieβmann et al., 2008), 

further validating the success of this coexpression technique, however activity was 

significantly sacrificed for an increase in yield. 
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CHAPTER 4 

MUTAGENESIS STUDIES FOR RATIONAL PFDXR 
ENGINEERING 

 
4.1  INTRODUCTION 

A number of crystal structures of DXR enzymes have provided respectable information 

regarding the structure of the enzyme active site and a number of studies have been 

undertaken to better understand the role of these active site residues in an attempt to link 

structure to function.  Site–directed mutagenesis is one method that can be applied 

experimentally for the purpose of enzyme characterization (Kuzuyama et al., 2000) and this 

approach has been used extensively in the literature and is summarised in Table 4.1.  When 

relating structure to function, mutations of the DXR enzyme can be categorised, including: 

residues that interact with cofactors (NADPH or the divalent metal ion), residues that interact 

directly with the DXR substrate or inhibitors (fosmidomycin was used in this study), residues 

that are involved in active site architecture, and residues that are involved in the closing of 

the catalytic hatch over the active site (Kuzuyama et al., 2000; Proteau et al., 2004; 

Fernandes et al., 2005; Fernandes and Proteau, 2006; Jawaid et al., 2009). 

 

Because the binding of the NADPH cofactor has been extensively studied in the literature for 

E. coli (Takahashi et al., 1998; Yajima et al., 2002; Steinbacher at al., 2003) and because the 

residues of the NADPH binding motif are highly conserved, it can be assumed that the 

NADPH binding site is consistent throughout the DXR families.  Very little analysis by way 

of site–directed mutagenesis has been undertaken for assessing the effects of mutating the 

NADPH binding motif (Table 4.1.), possibly because the in vitro analysis of DXR using 

NADPH has been so well documented in the literature for numerous DXR enzymes 

including: Hevea brasiliensis (Cordoba et al, 2009), Ginkgo biloba (Kim et al., 2006), 

Rauvolfia verticillata (Liao et al., 2007), A. thaliana (Rohdich et al., 2006), E. coli 

(Takahashi et al., 1998; Hoeffler et al., 2002; Fox and Poulter, 2005), M. tuberculosis 

(Argyrou and Blanchard, 2004), Z. mobilis (Grolle et al., 2000), Synechocystis sp. (Fernandes 

and Proteau, 2006), C. forskohlii (Engprasert et al., 2005) and P. falciparum (Singh et al., 

2006; Gieβmann et al., 2008).  Also, numerous DXR crystal structures have been solved in 

the presence of NADPH (Yajima et al., 2002; Ricagno et al., 2004; Henriksson et al., 2006; 

Takenoya et al., 2010).  Cofactor studies using NAD+ and NADP+ for A. thaliana (Rohdich 

et al., 2006), M. tuberculosis (Argyrou and Blanchard, 2004), Pseudomonas aeruginosa 
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(Altincicek et al., 2000), Z. mobilis (Grolle et al., 2000) and E. coli (Takahashi et al., 1998; 

Hoeffler et al., 2002; Fox and Poulter, 2005), resulted in a significant reduction of enzyme 

activity, corroborating that NADPH is the preferred cofactor.  For example, Takahashi et al. 

(1998) reported that DXR has a preference for NADPH, as opposed to NADH, where a 

decrease in reaction rate of 100–fold was recorded. 

 

Upon analysis of divalent metal ion preference, it was clear that Ca2+, Ni2+, Zn2+
, Cu2+ or Fe2+ 

could not be utilized (Takahashi et al., 1998).  The literature suggests that only Mn2+, Co2+ 

and Mg2+ could be utilized (Brenda Enzyme Database, 2008).  Extensive mutagenesis studies 

for Synechocystis sp. has been undertaken in the literature for Asp152, Glu154 and Glu233 

(Fernandes and Proteau, 2006).  It was concluded that the divalent metal ion is essential for 

catalysis, such that the ion interacts in an octahedral complex with one Asp and two Glu 

residues (Yajima et al., 2002; Steinbacher et al, 2003 Ricagno et al., 2004; Takenoya et al., 

2010).  Interestingly, mutation of these three residues individually, in Synechocystis   sp. 

(Asp152, Glu154 and Glu223) resulted in complete loss of enzyme activity, while in E. coli, 

mutation studies for the Glu223 equivalent (Glu231) resulted in only a reduction substrate 

turnover (kcat) with no change in the Km (substrate’s affinity for the enzyme) (reviewed by 

Singh et al., 2007) (Table 4.1).  Contradictory to the statement that Glu231 is involved in 

metal coordination (Takahashi et al., 1998; Kuzuyama et al., 2000; Proteau et al., 2004), 

Reuter et al. (2002) reported that the reduction in turnover but not substrate affinity suggested 

that Glu231 is involved in catalysis rather than substrate or cofactor binding. 

 

Site–directed mutagenesis studies for the E. coli enzyme revealed the importance of 

numerous conserved His and Glu residues for activity (Querol et al., 2002), as is evident in 

Table 4.1.  Mutation of His209, His153 and His257 in E. coli (Kuzuyama et al., 2000; 

Proteau et al., 2004) resulted in a drastic reduction in enzyme efficiency (kcat/Km), as a direct 

result of a small decrease in substrate affinity (Km) and a drastic reduction in turnover rate 

(kcat).  This information allowed the authors to conclude that these residues were not directly 

involved in enzyme catalysis, but rather played a vital role in structural integrity of the active 

site because the change in Km was not significantly different to that of the wild type, but there 

was a reduction in kcat/Km (Kuzuyama et al., 2000).  

 

The successful crystallization of numerous EcDXR enzymes in the presence of the DXP 

substrate or fosmidomycin inhibitor have been completed (Steinbacher et al., 2003; 
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Henriksson et al., 2006; Yajima et al., 2007; Takenoya et al., 2010), rendering it futile  to 

carry out mutagenesis studies on catalytic residues.  In a recent study by Jawaid et al. (2009), 

the F. tularensis DXR was kinetically characterized, confirming Ser177 (Ser186 in E. coli) as 

a site of phosphorylation.  The inactivity of the S177D and S177E mutant proteins (Table 

4.1) allowed the authors to hypothesize that the MEP pathway is responsible for post–

translational control of isoprenoid precursor production.  This metabolic control, via 

reversible phosphorylation of a Ser residue, has been documented in the MVA pathway 

(Clarke and Hardie, 1990). Interestingly, Ser153 on SyDXR (Ser151 in E. coli), which is not 

characterized as one of the catalytic residues (Ser186, Ser222, Asn227 and Lys228 in 

EcDXR) has been said to interact with both fosmidomycin via the N–formyl carbonyl moiety 

and with and DXP substrate via the C2 carbonyl (Mac Sweeney et al., 2005), while 

Steinbacher et al. (2003) reported that Ser151 rather forms a pronounced hydrophilic cavity 

behind fosmidomycin.  Mutation of the hydroxyl group of Ser153 in SyDXR resulted in a 

drastic reduction in the catalytic efficiency (kcat/Km), which allowed Fernandes and Proteau 

(2005) to conclude that Ser153 is responsible for optimal arrangement of active site, with the 

most likely hydrogen–bonding partner being His249 (His257 in E. coli).   

 
Mutations of the catalytic hatch, as well as the crystal structures derived for various DXR 

enzymes, have allowed authors to better understand the catalytic mechanism of DXR upon 

substrate/inhibitor binding. If one compares the crystal structure of the apo form of EcDXR 

(Reuter et al., 2002), with that of the EcDXR crystal structure with an inhibitor (Steinbacher 

et al., 2003) or ion bound (Yajima et al., 2002), it is evident that the catalytic hatch closes 

over the active site in the presence of an inhibitor/substrate/ion (reviewed by Singh et al., 

2007).  In SyDXR, mutation of Trp204 (Trp212 in E. coli DXR) allowed Fernandes et al. 

(2005) to conclude that the smaller the substitute residue was, the more substrate affinity was 

lost (Table 4.1).  The study confirmed that the highly conserved Trp residue was involved in 

substrate/inhibitor binding and substrate differentiation (Fernandes et al., 2005).  Mutation of 

another hatch residue, Met206 in SyDXR (Met 214 in E. coli), again resulted in a drastic 

reduction in catalytic efficiency and substrate affinity (Table 4.1).  The authors concluded 

that the catalytic hatch was essential for catalysis and substrate specificity (Fernandes and 

Proteau, 2006).  The authors of this work conversely related specificity to enzyme efficiency 

(kcat/Km) (Fernandes and Proteau, 2006).  To completely quantify specificity, a number of 

different substrates, in addition to DXP would need to be assessed. 
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Table 4.1: Analysis of critical amino acids in DXR and their predicted role from site–directed mutagenesis experiments. 

Identified Amino Acid Organism Predicted Role Experimental Result Reference 

Gly14 E. coli NADPH binding G14D resulted in insoluble protein suggesting it is part of the 
NADPH binding motif and that it contributes to maintenance of the 
secondary or tertiary structure 

Kuzuyama et al., 2000 

Asp152 (Asp150 in E. 
coli) 

Synechocystis  
sp. PCC6803 

Interaction with the 
divalent metal ion 

D152A resulted in no activity.  D152N resulted in little activity, an 
increase in Km and significant decrease in kcat/Km.  This suggests that 
the metal ion is essential for catalysis 

Fernandes and Proteau, 
2006 

Glu154 (Glu152 in E. coli) Synechocystis  
sp. PCC6803 

 E154Q resulted in almost no activity.  E154D resulted in no change 
in Km, but demonstrated a significant reduction in kcat/Km.  This 
suggests that the positioning of the carboxylate is critical for activity 

Fernandes and Proteau, 
2006 

Glu231 E. coli  E231K  resulted in a drastic decrease kcat but no change in its Km, 
suggesting that it is essential for catalysis 

Kuzuyama et al., 2000; 
Proteau et al., 2004 

Glu223 (Glu231 in E. coli) Synechocystis  
sp. PCC6803 

 E223H and E223Q resulted in no activity, suggesting that the residue 
is essential in catalysis 

Fernandes and Proteau, 
2006 

Ser153 (Ser151 in E. coli) Synechocystis  
sp. PCC6803 

Interaction with the 
substrate DXP or 
inhibitor (fosmidomycin) 

S153A, S153N and S153T resulted in little to no activity.  S153N 
and S153T demonstrated a reasonable decrease in kcat/Km, while the 
decrease in kcat/Km for S153A was drastic, suggesting that the 
residue is vital for optimal arrangement of active site and catalysis 

Fernandes and Proteau, 
2006 

Ser177 (Ser186 in E. coli) F.tularensis  S177D and S177E resulted in complete loss of enzyme activity, 
suggesting that the residue is involved in catalysis and is a possible 
phosphorylation site for isoprenoid regulation 

Jawaid et al., 2009 
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His209  E. coli Maintenance of active 
site architecture  

H209Q resulted in significant decrease in kcat/Km, and a moderate 
increase  in Km, suggesting that it might play a structural role 
 

Kuzuyama et al., 2000; 
Proteau et al., 2004 

His153 E. coli  H153Q resulted in a moderate decrease in kcat/Km, and no change in 
Km suggesting that it plays a crucial role in catalysis 

 Kuzuyama et al., 2000; 
Proteau et al., 2004 

His155 (His153 in E. coli) Synechocystis  
sp. PCC6803 

 H155A resulted in an insignificant decrease in Km, with no change in 
kcat/Km, suggesting that the residue is not as critical as in E. coli 

Fernandes and Proteau, 
2006 

His257 E. coli  H257Q resulted in a drastic decrease in kcat/Km, and interestingly, a 
decreased Km, suggesting that it affects the structure of the catalytic 
pocket  

Kuzuyama et al., 2000; 
Proteau et al., 2004 

Trp204 (Trp212 in E. coli) Synechocystis  
sp. PCC6803 

Closing of the catalytic 
hatch over the active site 

W204L, W204V, and W204A resulted in little activity. Km increased 
significantly as the size of the amino acid side chain decreased. 
W204L and W204A resulted in drastic reduction in kcat/Km.  This 
suggests that the residue is essential for substrate/inhibitor binding 
and in discriminating substrates for DXR  

Fernandes et al., 2005 

Met206 (Met214 in E. 
coli) 

Synechocystis  
sp. PCC6803 

  M206V resulted in no activity.  M206A resulted in a significantly 
increased Km, with a significant decrease in kcat/Km, suggesting that 
the proper catalytic hatch arrangement is essential for activity 

Fernandes and Proteau, 
2006 
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The rigorous analysis of the PfDXR homology model (see Chapter 2) allowed for the 

identification of significant differences between the EcDXR crystal structure and that of the 

theoretical PfDXR model.  Two interesting differences included the NADPH binding motif 

residues Val43 and Asn44 in PfDXR were replaced with resides containing small side chains 

in EcDXR, namely Ala35 and Gly36.  The two predicted NADPH binding residues, Val43 

and Asn44 were also shown to inhabit very different orientations with respect to their EcDXR 

equivalents.  A highly conserved segment of the catalytic hatch reveals another interesting 

difference where Asn211 and Ser213 in EcDXR are substituted for two large, positively 

charged Lys residues in PfDXR.  Again, orientation of these residues was significantly 

different.  The aim of this work therefore involved mutation of PfDXR residues by site–

directed mutagenesis, to resemble those found in EcDXR.  The mutant proteins were then 

kinetically characterized so that the effects of the mutations could be properly quantified.  To 

our knowledge, these particular amino acid residues present in PfDXR have not been mutated 

previously and the results could play a role in the rational design of novel DXR inhibitors.   

 

4.2  EXPERIMENTAL PROCEDURES 

4.2.1 Materials, special reagents and chemicals 

All general chemicals used in this study were of the highest analytical grade.  The reagent 

and supplier information can be seen in Table C.1, Appendix C.   

 

4.2.2 Oligonucleotide–directed mutagenesis  

For the construction of the pQE30–hPfDXR(VN43,44AG) plasmid, the double mutation, to 

change Val43/Asn44  to Ala43/Gly44, was created via whole plasmid linear  amplification–

based (non–PCR) site–directed mutagenesis using the forward primer 5’– GTT AAA GCT 

CTC TAC GCC GGC AAG TCT GTC AAC G –3’ and reverse primer 5’– CGT TGA CAG 

ACT TGC CGG CGT AGA GAG CTT TAA C –3’ (synthesised and purchased from Inqaba 

Biotec).  Similarly, the pQE30–hPfDXR(KK224,226NS) plasmid with the Lys224/Lys226 to 

Asn224/Ser226 double mutation was created using the forward primer 5’– GCT CTG AAG 

CAT CCA AAT TGG AGT ATG GGC AAG AAA ATC –3’ and reverse primer 5’– GAT 

TTT CTT GCC CAT ACT CCA ATT TGG ATG CTT CAG AGC–3’ (synthesised and 

purchased from Inqaba Biotec).  The primers were designed using the Gene Runner software 

package (version 3.05).   
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The mutagenesis reaction mixture was set up as follows: 200 ng pQE30–hPfDXR plasmid 

DNA, 1 µM forward primer, 1 µM reverse primer, 2.5 units Pfu DNA polymerase (Promega), 

10 mM dNTPs, 5 µl 10x reaction buffer with MgSO4 (200 mM Tris–HCl [pH 8.8 at 25°C], 

100 mM KCl, 100 mM (NH4)2SO4, 20 mM MgSO4, 1.0% Triton® X–100, 1 mg/ml nuclease–

free BSA), 2.5 µl [v/v] DMSO, 25 mM MgCl2, and sterile milli–Q water to a final volume of 

50 µl. Cycling parameters used for the mutagenesis reaction were as follows: 1 cycle of 30 

seconds at 95oC; followed by 18 cycles of denaturation, annealing and extension (30 seconds 

at 95oC, 1 minute at 52oC and 5 minutes at 68oC); 1 cycle of 7 minutes at 68oC; followed by a 

hold at 4oC.  DNA amplification was performed in the GeneAmp PCR system 9700 (PE 

Applied Biosystems). 

 

The mutagenesis product (40 µl) was treated with 10 units DpnI restriction enzyme, and 

subsequent to centrifugation at 12 000 x g at room temperature for 1 minute, the DpnI 

treatment reaction mixture was incubated at 37oC for 12 – 16 hours.  A volume of the DpnI 

treatment reaction mixture was transformed into super–competent E. coli JM109 commercial 

cells (50 µl), according to the protocol described in Appendix A1.   A single colony from the 

transformed cells was inoculated into sterile 2x YT broth (5 ml) containing the appropriate 

antibiotic(s) and incubated at 37oC with shaking overnight (180–200 rpm).  The bacterial 

cells were collected by centrifugation (12 000 x g at room temperature for 1 minute) and 

plasmid DNA was purified using the Qiagen DNA minipreparation protocol, according to the 

manufacturer’s instructions.  Samples were analysed by AGE (see Appendix A4) and the 

presence of the desired mutation and the lack of any undesired second site mutations on the 

plasmid was confirmed by DNA sequencing (see Appendix A5). 

 

4.2.3 Heterologous expression and purification of recombinant PfDXR mutant 

proteins  

E. coli M15[pREP4] cells (100 µl) were transformed appropriate with plasmid DNA [pQE9–

EcDXR, pQE30–hPfDXR or pQE30–hPfDXR(VN43,44AG) or pQE30–hPfDXR 

(KK224,226,NS)] using the population effect according to the protocol summarized in 

Appendix A1.  A volume of the overnight culture was then inoculated into 240 ml sterile 2x 

YT broth containing 100 µg/ml ampicillin, such that the absorbance was at 0.1 AU at A600nm.  

The culture was grown at 37oC with shaking on a platform (180–200 rpm) until the A600nm 

was approximately 0.4 to 0.6 AU, at which stage production of PfDXR was induced by 1 mM 

IPTG.   
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PfDXR solubility was assessed after induction of 4 hours; E. coli cells were harvested via 

centrifugation in an Avanti® JE centrifuge from Beckman Coulter at 6000 rpm at 4oC for 15 

minutes. The cell pellet was resuspended in wash buffer (1/20th culture volume) (20 mM 

Tris–HCl, 300 mM NaCl, 10 mM imidazole, 1 mM MnCl2, pH 7.6, 1 mM PMSF).  Cells 

were frozen overnight, and thawed in the presence of 1 mg/ml lysozyme in 1.5 ml aliquots.  

Aliquots were thawed on ice and sonicated at 60 amperes (Vibra Cell, Sonics and Materials, 

USA) at 4oC for 3 x 30 seconds.  Cell debris was pelleted after centrifugation at 12 000 x g at 

4oC for 15 minutes.  Soluble and insoluble (resuspended in 1.5 ml PBS) fractions for the 

different samples were visualized by SDS–PAGE and western analysis, as described in 

Appendix A6 and A7. 

 

Subsequent to PfDXR solubilization, soluble protein was purified using the His–spin protein 

miniprepTM and was carried out according to the manufacturer’s instructions (Zymo 

Research) (Appendix A8).  Following nickel affinity–based purification, the eluted protein 

was buffer–exchanged into assay buffer (20 mM Tris–HCl, 300 mM NaCl, 10 mM imidazole, 

1 mM MnCl2, pH 7.6) via size exclusion chromatography/gel filtration chromatography 

(GFC) at 4˚C using a Sephadex G–25 medium (Amersham Biosciences) column (10 cm x 1 

cm); twenty, 1 ml fractions were collected.  Proteins were monitored at A280nm (100 µl, 96–

well microtitre UV plate; Corning Costar) and protein concentration was assessed using a 

Bradford’s protein assay (Appendix A9). 

 

4.2.4 NADPH–dependent DXP enzyme assay 

The assay, which monitors NADPH reduction, as DXP is converted to MEP is described in 

full in Appendix A10.  Experiments were carried out in triplicate for two separate batches of 

purified enzyme, with the standard deviation shown.  Specific activity (µmol/min/mg) for 

each enzyme was calculated using the straight line of the graph which plotted average 

absorbance at 340 nm over 10 minutes (ΔA/min). 

 

For the cofactor assays, the experiment was carried out as described in Appendix A10; 

however, Mg2+, Co2+ and Mn2+ were all tested in independent experiments, in triplicate, in 

the same plate and under identical conditions.  All cofactors were tested at 3 mM and 1 mM 

concentrations, with no noted difference. 
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Michaelis Menten and Lineweaver–Burk plots were used to quantify the kinetic constants 

Vmax, Km, and kcat, for both EcDXR and PfDXR.  This was done using Prism software, 

version 5 (www.graphpad.com).  For this experiment, varying DXP substrate concentrations 

were used including: 200, 300, 500, 750, 1000, 1500, 2000, 2500 and 3000 µM.   

 

4.3  RESULTS 

4.3.1 Cofactor preference of PfDXR 

DXR catalyzes the second step of the MEP pathway whereby the substrate DXP undergoes 

intramolecular rearrangement and reduction to result in MEP; this reaction step utilizes 

NADPH, as well as a divalent cation (Kuzuyama et al., 2000).  DXP is not only an 

intermediate in the biosynthesis of isopentenyl diphosphate and dimethylallyl diphosphate; it 

is also involved in the biosynthesis of thiamin in vitamin B1 synthesis and pyridoxine in 

vitamin B6 synthesis (Hill et al., 1996; Cane et al., 1999; Cane et al., 2000 White, 1978).   

 

Enzymatic activity was assessed in the presence of various divalent cations.  Literature 

demonstrates that numerous cofactor studies have been performed for other DXR enzymes 

(Takahashi et al., 1998; Argyrou and Blanchard, 2004; Takenoya et al., 2010); however to 

date, cofactor studies using PfDXR have only been examined in silico (Singh et al., 2006).  

Enzyme activity was therefore quantified in the presence of three cofactors all known to 

result in activity for numerous DXR enzymes in vitro (Chang et al., 2009).  According to 

Figure 4.1, PfDXR was only able to utilize Mn2+ and Mg2+ as a divalent cation but not Co2+, 

which resulted in only trace amounts of enzyme activity.   EcDXR, on the other hand, was 

able to utilize all three cofactors, Mn2+, Co2+ and Mg2+, with Mn2+ resulting in the greatest 

activity. 
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Figure 4.1: The ability of PfDXR and EcDXR to utilize the divalent ions Mn2+, Mg2+ and Co2+. 
Cofactor studies for PfDXR and EcDXR were carried out using different divalent cations (Mn2+, Mg2+ and Co2+) 
at a concentration of 1 mM each. The experiment was performed in triplicate for two separate batches of 
purified enzyme, with the standard deviation shown. 

 

Subsequent to the determination of the divalent cation preferences for EcDXR and PfDXR, 

enzymes were purified and kinetically characterized, in order to quantify the effect that the 

respective mutations had on activity. 

 

4.3.2 Analysis of structural differences between PfDXR and EcDXR via rational 

protein engineering 

In this work, two novel mutant proteins were engineered to more closely resemble the 

EcDXR enzyme.  The first double mutation engineered the PfDXR NADPH binding residues, 

Val43 and Asn44 to resemble the EcDXR equivalents, Ala35 and Gly36 (VN43,44AG).  The 

second double mutation resulted from mutation of two charged Lys hatch residues (Lys224 

and Lys226), to the polar uncharged EcDXR complements, Asn211 and Ser213 

(KK224,226NS) (Figure 4.2).  Mutagenesis studies that have been undertaken, in an attempt 

to analyze substrate utilization, involved mutating the highly conserved catalytic hatch 

residues Trp204 and Met206 in SyDXR (Trp212 and Met214 in E. coli) (Fernandes et al., 

2005; Fernandes and Proteau, 2006) (Figure 4.2).  Similarly, limited mutagenesis studies of 
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the NADPH binding motif have been endeavoured upon, where mutation of Gly14 to Ala 

resulted in the mutant protein being insoluble (Kuzuyama et al., 2000) (Figure 4.2).  

A B

 
Figure 4.2: Structural differences in the EcDXR and PfDXR catalytic hatch and NADPH binding motif. 
(A) Ribbon representation of the PfDXR homology model (created using MODELLER) zoomed into the active 
site, with the catalytic hatch residues Trp223 (pink), Met225 (purple), Lys224 (coloured by element) and Lys226 
(coloured by element), and NADPH binding motif residues Gly19 (orange), Val43 (coloured by element) and 
Asn44 (coloured by element) shown in sticks.  (B) Ribbon representation of the EcDXR crystal structure 
(adapted from Mac Sweeney et al., 2005) zoomed into the active site, with the catalytic hatch residues Trp212 
(pink), Met214 (purple), Asn213 (coloured by element) and Ser215 (coloured by element), and NADPH binding 
motif residues Gly14 (orange), Ala35 (coloured by element) and Gly36 (coloured by element) shown in sticks. 
Figures were prepared using PyMol. 

 

According to Figure 4.2A, the NADPH binding residues Val43 and Asn44 occupy a very 

different orientation when compared to the EcDXR equivalent residues Ala35 and Gly36 

(Figure 4.2B).  Similarly, the catalytic hatch residues Lys224 and Lys226 (Figure 4.2A), 

which have large, positively charged side chains, demonstrate a significantly different 

orientation when compared to the EcDXR equivalents Asn213 and Ser215 (Figure 4.2B).  It 

is evident that upon binding of the inhibitor and cofactor to PfDXR, significant movement of 

Lys226 occurs.  Potential hydrogen bonding interactions between Ser213 and Ser12, as well 

as between Asn211 and Ser254/Pro252 exist when fosmidomycin and NADPH are docked 

into EcDXR (Figure 4.3A).  When comparing the conformation of PfDXR with and without 

fosmidomycin bound (Figures 4.3B and 4.3C), it is evident that the conformation of the Lys 

hatch residues is significantly different.  Subsequent to fosmidomycin entering and binding 

the PfDXR active site, a potential hydrogen bonding interaction between Pro223 and the side 

chain nitrogen of Lys224 takes place.  However, when no ligand is docked into the PfDXR 

active site, the position of Lys224 is significantly different and no noted hydrogen bonding 
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interactions occur (Figure 4.3C).  Hence it can be concluded that upon binding of an inhibitor 

and cofactor, the PfDXR catalytic hatch changes conformation significantly in order to 

facilitate its movement over the active site, as is described in the literature (Yajima et al., 

2002). 

A B

C

 
Figure 4.3: Movement of the PfDXR catalytic hatch upon inhibitor binding (legend on next page). 
(A) FR900098 docked into EcDXR, showing only the residues within 4 Angstroms of Asn211 and Ser213. 
Hydrogen bonding is shown in green. (B) FR900098 docked into PfDXR showing only the residues within 4 
Angstroms of Lys224 and Lys226.  Hydrogen bonding is shown in green. (C) Three–dimensional PfDXR model 
with only NADPH with no ligand and no cofactor docked, showing only the residues within 4 Angstroms of 
Lys224 and Lys226. Hydrogen bonding is shown in green. 

 

Subsequent to structural analysis of the highly uncharacterized PfDXR and the well studied 

EcDXR counterpart, rational protein engineering was endeavoured upon in an attempt to 

understand and quantify the effects that these structural differences posed.  The kinetic 

characterization of PfDXR was undertaken, with EcDXR included as a control enzyme.  The 

kinetic characterization of the PfDXR mutant enzymes PfDXR(VN43,44AG) and 

PfDXR(KK224,226NS) was taken on simultaneously in an effort to link the structural 

differences to function. 
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4.3.3 Kinetic characterization of PfDXR and PfDXR mutant proteins 

Kinetic analyses of EcDXR, PfDXR and PfDXR mutant enzymes PfDXR(VN43,44AG) and 

PfDXR(KK224,226NS), were undertaken using Michaelis Menten enzyme kinetics (Figure 

4.4).  It is evident that EcDXR followed a typical Michaelis Menten hyperbolic curve (Figure 

4.4A), while PfDXR resulted in a very flat curve, with little change in activity from 200 to 

3000 µM of substrate (Figure 4.4B).  Concentrations at 50, 75 and 100 µM did not yield a 

straight–line curve for PfDXR and ΔA/min could hence not be quantified at such extreme 

sub–saturating conditions.  These points were therefore excluded from the Michaelis Menten 

and Lineweaver–Burk plots for all enzymes tested, including EcDXR, PfDXR and PfDXR 

mutant proteins.  The mutant protein PfDXR(VN43,44AG) (Figure 4.4C) shared the same 

flattened curve with PfDXR while the PfDXR(KK224,226NS) mutant protein (Figure 4.4D) 

demonstrated a curve more closely resembling EcDXR.   
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Figure 4.4: Kinetic characterization of EcDXR, PfDXR, and PfDXR mutant proteins PfDXR(VN43,44AG) and  
PfDXR(KK224,226NS) 
Michaelis–Menten and Lineweaver–Burke plots (insert) for EcDXR (A), PfDXR (B), PfDXR(VN43,44AG) (C) 
and PfDXR(KK224,226NS) (D) at substrate concentrations ranging from 20 – 3000 µM DXP. Prism software, 
version 5 was used to generate the figures. The experiment was completed in triplicate for two separate batches 
of purified enzyme, with the standard deviation shown. 

 

Subsequent to the purification of PfDXR (see Chapter 3) a specific enzyme activity of 1.04 ± 

0.04 µmol/min/mg was reported for PfDXR, in the presence of Mn2+
, while EcDXR 

demonstrated a 9–fold greater activity of 9.15 ±0.105 µmol/min/mg, which is consistent with 

ratios reported in the literature (Jomaa et al., 1999).  In order to assess the kinetics of PfDXR, 

Vmax, Km, kcat and kcat/Km values were calculated (Table 4.2).  Km values have been reported 

in the literature for numerous DXR enzymes, with values for EcDXR ranging from 0.0031 

mM to 0.294 mM (Chang et al., 2009).   Our results show a Km of 0.294 mM for EcDXR and 

0.067 mM for PfDXR; these values being consistent with the literature, while there appears to 

be no kinetic parameters reported for PfDXR (Chang et al., 2009).  The maximal velocity of 

the reaction whereby DXR converts DXP to MEP was determined to be 1.33 ± 0.10 

µmol/min/mg and 11.04 ± 0.13 µmol/min/mg for PfDXR and EcDXR respectively (Table 
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4.2).  In the case of both enzymes, the average specific activity was approximately 20% lower 

than the maximal velocity of the reaction.  This was due to sub–saturating levels of DXP 

substrate in the assay, which means that the maximal velocity of the reaction was not 

reached.  The kinetic parameter kcat, which is described as the time required by an enzyme 

molecule to "turnover" one substrate molecule, was also quantified for both enzymes.  The 

literature reports values for other DXR enzymes in the range of 0.04 to 38 s–1 for organisms 

including; M. tuberculosis, Synechocystis  sp., A. thaliana and E. coli (Fernandes et al., 2005; 

Fox and Poulter, 2005; Walker and Poulter, 2005; Henriksson et al., 2006).  In this study, we 

reported values of 17.12 and 2.063 units per second (s–1) for EcDXR and PfDXR respectively 

(Table 4.2), which is consistent with values reported in the literature for EcDXR.  Km can be 

described as the concentration of substrate at which a half maximal reaction velocity occurs 

and is often (but not always) a measure of the affinity that the enzyme has for substrate.  It is 

evident that EcDXR has an 8–fold greater Km when compared to PfDXR, which is interesting 

because both enzymes share similar catalytic efficiencies (kcat/Km) of 0.059 and 0.031 for 

EcDXR and PfDXR respectively (Table 4.2).   

 

Table 4.2: Summary of EcDXR, PfDXR, PfDXR(VN43,44,AG) and PfDXR(KK224,226NS)  kinetic 
parameters and divalent cation preferences. 

  EcDXR PfDXR PfDXR(VN43,44AG) PfDXR(KK224,226NS) 

Mg2+ (µmol/min/mg) 5.94 ± 0.19 0.65 ± 0.02     

Co2+ (µmol/min/mg) 3.98 ± 0.13 0.06 ± 0.03    

Mn2+ (µmol/min/mg) 9.15 ± 0.05 1.04 ± 0.04 0.43 ± 0.04 0.14 ± 0.04 

          
Vmax 11.04 µmol/min/mg 1.33 µmol/min/mg 0.59 µmol/min/mg 0.37µmol/min/mg 

Km 0.294 mM 0.067 mM 0.245 mM 0.461 mM 

kcat 17.120 –s 2.063 –s 0.915 –s 0.572 –s 

kcat/Km 0.0587 0.0308 0.0037 0.0013 
 

The two PfDXR mutant proteins were also kinetically characterized in order to assess the 

effect that the respective double mutations posed on enzyme catalysis.  The NADPH binding 

mutant enzyme PfDXR(VN43,44AG) resulted in approximately a 2–fold decrease in 

maximal reaction velocity (Vmax) and a 4–fold increased Km (representative of a decrease in 

substrate affinity), when compared to the unmutated PfDXR.  Interestingly, the 

PfDXR(VN43,44AG) mutant protein (0.245 mM) resulted in a Km that more closely 

resembled EcDXR (0.294 mM), when compared to the wild type PfDXR (0.067 mM).  The 

catalytic hatch mutant protein PfDXR(KK224,226NS) similarly resulted in a 4–fold decrease 
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in Vmax and 7–fold increase in Km (indicative of a decrease in its affinity for substrate) (Table 

4.2).  The turnover of DXP (kcat) was reduced with the introduction of the respective 

mutations, where a 2–fold and 4–fold decrease in kcat was evident for PfDXR(VN43,44AG) 

and PfDXR(KK224,226NS) respectively, when compared to the wild type PfDXR (Table 

4.2). Because of the increase in Km and decrease kcat, the amplified result led to a 9–fold and 

24–fold decrease in catalytic efficiency (kcat/Km) for PfDXR(VN43,44AG) and 

PfDXR(KK224,226NS) respectively (Table 4.2), when compared to the unmutated PfDXR. 

 

4.4  DISCUSSION 

The use of rational protein engineering enables one to structurally study an enzyme.  

Common rational design strategies include: reshaping the substrate binding site; interfering 

with cofactor specificity; or introducing charged residues into an active site in order to alter 

substrate specificity.  This is achievable through the use of a three–dimensional structure or a 

reasonable model derived from sequence alignment (Cedrone et al., 2000). Recently, a 

preliminary X–ray crystallographic study of PfDXR, in the presence of NADPH was carried 

out with plans to prepare crystals in the presence of metal ions (Umeda et al., 2010); the 

protein yields or enzyme activity were however not reported in this study.  The necessitation 

for tertiary structure analysis of the PfDXR enzyme was therefore facilitated using a PfDXR 

homology model described in Chapter 2. The docking of known inhibitors into the theoretical 

PfDXR active site provided structural information that illustrated some important differences 

between the much studied EcDXR enzyme and PfDXR.  The in silico analysis of the PfDXR 

tertiary structure confirmed that the orientations of the two NADPH binding residues in 

PfDXR (Val43 and Asn44) were significantly different to their EcDXR counterparts (Ala35 

and Gly36).  Similarly, in a highly conserved part of the catalytic hatch, two Lys residues 

(Lys224 and Lys226) in PfDXR were significantly different to the smaller EcDXR 

equivalents (Asn211 and Ser213), which also exhibited significantly different orientations.  

Upon binding of fosmidomycin into the PfDXR homology model, it was evident there was a 

greater degree of movement of the two Lys residues; this may be to facilitate movement of 

NADPH into its binding pocket adjacent to the enzyme’s active site.   

 

Numerous site–directed mutagenesis studies have been undertaken for DXR including: 

residues responsible for cofactor binding, structural residues that support the catalytic 

residues, residues that interact with the substrate, and residues of the catalytic hatch 
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(Kuzuyama et al., 2000; Reuter et al., 2002; Yajima et al., 2002; Steinbacher et al., 2003; 

Fernandes et al., 2005; Singh et al., 2006).  No literature however is available for the rational 

protein engineering of the PfDXR enzyme.  Subsequent to the identification of structural 

differences between the PfDXR tertiary structure and EcDXR crystal structure, site–directed 

mutagenesis was used to further analyse the relationship between structure and function.  A 

NADPH–dependent DXP enzyme assay was used to assess the effects of various mutations 

of the PfDXR enzyme, with the well characterized EcDXR enzyme as a control.  Complete 

inhibition of EcDXR and PfDXR by fosmidomycin in vitro, validated the assay and provided 

a benchmark to which all other potential DXR inhibitors were compared.  Subsequent to the 

efficient purification of the respective enzymes, specific enzyme activity was assessed in 

order to determine whether folded, functional protein was produced. In this study, PfDXR 

(1.04 ± 0.04 µmol/min/mg) demonstrated a specific activity 9–fold less than that of EcDXR 

(9.15 ± 0.05 µmol/min/mg), which is consistent with the literature (Jomaa et al., 1999).  

Jomaa et al. (1999) reported a specific activity for recombinant P. falciparum DXR (6 U/mg), 

the units were however not specified and protein purity was only 80%.  It may be possible 

that the presence of this His6–tag negatively influences activity of the purified PfDXR 

enzyme, but it is most likely improbable because according to the homology modeling study, 

the tag appears to protrude away from the enzyme.  Also, values reported for the His6–tagged 

EcDXR are comparable with those reported in the literature.  Both mutant enzymes 

demonstrated a decrease in specific activity when compared to the wild type PfDXR enzyme; 

where a reduction in specific activity of approximately 2–fold and 10–fold were reported for 

PfDXR(VN43,44AG) and PfDXR(KK224,226NS) respectively. 

 

Cofactor studies of PfDXR have only been examined in silico (Singh et al., 2006). Takenoya 

(2010) examined the effect of cofactors on the activity of the hyperthermophile T. maritima 

DXR and the enzyme could utilize either Mn2+ or Mg2+ as a divalent cation, but not Co2+.  

The EcDXR enzyme could utilize Mn2+, Co2+ and Mg2+, with Mn2+ resulting in the highest 

activity; no enzyme activity was reported in the presence of Ca2+, Ni2+, Zn2+
, Cu2+ or Fe2+ 

(Takahashi et al., 1998).  In two independent homology modeling studies the active site of 

PfDXR was found to be very similar to that of EcDXR (Singh et al., 2006; Goble et al., 

2010), and it was expected that the same cofactor preference would be seen.  This was 

however not the case, and the findings in this experiment concluded that EcDXR was able to 

utilize all three cofactors, Mn2+, Co2+ and Mg2+, while PfDXR was only able to utilize Mn2+ 

and Mg2+ as a divalent cation, but not Co2+, which is consistent with that of TmDXR.  While 
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only single divalent metal concentrations were addressed in this work, numerous studies in 

the literature have reported standard cation concentrations of 1 mM, hence making it feasible 

to do so in this work. 

 

For an enzyme to follow Michaelis Menten kinetics, steady state conditions need to be 

reached.  This means the concentration of the substrate–bound enzyme does not change 

(Michaelis and Menten, 1913).  In this work, EcDXR demonstrated kinetics behaviour that 

was consistent with that of a Michaelis Menten enzyme.  PfDXR on the other hand resulted 

in a flat curve, with the double reciprocal plot (Lineweaver–Burke) demonstrating a 

concentration of points that were not clearly resolved.  According to Bardsley et al. (1980) 

deviations from typical Michaelis Menten kinetics is common in that simple kinetics schemes 

can produce complicated curves.  Similarly, the mutant protein PfDXR(VN43,44AG) 

generated a non–typical Michaelis Menten hyperbolic curve that was comparable with the 

unmutated PfDXR, with only a nominal improvement in the points’ distribution.  

Interestingly though, the curve resolved for the catalytic hatch mutant protein 

PfDXR(KK224,226NS) more closely resembled that of the EcDXR Michaelis Menten curve; 

the Lineweaver–Burke plot for EcDXR and PfDXR(KK224,226NS) confirmed this by 

demonstrating a comparable distribution (to each other) with a strong correlation occurring 

between the reaction velocity and substrate concentration.  It may be possible that the 

mutation of the catalytic hatch could have resulted in the mutant enzyme becoming 

mechanistically altered so that the enzyme behaved in a manner more closely related to 

EcDXR.  Without sufficient experimental evidence however, one can only speculate at this 

time.  As mentioned, lower concentrations of substrate were tested for PfDXR and the 

PfDXR mutants, however, in all cases the resultant data that was not quantifiable.  

 

It may therefore be sensible to analyze the kinetic parameters Km, kcat and kcat/Km, which may 

provide some insight into understanding the mechanisms of each of the respective enzymes 

under review.  Analysis of enzymatic activity confirmed that PfDXR exhibited Km and kcat 

values that were similar to those of other DXRs in the literature (Chang et al., 2009).  

However, PfDXR demonstrated a very low maximal reaction velocity (Vmax).  This means 

that PfDXR is not capable of converting large amounts of substrate into product in the cell.  

This is evident in the value obtained for the kcat, which was 8–fold less than that obtained for 

EcDXR.  The similarity in the enzyme efficiency (kcat/Km) for EcDXR and PfDXR may be 



Chapter 4 – Mutagenesis studies for rational protein PfDXR engineering 
 

113 
 

because PfDXR demonstrated a greater affinity for substrate as reflected in the lower Km, 

which offsets its low turnover rate (kcat). 

 

When comparing the Km of the non–mutated PfDXR with the mutant proteins, it is evident 

that the NADPH binding mutant protein PfDXR(VN43,44AG) resulted in a Km only slightly 

greater than that of the unmutated PfDXR, while the catalytic hatch mutant protein 

PfDXR(KK224,226NS) resulted in a Km that was 7–fold greater than that of the unmutated 

equivalent.  According to Fernandes and Proteau (2006), the catalytic hatch is essential for 

catalysis and for substrate specificity; however, one cannot make assumptions with regards to 

substrate specificity unless experimentally numerous substrates have been tested.  The 

Michaelis constant, Km is defined as the concentration at which a half maximal reaction 

velocity occurs (Michaelis and Menten, 1913); however, it has been indirectly associated 

with the affinity of an enzyme for a substrate.  If this is the case, then one may be able to 

speculate that increased Km demonstrated by the catalytic hatch mutant protein 

PfDXR(KK224,226NS) may have been as a result of the enzyme’s decreased affinity for 

DXP, possibly because the altering the catalytic hatch may have interfered with the ability of 

the hatch to close over the active site once the substrate had bound.    

 

When considering the effect that the chosen mutations have on the catalytic efficiency 

(kcat/Km) of PfDXR mutant enzymes, it is evident that PfDXR(VN43,44AG) and 

PfDXR(KK224,226NS) induced a significant decrease in catalytic efficiency, when 

compared to the unmutated PfDXR.  In the case of PfDXR(KK224,226NS), the 24–fold 

decrease in enzyme efficiency (kcat/Km) appeared to be due to the significant reduction in the 

enzyme’s affinity for the substrate (Km) coupled to a decreased substrate turnover (kcat).  

PfDXR(VN43,44AG) however, shared a similar Km to that of the unmutated enzyme, 

therefore the 9–fold decrease in catalytic efficiency (kcat/Km) appeared to be a direct result of 

substrate turnover (kcat) and not due to substrate affinity.  In the literature, mutation of the 

cofactor–binding residues resulted in either insoluble protein or a drastic reduction in kcat 

(Kuzuyama et al., 2000; Fernandes and Proteau, 2006).  One would therefore expect an even 

greater drop in turnover (kcat) for the NADPH mutant protein than was reported in this study; 

interestingly, this is not the case.  This may be because the mutations did not induce a large 

enough change in the binding motif, as with the G14D mutant (Kuzuyama et al., 2000), 

which included a large charged Asp residue in place of the small uncharged Gly.  The 

NADPH binding motif may have only been partially disrupted by the introduction of the Val 
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– an aliphatic hydrophobic residue (as with Ala) – and Asn, a polar but uncharged residue (as 

with Gly).     

 

In a mutagenesis study for SyDXR Trp204, the W204F mutant protein demonstrated a 2–fold 

decrease in substrate turnover (kcat), a 2–fold increase in Km and 40–fold decrease in catalytic 

efficiency (kcat/Km) when compared to the unmutated DXR (Fernandes et al., 2005).  These 

ratios are consistent with the PfDXR(KK224,226NS) kinetics data put forward in this study.  

The authors reported that with a decrease in the size of the aliphatic side chain, for the 

W204L, W204V, and W204A mutant proteins, there was a decrease in enzyme activity 

(Fernandes et al., 2005).  In light of this, it was presupposed that the mutation of the two 

large, positively charged Lys residues for the smaller polar EcDXR equivalents, Asn and Ser, 

may have elicited a greater decrease in overall catalytic efficiency.  While a 24–fold decrease 

in enzyme efficiency (kcat/Km) was reasonably large, when compared to the values reported in 

the literature (280–fold decrease for M206A and a 7000–fold decrease for W204A) 

(Fernandes and Proteau, 2006), the change was not as drastic.  It can however be 

hypothesized that the change in catalytic efficiency indicated that the two Lys residues form a 

vital part of the catalytic hatch and mutation to a residue such as Ala, may have resulted in an 

even greater reduction in kcat/Km, more comparable with values reported in the literature.   

 

This work however presents a major limitation in that because specific activity values 

reported for PfDXR are very low and data could not be captured for substrate concentrations 

lower than 200 µM.  For PfDXR, the concentration of substrate that yielded a half maximal 

velocity (Km = 0.67 µM) was 3 times less than that of the lowest data point value (200 µM), 

meaning that a degree of error may be anticipated.  Initial screening however enabled us to 

quantify PfDXR specific activity at concentrations equivalent to its Km, with the higher 

values being comparable to those reported in this work; this was however not achieved for all 

three purification batches reported here and therefore the data was not included.  Therefore, it 

is acceptable to draw accurate conclusions about PfDXR kinetics from this work, despite the 

fact that the data at lower concentrations (below 200 µM) was excluded. 

 

In conclusion, in silico analysis was used to identify differences in the PfDXR tertiary 

structure, when compared to the well documented EcDXR.  Rational protein engineering was 

therefore used to better understand the importance of these residues and their impact on the 

enzymes’ kinetics.  The catalytic hatch mutant protein PfDXR(KK224,226NS) resulted in a 
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far greater reduction in catalytic efficiency when compared to the NADPH binding mutant 

protein PfDXR(VN43,44AG).  In the case of the hatch mutant, it may be possible to 

completely disrupt the hatch by introducing small, non–polar residues such as Ala.  The fact 

that the NADPH binding mutant did not produce a more efficient DXR (by mutating the 

NADPH binding motif to more closely resembles EcDXR), is probably because these two 

mutations may not have been sufficient  to functionally alter PfDXR to resemble EcDXR. 
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CHAPTER 5 

THE IN SILICO AND IN VITRO PARALLEL SCREENING OF 

NOVEL DXR INHIBITORS 

5.1  INTRODUCTION 

Since the discovery of fosmidomycin in the late 1970’s (Okuhara et al., 1980), numerous 

compound libraries have been reported to be effective against the DXR target enzyme.  

However, due to the recalcitrant nature of P. falciparum DXR, inhibitor screening has 

predominantly been carried out using other DXR homologues, such as E. coli and 

Synechocystis sp. (reviewed by Singh et al., 2007).  Table 5.1 summarizes numerous efforts 

in DXR inhibitor synthesis and screening. 

 

Fosmidomycin has been reported to inhibit PfDXR, EcDXR, MtDXR and SyDXR at a half 

maximal inhibitory concentration (IC50) of 32 – 310 nM (Chang et al., 2009), thus providing 

a reasonable backbone from which to develop new inhibitor libraries.  Most inhibitor libraries 

described in the literature represent analogues of fosmidomycin that incorporate a 

phosphonate moiety; however, some groups have moved away from compounds containing 

this highly charged group (Woo et al., 2006), because it has been associated with  poor 

uptake into cells, resulting in the poor bioavailability of novel drugs that target DXR (Knipe 

and Howley, 2007).  Woo et al. (2006) assessed the inhibitory activity of compounds 

boasting phosphate (6, 7), carboxylate (8), a sulfamate (9) head groups (Table 5.1).  However 

it was found that the phosphonate group was necessary for inhibitory activity where Ki values 

(indicative of the inhibitory dissociation of the enzyme–substrate complex), for the respective 

groups where quantified.  While phosphate derivatives exhibited Ki values even lower than 

fosmidomycin, the carboxylate and sulfamate compounds resulted in significantly increased 

values in Ki of approximately 4000–fold and 50 000–fold respectively (Table 5.1).  Other 

sulfone and sulfonamide derivatives resulted in poor inhibitory activity when compared to 

fosmidomycin and FR900098, the benchmark against which all inhibition studies are 

compared (Perruchon et al., 2008).   

 

The effects of altering the hydroxamic tail group (N–formyl/N–hydroxyl) found that the N–

formyl/N–methyl (10), N–acetyl/N–methyl (11) and reversed hydroxamate (12) inhibitors 

resulted in very poor inhibition in the mM range.  Extensions at the hydroxamic tail end 
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reported little success (Ortmann et al., 2007; Gieβmann et al., 2008) (Table 5.1).  However, 

other groups have reported successful use of this strategy.  For example, some 

phosphonohydroxamic acid analogues demonstrated EcDXR inhibition comparable to 

fosmidomycin (Kuntz et al., 2005)    

 

Inhibitors resulting from changes to the 3–carbon spacer have resulted in good inhibition, 

where α–substituted analogues containing a phenyl moiety resulted in only nominally 

decreased inhibition activity (IC50); the size of the phenyl side chains had a direct effect on 

inhibition efficiency as well.  The same compound series was tested in vitro for antimalarial 

potential and it was found that compounds that contained chlorinated phenyl side chains 

resulted in up to 12–fold greater antimalarial activity when compared to fosmidomycin 

(Haemers et al., 2006).  Other successful changes to the 3–carbon spacer include the 

cyclopropyl analogues published by Devreux et al (2006); both DXR inhibition and 

antimalarial activity were reported for some compounds in the nM range. Reverse analogues 

of fosmidomycin (Behrendt et al., 2010) also possess phenyl substitutions at the α–position, 

which may promote their lipophilicity, potentially facilitating their entry into cells (Behrendt 

et al., 2010), as was hypothesized by Haemers et al. (2006).  These reverse analogues were 

tested against EcDXR and PfDXR and resulted in inhibition activity comparable with 

fosmidomycin.  Interestingly enough, the compounds were 50 to 80–fold more effective at 

inhibiting PfDXR when compared to EcDXR inhibition.  The finding by Gieβmann et al. 

(2008) did however not report the same variation in IC50 values for EcDXR and PfDXR; in 

this study, inhibitors responded similarly for each of the respective enzymes. 

 

Numerous groups have been involved in the synthesis of DXP substrate analogues, with little 

or no success.  Analogues lacking hydroxyl C3/C4 (Hoeffler et al., 2002), as well as fluoro 

analogues (Wong et al., 2004; Fox and Poulter, 2005; Walker and Poulter, 2005) inhibited 

EcDXR and SyDXR in the high µM range, with some only demonstrating half maximal 

inhibitory concentrations in the mM range.  Attempts have also been made to inhibit DXR via 

the blocking of the cofactor binding site Herforth et al. (2004) reported the synthesis of more 

than 40 N6–substituted adenosine derivatives of NADPH.  While some compounds resulted 

in efficient inhibition of EcDXR, none resulted in antimalarial activity in the nM range.  

Interestingly though, one of the type IV adenosine derivatives, which demonstrated 

antimalarial activity in the low µM range, was significantly smaller in size when compared to 

the lead type IV structure (Herforth et al., 2004). 
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Table 5.1: Summary of DXR inhibition (IC50) and antimalarial activity (µM) for DXR inhibitors reported in the literature. n.d. = not determined. 

Group and Structure Inhibitor 

DXR Inhibition Antimalarial Activity 

IC50 (µM) 
EcDXR* 

IC50 (µM) 
PfDXR 

IC50 (µM) 
SyDXR* 

IC50 (µM) P. fal 
strain 

Fosmidomycin and acetyl analogue (Jomaa et al., 1999) 
 FR900098: R = CH3                          

2b: R = phenyl                                    
2C: R = benzyl 

chloroquine    0.200 ± 0.030 DD2 

fosmidomycin    0.290 ± 0.130 DD2 

FR900098    0.090 ± 0.020 DD2 

 

Fosmidomycin methyl–phenyl analogue (Tahar and Basco, 2007) 
  fosmidomycin    0.301 ± 0.112 fresh 

clinical 
isolates 

  FR900098    0.118 

  α–(p–methyl–phenyl) TH II46    0.249 

 

Phosphonohydroxamic acid analogues (Kuntz et al., 2005) 
  7: R = H                                              

8: R = CH3                                          
fosmidomycin 0.032     

7 0.170     

8 0.048     

 

α–Substituted fosmidomycin analogues (Haemers et al., 2006)   
 1: R = H                                              

2: R = CH3                                          
a: R1 = R2 = H                                    
b: R1=Me; R2 =H                                
c: R1= OMe; R2 = H                           
d: R1=Cl; R2 = H                                
e: R1 = R2 = Cl  

fosmidomycin 0.030 ± 0.008   0.360 DD2 

FR900098 0.030 ± 0.008   0.180 DD2 

2a 0.311 ± 0.012   0.350 DD2 

2b 0.396 ± 0.061   0.220 DD2 

1c 0.156 ± 0.043   0.200 DD2 

2C 0.459 ± 0.109   0.270 DD2 

2d 0.099 ± 0.026   0.095 DD2 

1e 0.059 ± 0.020   0.028 DD2 

2e 0.119 ± 0.019   0.090 DD2 
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Cyclopropyl analogues of fosmidomycin (Devreux et al., 2006) 
 4: rac cis; R1 = CH3; R2 = phenyl      

3a: rac trans; R1 = CH3; R2 = H         
3b: R1 = CH3; R2 = H                         
3c: R1 = R2 = H                                 
3d: R1 = ethyl; R2 = H                        

fosmidomycin 0.048   0.048 DD2 

FR900098 0.058   0.028 DD2 

3a 0.160    n.d.  

3b 0.050   0.032 DD2 

3c 0.313   2.1 DD2 

3d >3    n.d.  

4 >3    n.d.  

Fosmidomycin analogues (Woo et al., 2006) 
 Ki (µM) 

SyDXR 
 

6/7:                                     8:  fosmidomycin   0.057   

   FR900098   0.9   

  6   0.019   

9:                                    10/11:  7   0.002   

  8   240   

  9   2 800   

12: 6/10: R = H                                        
7/11: R = CH3 

10   5 000   

 11   3 600   

 12   4   

 
Fosmidomycin derivatives with spacious acyl residues (Ortmann et al., 2007) 
7:  fosmidomycin 0.035     
  FR900098 0.035     
  7a 10     

  7b 20     
  7c 5.4     
  7d >30     
  7e 9     

  7f 5.6     
  7g >30     
  7h 15     
   7i 5.1     

P
OH

O

OH
R2

N

OH

OH

R1

N
O

S
NH2

O

OH
O

OH

H

N P
OH

O

OH
O

R

N
O

P
OH

O

OH
O

OH

R

N

OH

O
OH

O

H

NH
P

OH

O

OH

O

OH

R N P

OH

OH

O

OH
O

O
O

O

OO O

-O

O

O O

O
O

O

F

F

F

F

F

O

7a:            7b:                          7c:                             7d:

7e:           7f:                        

7g:          7h:

7i:       7j: 



Chapter 5 – The in silico and in vitro screening of novel DXR inhibitors 
 

120 
 

  7j 1.3     
        

Non–hydrolyzable phosphate mimics (Gieβmann et al., 2008) 
24:  fosmidomycin 0.050 0.032    

FR900098 0.051 0.018    

2b 0.130 0.061    

2C 13  n.d.    

15 >30  n.d.    

23a – i >30  n.d.    

24a 17 6.6    

24b  12 9.6    

24c  20 9.3    

24d  19 20    

24e  7.10 3.3    

24f  14 12    

24g  5.10 2.9    

24h  1 0.400    

 
Sulfone and sulfonamide derivatives of FR900098 (Perruchon et al., 2008) 
  fosmidomycin 0.035     
  FR900098 0.035     

3–(acetyl(hydroxy)amino)propyl]phosphonic acid 3–methylbutyl ester 2.1     

3–(acetyl(hydroxy)amino)propyl]phosphonic acid mono(2–naphthalen–1–yl–ethyl) ester 2.4     

3–(acetyl(hydroxy)amino)propyl]phosphonic acid mono(2–naphthalen–2–yl–ethyl) ester 1.6     

3–(acetyl(hydroxy)amino)propyl]phosphonic acid mono–n–butyl ester 3.9     

3–(acetyl(hydroxy)amino)propyl]phosphonic acid mono–n–propyl ester 16     

3–(acetyl(hydroxy)amino)propyl]phosphonic acid monomethyl ester 50     

3–(acetyl(hydroxy)amino)propyl]phosphonic acid monophenethyl ester 0.49     

3–(acetyl(hydroxy)amino)propyl]phosphonic monoethyl ester 23     
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Reverse analogues of fosmidomycin (Behrendt et al., 2010)       

 12: R = H                                            
14: R = CH3 

fosmidomycin 0.221 ± 0.015 0.143 ± 0.016  3.71 ± 2.47 K1 

FR900098 0.131 ± 0.003 0.015 ± 0.001   1.48 ± 0.84 K1 

12 0.592 ± 0.025 0.012 ± 0.003  3.87 ± 1.81 K1 

14 0.243 ± 0.030 0.003 ± 0.000  0.59 ± 0.20 K1 

          

 

N6–substituted adenosine derivatives of NADPH (Herforth et al., 2004) 
% Inhibition 

EcDXR 
  

lead (type IV) 
 

1 0     3.2 DD2 

6 0     12 DD2 

7 0     11 DD2 

Type IV adenosine derivatives       

4–Phenylbutanamido 9a  38     18 DD2 

4–(2–Thienyl)butanamido 9b  30     18 DD2 

4–(2,4,–Dichlorophenoxy)butanamido 9c 41     15 DD2 

4–(3–Indolyl)butanamido 9d  75     2.8 DD2 

Type II adenosine derivatives       

 H 10a 0     12 DD2 

 Acetamido 10b 0     23 DD2 

lead (type II)                                                                   Propanamido 10c  0     15 DD2 

Cyclopropanamido 10d  0     11 DD2 

(3–Thienyl)acetamido 10e  0     11 DD2 

2–Phenylbutanamido 10f  0     6.2 DD2 

4–(3–Indolyl)butanamido 10g  45     8.5 DD2 

Diphenylacetamido 10h  50     6.2 DD2 

4–(2,4–Dichlorophenoxy)butanamido 10i  0     10 DD2 

trans–3–[(4–Chloro–3–nitro)phenyl]prop–2–enamido 10j  52     5.3 DD2 

trans–3–[(3–Nitro–4–propylamino)phenyl]prop–2–enamido 10k  33     4.8 DD2 

3–Methoxybenzamido 10l 0     11 DD2 

(4–Cyclopropylamino–3–nitro)benzamido 10m 0     26 DD2 
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lead (type III)           4–(1–Methylethyl)amino–3–nitro)benzamido 10n 0     4.1 DD2 

3–Nitro–4–(pyrrolid–1–yl)benzamido 10o  0     15 DD2 

(4–Cyclopentylamino–3–nitro)benzamido 10p  47     4.8 DD2 

3–Nitro–4–(piperid–1–yl)benzamido 10q  0     14 DD2 

4–(Morphol–1–yl)–3–nitro]benzamido 10r 0     4.8 DD2 

(4–Dibutylamino–3–nitro)benzamido 10s 70     4.2 DD2 

[4–(2–(2–Methoxyphenyl)ethylamino)–3–nitro]benzamido 10t  58     1.3 DD2 

[4–(Morphol–1–yl)–3–(4–nitrobenzamido)]benzamido 10u  27     12 DD2 

[3–Acetamido–4–(morphol–1–yl)]benzamido 10v  0     5 DD2 

3–Acetamido–4–(piperid–1–yl)benzamido 10w  24     4.2 DD2 

3–Acetamido–4–(N–benzyl–N–ethyl)benzamido 10x  65     3.3 DD2 

4–[2–(2–Methoxyphenyl)ethylamino]–3–propanamido}benzamido 10y  0     2.7 DD2 

3–tert–Butyloxycarbonamido–4–(morphol–1–yl)]benzamido 10z 0     3.1 DD2 

(3–Acetamido–4–dibut–1–ylamino)benzamido 10a1  59     3.7 DD2 

(4–Dibut–1–ylamino–3–butanamido)benzamido 10b1  53     3.2 DD2 

[4–(1–Methylethyl)amino–3–propanamido]benzamido 10c1  0     3.2 DD2 

50–Deoxy–N6–(1–naphthylmethyl)–50–pthalimidoadenosine  0     11 DD2 

1–(6–Chloropurin–9–yl)–b–d–1,5–dideoxy–(5–
phthalimido)ribofuranose 

 42     42 DD2 

Type III adenosine derivatives       

H 11a  41     2.1 DD2 

4–(3–Indolyl)butanamido 11b 48     3.7 DD2 

3–Methoxyphenylacetamido 11c  0     14 DD2 

[3–Acetamido–4–(morphol–1–yl)]benzamido 11d 0     3.2 DD2 

N6–(1–Biphenylmethyl)–50–deoxy–50–phthalimidoadenosine  0     4.3 DD2 

 
DXP analogues lacking hydroxyl C3/C4 (Hoeffler et al., 2002)  IC50 (µM) 

EcDXR 
 IC50 (µM) 

SyDXR
  

19:                                   14: 14 800  150   

19 120  30   
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Fluoro analogues of DXP (Wong et al., 2004) 
6:                                     7: 6 444     

7 773     

      

 

Fluoro analogues of DXP (Fox and Poulter, 2005) 
 1: R = CH2F                                       

2: R = CHF2                                       
3: R = CF3                                          
4: R = ethyl 

1 2000     

2 3400     

3 substrate     

4 6200  630   

        

DXP analogues (Walker and Poulter, 2005) 
 1: R = CH2(OH)                                 

2: R = NH(OH)                                  
3: R = OMe                                        
4: R = NH2                                         
5: R = OH                                           
6: R = amide          

1 310       

2 >5000     

3 1024     

4 253  90   

5 551     

6 >5000         

* In some cases, IC50 values were not reported and the authors used % inhibition or Ki values as a measure of inhibition instead – this is clearly shown on the table, with an 
indication of where the reporting of IC50 values resumes
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Numerous in vivo experiments with fosmidomycin have been undertaken; the first was 

reported by Jomaa et al. (1999), where mice infected with the rodent malaria parasite P. 

vinckei were treated from day 1 after infection to day 4. Even at doses as low as 5 mg/kg 

fosmidomycin (and FR900098), mice appeared to be free of parasites.  However, since then, 

fosmidomycin resistance has resulted in the need for combination therapies (Borrmann et al., 

2005).  For example, fosmidomycin was used in combination with clindamycin for the 

treatment of acute uncomplicated malaria from P. falciparum.   Although the drugs were well 

tolerated, the combination therapy involved dosages of fosmidomycin of 75 mg/kg (because 

of the anticipated short half–life in plasma) and an unacceptably high rate of recrudescence 

was reported (Wiesner et al., 2002).  In vitro activity of fosmidomycin and its closest 

derivatives were also tested against clinical isolates of P. falciparum, taken from malaria–

infected humans in Cameroon.  The study concluded that fosmidomycin was 50–100 times 

less potent that other antimalarial drugs such as mefloquine, lumefantrine, atovaquone and 

artemisinin derivatives (Tahar and Basco, 2007). 

 

In light of this, the need for new drug therapies arises, which are potent against malaria and 

do not demonstrate attributes such as poor oral bioavailability with poor resorption, as is the 

case with fosmidomycin (Singh et al., 2007).  The aim of this work involved the in vitro and 

in silico screening of a library of 46 novel potential DXR inhibitors.  The broad objectives 

entailed screening the compound library for DXR–inhibition potential, by way of an 

NADPH–dependent DXP assay, using purified PfDXR and EcDXR enzyme.  Further in vitro 

analysis involved quantifying antimalarial potential of these compounds using P. falciparum–

infected erythrocyte tissue culturing.  Run in parallel to this, the compound library was 

screened in silico for qualification of potential binding affinity and theoretical ligand 

efficiency. 

 

5.2  EXPERIMETNAL PROCEDURES 

5.2.1 Materials, special reagents and chemicals 

All general chemicals used in this study were of the highest analytical grade.  The reagent 

and supplier information can be seen in Table C.1, Appendix C. 

 

5.2.2 In silico docking of novel compounds into PfDXR homology model 

Docking was carried out in exactly the same manner as described in Chapter 2.2.3. 



Chapter 5 – The in silico and in vitro screening of novel DXR inhibitors 
 

125 
 

5.2.3 In vitro screening of novel compounds using an NADPH–dependent DXP assay 

The assay, which monitors NADPH reduction, as DXP is converted to MEP, is described in 

full in Appendix A10.  Screening experiments were completed in triplicate for two separate 

batches of PfDXR and EcDXR enzyme.  Specific activity (µmol/min/mg) for each enzyme 

was calculated using the straight line of the graph which plotted average absorbance at 340 

nm over 10 minutes (ΔA/min).  Compounds were tested at a single concentration of 250 µM 

(in 10% DMSO) with PfDXR and EcDXR in independent experiments, in triplicate, in the 

same plate and under identical conditions.  Initial screening was done at inhibitor 

concentrations between 100 and 500 µM, with 250 µM being the first concentration at which 

no potential inhibitor gave complete inhibition – this concentration was therefore used for 

screening.  Specific activity for each compound was represented as a percent of the untreated 

sample, where the experiment containing no compound was treated as 100%. 

 

5.2.4 P. falciparum–infected erythrocyte growth assays 

The novel compounds were screened for their effect on the growth of P.falciparum in 

infected erythrocytes.  Fresh human type–O blood was extracted and washed with complete 

medium (RPMI 1640 liquid with L–glutamine, 0.05 g/l gentamicin, 0.088 g/l hypoxanthine, 5 

g/l Albumax II, 6 g/l HEPES, 1/20th volume 5% NaHCO3 [v/v]) at a ratio of 1:1.  The sample 

was centrifuged at 1200 x g at room temperature for 5 minutes.  The supernatant was 

removed and the wash step was repeated so that only red blood cells remained (Dzinjalamala 

et al., 2005).  Erythrocytes were stored at 4oC until use. 

 

P.falciparum 3D7 parasite stocks (–80oC) were thawed quickly at 37oC in a water bath.  

Parasitized red blood cells (PRBC) were transferred to a 50 ml falcon tube and 1 volume 12% 

NaCl (37oC) was added to 5 volumes PRBC in a dropwise manner with constant swirling.  

This was incubated at room temperature for 5 minutes before 10 ml of 1.8% NaCl (37oC) was 

added dropwise.  PRBCs were collected via centrifugation at 750 x g at room temperature for 

5 minutes.  PRBCs were then resuspended in 20 ml complete medium (37oC) supplemented 

with 10% human type–O erythrocytes. Cultures were kept at 37°C under an atmosphere of 

5% O2, 3% CO2, and 92% N2 (Dzinjalamala et al., 2005).   

 

P. falciparum–infected erythrocytes were cultivated in the manner described above and every 

24 hours, parasitemia was assessed using Giemsa staining (10% Giemsa stain made up with 

PBS).  Ring–stage parasites were synchronized weekly by the addition of 5 volumes of 5% 
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sorbitol (37oC).  This was incubated at 37oC for 10 minutes before being centrifuged at 750 x 

g at room temperature for 3 minutes in order to collect the PRBCs (Dzinjalamala et al., 

2005). 

 

Drug screening was carried out using the parasite lactate dehydrogenase (pLDH) assay 

completed in a 96–well microtitre UV plate (Corning Costar).  A 2% haematocrit and 2% 

parasitemia were prepared subsequent to parasitemia quantification by counting a minimum 

of 100 cells in a minimum of 10 views, using a 100 x magnification on a light microscope.  

The assay was blanked using 100 µl 2% haematocrit in 100 µl complete medium (RBC).  

Test samples were assayed in triplicate in a reaction containing 100 µl 2% parasitemia and 

100 µl compound (250 µM in 10% DMSO).  Fosmidomycin (1 µM) and selected compounds 

(250 µM in 10% DMSO) were tested at a single concentration of 250 µM; the rationale for 

testing at this concentration was such that compounds were quantified at a uniform 

concentration for DXR inhibition, as well as growth inhibition Controls included: 

chloroquine (1 µM in 10% DMSO), fosmidomycin (1 µM) and 2% parasitemia with no 

compound, containing 10% DMSO.  Plates were kept at 37°C under an atmosphere of 5% O2, 

3% CO2, and 92% N2 for exactly 48 hours (Dzinjalamala et al., 2005).  Control inhibitors 

chloroquine and fosmidomycin were quantified in the micromolar range, even though their 

IC50 vales are reported to be in the nanomolar range in vitro; this was done to ensure that a 

reasonable kill response of parasites/ mammalian cells was achieved. 

 

To develop plates, 100 µl malstat (50 mM Tris–HCl, 4 g/l L–lactate, 1/500th [v/v] Triton X–

100, 0.11 g/l APAD) was added to 15 µl of the cell suspension.  Subsequent to this, 25 µl 

NBT (1.6 g/l nitro blue tetrazolium salt, 0.08 g/l phenazine ethosulphate) was added to the 

cell suspension.  Air bubbles were removed and absorbance was measured at 620 nm 

(Dzinjalamala et al., 2005).  All samples were quantified as % viability, where the 2% 

parasitemia control sample containing no compound, with 10% DMSO was treated at 100% 

viability. 

  

5.2.5 Human cell line growth assays 

The WST assay was used to confirm the anti–proliferative effects of selected compounds on 

Hst578T cancer cell line.  The assay is based on the reduction of WST–1 by viable cells to 

produce a soluble formazan salt.  
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Plates were seeded with 5000 cells/well in 100 μl and incubated overnight at 37ºC in an 

atmosphere of 5% CO2 for 16 hours. Thereafter the cells were dosed with 250 µM of the test 

compound (in 10% DMSO) (100 µl) in quadruplicate and incubated for 48 hours as before.  

After which, 10 μl of 5 mg/ml WST–1 reagent was added to each well before incubating at 

37ºC in an atmosphere of 5% CO2 for a further 4 hours before absorbance was quantified at 

450 nm. The chemotherapeutic drug paclitaxel (Invitrogen) was used as a control cytotoxic 

compound at 250 nM concentrations (Lawson et al., 2009). Other controls included a 10% 

DMSO solvent control and a media and compound negative control (no cells). Fosmidomycin 

(1 µM) and selected compounds (250 µM in 10% DMSO) were tested at a single 

concentration of 250 µM; again the rationale of testing at this concentration was such that 

compounds were quantified at a uniform concentration.  The percentage of viable cells was 

quantified for each compound and was represented as a percent of the untreated sample 

containing DMSO, where the experiment containing no compound was treated as 100%.  

Paclitaxel and fosmidomycin were quantified against an untreated sample containing no 

DMSO.  T–tests were quantified for each compound tested, whereby the means of two groups 

(control and treatment) were compared.  The degrees of freedom (df) and alpha level were set 

at 2 and 1 respectively. 

 

5.3  RESULTS 

5.3.1 In silico docking of novel compounds into PfDXR homology model 

AutoDock 4.2 was used to dock 48 compounds for the purpose of analysing the potential 

binding affinity (kcal/mol) and the relative ligand efficiency.  The catalytic residues were 

made flexible in order to more closely represent the in vivo environment of the PfDXR 

enzyme. 

 

The compound library can be divided into two distinct groups, namely fosmidomycin 

analogues (42) and analogues of known antimalarial natural products (4).  The fosmidomycin 

analogues varied in structure in a number of ways.  Firstly, changes were made to 

hydroxamic acid moiety to include a phenyl group.  Secondly, the carbon spacer length was 

adjusted to include a 2–carbon spacer (201–207. 201a–207a, 201Na–207Na) and 3–carbon 

spacer (301–307, 301a–307a, 301Na–307Na) between the phosphonate moiety and 

hydroxamic acid.  Lastly, changes were made to the phophonate moiety, where 201–207 and 

301–307 groups included phosphonate esters; 201a–207a and 301a–307a had a typical 
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phosphonate moiety; and 201Na–207Na and 301Na–307Na included a negatively charged 

phosphonate group as a result of the dissociation of the sodium group when compounds were 

dissolved in water, yielding a negative charge.  Novel compounds were synthesized by Mr M. 

Mutorwa in a collaborative effort with the Department of Chemistry, Rhodes University, 

Grahamstown, South Africa.  All the structures are presented in Figure 5.1 

 

The analogues of known antimalarial natural products were derived from structures relating 

to isopimarane diterpenoid natural products, isolated from the Iranian tree Platycladus 

orientalis (Asili et al., 2004).  These analogues have different phenyl side chains including 4–

chlorophenyl– (140–1A), 3–chlorophenyl– (140–2A), 4–fluorophenyl– (140–3A) and 2–

methyl–4–chlorophenyl– magnesium bromide (140–4AA).  Novel compounds from natural 

products were synthesized by Mr R. Young, again, in collaboration with the Department of 

Chemistry, Rhodes University, Grahamstown, South Africa.  They were included in the study 

because of the apparent lack of a phosphonate/phosphate moiety and hydroxamic acid 

moiety.  All the structures are presented in Figure 5.1. 
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Figure 5.1: The chemical structures of novel compounds used for docking studies.  
Compounds included: 201–207. 201a–207a, 201Na–207Na, 301–307, 301a–307a, 301Na–307Na (in columns 
down) and 140–1A, 140–2A, 140–3A, and 140–4AA (in last row).  Structures were drawn using 
ACD/ChemSketch freeware software version 11.01. 

 

The docking software used in this work was able to provide information including theoretical 

binding affinity (kcal/mol), relative ligand efficiency, theoretical inhibitor constant (pM) and 

potential hydrogen bonding interactions.  This data is summarised in Appendix B (Table 

B.1).  By simple analysis of this information, it is very difficult to gauge the efficiency of the 

ligands as compared to fosmidomycin; a graphical representation of this information was 

therefore necessary.  For this purpose, the novel in silico screening tool developed in this 

work (see Chapter 2) was used.  Upon visual analysis of the results of using this screening 
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tool, which classified DXR inhibitors into quadrants, based on the ligand’s potential binding 

affinity (kcal/mol) and number of potential hydrogen bonding interactions, it was evident that 

a grouped distribution resulted.  A minor modification to this plot [potential binding affinity 

(kcal/mol) and relative ligand efficiency] resulted in a more even spread of data points 

(Figure 5.2).  As expected, fosmidomycin and FR900098 demonstrated good binding affinity 

and good ligand efficiency, indicative of a more negative value, and resided in the bottom left 

quadrant (Figure 5.2).  This, coupled to the re–docking of fosmidomycin into the PfDXR 

homology model validated the docking process sufficiently.   

 

The natural products analogues all demonstrated poor binding affinity and poor ligand 

efficiency and hence resided in the top right quadrant (Figure 5.2).  The fosmidomycin 

analogues that were classified as having good theoretical inhibition efficiency included: 

fosmidomycin, 201a, 203a, 204a, 204Na, 206Na, 301Na, 302a, 303Na, 304a, 304Na, 305a, 

306a and 307Na (Figure 5.2 and Table B.1). 
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Figure 5.2: Graphical representation of the theoretical inhibition efficiency of novel compounds (legend on next 
page). 
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Graph showing the correlation between theoretical binding affinity (kcal/mol) and relative ligand efficiency for 
46 potential DXR inhibitors docked into PfDXR.  Inhibitors include: Fosmidomycin (coloured green), 
FR900098 (coloured green), 201–207, 201a–207a, 201Na–207Na, 301–307, 301a–307a, and 301Na–307Na, 
140–1A, 140–2A, 140–3A and 140–4AA. The potential DXR inhibitors are classified into one of four 
quadrants: the top left quadrant represents compounds with good ligand efficiency but a poor inhibitor constant; 
the top right quadrant represents compounds poor ligand efficiency and a poor inhibitor constant; the bottom left 
quadrant represents compounds good ligand efficiency and a good inhibitor constant; the bottom right quadrant 
represents compounds poor ligand efficiency but with a good inhibitor constant. 

 

An accumulative effect was derived from plotting binding affinity, ligand efficiency, 

inhibition efficiency (in the form of an inhibition constant) and potential H–bonding 

competence such that each factor accounted for 25% of the total score (Figure 5.3).  

Compounds were directly compared to FR900098 (100%), because it demonstrated better 

binding properties than fosmidomycin (Figure 5.2).  From this it was evident that 304a 

demonstrated binding properties that were even greater than FR900098, attributed mostly to 

its low inhibition constant (theoretical IC50).  Interestingly, when all the above mentioned 

factors were considered, and not just the binding affinity and ligand efficiency (as in Figure 

5.2), compound 204 appeared to be one of the most efficient compounds with respect to 

theoretical binding.  Figure 5.3 also showed that the 200 compound series demonstrated 

better binding properties, when compared to the 300 series; similarly, the 300 series exhibited 

better binding properties, when compared to the 140 series.  

 

While 14 compounds appeared in the expected quadrant in Figure 5.2, analysis of all 4 

binding properties concluded that only 8 compounds were in fact efficient at binding the 

PfDXR homology model.  These included: fosmidomycin, 203a, 204, 207a, 302a, 304a, 

304Na, 305a and 307Na.  Interestingly, 204 and 207a appear in this group, but did not reside 

in the expected quadrant (Figure 5.2).   
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Figure 5.3: Graphical representation of the predicted in silico binding ability of novel compounds. 
Graph showing the cumulative effect of binding affinity (in kcal/mol) and relative ligand efficiency, for 46 potential DXR inhibitors docked into PfDXR.  Inhibitors include: 
Fosmidomycin, FR900098, 201–207, 201a–207a, 201Na–207Na, 301–307, 301a–307a, and 301Na–307Na, 140–1A, 140–2A, 140–3A and 140–4AA.  The greatest values 
(expressed as positive values) represent those compounds which demonstrated the greatest binding ability to the PfDXR homology model. 
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Following the in silico analysis of the 200, 300 and 140 compound series, it was necessary to 

establish whether these compounds were effective at inhibiting the antimalarial drug target 

enzyme, PfDXR. 

 

5.3.2 In vitro screening of novel compounds for DXR inhibition 

The reduction of NADPH was monitored as a measure of enzyme activity because it is 

known from the literature that the DXR enzyme uses NADPH as a cofactor, as DXP is 

converted to MEP (Kuzuyama et al., 1998). 

 

While some of the compounds were soluble in water, the phosphonate esters and natural 

product series were not.  Dimethyl sulfoxide (DMSO) is a polar solvent that dissolves polar 

and non–polar compounds.  It is also miscible in a wide range of organic solvents, including 

water (reviewed by Kvakovszky et al., 2007).  In this study, compounds were therefore 

dissolved in 10% DMSO (2% DMSO in final assay).  The assay was therefore tested using 

numerous concentrations in order to assess the threshold at which it affected enzyme activity 

(Figure 5.4).  It was evident that only at 25%, DMSO had an inhibitory effect on DXR.  It 

appeared that the presence of DMSO in the assay mixture, even in very small amounts, 

resulted in a small degree of enzyme activation, with a slight increase in specific activity 

(µmol/min/mg).  However, the increase was not significant enough to warrant any further 

investigation (Figure 5.4).  It was therefore decided that all compounds would be dissolved in 

10% DMSO so that the final concentration of DMSO in the assay was 2%; this was to ensure 

uniformity in the assay procedure. 
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Figure 5.4: Analysis of the effects of DMSO on the activity of EcDXR. 
The assay was performed under standard assay conditions with purified EcDXR enzyme.  The percentages are 
indicative of the final% DMSO in the reaction mixture.  The DMSO tolerance test was performed in triplicate 
subsequent to two separate batch purifications of the enzyme.  Error bars represent the standard deviation for 
samples tested in triplicate for two separate batches of enzyme. 
 

Following this, assays were carried out in triplicate, for PfDXR and EcDXR so that the two 

target enzymes could be compared directly.  According to Figure 5.5, some novel compounds 

tested did indeed inhibit DXR, while interestingly, some compounds had an enhancing effect 

on DXR.   

 

Compounds that were shown to be effective at inhibiting PfDXR included: 202a, 203a, 207, 

140–1A, 140–2A and 140–3A (Figure 5.5).  Compounds that demonstrated more than 40% 

inhibition for EcDXR included: 201, 201Na, 207, 301Na, 307Na, 140–1A, 140–2A and 140–

3A (Figure 5.5).  From this, it was evident that the only compounds that inhibited both 

PfDXR and EcDXR were 207, 140–1A, 140–2A and 140–3A. The 300 series demonstrated 

almost no inhibitory effect toward either of the DXR enzymes.  Numerous compounds 

demonstrated an enhancing effect on the PfDXR purified enzyme, particularly the negatively 

charged phosphonates of the 200 series (201Na, 202Na, 205Na, 206Na and 207Na) (Figure 

5.5A).  The compounds that inhibited EcDXR exclusively were 201, 201a, 301Na and 

307Na, while 202a and 203a only inhibited PfDXR.  Statistical analyses using a t–test 



Chapter 5 – The in silico and in vitro screening of novel DXR inhibitors 
 

135 
 

confirmed that numerous experimental samples were significant, including the compounds 

that inhibited both PfDXR and EcDXR (Figure 5.5). 
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Figure 5.5: Analysis of PfDXR and EcDXR relative activity in the presence of novel compounds 201–207, 
201a–207a, 201Na–207Na, 301–307, 301a–307a, 301Na–307Na, 140–1A, 140–2A, 140–3A and 140–4AA 
(legend on next page). 
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Relative percentage PfDXR inhibition (shown in green) and EcDXR inhibition (shown in purple); normalized 
against PfDXR or EcDXR activity respectively, in the presence of no compound, set at 100% (DXR), for (A) 
201–207, 201a–207a, 201Na–207Na; (B) 301–307, 301a–307a, 301Na–307Na; (C) 140–1A, 140–2A, 140–3A, 
and 140–4AA.  All compounds were tested at a concentration of 250 µM.  1 µM fosmidomycin (FOS) was used 
as a positive control for DXR inhibition.  Points coloured yellow are representative of compounds that show 
more than 40% inhibition of PfDXR and points coloured pink are representative of compounds that show more 
than 40% inhibition of EcDXR (not including controls).  Error bars represent the standard deviation for samples 
tested in triplicate for two separate batches of enzyme. ‘*’ is indicative of statistical significance where p < 
0.005.     

 

Following the in vitro analysis of numerous compounds against the effective antimalarial 

drug target enzyme, it was necessary to assess whether they demonstrated antimalarial 

activity and to what degree.  

 

5.3.3 In vitro screening of novel compounds for inhibition of P. falciparum growth 

The P. falciparum 3D7 strain was cultured in type O human erythrocytes.  Parasitemia was 

assessed daily and a pLDH assay, which was performed in duplicate for two separate 

experiments, was used to quantify the antimalarial effect of the compounds.  A summary of 

the different parasite stages can be seen in Figure B.4 (Appendix B).  Parasite lactate 

dehydrogenase (pLDH) is maximal between 36 and 48 hours when trophozoites and shizonts 

predominate (Basco et al., 1995). 

 

At a concentration of 250 µM, compounds that demonstrated antimalarial activity of more 

than 40% included: 304Na, 305Na, 307Na, 140–1A, 140–2A and 140–4AA (Figure 5.6).  

Control compounds used were fosmidomycin and chloroquine, which have been reported to 

have IC50 values in the nanomolar range.  All samples that demonstrated possible antimalarial 

activity of more than 40% reduction in parasitemia, at a concentration of 250 µM, were tested 

for toxicity in human cells (Figure 5.6).  This was accomplished by quantifying the reduction 

of WST–1 reagent as a measure of cell viability.  Control reactions that were included in the 

experiment were the highly toxicity anti–cancer drug, paclataxel, chloroquine and 

fosmidomycin.  As expected, paclataxel resulted in 60% reduction in viability (or growth 

inhibition), while chloroquine and fosmidomycin resulted in 87% and 44% reduction in 

viability respectively.  Compounds 304Na, 305Na, 307Na, 140–2A, 140–3A and 140–4AA 

appeared to be relatively non–toxic to human cells and resulted in a reduction in viability of 

less than 35, while 140–1A, resulted in a reduction of 52% (Figure 5.6).      
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Figure 5.6: In vitro screening of novel compounds for growth inhibition activity (legend on next page). 
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The in vitro growth inhibition activity of novel compounds was assessed by viability assays on P. falciparum–
infected erythrocytes and on human cells.  The relative percentage parasite viability, based on pLDH activity, 
for all compounds is shown in green, while the relative percentage viability of human cells, based on the WST–
1 assay, was assessed for some compounds (shown in pink).  The pLDH assay was normalized against infected 
red blood cells in the presence of no compound (No CPD), for (A) novel compounds 201–207, 201a–207a, 
201Na–207Na; (B) 301–307, 301a–307a, 301Na–307Na; (C) 140–1A, 140–2A, 140–3A, and 140–4AA.  All 
compounds were tested at a concentration of 250 µM.  Experimental controls include: 1 µM chloroquine (CHL), 
200 nM paclataxel (PTX) and 1 µM fosmidomycin (FOS).  Bars coloured yellow are representative of 
compounds that show less that 60% viability (not including controls). Error bars represent the standard deviation 
for samples tested in duplicate for two separate batches of enzyme. ‘*’ is indicative of statistical significance 
where p < 0.005.      

 

In this work all control reactions appeared to work as expected, validating the experiment.  It 

is evident from these data that while some compounds inhibited DXR in vitro, they did not 

necessarily inhibit parasite grown in vitro and vice versa.  The same can be said for docking 

studies; in some cases, compounds inhibited the growth of P. falciparum–infected 

erythrocytes and inhibited PfDXR, but did not demonstrate a good binding affinity.  From 

these data however, one appears to be able to link structure to function with respect to drug 

screening (Table 5.2). 
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Table 5.2: Summary of data for novel compounds for in vitro DXR inhibition, in vitro antimalarial ability and in 
silico theoretical inhibition efficiency (footnote on next page). 

Sample 
Inhibits Growthb    

> 40% 
Good Dockingc     

> 70% 
Inhibits DXRa      

> 40% 
Toxic to humand 

cells  > 65% 
FOS YES YES YES x 
201 x x YES  

201a x x x  

201Na x x YES  

202 x x x  

202a x x YES  
202Na x x x x 

203 x x x  

203a x YES YES  

203Na x x x  

204 x YES x  

204a x x x  

204Na x x x  

205 x x x  

205a x x x  

205Na x x x  

206 x x x  

206a x x x  

206Na x x x  

207 x x YES  

207a x YES x  

207Na x x x  

301 x x x  

301a x x x  
301Na x x YES x 

302 x x x  
302a x YES x x 

302Na x x x  

303 x x x  

303a x x x  
303Na x x x x 

304 x x x  

304a x YES x  
304Na YES YES x x 

305 x x x  

305a x YES x  
305Na YES x x x 

306 x x x  

306a x x x  

306Na x x x  

307 x x x  

307a x x x  
307Na YES YES YES x 

140–1A YES x YES YES 
140–2A YES x YES x 
140–3A YES x YES x 

140–4AA YES x x x 
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For vitro DXR inhibitiona, compounds that demonstrate more than 40% inhibition of PfDXR or EcDXR or both 
are represented as positive.  Similarly, compounds that demonstrated more than 40% in vitro antimalarial 
abilityb are represented as positive.  In silico theoretical inhibition efficiencyc was quantified positively for 
compounds that had a score of more than 14 for the sum of the binding affinity and relative ligand efficiency. 
Compounds that resulted in a reduction in viabilityd of more than 35% for Hst578T human cells were quantified 
as a positive result.  A positive result is symbolized with “YES” and a negative result is symbolized with “x”.   

 

From Table 5.2, it is evident fosmidomycin fulfilled all the desired criteria for an effective 

“hit” compound, as expected as it resulted in more than 40% growth inhibition of P. 

falciparum–infected erythrocytes, without being toxic to human cells.  It also, docked into the 

PfDXR theoretical model with more than 70% of the score obtained for FR900098 and it 

inhibited DXR activity by more than 40% (Table 5.2).  It must also be noted that 

fosmidomycin was tested at a concentration that was 250 times less concentrated that other 

potential inhibitors, confirming its effectiveness as a DXR inhibitor.  The novel compound 

307Na also fulfilled all of the above mentioned criteria and it therefore represents a potential 

“hit” for development into an antimalarial drug (Table 5.2).  

 

5.4  DISCUSSION 

According to Fox and Poulter (2005), fosmidomycin is a slow, tight–binding inhibitor of 

EcDXR.  Other weaker inhibitors of DXR have been shown to be strictly competitive or non–

competitive (reviewed by Singh et al., 2007); this type of information is critical in the 

rational design of potential inhibitors of DXR.  In antimalarial drug discovery, numerous 

approaches, both novel and common, have been utilized in the design of novel antimalarial 

compounds, against this disease of poverty.  Some of these common avenues include 

investigating traditional medicine leads, the use of molecular biology techniques to identify 

potential targets, natural product screening and structure–based drug design (Milhous, 1998).   

In this study, two of these avenues have been explored including structure–based drug design 

and natural product screening. 

 

In the absence of an experimentally–derived PfDXR crystal structure, a homology model was 

designed and utilized for rigorous analysis of the PfDXR active site, for the purpose of drug 

design.  A combinatorial approach was taken in order to hypothesize which compound 

properties appeared to provide the molecule with an advantage, also concentrating heavily on 

the literature.  Numerous properties have been said to be essential in the synthesis of DXR 

inhibitors, including a phosphonate/phosphate moiety (Kurz et al., 20031; Kurz et al., 20032; 

Wiesner and Jomaa, 2007), as well as a hydroxamic group containing a charged or partially 



Chapter 5 – The in silico and in vitro screening of novel DXR inhibitors 
 

141 
 

charged nitrogen atom (Zubrzycki and Blatch, 2001).  However, according to the literature, 

the presence of the phosphonate/phosphate moiety results in a significant reduction in 

lipophilicity, typical of fosmidomycin, which leads to difficulty in crossing phospholipid 

membranes and also adds to its poor absorption, making such compounds inefficient drugs 

(Deng et al., 2009).  In a study undertaken by Haemers et al. (2006), a compound library was 

designed to include a phenyl ring, which would improve the lipophilicity of the compounds.  

Other structural modifications included analysing the effect of phosphonate esters versus 

charged and uncharged phosphonate groups.  Because of the presence of a catalytic hatch, 

which closes over the active site after the substrate has bound (Yajima et al., 2002), it is 

likely that the small DXR active site does not easily accommodate large molecules.  This, 

coupled to the existence of a phosphate binding pocket, may mean that the phosphonate ester 

group is too large to adequately bind to the DXR active site.  An interesting development to 

the compound design process involved the inclusion of a negatively charged phosphonic acid; 

where the dissociation of the sodium ions in water, would yield a negatively charged group.  

A very small natural products screening compound group were included in this work, in order 

to gauge the importance of the above mentioned moieties.  This group of compounds derived 

from natural products boasted both bulkiness and did not incorporate any of the moieties that 

the literature states are typical properties of a good DXR inhibitor. 

 

Compounds were analysed both in silico and in vitro in order to gauge whether there was an 

overlap in structure and function.  The in silico screening tool developed during this study 

(see Chapter 2) was applied for the analysis of 46 novel compounds.  Compounds were 

docked into the PfDXR homology model and properties including binding affinity, ligand 

efficiency, inhibition efficiency and potential H–bonding competence were analysed.  The in 

silico screening tool only took 2 of the 4 binding properties into account, and yielded 14 

compounds (including fosmidomycin and FR900098) which proved effective at binding 

PfDXR.   

 

The compound library was then analysed, taking into account all four factors, so that each 

factor accounted for 25% of the final score, where the control compound used for docking 

was FR900098 because it resulted in the greatest binding scores, and represents a compound 

(along with fosmidomycin) against which all inhibition studies are compared.  The acetyl 

analogues of fosmidomycin were used as they show in the greatest theoretical scores for 

docking and in the literature; it has been shown to demonstrate better inhibitory effects for 
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PfDXR than fosmidomycin (Jomaa et al., 1999; Gieβmann et al., 2008; Behrendt et al., 

2010).  This more rigorous screen, allowed for the compounds to be filtered, so that they 

yielded a score of more than 70%.  Of the 8 compounds that satisfied the criteria, two 

compounds (204 and 207a) did not appear in the original screened group, which took only 

binding affinity (kcal/mol) and ligand efficiency (relative) into account.  In the case of 204, a 

reasonable binding affinity, with slightly lower ligand efficiency, meant that it resided in the 

top left quadrant; however, when the other factors were considered, it transpired that a good 

inhibition constant (theoretical IC50) resulted in a significantly improved total score.   

 

Upon analysis of the docked compound orientation, it was evident that there was a high 

degree of hydrogen bonding but the compound did not fully enter the active site, which 

means that some of these interactions were with non–catalytic residues.  The high degree of 

potential bonding capacity resulted in an improved binding affinity score but the bulkiness of 

the molecule meant that its efficiency as a DXR inhibitor may have been compromised.  In 

the case of 207a, its binding affinity was below the threshold of – 13 kcal/mol, but its ligand 

efficiency was above the threshold of – 0.7, placing it in the bottom right quadrant.  Further 

analysis however confirmed that the high degree of hydrogen bonding resulted in an 

increased score that satisfied the more stringent criteria.  This compound is significantly 

smaller than 204 and this, coupled to the presence of the critical phosphonate moiety, means 

that it took on a bound conformation similar to FR900098, possibly resulting in a high degree 

of ligand efficiency.   

 

It is evident from the analysis that, of the compounds that yielded a score of more than 70%, 

most included a phosphonate group, confirming the importance of this moiety in inhibitor 

binding.  Interestingly, more of the larger 300 series compounds appeared in this group, when 

compared to the 200 series.  But upon analysis, it was evident that many in this group, upon 

docking, demonstrated changes to their minimised conformations in order to enter the active 

site.  Compound 304a demonstrated binding properties that superseded a 100% score – this 

was attributed predominantly to a significantly small inhibitor constant (IC50).  However, 

upon analysis of the docking conformation, it was evident that the compound demonstrated a 

reverse orientation, with the NO2 phenyl side chain protruding into the active site.  This may 

mean that the compound required less energy to bind, resulting in a good binding score.  

However, it would be necessary to assess whether this compound could inhibit DXR because 

rigorous analysis of the active site has revealed that the phosphonate/phosphate moiety is 
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required for coordination of the divalent metal ion within the active site (Kuzuyama et al., 

1998). 

 

As expected, the 140 series compounds all resided in the top right quadrant, demonstrating 

poor binding affinity and poor ligand efficiency (because of their bulkiness and lack of 

“critical” binding groups).  This screening tool is therefore useful in deciphering binding 

efficiency, between compound libraries, as opposed to compounds of the same library that 

share very similar structures.  Following the in silico analysis, an attempt was made to link 

compound structure (how efficiently did it bind) with function (how well it inhibited DXR).  

Upon analyses of the data, it was evident that only the 140 series resulted in significant DXR 

inhibition for both the PfDXR and EcDXR purified enzymes, with a high degree of statistical 

significance.  This is interesting because of the evident lack of “critical” binding groups and 

poor docking efficiency of the compounds.  Interestingly, 140–4AA only resulted in 25 and 

18% inhibition of PfDXR and EcDXR respectively, while 140–1A, 140–2A and 140–3A 

resulted in inhibition of ~ 50% for PfDXR and ~ 70% for EcDXR.  Upon analysis of the 

compound structures, it may be possible that the addition CH3 side chain on C1 (carbon 1) of 

the phenyl ring many have resulted in an increased bulkiness.  The docking analysis also, to 

some degree, confirmed that 140–4AA resided in the top right quadrant when initially 

screened and further screening confirmed that 140–4AA achieved the poorest overall binding 

score. Analysis of the compound conformation concluded that the CH3 in question resulted in 

an opposite orientation to that of 140–1A, 140–2A and 140–3A and had significantly less 

potential for hydrogen bonding interactions.  Thus it may be possible that even if the 

compound was able to enter the PfDXR active site, it may not have bound sufficiently 

enough to induce a response.  It may also be possible that the 140 series may be binding 

outside the active site and may be inhibiting DXR via the inhibition of NADPH binding; 

however, further kinetic analysis would need to be undertaken in order to accurately confirm 

this, analyses of whether the compounds were non–competitive or uncompetitive would 

provide some evidence in this regard. 

 

The only other compound that exhibited some DXR inhibition for both PfDXR and EcDXR 

was 207.  This is interesting because of the presence of the phosphonate ester group (as a 

replacement for the phophonate).  Docking analysis revealed that 207 may dock in a similar 

manner to that of FR900098, whereby the phosphonate ester group exhibited potential 

hydrogen bonding interactions with catalytic residues Lys240 and Asn241 (x2), while the 
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nitrogen group interacted with Ser199 and Ser235.  It may be possible that the 2+ charge of 

the divalent cation could still be sufficiently coordinated by the phosphonate ester in the 

binding site. 

 

Other compounds that demonstrated some inhibition ability for EcDXR (but not for PfDXR) 

included: 201, 201Na, 301Na and 307Na, while compounds that partially inhibited PfDXR 

(and not EcDXR) included 202a and 203a.  Analysis of the compounds’ structures, allowed 

for one to conclude that the 200 series boasting the shorter carbon spacer generally 

demonstrated slightly more inhibition potential.  In general, compounds that contained 

fluorine or nitrogen groups at the tail end, e.g. R = NO2, F or CN, did not bind as efficiently 

when compared to compounds containing oxygen groups at the tail end, e.g. R = OH, OCH3 

or CH2OH.  A preference for the OH group was also evident, which corresponds to the 

literature, where numerous compounds known to inhibit DXR have contained an OH group at 

the tail end as part of the hydroxamic acid moiety (Table 5.1). 

 

The antimalarial efficiency of the same compound library was tested in order to assess 

whether those inhibitors that targeted DXR could be used in further antimalarial drug design.  

As hypothesized, the 140 series all demonstrated an ability to reasonably inhibit growth of P. 

falciparum–infected erythrocytes.  These compounds were derived from structures relating to 

isopimarane diterpenoid natural products that are known to have convincing antimalarial 

potential.  As mentioned, further kinetic analysis would need to be done in order to determine 

whether the series was inhibiting DXR via the active site or via the NADPH binding motif.  

When analyzing the screening data from the 200 and 300 series, interestingly, fosmidomycin 

derivatives 304Na, 306Na and 307Na resulted in some inhibition of growth.  This is 

surprising because the entry of antimalarial drugs into red blood cells and across 4 parasite 

membranes poses a difficulty in drug design because the phosphonate moiety has been 

associated with poor uptake into cells because of its charged nature (Knipe and Howley, 

2007). It may be possible that these compounds could be mediated by a transporter 

explaining why they are active at inhibiting growth, despite their charged nature.  The 

compound 307Na also inhibited EcDXR and demonstrated that it was also relatively non–

toxic in human cells.  It also showed good binding properties in silico, meaning that it 

fulfilled all the expected criteria of a lead compound in the rational design of novel potential 

antimalarial compounds. 
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In conclusion, the link between in silico and in vitro data may provide some evidence for 

more effective drug design.  The fosmidomycin analogues proved to be only mildly effective 

at inhibiting DXR and showed very little effect against P.falciparum malaria.  The small 

differences however may lend toward further predictions and improvements in structure.  

This is supported heavily by the existence of enzyme crystal structures and in in silico 

analysis.  The efficiency of the 140 series at inhibiting P. falciparum growth may be an 

indication that there is a need to explore natural products screening as an additional approach 

in drug discovery, although the mechanism of inhibition should also be explored 

simultaneously.  An even more efficient approach would be to combine natural products 

screening with rational drug design.  It must however be noted that there may not necessarily 

be a link between the antimalarial activity and DXR inhibitory activity of the 140 series; it 

may be possible that other mechanisms are being targeted, especially given the fact that the 

compound were tested at very high concentrations.   
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CHAPTER 6 

GENERAL DISCUSSION 

 

There were two major objectives accomplished through the work done for this thesis.  The 

first objective developed an expression system through which large yields of the problematic 

malarial target enzyme (PfDXR) could be purified.  The second objective involved screening 

potential novel compounds for antimalarial activity, as well as for inhibition potential of the 

target enzyme in question. 

 

Malarial enzymes are not well characterized in the literature because of their frequently 

recalcitrant nature and PfDXR was no exception.  Numerous expression systems have been 

reported in the literature for the expression of problematic malarial proteins; however, the 

system of choice has characteristically been the bacterial expression system because of its 

simplicity and the fact that it is most often associated with overproduction of the target 

enzyme (Ahuja et al., 2006). PfDXR purification is highly problematic and hence the well 

studied EcDXR homologue has been used primarily for DXR characterization and kinetic 

analysis (Reuter et al., 2002; Yajima et al., 2002; Steinbacher et al., 2003; Mac Sweeney et 

al., 2005).  In light of this, it has taken more than a decade to crystallize PfDXR, but the 

structure has not yet been validated and the coordinates have not been made publically 

available.  In the absence of an experimentally validated PfDXR crystal structure, the use of 

homology modelling becomes the best alternative strategy.  The proposed PfDXR homology 

model put forward in this work was sufficiently validated using many known structure–

checking programmes, as well as using ligand docking studies, where 34 known inhibitors of 

DXR, were docked into PfDXR, with the subsequent docking of the same inhibitors into the 

crystal structure of EcDXR as a control experiment.  With the sufficient validation of the 

PfDXR homology model, the tertiary model was used to identify structural features that were 

unique to PfDXR.  By comparing apicomplexan and non–apicomplexan DXR sequences, it 

was evident that PfDXR exhibited features that were unique, including differences in the 

NADPH binding motif, as well as differences in the catalytic hatch, which has been shown to 

move over the active site once the substrate has bound (Yajima et al., 2002).   Ligand 

docking studies provided structural information regarding movement of the hatch upon 

inhibitor binding, and showed that there were significant differences in PfDXR when 

compared to EcDXR.  It appeared, that these differences were common to numerous other 
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apicomplexan DXRs, warranting further analysis.  Site–directed mutagenesis was therefore 

employed, in an effort to link these theoretical structural differences to function.   

 

The literature reports that in EcDXR, NADPH binding occurs via Gly11, Ser12 (coordinates 

the pyrophosphate moiety), Gly 14, Ala35 and Gly36 (interact with the 2’ phosphonate) 

(Reuter et al., 2002) and that the mutation G14D resulted in improper folding and solubility–

related problems (Kuzuyama et al., 2000).  Upon analysis of the tertiary structure of EcDXR 

and PfDXR, this is not surprising because of the partially buried nature of the Gly14 side 

chain, coupled to the drastic change in size and charge of the side chain.  Sequence alignment 

confirmed that the PfDXR equivalent residues to Ala35 and Gly36 were Val43 and Asn44.  

The theoretical model of PfDXR allowed for the supposition that orientation of these residues 

was significantly different when compared to the EcDXR crystal structure equivalents.  The 

rationale for mutating the two NADPH binding residues, Val43 and Asn44 was such that if 

the binding site mimicked that of EcDXR that the enzyme may be able to bind and utilize 

NADPH more efficiently, given the 10–fold increase in the maximal velocity of the E. coli 

enzyme, when compared to the unmutated PfDXR.  The V43A and N44G mutations resulted 

in an increased Km, which may not have been due to a lowering of affinity for substrate, but 

an indirect reflection of the lower affinity for NADPH.  The fact that PfDXR(VN43,44AG) 

did not produce a more efficient DXR is probably because these two mutations were not 

sufficient to produce an NADPH binding site that would functionally alter the enzyme.  

Significant changes would have to be made to the NADPH binding motif if one wanted to 

more accurately make predictions.  Future work in this regard would be better utilized in 

analysing the potential PfDXR–NADPH binding interactions, by mutating equivalent 

residues to those involved in NADPH binding in EcDXR so that there would be complete 

disruption of the motif.  Possible mutant enzymes to include in future studies are: T15E 

(Thr10 in E. coli), G16E/ D (Gly11 in E. coli), S17R (Ser12 in E. coli), G19E/ D (Gly14 in E. 

coli), V43/R and N44/H.  In all these cases, mutations would completely alter the size and 

charge of the residues in question.  If a similar outcome results as has been reported in the 

literature for G14D (Kuzuyama et al., 2000), one may be able to determine whether the 

DXR–NADPH contacts are the same for PfDXR as have been reported in the literature for 

EcDXR.   The PfDXR homology model presented in this work also establishes other 

potential interactions and mutagenesis of some of the residues that may be worth exploring. 

This allows assessment of whether contacts exist in PfDXR that are different from other well 

characterized DXR enzymes.     
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Efficient enzyme catalysis requires the correct active site formation and it is essential that 

both the divalent metal ion and NADPH cofactor are bound to DXR for the catalytic hatch to 

correctly close over the active site after the substrate/ inhibitor has bound (Yajima et al., 

2002; Steinbacher et al., 2003).  Mutations to the catalytic hatch residue Trp204 in SyDXR 

(Trp212 in E. coli)  confirmed that there was complete disruption by the resultant Ala 

(W204A) and a 70–fold reduction in substrate affinity (indicative of an increased Km) and 

approximately 8000–fold reduction in catalytic efficiency (kcat/ Km) (Fernandes et al., 2005).  

In very close proximity to Trp212 (in E. coli) and in a region on the hatch which is highly 

conserved (His209 – Gly215 in E. coli), two very uncharacteristic differences exist, where the 

plant and bacterial DXRs share Asn and Ser residues (Asn211 and Ser213 in E. coli) while 

apicomplexan DXRs code for two Lys residues at the equivalent positions.  Analysis of the 

PfDXR homology model, coupled to the docked versus undocked enzyme states, has allowed 

for one to hypothesize that there is significant movement of these Lys residues upon entry of 

the substrate/ inhibitor into the active site, with the potential for numerous intermolecular 

hydrogen bonding interactions being broken, upon substrate/ inhibitor entry.  Mutation of 

these two catalytic hatch Lys residues to Asn and Ser (the E. coli equivalents) resulted in a 

decreased substrate affinity (Km) and decreased substrate turnover (kcat), with the amplified 

effect of this, resulted in a large reduction in the catalytic efficiency (kcat/ Km) for 

PfDXR(KK224,226NS) as a direct result of interfering with the substrate’s affinity at the 

level of the active site.  Similar values were reported for the W204F mutant (Fernandes et al., 

2005), where charge was maintained but size was modified.  In light of this, future work 

could involve mutating both Lys residues mentioned previously in an effort to completely 

disrupt the catalytic hatch by introducing residues such as Ala, which has been well 

documented in the literature (Fernandes et al., 2005; Fernandes and Proteau, 2006).  It may 

even be possible to completely remove (by deletion mutation) or mutate a string of residues 

(to Gly residues) of the highly conserved catalytic hatch; in order to assess to what degree the 

hatch is involved in substrate specificity. 

 

One cannot however exclude the possibility that the resultant mutant enzymes that were 

investigated may have resulted in localized perturbations in structure of the active site and 

that the reduction in activity may have been an indirect effect of a minor loss of the enzymes’ 

structural integrity.  In conclusion, structural analysis via site–directed mutagenesis can be 

used to better understand the structural importance of the catalytic hatch and cofactor binding 
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site.  Even if kinetic changes are minor, the information that can be obtained from such 

experimental probing may allow for the origin of even greater future findings.  It may 

however be necessary to employ additional techniques of validation in order to confidently 

construe that a loss in kinetic activity is a direct result of the mutation in question.  Other 

methods of validation that could be employed in order to corroborate the findings of this 

work could include: circular dichroism (CD) (Greenfield, 1975), Fourier transform infrared 

spectroscopy (Kochan et al., 1995), structural determination of mutant enzymes (Håkansson, 

et al., 2006; Umeda et al., 2010), surface plasmon resonance (SPR) (Flatmark et al., 2001) or 

quartz crystal with microbalance and dissipation monitoring (QCMD).  These methods could 

be used to analyze substrate binding or even cofactor binding to the target enzyme. 

 

The PfDXR theoretical model, coupled to comparative sequence analyses with apicomplexan 

and non–apicomplexan DXR proteins, also allowed for the identification of structural and 

functional features that were unique to PfDXR, including a potential N–glycosylation site as 

well as a PKC phosphorylation site, which were located on the protein surface.  In recent 

years, a greater understanding of P.falciparum protein trafficking network has been 

established in the literature (Lingelbach and Przyborski, 2006; Spork et al., 2009), which has 

helped scientists to better understand the complexity and movements of Plasmodium proteins 

in the parasite–infected erythrocyte.  Glycosylation has been shown to play a role in protein 

folding and trafficking (Dahms et al., 1989) and since as early 1999, it has been hypothesized 

that targeting motifs might lie in the secondary or tertiary structures (Wienk et al., 1999; van 

Dooren et al., 2000), which makes it feasible to analyze potential motifs, as was done in this 

work.  Nevertheless, the need to experimentally validate theoretical hypotheses remains 

essential.  N–glycosylation has been shown in the asexual intraerythrocytic stage of the 

malaria parasite (Dieckmann–Schuppert et al., 1992), meaning that it may be realistic, in a 

future work plan, to include experiments that determine whether PfDXR is glycosylated in 

vitro and in vivo. 

 

Coupled to structural analysis, the PfDXR theoretical model has also facilitated the screening 

of novel compounds for DXR inhibition.  This work made use of an in silico approach, 

coupled to an in vitro approach which was two–tiered – compounds were analysed for DXR–

inhibition potential and for P.falciparum growth inhibition potential.  An in silico screening 

tool provided some evidence of the potential manner in which the compound under study 

docked into the theoretical PfDXR active site.  The literature has described numerous binding 
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pockets including; a pocket that binds the phosphate moiety of DXP, as well as an adjacent 

hydrophobic binding pocket that has been shown to accommodate the N–formyl group of 

fosmidomycin (reviewed by Singh et al., 2007).  The in silico docking of compounds from 

the same library has allowed for the comparative analysis such that specific moieties were 

shown to bind the theoretical binding site in a manner that closely resembled fosmidomycin 

and FR900098.  In this work, docking allowed speculation that the shorter the carbon spacer 

was (between the phosphonate/phosphonate ester moiety and hydroxamic acid resembling 

moiety), the greater the inhibition potential.  The 200 series demonstrated a greater docking 

potential when compared to the 300 series.  In the case of the 140 series, docking parameters 

were specified not to include the NADPH binding motif within the AutoGrid.  Becasue this 

group of compounds contain none of the supposedly important moieties, it may be possible 

that these compounds effectively inhibit DXR by binding (and essentially blocking NADPH 

binding) at the NADPH binding site; the possibility may also exist that these compounds (and 

possibly others from the 200 and 300 series) may demonstrate alternative modes of action 

unlike fosmidomycin.  The in silico analysis, coupled to the in vitro analysis of DXR 

inhibition potential, lends toward this theory.  Future work could therefore include the 

improvement of the in silico docking analyses by extending the parameters of the AutoGrid 

to include the NADPH binding site.  If the 140 series docks with great affinity at the NADPH 

binding site, it may be prudent to rationally design more analogues of known antimalarial 

natural products as potential NADPH binding inhibitors.  Inhibitors would have to be 

bifunctional, i.e. bind both the NADPH binding site and active site, otherwise specificity 

issues could result in potential inhibition other NADPH enzymes.  The NADPH binding site 

is in very close proximity to the active site and it may be plausible to synthesize an elongated 

ligand that binds the NADPH binding site and protrudes into the active site or adjacent 

hydrophobic binding pocket described by Gieβmann et al. (2008). 

 

Screening for potential DXR inhibition presented some interesting results in that some 

compounds inhibited only EcDXR, while some compounds only inhibited PfDXR and only a 

single compound inhibited both enzymes (207).  This experimental data suggests that the 

respective enzymes do not function in the same manner and potential differences in the active 

site architecture may exist.  While comparative tertiary structure analysis hypothesized that 

the catalytic residues occupied almost identical positions, the catalytic behaviour of the two 

enzymes was not the same.  From this, two conclusions can be deduced; structurally 

important residues occupy different positions, or the two enzymes function is significantly 
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different environments in vivo.  Structurally significant residues occupy non–identical 

position to their equivalents, meaning that the enzymes behave in non–identical manners.  

This was further validated when differences in the highly conserved region of the catalytic 

hatch were seen when comparing PfDXR to EcDXR.  Although these two enzymes only 

share 36% sequence similarity (Mac Sweeney et al., 2005), there is a high degree of 

conservancy in critical areas, including the active site and surrounds.  This means that these 

two enzymes may exist in very difference environments in vivo.   

 

In the malaria parasite, DXP is not only an intermediate in the biosynthesis of IPP and 

DMAPP; it is also involved in the biosynthesis of thiamin in vitamin B1 synthesis and 

pyridoxine in vitamin B6 synthesis (Hill et al., 1996; Cane et al, 1999; Cane et al., 2000; 

White, 1978).  It therefore may be possible that DXP is limiting in the parasite when 

compared to bacteria, accounting for the apparent differences in the kinetic behaviour of the 

enzymes, where EcDXR very clearly demonstrated a greater Vmax.  This may also be the 

reason why PfDXR showed a greater substrate affinity for DXP, evident in the reduced Km 

when compared to EcDXR.  The similarity in the enzymes’ catalytic efficiency (kcat/Km) 

means that the 10–fold greater reaction velocity for EcDXR was due to its ability to turn over 

more substrate (kcat), indicating that DXP may not be limiting in the E. coli homologue, when 

compared to the malarial equivalent. 

 

While DXR inhibition was accurately quantified using and NADPH–dependent enzyme assay 

in vitro, it was necessary to assess whether potential DXR inhibitors could cross the parasite 

membrane, a vital consideration in antimalarial drug design.  According to the literature, the 

two negatively charged oxygens of the phosphonate moiety are necessary for good inhibition 

of DXR (Perruchon et al., 2008), however, in drug discovery, phosphonate moieties are 

typically avoided because of their non–lipophilic nature (Foye et al., 2008).  In this work, 

compounds were synthesized to include an aromatic group, which may have assisted in the 

ability of compounds to cross the parasite membrane (Haemers et al., 2006; Foye et al., 

2008).  The literature states that the high water solubility of fosmidomycin adds to its poor 

bioavailability (Na–Bangchang et al., 2008).  It is therefore surprising that despite all its 

structural flaws, fosmidomycin was still able to cross the parasite membrane and inhibit 

growth of P. falciparum.  In this work, only three compounds demonstrated a reasonable 

reduction in parasite viability, namely 304Na, 305Na and 307Na.  In all these cases, the 

dissociation of the sodium ion in water yielded a charged phosphonate group, which appeared 
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to have some sort of positive effect with regards to uptake of the compound across the 

numerous membranes, which was perchance improved by the presence of the aromatic group.  

The 140 series are analogues of known antimalarial natural products, so it was not surprising 

they resulted in almost complete loss of parasite viability. 

 

From the parallel in silico and in vitro drug screening, it was evident that only a single 

compound demonstrated reasonable potential binding to DXR (determined using in silico 

docking), inhibited DXR in vitro, and inhibited P.falciparum growth (307Na).  Its potential 

as a lead compound in antimalarial drug development was therefore feasible.  However, it 

was first necessary to determine whether it was toxic to human cells.  The compound resulted 

in less than 15 % reduction in cell viability of the human cancer cell line Hst578T, meaning 

that it was non–toxic to human cells.  In future work, a library of 307Na analogues could be 

synthesized to improve upon the overall inhibition potential of the compound, especially the 

inhibition of PfDXR.  At such an early stage in the drug discovery process, the high 

concentration of compound that was used to test for DXR inhibition (250 µM) is not of 

concern because the same concentration tested in P.falciparum growth inhibition (250 µM) is 

4 times greater than that used typically for chloroquine in drug screening experiments done at 

the Department of Pharmacology, University of Cape Town.  Future work would hence 

include the determination of IC50 values for novel 307Na analogues in growth assays against 

P.falciparum as well as in human cells.  The use of other human cell lines may also be more 

relevant than using a cancerous line; for example compound could be tested in human non–

malignant Chang liver cells (Sui et al., 2008). 
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In conclusion, two outcomes were evident from this work.  Firstly, analogues of known 

antimalarial natural products can be screened against malaria, which may then lead towards 

the rational design of novel compounds that are effective against a specific antimalarial drug 

target enzyme, such as PfDXR.  It must however be noted that the mechanism of action of 

potential DXR inhibitors needs to be thoroughly analysed in order to understand the 

complexities of the target enzyme for future drug design.  Secondly, the rational design of 

novel compounds against a specific antimalarial drug target enzyme can be untaken by 

adopting a coupled in silico and in vitro approach to drug discovery.  While an in vitro 

approach to drug discovery provides vial information about the potential inhibitors under 

investigation, the in silico analysis of potential hits may provide one with information that 

can result in the structural improvement of existing inhibitors that are more specific to the 

target enzyme in question.  

 

Since an experimental purification strategy for PfDXR has been developed in this work, 

future work should include the determination of the x-ray crystal structure of PfDXR.  The 

continuation of the rational design of novel DXR inhibitors can be continued using the 

parallel approach proposed in the work.  Once a ‘hit’ compound has been established, the 

crystal structure of PfDXR with the appropriate inhibitor bound may provide the evidence 

which will bridge the gap in research short fallings that are evident in this work. 
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7.2 APPENDICES 

7.2.1 Appendix A – General experimental procedures 

A1: Transformation of plasmid DNA into E.coli cells  

Aliquots of 100 µl competent cells, either M15 cells, XL1 Blue cells; or 50 µl super–

competent E. coli JM 109 cells were incubated with plasmid DNA (200–500 ng) on ice for 20 

minutes.  The cells were then heat–shocked at 42oC for 45 seconds and incubated on ice for a 

further 2 minutes. Sterile 2x YT both (900 µl) was heated to 37oC in a heating block and 

added to the transformation reaction.  This was incubated at 37oC for 1 hour, with agitation.  

From the transformation mixture, 150 µl was inoculated into 25 ml 2xYT containing 

appropriate antibiotic; the final concentrations for antibiotics were as follows: 100 µg/ml 

ampicillin, 50 µg/ml kanamycin, 34 µg/ml chloramphenicol.  The inoculum was then 

incubated at 37oC with shaking on a platform (180–200 rpm) for 12–16 hours; this is termed 

the population effect.  The remaining transformation mixture was centrifuged at 13 000 rpm 

at room temperature for 1 minute and the pellet resuspended in a small amount of broth (100 

µl).  This was then spread–plated onto a 2x YT broth agar plate (1.6% tryptone, 1% yeast 

extract, 0.5% NaCl, 1.5% agar) containing the appropriate antibiotic.  The plate was then 

inverted and incubated at 37oC overnight. 

 

A2: Preparation of E.coli competent cells 

A transformant was inoculated into 5 ml 2X YT broth culture and incubated for 12–16 hours 

at 37oC.  A volume of overnight culture was then inoculated into 25 ml 2X YT broth such 

that the OD600nm was 0.1 AU.   The culture was grown at 37oC with shaking on a platform 

(180–200 rpm) for 3–4 hours or until the OD600 was between 0.6 and 0.8 AU.  The culture 

was the pelleted using JA14 rotor at 5000 rpm for 10 minutes at 4oC.  The pellet was then 

resuspended in 4 ml RF 1 solution (100 mM KCl, 50 mM MnCl2, 30 mM CH3COOK, 10 

mM CaCl2, 15% glycerol, pH 5.8) and incubated on ice for 20 minutes.  The cells were again  

centrifuged at 5000 rpm at 4oC for 10 minutes and resuspended in 1.5 ml RF 2 solution (10 

mM Mops, 10 mM KCl,, 75 mM CaCl2, 15% glycerol, pH 6.8).  The mixture was aliquoted 

and stored at –80oC until use.  Competent cells that were made included: 1) XL1 Blue, which 

were inoculated from and old stock into 5 ml 2X YT broth; 2) M15, which was prepared in 

the same manner as XL1 Blue; 3) XL1 containing pMRBAD–PfHsp70 plasmid DNA, which 

were inoculated from a transformation in which XL1 blue cells were transformed with 

pMRBAD–PfHsp70; 4) XL1 containing pGro7 plasmid DNA, which were prepared in the 
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same manner as XL1 containing pMRBAD–PfHsp70; 4) XL1 containing pKJE7 plasmid 

DNA, which were prepared in the same manner as XL1 containing pMRBAD–PfHsp70; 5) 

XL1 containing pG–KJE8 plasmid DNA, which were prepared in the same manner as XL1 

containing pMRBAD–PfHsp70. 

 

A3: Diagnostic restriction enzyme analysis 

Restriction enzyme analysis was used in confirmation and identification of purified plasmid 

DNA.  Restriction analysis of approximately 100–200 ng double stranded plasmid DNA was 

achieved by digestion with 10 units of restriction enzyme in the presence of the relevant 

buffer. The reactions were made up to 20 µl using sterile milli–Q water and incubated at 37oC 

for 6 hours. An uncut negative control was prepared for each enzyme reaction which 

contained no enzyme.  Buffers used for digestion with the various enzymes included: buffer 2 

(50 mM NaCl, 10 mM Tris–HCl, 10 mM MgCl2, 1 mM dithiothreitol, pH 7.9 @ 25°C); 

buffer 3 (100 mM NaCl, 50 mM Tris–HCl, 10 mM MgCl2, 1 mM dithiothreitol, pH 

7.9 @ 25°C); and buffer 4 (50 mM potassium acetate, 20 mM Tris–acetate, 

10 mM magnesium acetate, 1 mM dithiothreitol, pH 7.9 @ 25°C) (New England Biolabs).  

Plasmid DNA was linearized and double digested using the enzyme/buffer combinations 

summarized in Table A.1. 

 

Table A.1: Enzymes and relevant buffers used in restriction enzyme analysis of plasmid DNA.    

Plasmid Enzyme Buffer 

pMRBAD–PfHsp70 Linearization with NcoI 

Double digestion with AatII and NcoI 

Buffer 4  

 

pGEMT–hPfDXR Linearization with BamHI 

Double digestion with SalI and BamHI 

Buffer 3  

 

pQE30–PfDXR Linearization with BamHI 

Double digestion with SalI and BamHI 

Buffer 3 

 

pQE9–EcDXR Linearization with BamHI 

Double digestion with HindIII and BamHI 

Buffer 2 

 

 

A4: Agarose gel electrophoresis 

 An agarose gel loading buffer (30% glycerol, 0.25% bromophenol blue) was added to each 

restriction digest (20 µl) in order to stop the reaction.  The samples were then resolved on a 

0.8% agarose gel containing 0.5 µg/ml ethidium bromide in the presence of 0.5 x TBE buffer 

(45 mM Tris, 45 mM borate, 1 mM EDTA, pH 8.3) at 100 V. Lamba (λ) DNA was digested 

with PstI restriction enzyme and resolved as a molecular weight marker.  Agarose gels were 
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visualised using ultraviolet (UV) light in a BioRad Universal Hood II Chemi/ Gel Doc 

system.  

 

A5: DNA sequencing of plasmid DNA 

Purified plasmid DNA (~400 ng) was added to a cycle sequence reaction, containing 3.2 

pmol primer; either hPfDXRBamHIF (forward), hPfDXRSalIR (reverse), pQE1F (forward), 

or pQE1R (reverse).  The cycle sequence reactions (final volume 20 μl) were prepared using 

the ABI PRISM® BigDyeTM Terminator Cycle Sequencing Ready Reaction Kit (Fermentas), 

according to the manufacturer’s conditions.  Parameters for DNA amplification include: 1 

cycle of 5 minutes at 95oC; followed by 30 cycles of denaturation, annealing and extension 

(30 seconds at 95oC, 30 seconds at 55–57oC and 30 seconds at 72oC); 1 cycle of 7 minutes at 

72oC; followed by a hold at 4oC. The annealing temperature used for hPfDXRBamHI and 

hPfDXRSalIR primers was 57oC, and 55oC for pQE1F and pQE1R primers.  DNA 

Sequencing Clean–up Kit™ (Zymo Research) was used in order to remove any 

unincorporated nucleotides and in order to concentrate the cycle sequencing reaction 

termination products; this was carried out according to the manufacturer’s instructions. 

 

A6: Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS–PAGE) 

Samples were treated with sodium dodecyl sulphate (SDS) polyacrylamide gel (PAGE) 

loading buffer (62.5 mM Tris–HCl pH 6.8, 26% [v/v] glycerol, 10% [w/v] SDS, 0.05% 

[w/v]bromophenol blue), containing [v/v] 5% β–mercaptoethanol (added fresh).  Samples 

were boiled at 100oC for 15 minutes and analyzed by SDS–PAGE at 120 volts for 1.5 hours 

in SDS–PAGE running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3.  The 

resolution of proteins was carried out using 12% acrylamide resolving gel and 4% acrylamide 

stacking gel using the concept of staggered buffering system (Laemmli, 1970). The 

electrophoresis was conducted using the Biorad Mini–protein 3 electrophoresis system 

(Biorad, USA).  Protein was visualized after staining with coomassie stain (0.2% [w/v] 

Coomassie Brilliant Blue R–250, 40% [v/v] methanol, 7% [v/v] glacial acetic acid) and 

destaining with a strong destain solution (40% methanol, 7% glacial acetic acid). 

 

A7: Western analysis and chemiluminescence–based immunodetection  

The protein samples that were separated via SDS–PAGE were electrophoretically transferred 

onto a HybondTM–c extra nitrocellulose membrane, after being equilibrated in western 

transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, 4oC).  Transfer took place at 
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100V for 1.5 hours using Biorad Western transfer apparatus (Biorad, USA). Transfer was 

visualised by incubating the membrane with ponceau S stain (0.5% Ponceau S, 1% glacial 

acetic acid) for 2 minutes before destaining with TBS (50 mM Tris–HCl, 150 mM NaCl, pH 

7.5), followed by sterile water.  The membrane was then incubated overnight at 4oC in a 

blocking solution (5% [w/v] non–fat milk powder in TBS), as to prevent non–specific 

binding of suitable antibody.  Detection of the PfDXR His–tagged protein was performed by 

incubating the membrane with mouse monoclonal anti–His antibody (1 in 3 000 dilution in 

blocking solution), followed by a goat polyclonal anti–mouse IgG secondary antibody, 

peroxidase–linked species–specific whole antibody (diluted 1 in 5 000 in blocking solution), 

each for 1 hour.  Non–specifically bound primary and secondary antibody was removed from 

the membrane by washing three times for 20 minutes with TBS–tween (0.1% [v/v] Tween–20 

in TBS), after each antibody incubation at room temperature, with shaking on a platform (30–

50 rpm).  The membrane was then incubated with ECL Advance Western Blotting Kit 

solution A (Tris buffer in 3.2% [v/v] ethanol) (250 µl) and solution B (Propriotary substrate 

in Tris buffer) (250 µl); Amersham Biosciences.  The protein was then visualized using the 

BioRad Chemi/ Gel Doc system.  The membrane was then incubated overnight at 4oC in a 

blocking solution (5% [w/v] non–fat milk powder in TBS).  Detection of the PfHsp70 protein 

was performed by incubating the membrane with rabbit polyclonal anti–PfHsp70 antibody 

(diluted 1 in 3 000 in blocking solution), followed by a donkey anti–rabbit IgG horseradish 

peroxidase–linked species–specific whole antibody (diluted 1 in 5 000 in blocking solution).  

The membrane was treated in the same way as described above for PfDXR His–tagged 

protein detection.  The protein was then visualized using the BioRad Chemi/ Gel Doc system.   

 

A8: His–spin protein miniprepTM 

Into 10 Zymo–Spin P1 columns (Zymo Research), 250 µl of His–affinity gel (Nickel–

charged agarose in 30% [v/v] 20 mM sodium phosphate buffer pH 7.7, 100 mM NaCl, 10 

mM imidazole, 20% [v/v] ethanol ) was transferred.  The columns were centrifuged for 15 

seconds at 4oC at 12 000 x g so that the affinity gel was completely drained.  Subsequent to 

centrifugation, 300 µl of protein sample was then added to each of the ten columns, the 

affinity gel was resuspended and the resuspension was incubated at 4oC for 2 minutes.  The 

columns were centrifuged for 15 seconds at 4oC at 12 000 x g.  The flow through was 

discarded and the previous step repeated until all the protein sample had been passed through 

the columns.  The affinity gel with bound protein was then washed with 250 µl His–wash 

buffer (50 mM sodium phosphate buffer pH 7.7, 300 mM NaCl, 50 mM imidazole, 0.03% 
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Triton X–100) and centrifuged for 15 seconds at 4oC at 12 000 x g.  The flow through was 

discarded and the wash step repeated.  Each Zymo–Spin P1 column was then placed in a 

sterile microcentrifuge tube and 150 µl His–elution buffer (50 mM sodium phosphate buffer 

pH 7.7, 300 mM NaCl, 250 mM imidazole) was added to each column.  The gel was 

resuspended and incubated at 4oC for 1 minute.  The protein was then eluted by 

centrifugation for 15 seconds at 4oC at 12 000 x g.  Eluates from the 10 columns were then 

pooled and stored at 4oC for no longer then 1 hour until buffer exchange was carried out. 

 

A9: Bradford’s protein assay  

The Bradford’s protein assay was adapted from Bradford, 1976.  The sample (5% [v/v]) was 

incubated with Bradford’s reagent for 5 minutes at room temperature in a final reaction 

volume of 210 µl.  Subsequent to incubation, protein was quantified at a wavelength of 595 

nm using a Microtitre Plate Reader (Bio–Tek Instruments), in a 96–well microtitre plate.  The 

protein concentration was quantified using a bovine serum albumin (BSA) standard curve (0–

300 μg/ml). 

 

A10: NADPH–dependent DXP enzyme assay 

The assay, which converts NADPH to NADP+ was performed in a reaction mixture 

containing 100 mM Tris–HCl (pH 7.5), 1 mM MnCl2, 0.3 mM DXP substrate, 0.3 mM 

NADPH (Jomaa et al., 1999) and DXR (5 – 20 µg/ml), made a final volume of 200 µl with 

assay buffer. Samples were incubated at 37oC for 5 minutes before the reaction was initiated 

by adding 20 µg/ml purified PfDXR or 5 µg/ml purified EcDXR.  The oxidation of NADPH 

was monitored at 340 nm using a PowerWave™ microtitre plate reader, using a flat–

bottomed 96–well microtitre plate, adjusted to 37°C.  Reactions were blanked against a 

reaction containing water with 2 % DMSO (no enzyme).  Activity of DXR was expressed in 

units per mg of protein where 1 unit is defined as the amount of enzyme that causes oxidation 

of 1 µmol of NADPH per minute; the extinction coefficient for NADPH used in this work 

was 0.00622 µM–1.cm–1 at 340 nm.  Control reactions that were included prior to assay 

analysis included: no enzyme; denatured enzyme (boiled); no NADPH; and no divalent ion.  
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7.2.2 Appendix B – Addition figures and tables 

 
               10        20        30        40        50        60        70        80        90       100 
oPfDXR ATGAAGAAATATATTTATATATATTTTTTCTTCATCACAATAACTATTAATGATTTAGTAATAAATAATACATCAAAATGTGTTTCCATTGAAAGAAGAA 
       ::::::::::: ::::: :: :: :: :: :: :: :: :: :::::::: ::  : :: :: :: :: :: :: ::::: ::::: :::::: :  : : 
hPfDXR ATGAAGAAATACATTTACATCTACTTCTTTTTTATAACCATCACTATTAACGACCTGGTTATCAACAACACCTCTAAATGCGTTTCGATTGAACGTCGTA 
               10        20        30        40        50        60        70        80        90       100 
_      ...........C.....C..C..C..C..T..T..A..C..C........C..CC.G..T..C..C..C..C..T.....C.....G......C.TC.T. 
 
 
              110       120       130       140       150       160       170       180       190       200 
oPfDXR AAAATAACGCATATATAAATTATGGTATAGGATATAATGGACCAGATAATAAAATAACAAAGAGTAGAAGATGTAAAAGAATAAAGTTATGCAAAAAGGA 
       :::: :: :: :: :: :: :: :: :: :: :: :: :: :: :: :: ::::: :: :::  : :  : :: ::: : :: ::: : :: :::::::: 
hPfDXR AAAACAATGCTTACATCAACTACGGCATCGGCTACAACGGCCCGGACAACAAAATCACCAAGTCTCGTCGTTGCAAACGTATCAAGCTGTGTAAAAAGGA 
              110       120       130       140       150       160       170       180       190       200 
_      ....C..T..T..C..C..C..C..C..C..C..C..C..C..G..C..C.....C..C...TC.C.TC.T..C...C.T..C...C.G..T........ 
 
 
              210       220       230       240       250       260       270       280       290       300 
oPfDXR TTTAATAGATATTGGTGCAATAAAGAAACCAATTAATGTAGCAATTTTTGGAAGTACTGGTAGTATAGGTACGAATGCTTTAAATATAATAAGGGAGTGT 
         : :: :: ::::: :: :: :::::::: ::::: :: :: ::::: ::   ::::::   ::: :: ::::: ::: : :: :: ::  : :::::  
hPfDXR CCTGATCGACATTGGCGCTATCAAGAAACCGATTAACGTTGCTATTTTCGGCTCTACTGGCTCTATCGGCACGAACGCTCTGAACATCATCCGCGAGTGC 
              210       220       230       240       250       260       270       280       290       300 
_      CC.G..C..C.....C..T..C........G.....C..T..T.....C..CTC......CTC...C..C.....C...C.G..C..C..CC.C.....C 
 
 
              310       320       330       340       350       360       370       380       390       400 
oPfDXR AATAAAATTGAAAATGTTTTTAATGTTAAAGCATTGTATGTGAATAAGAGTGTGAATGAATTATATGAACAAGCTAGAGAATTTTTACCAGAATATTTGT 
       :: ::::::::::: ::::: :: ::::::::  : :: :: :: :::  ::: :: ::: : :: ::::: ::: : :::::  : :: :::::  : : 
hPfDXR AACAAAATTGAAAACGTTTTCAACGTTAAAGCTCTCTACGTCAACAAGTCTGTCAACGAACTGTACGAACAGGCTCGTGAATTCCTGCCGGAATACCTCT 
              310       320       330       340       350       360       370       380       390       400 
_      ..C...........C.....C..C........TC.C..C..C..C...TC...C..C...C.G..C.....G...C.T.....CC.G..G.....CC.C. 
 
              410       420       430       440       450       460       470       480       490       500 
oPfDXR GTATACATGATAAAAGTGTATATGAAGAATTAAAAGAACTGGTAAAAAATATAAAAGATTATAAACCTATAATATTGTGTGGTGATGAAGGGATGAAAGA 
       : :: :: :: :::  ::: :: :::::: : :::::: : :: ::::: :: ::::: :: ::::: :: ::  : :: :: :: :::::::::::::: 
hPfDXR GCATCCACGACAAATCTGTTTACGAAGAACTGAAAGAATTAGTTAAAAACATCAAAGACTACAAACCAATCATCCTCTGCGGCGACGAAGGGATGAAAGA 
              410       420       430       440       450       460       470       480       490       500 
_      .C..C..C..C...TC...T..C......C.G......T.A..T.....C..C.....C..C.....A..C..CC.C..C..C..C.............. 
 
 
              510       520       530       540       550       560       570       580       590       600 
oPfDXR AATATGTAGTAGTAATAGTATAGATAAAATAGTTATTGGTATTGATTCTTTTCAAGGATTATATTCTACTATGTATGCAATTATGAATAATAAAATAGTT 
       ::: ::   :  :::   ::: :: ::::: :::::::: :::::    :: :: ::  : ::    :::::::: :: :::::::: :: ::::: ::: 
hPfDXR AATCTGCTCTTCTAACTCTATCGACAAAATCGTTATTGGCATTGACAGCTTCCAGGGCCTGTACAGCACTATGTACGCTATTATGAACAACAAAATCGTT 
              510       520       530       540       550       560       570       580       590       600 
_      ...C..CTC.TC...CTC...C..C.....C........C.....CAGC..C..G..CC.G..CAGC........C..T........C..C.....C... 
 
              610       620       630       640       650       660       670       680       690       700 
oPfDXR GCGTTAGCTAATAAAGAATCCATTGTCTCTGCTGGTTTCTTTTTAAAGAAATTATTAAATATTCATAAAAATGCAAAGATAATACCTGTTGATTCAGAAC 
       ::  : ::::: :::::::: ::::::   ::::: :: ::  : :::::: :  : :: ::::: ::::: :: ::::: :: :: ::::: :: :::: 
hPfDXR GCCCTGGCTAACAAAGAATCGATTGTCAGCGCTGGCTTTTTCCTGAAGAAACTGCTGAACATTCACAAAAACGCTAAGATCATCCCAGTTGACTCTGAAC 
              610       620       630       640       650       660       670       680       690       700 
_      ..CC.G.....C........G......AGC.....C..T..CC.G......C.GC.G..C.....C.....C..T.....C..C..A.....C..T.... 
 
              710       720       730       740       750       760       770       780       790       800 
oPfDXR ATAGTGCTATATTTCAATGTTTAGATAATAATAAGGTATTAAAAACAAAATGTTTACAAGACAATTTTTCTAAAATTAACAATATAAATAAAATATTTTT 
       :   :::::: :: :: ::  : :: :: :: :::::  : ::::: :::::  : :: :: :: ::    :::::::: :: :: :: ::::: ::  : 
hPfDXR ACTCTGCTATCTTCCAGTGCCTGGACAACAACAAGGTTCTGAAAACCAAATGCCTGCAGGATAACTTCAGCAAAATTAATAACATCAACAAAATCTTCCT 
              710       720       730       740       750       760       770       780       790       800 
_      .CTC......C..C..G..CC.G..C..C..C.....TC.G.....C.....CC.G..G..T..C..CAGC........T..C..C..C.....C..CC. 
 
 
              810       820       830       840       850       860       870       880       890       900 
oPfDXR ATGTTCATCTGGAGGTCCATTTCAAAATTTAACTATGGACGAATTAAAAAATGTAACATCAGAAAATGCTTTAAAGCATCCTAAATGGAAAATGGGTAAG 
        :: ::    :: :: :: :: :: ::  : :::::::: ::: : ::::: :: :: :: ::::: ::: : ::::: :: :::::::::::::: ::: 
hPfDXR GTGCTCTAGCGGCGGCCCGTTCCAGAACCTGACTATGGATGAACTGAAAAACGTTACCTCTGAAAACGCTCTGAAGCACCCAAAATGGAAAATGGGCAAG 
              810       820       830       840       850       860       870       880       890       900 
_      G..C..TAGC..C..C..G..C..G..CC.G........T...C.G.....C..T..C..T.....C...C.G.....C..A..............C... 
 
 
              910       920       930       940       950       960       970       980       990      1000 
oPfDXR AAAATAACTATAGATTCTGCAACTATGATGAATAAAGGTTTAGAGGTTATAGAAACCCATTTTTTATTTGATGTAGATTATAATGATATAGAAGTTATAG 
       ::::: ::::: ::    :: ::::::::::: :::::  : :::::::: ::::: :: ::  : :: :: :: :: :: :: :: :: :::::::: : 
hPfDXR AAAATCACTATCGACAGCGCTACTATGATGAACAAAGGCCTGGAGGTTATCGAAACGCACTTCCTGTTCGACGTTGACTACAACGACATCGAAGTTATCG 
              910       920       930       940       950       960       970       980       990      1000 
_      .....C.....C..CAGC..T...........C.....CC.G........C.....G..C..CC.G..C..C..T..C..C..C..C..C........C. 
 
 
             1010      1020      1030      1040      1050      1060      1070      1080      1090      1100 
oPfDXR TACATAAAGAATGCATTATACATTCTTGTGTTGAATTTATAGACAAATCAGTAATAAGTCAAATGTATTATCCAGATATGCAAATACCCATATTATATTC 
       : :: :::::::: ::::: ::    :: :::::::: :: :: ::::: :: ::   ::: ::::: :: :: :: ::::: :: :: ::  : ::    
hPfDXR TTCACAAAGAATGTATTATCCACAGCTGCGTTGAATTCATCGATAAATCTGTTATCTCTCAGATGTACTACCCGGACATGCAGATCCCTATCCTGTACAG 
             1010      1020      1030      1040      1050      1060      1070      1080      1090      1100 
_      .T..C........T.....C..CAGC..C........C..C..T.....T..T..CTC...G.....C..C..G..C.....G..C..T..CC.G..CAG 
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             1110      1120      1130      1140      1150      1160      1170      1180      1190      1200 
oPfDXR TTTAACATGGCCTGATAGAATAAAAACAAATTTAAAACCTTTAGATTTGGCTCAGGTTTCAACTCTTACATTTCATAAACCTTCTTTAGAACATTTCCCG 
         : :: ::::: ::  : :: ::::: ::  : :::::  : ::  : ::::: ::::: ::::: :: :: :: :::::     : ::::: :: ::  
hPfDXR CCTGACCTGGCCAGACCGTATCAAAACCAACCTGAAACCACTGGACCTCGCTCAAGTTTCTACTCTCACCTTCCACAAACCAAGCCTGGAACACTTTCCC 
             1110      1120      1130      1140      1150      1160      1170      1180      1190      1200 
_      CC.G..C.....A..CC.T..C.....C..CC.G.....AC.G..CC.C.....A.....T.....C..C..C..C.....AAGCC.G.....C..T..C 
 
 
             1210      1220      1230      1240      1250      1260      1270      1280      1290      1300 
oPfDXR TGTATTAAATTAGCTTATCAAGCAGGTATAAAAGGAAACTTTTATCCAACTGTACTAAATGCGTCAAATGAAATAGCTAACAACTTATTTTTGAATAATA 
       :: :::::: : ::::: :: :: :: :: ::::: :: :: :: :: ::::: :: :: :: :: :: ::::: ::::: ::  : ::  : :: :: : 
hPfDXR TGCATTAAACTGGCTTACCAGGCTGGCATCAAAGGCAATTTCTACCCGACTGTTCTCAACGCCTCTAACGAAATCGCTAATAATCTGTTCCTCAACAACA 
             1210      1220      1230      1240      1250      1260      1270      1280      1290      1300 
_      ..C......C.G.....C..G..T..C..C.....C..T..C..C..G.....T..C..C..C..T..C.....C.....T..TC.G..CC.C..C..C. 
 
 
             1310      1320      1330      1340      1350      1360      1370      1380      1390      1400 
oPfDXR AAATTAAATATTTTGATATTTCCTCTATAATATCGCAAGTTCTTGAATCTTTCAATTCTCAAAAGGTTTCGGAAAATAGTGAAGATTTAATGAAGCAAAT 
       :::::::::: :: :: :::::    :: :: ::::: ::::: :::   :: ::    :: ::::::::::::::   ::::::  : :::::::: :: 
hPfDXR AAATTAAATACTTCGACATTTCGAGCATCATCTCGCAGGTTCTCGAAAGCTTTAACAGCCAGAAGGTTTCGGAAAACTCTGAAGACCTGATGAAGCAGAT 
             1310      1320      1330      1340      1350      1360      1370      1380      1390      1400 
_      ..........C..C..C.....GAGC..C..C.....G.....C...AGC..T..CAGC..G..............CTC......CC.G........G.. 
 
 
             1410      1420      1430      1440      1450      1460        
oPfDXR TCTACAAATACATTCTTGGGCCAAAGATAAAGCTACCGATATATACAACAAACATAATTCTTCATAG 
       ::: :: :: ::    ::::::::::: :::::::: :: :: :: :: ::::: ::    :: :   
hPfDXR TCTCCAGATCCACAGCTGGGCCAAAGACAAAGCTACGGACATCTATAATAAACACAACAGCTCTTGA 
             1410      1420      1430      1440      1450      1460 
_      ...C..G..C..CAGC...........C........G..C..C..T..T.....C..CAGC..T.GA 

 
Figure B.1: Comparative sequence analysis showing codon harmonisation of the P. falciparum DXR gene. 
Global sequence alignment of the full length PfDXR codon optimised gene versus the PfDXR codon 
harmonised gene using GENESTREAM.  The consensus sequence characterizes identical nucleotides as ‘:’, 
with 71.1% identity between the codon optimised and codon harmonised gene. The leader signal peptide 
sequence (213 nucleotides) is highlighted in green, while differences in the nucleotide sequence are shown in 
red. 
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Figure B.2: Sequencing and verification of the pQE30–hPfDXR plasmid construct.  
Fragment of the pQE30–hPfDXR nucleic acid sequence (1 to 1499), with the translated amino acid sequence 
shown in blue.  The sequence coding for the N–terminal Histidine tag (His6–tag) is highlighted in pale yellow 
and the restriction sites, BamHI and SalI are shown.  The nucleotide bases, adenine (A), guanine (G), cytosine 
(C) and thymine (T) are shown in black.  The ATG start codon is located at position 115 and the TAA stop 
codon, at position 1404. 
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Figure B.3: Restriction analysis and verification of pQE30–hPfDXR and pMRBAD–PfHsp70 plasmid 
constructs. 
(A) Plasmid map of pMRBAD–PfHsp70 showing the diagnostic restriction enzyme sites, encoding the malarial 
chaperone PfHsp70. (B) Plasmid map of pREP4, encoding the lacI repressor protein, purchased from Qiagen. 
(C) Plasmid map of pQE9–EcDXR showing the diagnostic restriction enzyme sites, encoding EcDXR. (D) 
Plasmid map of pQE30–hPfDXR showing the diagnostic restriction enzyme sites, encoding PfDXR. (E) 0.8% 
Agarose gel showing confirmation of the pQE30–hPfDXR and pMRBAD–PfHsp70 plasmid by diagnostic 
restriction enzyme analysis: lane 1 and 5: Lambda DNA restricted with PstI restriction enzyme used as a DNA 
ladder quantified in base pairs (bp); lane 2: Uncut pQE30–hPfDXR showing mostly supercoiled parental DNA; 
lane 3: BamHI linearized pQE30–hPfDXR DNA produces a 4691 bp product; lane 4: pQE30–hPfDXR DNA 
double digested with BamHI and SalI to release the 1290 bp hPfDXR coding region and the 3401 bp vector 
fragment.  lane 6: Uncut pMRBAD–PfHsp70 showing mostly circular parental DNA; lane 7: NcoI linearized 
pMRBAD–PfHsp70 DNA produces a 6803 bp product; lane 8: pMRBAD–PfHsp70 DNA double digested with 
NcoI and AatII to release the 2045 bp PfHsp70 coding region and the 4758 bp vector fragment. 
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Table B.1: Summary of information generated from AutoDock 4.2 for 46 novel compounds docked into the PfDXR homology model.  

Ligand H–Bonding Interactions with Catalytic Residues 
# H–Bonds 

(Total) 

Binding 
Affinity 

(kcal/mol) 

Ligand 
Efficiency 
(relative) 

Inhibition 
Constant 

(pM) 

FR900098 Ser199(OG), Asn240(OD1), Lys241(HZ1), Lys241(HZ3) 5 –15.26 –0.94 45.59 

Fos Ser235(HG), Lys241(HZ2) 5 –14.77 –0.89 69.34 

201 Ser199(HG), Ser235(HG), Asn240(OD1), Lys241(HZ1) 5 –12.07 –0.64 1430.00 

201a Ser199(OG), Ser235(HG), Lys241(HZ1) 5 –13.03 –0.87 279.89 

201Na Ser199(OG), Ser235(HG), Asn240(OD1), Lys241(HZ3) 4 –12.64 –0.84 545.99 

202 Asn240(OD1), Lys241(HZ1), Lys241(HZ2) 5 –12.14 –0.61 1260.00 

202a Ser199(OG), Ser235(HG), Asn240(OD1), Lys241(HZ1), Lys241(HZ2) 5 –12.38 –0.77 846.39 

202Na Ser199(OG), Ser235 (OD), Asn(OG1), Lys241(HZ2) 5 –12.50 –0.84 524.06 

203 Ser199(OG), Ser235(HG), Asn240(OD1), Lys241(HZ1) 4 –12.57 –0.63 631.57 

203a Ser235(HG), Asn240(OD1), Lys241(HZ1) 5 –13.24 –0.88 196.30 

203Na Ser199(OG), Ser235(HG), Asn240(OD1), Lys241(HZ2) 5 –12.66 –0.83 752.66 

204 Ser199(OG), Ser235(HG), Asn240(OD1), Lys241(HZ2) 6 –14.16 –0.67 41.56 

204a Ser199(OG), Ser235(HG), Asn240(OD1) 5 –13.12 –0.77 242.77 

204Na Ser199(OG), Asn240(OD1), Lys241(HZ1) 5 –13.13 –0.77 238.64 

205 Ser199(OG), Ser235(HG), Asn240(OD1), Lys241(HZ3) 5 –11.85 –0.59 2060.00 

205a Ser199(OD), Asn240(OD1) 5 –12.17 –0.81 1190.00 

205Na Ser199(HG), Asn240(OD1) 3 –12.34 –0.82 899.72 

206 Ser199(OG), Asn240(OD1), Lys241(HZ3) 4 –12.79 –0.67 424.74 

206a Ser199(OG), Ser235(HG) 5 –12.61 –0.84 571.51 

206Na Ser199(OG), Asn240(OD1), Lys241(HZ3) 4 –13.36 –0.89 161.97 

207 Ser199(HN), Ser235(HN), Asn240(OD1), Lys241(HZ2), Lys241(HZ3) 6 –13.05 –0.65 270.92 

207a Ser199(OG), Asn240(OD1), Lys241(HZ1) 7 –12.89 –0.81 356.64 

207Na Asn240(OD1) 2 –12.29 –0.77 977.10 
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301 Ser199(OG), Ser235(HG), Asn240(OD1), Lys241(HZ1) 5 –12.55 –0.63 633.79 

301a Asn240(OD1) 5 –12.57 –0.79 614.36 

301Na Asn240(OD1), Lys241(HZ3) 4 –13.03 –0.81 281.95 

302 Ser199(OG), Asn240(OD1) 2 –11.87 –0.57 1980.00 

302a Ser199(OG), Ser235(HG), Asn240(OD1), Lys241(HZ1) 6 –14.04 –0.83 51.14 

302Na Ser199(OG), Ser235(HG) 3 –12.31 –0.72 944.39 

303 Ser199(OG), Ser235(HG), Asn240(OD1), Lys241(HZ1) 4 –12.03 –0.60 1520.00 

303a Ser199(OG), Lys241(HZ2) 5 –13.00 –0.81 295.66 

303Na Ser235(HG), Asn240(OD1) 3 –13.58 –0.85 110.20 

304 Lys241(HZ2) 1 –13.42 –0.61 144.64 

304a Ser199(HG), Ser235(HG), Asn240(OD1), Lys241(HZ1) 5 –14.80 –0.82 14.11 

304Na Asn240(OD1), Lys241(HZ1), Lys241(HZ3) 6 –13.72 –0.76 88.20 

305 Ser199(OG), Asn240(OD1), Lys241(HZ1), Lys241(HZ3) 3 –11.99 –0.60 1610.00 

305a Ser199(OG), Asn240(OD1), Lys241(HZ2) 6 –13.39 –0.89 153.23 

305Na Ser199(OG), Asn240(OD1), Lys241(HZ1), Lys241(HZ2) 5 –12.61 –0.79 570.14 

306 Ser199(HG), Asn240(OD1), Lys241(HZ3) 5 –13.10 –0.66 250.98 

306a Ser199 (HN) 1 –13.41 –0.84 148.74 

306Na Asn240(OD1), Lys241(HZ2) 3 –12.34 –0.77 899.07 

307 Ser199(OG), Ser235(HG), Asn240(OD1) 5 –13.27 –0.63 186.20 

307a Ser235 (HG), Asn240(OD1), Lys241(HZ2) 5 –12.56 –0.74 624.48 

307Na Asn240(OD1), Lys241(HZ2) 5 –13.77 –0.81 80.93 

140–1A Ser199(OG), Asn240(OD1), Lys241(HZ1) 4 –11.72 –0.45 2550.00 

140–2A Ser199(OG), Asn240(OD1), Lys241(HZ1) 3 –12.51 –0.48 674.96 

140–3A Asn240(OD1) 1 –12.44 –0.48 756.88 

140–4AA Asn240(OD1) 1 –11.24 –0.42 5750.00 

Information includes theoretical binding affinity (kcal/mol), relative ligand efficiency, theoretical inhibitor constant (pM) and potential hydrogen bonding interactions with 
flexible residues only. H = hydrogen, O = oxygen, D = delta, G = gamma, Z = zeta, named according to the atom position on the flexible residue. 
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Figure B.4: Giemsa–stained P. falciparum–infected erythrocytes at different stages of infection. 
Red blood cells infected with P. falciparum 3D7 malaria parasites.  Free merozoites travel to an erythrocyte and 
are taken into the erythrocyte (A), in the erythrocyte, the early ring stage parasite (B) is distinguishable from the 
late ring stage when the merozoite spreads itself into a thin biconcave disc (C).  The early trophozoite is 
distinguishable from the ring when the cytoplasm of the parasite has begun to expand but no haemozoin crystals 
are visible (D).  The shizont (E) contains haemozoin and is distinguishable by the presence of numerous nuclei. 
(F)  The incidence of multiple infections was a common occurrence.    
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7.2.3 Appendix C – General reagents and chemicals 

 

Table C.1:  Reagents and chemicals used for this work, as well as the relevant suppliers. 

REAGENT SUPPLIER 

Agar Oxoid, UK 

Acetic acid Merck, Germany 

Agarose Whitehead Scientific, South Africa 

Ammonium persulphate Saarchem, South Africa 

Ampicillin Sigma–Aldrich, USA 

Bis/acrylamide Biorad, South Africa  

Bradford’s reagent  Sigma–Aldrich, USA 

Bromophenol blue Sigma–Aldrich, USA 

BSA Roche, Germany 

Calcium chloride Merck, Germany 

Chloramphenicol Sigma–Aldrich, USA 

Coomassie brilliant blue R250 Saarchem, South Africa 

Cobalt chloride Saarchem, South Africa 

dNTP mix Roche, Germany 

DOXP substrate Sigma–Aldrich, USA 

Ethanol Merck, Germany 

Ethidium bromide Sigma–Aldrich, USA 

Glycerol Merck, Germany 

Glycine Sigma–Aldrich, USA 

Hybond c–extra nitrocellulose membrane Amersham, USA 

Hydrochloric acid Merck, Germany 

Imidazole Sigma–Aldrich, USA 

IPTG Peqlab, Germany 

Magnesium chloride Saarchem, South Africa 

Manganese chloride Saarchem, South Africa 

β–Mercaptoethanol Merck, Germany 

Methanol Merck, Germany 

Potassium chloride Merck, Germany 

Potassium dihydrogen phosphate Merck, Germany 

Lamda DNA Promega, USA 

Lysozyme Roche, Germany 

Phenylmethylsufonyl fluoride Sigma–Aldrich, USA 

Ponceau S Sigma–Aldrich, USA 

Protein Marker IV Peqlab, Germany 

Sodium chloride Merck, Germany 
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Sodium dodecyl sulphate Saarchem, South Africa 

Sodium hydroxide Merck, Germany 

Trizama base Oxoid, UK 

Tryptone Oxoid, UK 

Tween 20 Saarchem, South Africa 
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