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SUMMARY

Malaria is a parasitic infection of immense global importance. The most 

common and severe form of the disease is caused by the blood-borne apicomplexan 

Plasmodium falcipanim. The lack of an effective vaccine coupled with the emergence 

and spread o f resistance to currently-used antimalarial agents highlights the need for 

the discovery and development o f novel antimalarial drugs.

One approach to generating such drugs is first to identify new drug-target 

candidates. The cyclophilin family of proteins are characterized by their peptidyl- 

prolyl cis-trans isomerase (PPIase) and/'or molecular chaperone activities. They are 

involved in folding and transport of other cellular proteins, regulation of multi-protein 

complexes and signal transduction. Some subfamilies of cyclophilins are specific for 

lower eukaryotes. Moreover, some cyclophilins interact with cyclosporin A (CsA), an 

immunosuppressant drug that also displays antimalarial activity. The discovery o f non

immunosuppressive derivatives of CsA with pronounced antimalarial activity 

highlighted the importance of further investigating the still unknown mechanism of 

action o f this drug upon the parasite. The major receptors of CsA are known to be 

members of the cyclophilins family.

This project aimed to identify and characterize novel P. falciparum 

cyclophilins and cyclophilin-like proteins, and explore their possible roles in the 

antimalarial actions o f cyclosporin A. After an exhaustive online search, twelve 

nucleotide sequences w'ere found to be annotated as or to have sequence similarity to 

cyclophilins or cyclophilin-like protein genes, although only two o f them had been 

extensively characterized in recombinant fomi (PfCYP19A and PfCYP19B). We 

attempted to produce this entire family of proteins (except one that was incorrectly 

annotated) in Escherichia coli using exactly the same system, a pET vector placing a 

His6-tag at the C-terminus o f the recombinant proteins that would allow us to purify 

the tagged proteins with immobilized metal affinity chromatography. The successful 

overexpression o f nine o f these recombinant proteins and a mutant in E. coli, and the 

fiirther purification o f all these proteins but one allowed comparison o f the 

recombinant proteins produce in an identical manner.

Another objective was the characterization o f this family o f proteins in terms o f 

their PPIase and chaperone activities, CsA binding and the relationship o f these 

characteristics to the stmctural properties of the different proteins. Interestingly, all



eight o f the recombinant cyclophiHns inhibited the thermal aggregation of at least one 

of the two model substrates tested, suggesting that they possess chaperone activity. In 

no case was this activity inhibited by CsA. On the other hand, PPIase activity was only 

displayed by two recombinant proteins when a tetrapeptide was used as a substrate. 

The number of PPIase-positive cyclophilins was increased to between four and six 

when they were assessed with the proteinaceous substrate RNase T l. This activity was 

impeded by CsA in only two of them. These two, PfCYP19A and PfCYP19B, were 

confirmed to be the only two that bind to CsA by a thermal melt method.

In another approach to elucidating the antimalarial action o f CsA, we attempted 

to produce and characterize CsA-resistant mutants in culture using both transposon- 

mediated mutagenesis and chemical mutagenesis. This approach was also applied to 

two other experimental antimalarial compounds, FK506 and trifluralin, and to three 

drugs coming into clinical use in Africa, namely piperaquine, amodiaquine and 

lumefantrine. Despite considerable efforts to obtain drug-resistant parasites w'ith 

insertions of the piggyBac transposon, they remained elusive. On the other hand, 

chemical mutagenesis produced cultures that were found to be 5-fold less susceptible 

to FK506. Suiprisingly, although the cultures were selected in the presence of only 

FK.506, they also showed cross-resistance to CsA by up to 10-fold. The other four 

compounds were also tested but there was no significant difference in susceptibility to 

them. The phenotype of the FK506-resistant cultures was unstable and reverted to 

wild-type susceptibility after a few weeks of incubation in the absence of the diTJg.
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Chapter 1 

General introduction



1.1. MALARIA

1.1.1. General background

The first European pandemic of malaria was reported to have occurred in the years 

1556 to 1558 (Rossen, 1953) but this parasitic disease has been a paramount social and 

economic burden for humankind long before that. In 1969, after failure o f programmes 

organized by the World Health Organization (WHO) using spraying against the 

mosquito vector and mass treatment, worldwide malaria eradication was determined not 

to be feasible with the social organization and scientific and technological methods 

available at the time (WHO, 1969).

According to the latest report o f the WHO (2009), about 3.3 billion people are at 

risk of malaria, leading to about 250 million cases a year and nearly one million deaths. 

Most of the cases are reported in the sub-Saharan Africa, as shown in Fig. 1.1, where it 

is estimated that a child has on average between 1.6 and 5.4 episodes of malaria fever a 

year. Not only that, it also contributes to the death of about 10000 pregnant women each 

year and every 45 seconds a child under 5 years old dies, its two major human targets, 

in Africa alone.

Aside from the impact on human health, the disease represents a major burden to 

the economic development of countries in which the disease is endemic, with a striking 

correlation between malaria and poverty (Sachs and Malaney, 2002). This is confirmed 

by a recent report that the economic burden of malaria alone had cost Nigeria's GDP as 

much as 3.8% annually (Teklehaimanot et al, 2007).

Malaria is a mosquito-bome infectious disease caused by a eukaryotic protist of 

the genus Plasmodium. Including 14 chromosomes, the ~ 25-megabase Plasmodium 

genome encodes -5300 genes. This genus is a member of the phylum Apicomplexa, 

which is one of the most ancient eukaryotic lineages, with unique structural features and 

distinct solutions to basic problems. Not surprisingly, the proportion o f Plasmodium 

products that have homologues in other organisms is among the lowest of the sequenced 

genomes (Gil-Carvalho and Menard, 2004).

According to Gamham (1963) three species of Plasmodium are peculiar to humans: 

Plasmodium vivax, P. ovale and P. falciparum. One species, P. malariae is common to 

humans and African apes, and outbreaks of the monkey malaria, P. knowlesi, infections 

in human populations have recently been reported (Singh et al., 2004). By far the most

1
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Fig. 1.1. Global distribution of malaria risk in 2007. P/API, P. falciparum  annual parasite incidence; PfPR, P. falciparum  
parasite rate. The map is shaded representing areas of low risk (pink); intermediate risk (light brown); and high risk (dark 
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significant species is P. falciparum, which causes severe infections and death, and 

enjoys widespread geographic distribution.

1.1.2. Life cycle of Plasmodium falciparum

The bite o f an infected Anophehne mosquito, most notably Anopheles gamhiae, 

allows the parasite to infect the host (Fig. 1.2). The mosquito’s blood meal deposits, on 

average, less than 25 sporozoites into the human host (Beier et a l, 1991). These 

sporozoites form only 3% of the total population in the mosquito and this may represent 

a conserved mechanism to maximise transmission or may be due to a logistical barrier 

preventing more parasites from escaping. After infection, these sporozoites travel 

towards the liver and invade the hepatocytes through a complicated pathway (Prudencio 

et a l,  2007), where replications occurs before bursting of the cell. The released forms 

(merozoites) then infect, replicate within, rupture, and reinfect erythrocytes (RBCs) in a 

cycle that repeats every two days. This asexual replication leads to tremendous 

amplification, with parasite burdens that may reach lO'^ parasites per patient (Arav- 

Boger and Shapiro, 2005). Some erythrocytic parasites differentiate into presexual 

forms, which the mosquitoes take up when they bite an infected host, and then they 

mature into gametes and undergo sexual development. Eventually, infective sporozoites 

reach the mosquito salivary glands and then the life cycle of the parasite is completed 

(Read and Hyde, 1993).

The asexual intra-erythrocytic cycle in P. falciparum  spans 44-48 h and is the 

main source of the clinical manifestations o f the malaria disease. There are three distinct 

intra-erythrocytic parasite stages that can be identified from a blood smear by light 

microscopy; rings 0-16 h post-invasion), trophozoites (= 16-36 h) and schizonts (~ 

36-48 h).

After invasion, the parasite flattens into the thin discoidal, flat or cup-shaped 

ring form (Langreth, 1978). Typically, this has a thick rim of cytoplasm housing the 

major organelles -  nucleus, mitochondrion, most of the ribosomes and endoplasmic 

reticulum (ER), and the apicoplast- while the centre o f the disc is thin and contains few 

structures. The apicoplast is an unusal organelle originating from the engulfment o f an 

organism of the red algal lineage. The apicoplast is indispensable but its exact role in 

parasites is unknown. It has its own genome and expresses a small number of genes, but 

the vast majority o f the apicoplast proteome is encoded in the nuclear genome. 

Apicoplasts are nonphotosynthetic but retain other typical plastid ftinctions such as fatty
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acid, isoprenoid and haem synthesis, and their metabohc pathways are essentially 

bacterial and therefore potentially excellent drug targets (Foth and McFadden, 2003). 

Close to the nucleus, clusters of vesicles and smooth and rough ER suggest a small 

Golgi body. The parasite begins to feed on the surrounding RBC cytosol through a 

small, dense ring at the surface o f the parasite, the cytostome (Slomianny, 1990).

The ring eventually changes shape to a more rounded or irregular trophozoite. 

The numbers of free ribosomes multiply greatly, and the ER enlarges, with both o f these 

changes denoting increased protein synthesis. At the surface of the parasite, there are 

signs of increased export into the RBC, including small accumulations o f dense material 

in the parasitophorus vacuole, and within the RBC cytosol. Some of these proteins 

produce small angular elevations (knobs) on the RBC surface (Atkinson and Aikawa, 

1990). These changes increase the adhesiveness o f the parasitized RBC membrane, 

responsible for the sequestration of parasitized cells in deep visceral blood vessels, and 

the pathogenic obstruction of placental and cerebral vasculature.

The last o f these stages is the schizont. Technically speaking, a schizont is an 

intraerythrocytic parasite that is undergoing or has undergone repetitive nuclear 

division. Trophic ingestion of RBC cytosol and export of parasite proteins in to the 

RBC continues until late in the life of the schizont. The nucleus divides about four times 

to produce about 16 or more nuclei, a process that is accompanied by great proliferation 

of rough ER and free ribosomes, multiplication of the mitochondrion and apicoplast, 

and accumulation o f one or more large lipid vacuoles (Bannister et a i, 2000). A 

constriction ring then separates each merozoite form the residual body o f the schizont 

containing the pigment vacuole, where the haem derivative resulting from haemoglobin 

catabolism (haemozoin) is accumulated throughout the erythrocytic phase o f the life 

cycle (Goldberg, 1993).

Eventually, the merozoites are the forms released once the parasitized RBC 

bursts. Each of those contains all the equipment needed to escape from the remnants of 

its host RBC, find and attach to a fresh one, invade it, and rapidly restart feeding.

1.1.3. Clinical symptoms of malaria infection

The clinical symptoms o f malaria are extremely diverse and may range from a 

mild headache to cerebral oedema or even death (Mashaal, 1986). The symptoms of the 

disease are a result o f merogony in the bloodstream. Their severity is proportional to the 

numbers of infected RBCs in the circulation. Anaemia is the most obvious consequence
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of malaria infection in children and adults (Weatherall and Abdalla, 1982) although 

individuals can develop other signs of disease such as leucopenia, splenomegaly, 

bilirubinaemia, dizziness, anorexia, diarrhoea, cough, cephalea, abortion, backache and 

headache. The febrile paroxysms o f malaria are provoked by the bursting o f large 

numbers of schizonts, releasing merozoites.

In cases of P. falciparum  infections, the early symptoms are headache, chills, hot 

sweats and fever. The chills are slight and o f short duration, and are followed by a 

prolonged hot stage and some sweating. Hypoglycaemia and lactic acidosis are also two 

important manifestations (White et a l, 1983).

The placenta appears to be a perfect site for P. falciparum  sequestration and 

development. The microcirculatory obstruction and competition for metabolic substrates 

that result from this sequestration may cause acute placental insufficiency and may 

interfere with delivery of nutrients to the foetus. Pregnant women are particularly likely 

to develop hypoglycaemia and pulmonary edema (White et a l, 1983).

Individuals with P. falciparum  malaria may develop brain damage. This damage 

is in part a result of the obstruction o f capillaries by large numbers o f parasitized RBCs. 

The infected cells block the capillaries because they have a reduced ability to change 

shape and thus cannot pass through small capillaries, and because they adhere to the 

vascular endothelium by means o f knobs on their surfaces (Schmutzhard and 

Gerstenbrand, 1984).

1.1.4. Control of falciparum malaria

A global plan was drawn up by the WHO to cover the period from 1993 to the 

end of the millennium. The goal of the plan was simple: to reduce morbidity and 

mortality due to malaria (WHO, 1993). In the early sixties, the ideal o f eradicating 

malaria had to be abandoned and replaced by a more realistic target o f malaria control. 

However, in 2008 the Roll Back Malaria (RBM) Partnership unveiled the Global 

Malaria Action Plan (GMAP), which clearly set out what needs to be done to meet the 

short, medium and long term goals o f malaria control, elimination and eventual 

eradication, also known as the "Counting malaria out" campaign. This on-going 2-year 

campaign has intensified global efforts comprehensively to track progress along the way 

to universal coverage by 2010, near-zero deaths by 2015 and the gradual elimination of 

malaria (WHO, 2009).
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Global funding of malaria control has increased significantly in recent years, 

rising from $0.3 billion in 2003 to nearly $1.7 billion in 2009 due largely to 

contributions from the Global Fund to Fight AIDS, Tuberculosis and Malaria, along 

with more recent commitments from the World Bank, the US President’s Malaria 

Initiative, and the Bill & Melinda Gates Foundation, among others. However, this 

external assistance in malaria fiinding still falls far short of the estimated $6 billion 

needed in 2010 alone for global implementation of malaria control interventions (WHO, 

2010). Currently, most endemic African countries have developed national plans for 

achieving the universal coverage targets by the deadline o f end-2010, including monthly 

distribution plans for insecticide-treated nets.

Control has traditionally relied on two arms: control of the Anopheles mosquito 

vector and effective case management, which has relied largely on antimalarials (mainly 

chloroquine and sulphadoxine-pyrimethamine). A long-hoped-for third arm, an effective 

malaria vaccine, has not materialized and is not expected for another decade (White, 

2004). Thus, as the control o f the mosquitoes has had little recent success, the principal 

means for the control of malaria still remains chemotherapy (Greenbaum, 2008).

1.1.4.1. M osquito vector

The Nobel-awarded chemist Paul Muller discovered the insecticidal properties 

o f a well-known pesticide, dichlorodiphenyltrichloroethane (DDT). Together with 

chloroquine DDT was the main instrument upon which the WHO based its malaria 

fight-back in 1955 (WHO, 1955). Although DDT was initially used exclusively to 

combat malaria, its use quickly spread to agriculture. In time, pest-control, rather than 

disease-control, came to dominate DDT use, and this large-scale agricultural use led to 

the evolution o f resistant mosquitoes in many regions. During the 1960s, awareness of 

the negative consequences of its indiscriminate use increased, ultimately leading to bans 

on agricultural applications o f DDT in many countries in the 1970s.

Mosquito nets help keep mosquitoes away from people and greatly reduce the 

infection and transmission o f malaria. The nets are not a perfect barrier and they are 

often treated with an insecticide designed to kill the mosquito before it has time to 

search for a way past the net. Insecticide-treated nets (ITN) are estimated to be twice as 

effective as untreated nets and offer greater than 70% protection compared with no net. 

African children were using nets in 2009 in far greater proportions than in 2000. 

Averaging across 26 African countries, representing 71% of the under-five population
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in Africa, use o f ITNs by children rose from 2% in 2000 to 22% in 2008. Based on 

these estimates, endemic African countries have received enough nets to cover more 

than half of their at-risk populations. Much additional support is required, however, to 

achieve the universal coverage targets (UNICEF, 2010).

1.1.4.2 Vaccines

Some clinical findings have suggested to the scientific community that a vaccine 

against malaria is feasible. Firstly, immunity can be acquired as a result o f natural 

exposure and secondly it is possible to induce protection against experimental infections 

in animals and human volunteers (Gardiner et a l, 2005).

The complex structure o f the parasite, which changes as the parasite develops 

and passes through its life cycle, has made selection o f antigens for use in vaccines 

difficult. The complexity of the human-parasite interaction in malaria also has been an 

impediment to developing immunization procedures.

While in theory a single vaccine that results in sterile immunity to malaria is the 

aim of all vaccine researchers, there are currently three main approaches to vaccine 

developent for malaria. A pre-erythrocytic vaccine to prevent invasion o f hepatocytes; a 

blood stage vaccine that acts as an antidisease vaccine for people who live in endemic 

areas; and a transmission blocking vaccine, that blocks parasite development in the 

mosquito (Gardiner et al., 2003)

Molecules involved in cytoadherence, the phenomenon by which erythrocytes 

that contain parasites adhere to the endothelium of capillary blood vessels in tissues, 

were considered as vaccine candidates. In fact, in recent years, a malaria vaccine has 

become a realistic goal. GlaxoSmithKline currently lead the way with the 

RTS,S/AS02A malaria vaccine which is currently in phase III clinical trials after 

successfully reducing the prevalence o f P. falciparum  infection by approximately a third 

in Mozambican children aged 1 ^  years for up to 45 months (Sacarlal et a l, 2009). The 

vaccine is based on using a surface protein from the pre-erythrocytic stage of P. 

falciparum  (Guinovart et al., 2009; Sacarlal et a l, 2009). However, it could be many 

years before it becomes widely available, assuming that it passes all the clinical trial 

studies and even still, this will only reduce rather than cure malaria.
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1.1.4.3. Chemotherapy

Only four of the nearly 1400 drugs registered worldwide during 1975-1999 were 

antimalarials (Trouiller et a l, 2002). Among them, artemisinin and its promising 

derivatives that were discovered in China are now widely used as part o f artemisinin- 

based combination therapies (ACT). Since around 2003, countries shifted their national 

drug policies to promote ACT, which is a more efficacious— but also a more 

expensive—treatment course. At the same time, global procurement of these medicines 

rose sharply and by 2008, most African countries had adopted a malaria treatment 

policy of ACT use as the first-line drug (UNICEF, 2010).

At the moment, despite the high prevalence o f resistant strains, chloroquine is 

still considered to play a valuable role in the treatment o f acute, uncomplicated P. 

falciparum  infection, mainly in tropical Africa. Amodiaquine, originally considered to 

have similar efficacy to chloroquine, was largely discarded for many years on the basis 

that it was more costly. Many drug failures occurred in patients who had originally 

failed to respond to chloroquine, and the shadow of severe drug toxicity remained 

(Peters, 1998). The latter, it must be noted, proved to be a problem mainly in 

nonimmune travellers who had been taking amodiaquine as a prophylactic treatment, 

and side-effects were rare when this drug was deployed for therapy.

When the clinical failure of chloroquine first became apparent quinine was the 

first drug of choice for the treatment of acute falciparum malaria (Peters, 1987). 

However, due to its toxicity and cost, it was replaced by two derivatives: mefloquine 

and halofantrine. High levels o f resistance appeared also to both o f them, and their 

respective neurotoxicity and cardiotoxicity limited their clinical use, although 

mefloquine is still used, e.g. in combination with artesunate.

The combination of pyrimethamine with sulphadoxine or sulphalene has for 

many years played a paramount role for the treatment o f chloroquine-resistant 

falcipamm malaria, and still plays a major role. Furthermore, proguanil is still used as a 

prophylactic drug together with chloroquine in areas where the level o f chloroquine 

resistance is moderate. However, resistance to these groups o f compounds, the 

dihydrofolate reductase (DHFR) inhibitors and the dihydropteroate synthase (DHPS) 

inhibitors, was also reported in the late nineties (Anabwani et a l, 1996; Schultz et a l, 

1996).

A naphthoquinone derivative, atovaquone, was the first o f this group to have 

passed all the steps from experimental studies to clinical trials in patients infected with
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multidrug-resistant P. falciparum. Unfortunately, resistance to this compound rapidly 

arose in Thailand (Looareesuwan et a l, 1996). Currently, atovaquone is combined with 

proguanil as a prophylactic drug for non-immune travellers.

Artemisinin derivatives, such as artesunate and artemether, show rapid 

absorption and activity against many stages o f the malaria life cycle, from young rings 

to gametocytes (Kumar and Zheng, 1990). They are the most rapidly acting and potent 

antimalarial drugs (White, 1997) and in combination with standard antimalarials have 

been promoted as the best therapeutic option for treating drug-resistant malaria and 

retarding the development o f resistance (WHO, 2001). However, even cases o f reduced 

artemisinin susceptibility in P. falciparum  have recently been reported (Lim et a l, 

2009; Noedl et a l, 2009).

1.2. DRUG RESISTANCE IN PLASMODIUM SPECIES

1.2.1. General background

Drug resistance in parasites is defined very simply as ‘the ability of a parasite to 

survive in the presence of concentrations of a drug that normally destroy parasites of the 

same species or prevent their multiplication' (Peters, 1998). There is no doubt that 

resistance of P. falciparum to the few currently available antimalarial drugs represents 

one o f the major obstacles to the achievement o f reduction of malaria cases. Much of 

the problem is attributable to massive drug selection pressure in poorly immune or 

nonimmune people, living in highly endemic areas where efficient anopheline vectors 

are abundant (Verdrager, 1995).

Until development of wide-spread resistance back in the late 1970s, chloroquine, 

first produced in the 1930s, was perhaps the most effective of all antimalarial drugs. 

Despite resistance, surveys across Africa showed that chloroquine is still used against 

falciparum malaria (Breman et a l, 2004).

Resistance to all the other antimalarial drugs, including mefloquine, atovaquone, 

and even artemisinins, has also been reported (Table 1.1). Owing to the widespread 

incidence of drug resistance, advocacy for multidrug therapies has increased. The 

rationale behind this is to increase efficacy of treatment, and drug combinations can also 

shorten the durations of treatment, which in turn increases compliance and decreases the
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Drug Pathway/m echanism Advantages Disadvantages Resistance gene References for resistance gene

A m o d ia q u in c 1 lacm  ocqucstration L ow  cost, prophylactic 

use
A granulocytosis and

hepatitis
p f m d r l / p f c r t Echevcrry c t  al., 20 0 7

Arteiiiether Free radical generation Rapid action, affects 
gametocytes

Moderate cost, rapid 
elimination

unknown Jambou el a l, 2005

Artesunate Free radical generation Rapid action, affects 
gametocytes

Moderate cost, rapid 
elimination

unknown Price e / «/., 1999

Atovaquoiie Electron transport Low toxicity High cost, 
recrudescence

pfcytb Korsinczky et a l, 2000

Chloroquiiie Haem sequestration Low cost, well tolerated, 
prophylactic use

Ineffective against
gametocytes,
resistance

pfcrt/pfmdrl Fidock et a l, 2000; Sidhu et a l, 
2002

Lum efaiitriiie Haem sequestration, free 
radical generation

Well tolerated Moderate cost pfm drl Sidhu et a l, 2006

M efloquine Haem sequestration, 
membrane transport

Prophylactic use Toxic to the central 
nervous system, high 
cost

pfm drl/other Peel et a l, 1994; Price et al., 
2004

Proguanil Folate metabolism Low toxicity High cost, 
recrudescence

pfdhfr Peterson e/fl/., 1990

Piperaquine Haem sequestration Low toxicity Resistance pfcrt? Muangnoicharoen et a l, 2009

Pyriniethaniiiie Folate metabolism Low cost Resistance pfdhfr Peterson e / 1?/., 1990

Quinine Haem sequestration Intravenous for severe 
infections

Resistance, side 
effects. Not used in 
pregnant women

pfm drl, pfcrt? Price et a l, 1999; Pickard et a l, 
2003

Sulphadoxine Folate metabolism Low cost Resistance, side effects pfdhps Wang et a l, 1997

Table 1.1. Major drugs In use against P. falciparum, mechanism of action, target and resistance genes. Common combination 
partners are atovaquone-proguanil, lumefantrine-artemether, mefloquine-artesunate and sulphadoxine-pyrimethamine.



risk of resistant parasites arising through selection during treatment (Kremsner and 

Krishna, 2004). However, the cost o f combination therapy can be prohibitive, 

particularly in sub-Saharan Africa where even now many effective treatments are not 

used because of high cost (Gardiner et a l, 2003).

The genetic events that confer antimalarial drug resistance are spontaneous and 

rare and are thought to be independent of the drug used. They are mutations in or 

changes in the copy numbers o f genes encoding or relating to the drug’s target or 

influx/efflux pumps that affect intraparasitic concentrations of the drug.

Great efforts to elucidate the mechanisms by which P. falciparum  becomes 

resistant to the different dmgs have been made and some o f the drug resistant 

phenotypes are already well described. It is generally suggested that either point 

mutations (Arav-Boger and Shapiro, 2005) or copy number variations of genes involved 

in diverse processes from cell cycle regulation to sexual differentiation may be a 

coinmon strategy used by P. falciparum  to overcome enviromnental stresses and dmg 

pressure (Kidgell et at., 2006; Nair el a l ,  2007; Ribacke et al., 2007).

Some examples of described phenotypes and the genes involved are given in 

Table 1.1. At least tw'o intracellular transporters -  the P. falciparum  chloroquine 

resistance transporter (PfCRT). a member of the drug/metabolite transporter 

superfamily (Martin and Kirk, 2004), and P-glycoprotein homologue 1 (Pghl), a 

member of the ATP-binding cassette (ABC) transporter superfamily -  play a key role in 

the phenomenon o f antimalarial drug resistance (Rubio and Cowman, 1996). Mutations 

in one o f these, pfcrt, are now recognized to be both necessary and sufficient to impart 

chloroquine resistance. The other, pfm drl, the Pghl encoding gene, may further 

modulate the degree of resistance. Common to all resistant lines are a K76T mutation in 

PfCRT, w'hich now provides a valuable molecular marker in sui'veillance studies and a 

predictor of chloroquine efficacy. A second alteration, A220S, also shows extremely 

strong linkage, possibly compensating for changes in the nonnal function of the CRT 

protein induced by K76T, and is likely to have modulating effect on the level of 

resistance (Hyde, 2005). It was also demonstrated that isolates with 

increased pfm drl copy numbers tend to be more resistant to mefloquine, quinine, 

artesunate, and artemisinin (Pickard et a l, 2003).

Plasmodium in humans can capture and use the host's purines but not their 

pyrimidines, so the parasites must synthesize the latter. Isolated mutations of the pfdhfr 

gene, w'hich codes for the dihydrofolate reductase crucial in pyrimidine metabolism, are
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the molecular bases of P. falciparum resistance to pyrimethamine and to cycloguanil, 

the active metabolite in proguanil (Basco et a l, 1995). The S108N substitution is the 

principal mutation associated with resistance to these two drugs, and the most frequent 

additive mutations are N51I and C59R. The mean IC.so o f cycloguanil increases with the 

number of mutations (Nzila et a l, 2000). Multiple mutations diminish the efficacy of 

the enzyme on dihydrofolate and thus suggest that additional mutations are 

unfavourable to the parasites in the absence of drug pressure (Sirawaraporn et al., 

1997). Furthermore, amplification of pfm drl (increased copy number) has been 

associated with increased mefloquine resistance (Cowman et a l, 1994); and mutations 

o f the same gene modulate sensitivity to various antimalarial molecules, such as quinine 

or lumefantrine. Other unknown transporters, particularly ABC transporters, may also 

contribute to quinine resistance, because the P. falciparum  parasite response to quinine 

is probably a multi-gene trait (Mu et al., 2003), and the requirement of multiple loci for 

quinine resistance may explain why this drug is still largely effective in treating malaria 

parasites after more than 300 years.

Atovaquone inhibits respiration and collapses the mitochondrial membrane 

potential in live intact malaria parasites. Sequence analysis of the mitochondrial gene 

for cytochrome b from atovaquone-resistant P. yoclii revealed a series of mutations that 

affect five amino acids clustered in a highly conserved 15-amino acid sequence 

(Srivastava et al., 1999). Analysis o f P. falcipanim  isolated from patients who failed 

atovaquone monotherapy confirmed the predilection for mutations at the Y268 residue 

(Korsinczky et a l, 2000). Fortunately, the clinical utility of atovaquone was salvaged 

by the timely discovery that its antimalarial activity is synergistically enhanced by the 

simultaneous application of proguanil (Canfield et a l. 1995). Atovaquone plus 

proguanil, now in the market as Malarone®, generally provides safe and reliable 

prophylactic and therapeutic antimalarial activity.

Positive coiTelations in parasite responses to artemisinin, mefloquine, 

halofantrine, lumefantrine and possibly quinine and partial negative correlation of 

artemisinin to chloroquine have been reported (Cowman et a l, 1994; Price et a l, 2004). 

These cross-resistance patterns suggest similar pathways or genes that are involved in 

metabolism and/or uptake o f these drugs, indicating that an increase of the copy number 

of p fm drl may also be involved in artemisinin resistance. Another candidate gene that 

has been associated with parasite response to artemisinin is pfatpase6 (Jam.bou et a l, 

2005).
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To study mechanisms o f resistance a logical approach is to start by obtaining 

drug-resistant parasites in culture. Different drug-pressure methods have been 

previously used such as growth at a fixed drug concentration (Inselburg, 1985; 

Korsinczky et al., 2000; Cooper et a l,  2002), or at stepwise increasing drug 

concentrations (Cowman et a l,  1994; Korsinczky et a l,  2000). FurtheiTnore, in vivo 

drug pressure in other Plasmodium species has also allowed dmg resistant parasites to 

be obtained. In this case, the methodology uses single doses with fixed drug 

concentrations (Peters et al., 1977; Srivastava et a l,  1999; Walker et a l,  2000), or 

multiple doses with either fixed concentrations (Platel et a l,  1998) or stepwise 

increasing concentrations (Syafraddin et a l,  1999; Cravo et a l,  2003; Afonso et al., 

2006).

It has been suggested that a stepwise increasing protocol would facilitate the 

accumulation of several mutations; for instance resistance to SP was shown to occur in 

a step-wise fashion with 108N being the first mutation in the series (Mendez et a l, 

2002) and resistance to pyrimethamine commenced with the 108N mutation 

in pfdhfr followed by subsequent mutations to 50R, 511, 59R and 164L (Gebru- 

Woldearegai et a l, 2005). A fixed concentration protocol might facilitate the selection 

o f single point mutations only. As well, it must be noted that on average, cultures need 

to be maintained at least seven months to produce resistant mutants (Nzila and Mwai, 

2009). We therefore decided to explore the possibility o f using two mutagenesis 

approaches to speed up this process.

1.2.2. Brief overview of antimalarial compounds used in this study

To understand the mechanisms that underlie resistance to existing antimalarials 

could lead to the development of simple means of tracking the selection of resistance 

and the design and discovery of new compounds with antimalarial activity. Six different 

antimalarial agents were included in this study. Three of them are cuirently coming in to 

use in Africa: lumefantrine (LMF), piperaquine (PQ) and amodiaquine (AQ). Trifluralin 

(TFL), cyclosporin A (CsA) and FK506 are experimental antimalarial compounds under 

investigation in our laboratory.

Briefly, LMF is chemically related to quinine, which was the first antimalarial 

drug to be purified, and the former is currently used in combination with artemether for 

the treatment of uncomplicated malaria and now is the first line therapy in most o f Sub- 

Saharan Africa (Adjei et a l, 2008). PQ is an orally active bisquinoline discovered by



Rhone-Poulenc in the early 1960s. It is approximately equivalent to chloroquine (CQ) 

against sensitive parasites and is significantly more effective than CQ against resistant 

P. falciparum (Olliaro and Taylor, 2003). Recently the combination of PQ and 

dihydroarteminisin (DHA) has been proved as a safe, well tolerated, and highly 

effective treatment of P. falciparum  malaria in Asia and Afnca (Zwang et a l, 2009). 

Another 4-aminoquinoline, AQ, is rapidly metabolized to desethylamodiaquine (DAQ) 

and other derivatives of lesser antimalarial significance (Churchill et al, 1986). AQ, 

sometimes in combination with artesunate, is not only used to prevent but also to treat 

malaria infections since it often shows adequate efficacy in chloroquine-resistant 

infections (Guthmann et al., 2006).

Besides the aforementioned drugs, new compounds are clearly needed to fight 

against malaria therefore three experimental agents were also assessed in this study. 

TFL, a dinitroaniline herbicide, interacts with tubulin, the main component of 

microtubules, preventing microtubule assembly. It is selectively active against certain 

plants and also some protozoa. It inhibits both asexual and sexual forms of P. 

falciparum in culture (Kaidoh et al., 1995) and evidence to date suggests that tubulin is 

the target of TFL in the malaria parasite (Fennell et al., 2006). The other two 

compounds are cyclosporin A (CsA) and FK506, two potent immunosuppressive drugs 

of fungal and bacterial origin respectively which have been described as antimalarials in 

culture (Bell et a l, 1994). They will be further explained in the following section, as we 

have focused our efforts mainly on these two compounds.

1.3. IMMUNOSUPPRESIVE DRUGS AND MALARIA

1.3.1. Anti-malarial properties of immunosuppressive drugs

The immunosuppressive drug, cyclosporin A (CsA), was shown in 1981 to have 

anti-malarial properties w'hen an inhibitoiy effect o f this dmg on P. herghei and P. 

chahaudi infections of mice w’as reported (Thommen-Scott, 1981). This was a 

surprising discovery as the immunosuppressive properties of CsA were expected to, if 

anything, enhance the susceptibility of mice to P. herghei and P. chahaudi. It was 

shown around the same time that the development o f murine malaria {P. herghei and P. 

yoelii infections) was greatly affected by both prophylactic and therapeutic treatment
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with CsA (Nickell et a l, 1982). They discarded the possibility that the drug was 

exerting an indirect effect through the host's immune system after using sub

immunosuppressive concentrations and also by testing the drug's effect against mice 

whose leucocytes were destroyed by in'adiation prior to infection and drug treatment. In 

the same study, the potent antimalarial of CsA activity in culture was also shown. 

Activity against P. falcipanwi was further confirmed when the drug was shown to 

reduce the severity of malaria in experimental infections of owl monkeys (Cole et al., 

1983).

CsA is a cyclic undecapeptide (Fig 1.3) produced as a natural metabolite from 

the soil fungus Tolypocladiitm inflatum (Borel et a l, 1976). The potent 

immunosuppressive properties of CsA prompted its development as an

immunosuppressant drug by Sandoz Pharmaceuticals (now Novartis) and since its

approval for clinical use in the early 1980s, CsA has played a major role in the 

prevention o f allograft rejection (Allison, 2000). Further advances in the prevention of 

allograft rejection were made in the later years of the same decade and early nineties 

when the immunosuppressive properties of two other compounds, FK506 (tacrolimus) 

and rapamycin, led to their development as immunosuppressive drugs by Fujisawa 

Pharmaceuticals and Wyeth-Ayerst, respectively. Like CsA, both FK506 and rapamycin 

are natural metabolites from soil organisms: FK506 is produced by the filamentous 

bacterium Streptomyces tsukubaensis. (Fig. 1.3); while the related organism, S. 

hygroscopicits, produces rapamycin (Kino et a l, 1987). Wliile they share no structural 

similarity with CsA, FK506 and rapamycin are stmcturally similar to each other and, 

due to the macrolactone ring structure, are classified as macrolides.

Prompted by the anti-malarial properties of CsA, Bell and co-workers showed

both FK506 and rapamycin to have significant inhibitory effects against P. falciparum 

in culture (Bell et a l, 1994). This w'as not surprising in light of the broad antimicrobial 

activity exhibited by all three dmgs. Aside from activity against malarial parasites, CsA, 

FK506 and rapamycin are active against a range o f protozoa, bacteria and fungi (High, 

1994). Indeed, these three compounds were originally isolated as part of screening 

programmes to identify novel antimicrobial compounds (Borel et a l, 1976; Kino et al., 

1987).

Their immunosuppressive effects have limited their development as 

antimicrobial agents, but the appearance of non-immunosuppressive derivatives of CsA 

and FK506 with pronounced antimalarial activity emphasizes the importance o f ftirther
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investigating the action of these drugs upon the parasite (Bell et al, 1996; Monaghan et 

ai, 2005). Moreover, the mechanisms of antimalarial action of CsA and FK506 are 

unknown but their major receptors are known to be members of the superfamily of 

immunophilins, specifically cyclophilin and FK506-binding protein (FKBP) families 

respectively.

1.3.2. Immunosuppressive mechanisms of CsA and FK506

The transient expression and secretion of IL-2 by T-helper lymphocytes is 

induced by a combination of immune stimuli, the most important of which is the 

interaction of the T cell receptor (TCR) with a specific antigen. This antigen is 

presented to the T lymphocyte by the major histocompatibility complex (MHC) of an 

antigen-presenting cell. This interaction initiates signal transduction cascades that 

activate an array of transcription factors that, upon translocating to the nucleus, bind to 

recognition elements of the transcriptional enhancer of the IL-2 gene. A number of 

distinct transcription factors function co-operatively to activate transcription of the IL-2 

gene (Riegel et al, 1992; Schreiber and Crabtree, 1992). Such tight regulation of IL-2 

production is necessary to avoid uncontrolled T-lymphocyte growth and tumorigenesis. 

By inhibiting a combination of these transcription factors, CsA and FK506 suppress the 

transcriptional activation of the IL-2 gene (Mattila, 1996; Matsuda et al, 2000). Of 

these, the nuclear factor of activated T-cells (NFAT) appears to be the most sensitive to 

the drugs and is the only pathway for which the molecular mechanism of CsA- and 

FK506-immunosuppression is well characterised (Fig. 1.4).

Neither CsA nor FK506 affects NFAT directly, but rather act through a pivotal 

cellular activity that modulates its activity. NFAT forms a dimeric complex in the T- 

lymphocyte nucleus with one of a number of other transcription factors, such as AP-1, 

c-MAF and GATA4 that co-operatively bind to DNA (Crabtree, 1999). NFAT is 

confined to the cytosol of resting T-lymphocytes but upon antigen presentation it 

translocates to the nucleus where it forms the active transcriptional dimer. The transport 

of NFAT to the nucleus is dependent upon a dephosphorylation event mediated by 

calcineurin (Cn), a serine/threonine protein phosphatase. The phosphatase activity of 

calcineurin is modulated by calmodulin and Ca^ .̂ Upon antigen presentation to T- 

lymphocytes, the T-cell receptor/CD3 complex induces activation of various membrane- 

bound protein tyrosine kinases (PTKs), which in turn activate phospholipase C (PLC), 

resulting in the cleavage of the inositol 1,4,5-triphosphate (IP3) moiety from
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Fig. 1.4. Mechanism of action of CsA and FK506 in T-cells. CYP, cyclophilin; 
CaN, calcineurin; NF-ATc, cytosolic form of NF-AT, NF-ATn, nuclear form of NF- 
AT See text for other abbreviations.
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phosphatidylinositol-4,5-bisphosphate (PIP2). IP3 binds to its cognate receptor on the 

endoplasmic reticulum membrane, resulting in the liberation of stored Ca^  ̂ into the 

cytosol. This increase in cytosolic Ca^  ̂ levels activates calmodulin, which in turn 

activates calcineurin (which also binds Ca^  ̂directly), resulting in the dephosphorylation 

of NFAT. It is this dephosphorylation event that is inhibited by CsA and FK506.

Neither drug, however, can bind to calcineurin with significant affinity in the 

absence of other proteins. Rather, the ability of both CsA and FK506 to inhibit 

calcineurin is dependent upon the prior formation of binary complexes with distinct 

protein targets. The major cytosolic receptor for CsA is an 18-kDa protein termed 

cyclophilin 18 (hCYPlS, also known as hCYPA or PPIA) (Handschumacher et ai, 

1984), while the 12-kDa FK506-binding protein (FKBP12) is the major receptor for 

FK506 (Siekierka et ai, 1989; Harding et al, 1989). It is these binary complexes (CsA- 

CYP18 or FK506-FKBP12) that bind to and inhibit calcineurin, thereby inducing 

immunosuppression.

A high-resolution X-ray structure of the FKBP-FK506 complex shows that half of 

the FK506’s solvent-accessible surface area is buried in FKBP12; the other half of the 

ligand is exposed (Van Duyne et al, 1991). Thus, FK506 has two domains: the binding 

domain that interacts with FKBP12, and the effector domain that can interact with a 

second protein (e.g. calcineurin). It is this extended novel surface built by the FKBP- 

FK506 complex that causes the interference with the signal transduction pathway. The 

mechanism of inhibition of cyclophilin upon calcineurin and its interaction with CsA 

was inferred from structures of a ternary FKBP/FK506/Cn complex because no 

hCYP18/CsA/Cn crystals had been obtained until 2002 (Huai et ai, 2002; Jin and 

Harrison, 2002). Then it was demonstrated that one side of the CsA ring fit smoothly 

into a groove on hCYPl 8, leaving the opposite side free to interact with Cn. hCYPl 8 is 

a member of the PPIases (Fig. 1.5), but its enzymatic activity is distinct from its role in 

Cn inhibition (Zydowsky et al. 1992). Thus, CsA appeared to “hijack” hCYP18, to 

create an intracellular inhibitory complex much larger than CsA itself (Jin and Harrison, 

2002 ).
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Fig. 1.5. A) Diagram of the hCYP18-CsA-Cn ternary complex. CsA is shown in ball-and-stick representations; CnA is in yellow (with 
the CnB-binding segment in dark yellow); CnB, red; hCYP, green; Câ  ̂ ions, cyan balls. The Cn active-site cleft is indicated with an 
asterisk; B) Diagram of hCYPlS. It consists of eight anti-parallel P strands (yellow), with 2 a helix and a 3-10 turn (pink), all 
connected with several loops (white).



1.4. IMMUNOPHILINS

At a time when malaria parasites have developed strategies to evade almost any 

available antimalarial treatment, the fight against such a health burden requires the 

development o f new effective drugs, and one approach to generating such drugs is first 

to identify new drug-target candidates. The immunophilin family of proteins is an 

appealing choice since they have been reported to be involved in folding and transport 

of other cellular proteins and regulation of multi-protein complexes via either peptidyl- 

prolyl cis-tmns isomerase (PPIase) activity or chaperone functions, or both. Moreover, 

they interact with small molecules (CsA or FK506) that interfere with their mechanisms 

of action (Galat, 2003). Those drug-dependent functions, which gave rise to the 

‘immunophilin’ name, have only clinical but no physiological relevance, since healthy 

mammalian cells never naturally encounter the immunosuppressant drugs. However, 

the hypothesis that CsA and/or FK506 may mimic noiTnal cellular regulators has not 

been discarded.

1.4.1 PPIase activity of immunophilins

In refolding experiments with some proteins it could be demonstrated that the 

cis/trans isomerisation of peptidyl-prolyl bonds was rate limiting (Kiefhaber et a l, 

1990). Folding intermediates are highly sensitive to proteolytic degradation and 

aggregation, indicating that an enzyme-catalyzed acceleration of proline isomerisation 

may exist. In 1984 the first peptidyl-prolyl cis-trans isomerase was isolated from 

porcine kidney cortex (Fischer et a l, 1984) and the same year an 18-kDa protein from 

mammalian thymocytes was found to be the intracellular receptor protein for CsA, and 

this receptor protein was named cyclophilin. Five years later, it was demonstrated that 

cyclophilins and peptidyl-prolyl cis-trans isomerases were species variants of the same 

protein (Takahashi et a l, 1989). At the same time, however, another prolyl isomerase 

was discovered during the search for the receptor protein of the immunosuppressive- 

acting drug FK506, which was named FK506-binding protein (FKBP) (Harding et a l, 

1989).

The peptide bond has a partial double-bond character, and like all double bonds 

with similar combinations o f side chains, it can exist in two distinct isomeric forms: cis 

and trans (Fig. 1.6.A). Peptide bonds are connected in the trans conformation during
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PPIase

Fig. 1.6. PPIase activity. A) The PPIase reaction catalyzed by hCyplS; B) The active-site of hCyplS with a peptide substrate. The substrate 
shown has the sequence succinyl (Sin)-Ala-Ala-Pro-Phe-p-nitroanilide (Nit) and is labeled as chain B. The red arrow indicates the 
catalyzed isomerization. Several residues are conserved for their role in enzyme reaction. The green lines indicate hydrogen bonds 
between substrate and enzyme, while the hydrophobic interactions are depicted by small red radiating lines (Agarwal, 2006).



biosynthesis at the ribosomes, and this conformation is also found in the native structure 

o f most peptide bonds. The lower energy-state trans peptide bonds, whose side chains 

are 180 degrees opposite each other, are sterically favoured, and the ribosome is thought 

to synthesize peptide bonds in this form. In many proteins containing proline, however, 

the bonds preceding each proline (peptidyl-prolyl bonds) also occur in the cis form, 

with the side chains adjacent to each other; both de novo protein folding and the 

refolding processes following cellular membrane traffic necessitate isomerisation to the 

cis form. Spontaneous isomerisation o f peptidyl-prolyl bonds requires free energy and is 

a slow process, particularly at lower temperatures, and it constitutes a rate-limiting step 

in folding. Peptidyl-prolyl isomerases stabilize the cis-trans transition state and 

accelerate isomerisation (Fig. 1.6.B), a process that is considered important not only in 

protein folding but also during the assembly o f  multidomain proteins (Gothel and 

Marahiel, 1999). Regardless o f their origin, the structural conservation o f cyclophilins 

throughout evolution and the PPIase activity o f  all members underline the importance o f 

this enzymatic reaction, suggesting that cyclophilins may play an important role in 

malarial parasite development.

An interesting feature o f immunophilins is that although both cyclophilin and 

FKBP families possess PPIase activity, the sequence and structure o f the two families 

are dissimilar (Ke, 1992; Griffith et al„ 1995). hCY PlS contains eight anti-parallel p 

strands that form a right-handed (3 barrel with an a  helix at either end (Fig. 1.5.B). 

However, hC Y PlS is a uniquely closed p barrel so that neither CsA nor the Pro- 

containing substrate peptide can bind to the hydrophobic core, suggesting that it is not 

evolutionarily related to other p barrel structures. CsA and peptides instead bind to the 

outer surface o f  hCY PlS, although a number o f critical hydrophobic residues are 

involved in binding. FKBP 12, in contrast, is composed o f five P strands wrapping 

around a short a  helix with an overall conical shape that has a hydrophobic groove to 

which FK506 and PPIase substrates bind.

Though the structures o f hC Y PlSA  and FKBP 12 differ, in both proteins the 

substrate and the inhibitory immunosuppressants compete for binding to the PPIase 

active site. Thus, the ‘PPIase dom ain’ has become synonymous with ‘drug-binding 

dom ain’. In m ost cases, PPIase activity is inhibited by CsA (Takahashi et a l,  1989) or 

FK506. The drug binds and inhibits the enzyme because it contains a structure termed a 

‘twisted amide surrogate’, which is a transition state mimic o f a peptidyl-prolyl bond 

undergoing isomerisation (Schreiber, 1991).
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The typical 12-kDa FKBP12 occurs in some bacteria and archaea and it is 

present in all known eukaryotic organisms. Lower eukaryotes and invertebrates encode 

only one iso form of the archetypal FKBP12 whereas in the human genome are encoded 

three closely related paralogues. The archetypal mammalian FKBP12 is a cytosolic 

protein, although the genomes of different organisms encode from one (baker’s yeast) to 

six (human) different genes of FKBPs whose matured forms reside in the endoplasmic 

reticulum. Moreover, it has been shown that liFKBPlS and hFKBP52 were over

produced in response to heat-shock (Peattie et a l, 1992; Bush et ah, 1994). It was thus 

not surprising that many of the FKBP paralogues are localized in the ER where they 

may be the important in the folding and assembly of proteins and their complexes.

Some FKBPs contain apparent nuclear localization signals or possess domains 

which may interact with nuclear proteins, DNA or RNA but their functional 

significance in the nuclear space is mostly unknown.

Contrary to the expectation that the highly conserved immunophilins might be 

essential for protein folding, none of the twelve members of this family was found to be 

essential in Saccharomyces cerevisiae under conventional laboratory growth conditions 

(Dolinski et a l, 1997). Based on these results it was concluded that the immunophilins 

do not play a general essential role in protein folding but rather may perform specific 

functions through interactions with unique sets of restricted partner proteins.

Furthermore, in Bacillus suhtilis disruptions of both of its two cytoplasmic 

PPIases had no effect on cell viability in rich medium or under several stress conditions, 

such as heat, osmotic or oxidative stress (Gothel et a l, 1998). However, in poor 

medium, such as in the absence of amino acids, the growth of the double mutant strain 

was strongly decelerated, indicating that the PPIases are essential for growth under 

starvation conditions. Thus, these PPIases appear to be non-essential for growth under 

‘pampering’ laboratory conditions but may have significant roles in survival in 

environmental and pathogenic niches.

1.4.2. Chaperone activity of immunophilins

It is a likely hypothesis that intracellular and secreted molecular chaperones act 

as an additional level of homeostatic control possibly linking cellular stress to 

physiological systems such as the immune system. This led John Ellis (2005) to define 

these proteins as ‘a large and diverse group of proteins that share the property of 

assisting the non-covalent assembly/disassembly of other macromolecular structures but
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which are not permanent components o f these structures when these are performing 

their normal biological functions’.

It is believed that 'protein crowding’ promotes protein misfolding and is the 

evolutionar>' pressure for the development of ‘chaperoning’ (Ellis, 2007). Other 

molecular chaperones have also been found to exert powerful immunological responses. 

An excellent example are PPIases, a number of which are targets for the major 

immunosuppressive drugs as mentioned above (Kang et a l, 2008).

Not surprisingly, the concept that molecular chaperones could be released from 

cells and have additional, perhaps non-folding, functions was largely ignored as it did 

not fit in with the growing paradigm of molecular chaperone biology: one gene ^  one 

protein ^  one function (Henderson, 2010).

Molecular chaperones have extremely conserved sequences and the chaperonin 

60 protein from mammals and from bacteria share 50% sequence conservation. Now, it 

is well known to biologists that single residue changes in a protein can dramatically 

modify its biological activity. Thus, it is beginning to appear that molecular chaperones 

from different sources can have widely different biological actions in spite of an 

appreciable sequence conservation.

The most likely explanation for the evolution o f "moonlighting’ activity in the 

molecular chaperones is the enormous importance o f the cell stress response to the 

survival of the individual cell and to the organism which these cells generate. It is a 

sensible hypothesis to suggest that stress in any particular part of the organism needs to 

be integrated into the homeostatic regulation of the whole organism. This is what is 

believed to be the evolutionaiy rationale for the signalling actions o f molecular 

chaperones. They are the archetypal ‘danger signals’ as stress is the ubiquitous danger 

for all organisms (Maguire et a l, 2002).

The cis-tmns isomerisation of peptidyl-prolyl bonds is one o f the rate limiting 

steps of protein folding (see section 1.4.1). However, the influence o f cyclophilins and 

FKBPs on the conformations, locations, oligomeric states and activities o f various 

proteins in cells carmot be explained by PPIase activity alone. At least some 

cyclophilins and FKBPs can act as molecular chaperones in an analogous marmer to 

certain members o f stress protein families. Even immunophilins have been described as 

“chaperones that may also exhibit PPIase activity” (Barik, 2006). Moreover, specific 

inhibition of PPIase activity by immunosuppressant drugs excluded a role for PPIase 

catalytic activity in chaperone function (Freeman et al, 1996; Bose et al, 1996).
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Although the exact domains or residues responsible for the chaperone function 

per se remain unclear, a role of novel hydrophobic grooves (outside the PPIase binding 

domain) is becoming increasingly apparent (Barik, 2006). In any case, the binding 

surface o f all immunophilins must be flexible enough to accommodate the large variety 

o f client proteins in the cell and perhaps also recognize strategic hydrophobic residues 

that would otherwise promote aggregation. It is prudent to assume that both activities 

contribute to assist large Pro-containing proteins to fold properly (Ramm and 

Pluckthun, 2000; Kramer et a l, 2004).

Deletion analysis has shown that in the large immunophilins, FKBP51 and 

FKBP52, only the first domain has PPIase activity. In contrast, the chaperone activity 

resides mainly within the C-terminal part that includes the tetratricopeptide repeat 

region (TPR), a structural motif that mediates protein-protein interactions and the 

assembly o f multiprotein complexes, which also shows its separation from the 

enzymatic activity (Pirkl et a l, 2001). Recent experiments have shown that even the 

small immunophilins containing very little sequence besides the PPIase domain may 

have a chaperone fiinction distinct from the PPIase activity. For instance, PPIase- 

independent chaperone function of FkpA, a small periplasmic chaperone of E. coli, has 

been discussed (Ramm and Pluckthun. 2000).

Without doubt, our most detailed knowledge o f immunophilin fiinction derives 

from steroid receptors that depend on an ordered assembly of chaperoning proteins to 

reach functionally mature conformations. The immunophilin cochaperones, cyclophilin 

40, FKBP51 and FKBP52, together with PP5, a serine/threonine protein phosphatase, 

are implicated as modulators o f steroid receptor function through their association with 

Hsp90, a molecular chaperone with a key role in steroid hoiTnone signalling (Ratajczak 

et al., 2003). However, there is some knowledge o f other cyclophilins being crucial for 

various pathways in different organisms. For instance, hCYPlS has been reported to 

bind to human immunodeficiency virus-1 (HIV-1) Gag protein, whose products serve as 

the major structural components of the virus, and is required for the infectious activity 

of HIV-1 virions. A small region of the HIV-1 capsid protein containing four conserved 

prolines has been shown to be important for incorporation o f hCYPlS into virions 

(Franke e/a/., 1994).

A retina-specific cyclophilin o f the Drosophila melanogaster fly, NinaA (an 

orthologue of hCYP19) is crucial for the folding o f rhodopsin isoforms. Mutant flies, 

lacking a single copy of ninaA, have impaired vision due to disruption o f trafficking of
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rhodopsins in the photoreceptor cells present in the compound eye, suggesting that 

NinaA may serve as a chaperone for rhodopsin (Stamnes et a l, 1991).

The 17-kDa archaeal FKBP from Methanothermococcus thermolithotrophicus 

shows a PPIase activity and a chaperone-like activity capable of refolding proteins and 

suppressing aggregation (Maruyama et a l, 2004). The single-domain, 187 residue-long 

LdCYP from Leishmania donovani is able to disaggregate agglomerations o f a client 

protein even when a large portion of the N-terminal PPIase domain is deleted (Table 

1.2) (Chakraborty et al., 2002).

More recently it has been shown that several prolyl isomerases o f the FK506- 

binding protein family, such as trigger factor, SlyD, and FkpA, contain chaperone 

domains and assist protein folding. The prolyl isomerase activity of FK506-binding 

proteins strongly depends on the nature of residue Xaa of the Xaa-Pro bond. 

Apparently, the almost indiscriminate binding o f the chaperone domain to the refolding 

protein chain overrides the inherently high sequence specificity o f the prolyl isomerase 

site (Jakob et a l, 2009).

Malarial parasite chaperones drew attention for the first time as vaccine 

candidates, since the P. falciparum homologue o f the heat-shock protein 70 (PfHsp70) 

was found to be immunogenic in infected humans (Mattei et a l, 1989). Malarial 

parasites experience a heat shock o f over 10°C during transmission from their insect 

vector to the human host. Subsequently, during intra-erythrocytic growth in the human, 

Plasmodium undergoes repeated exposure to heat shock in the form of febrile episodes 

suffered by the patient. Thereby exposure to frequent temperature fluctuations is an 

inherent part of the parasite life cycle. It is only natural that the parasite would have a 

robust heat-shock response to adapt and acclimatize to such regular temperature 

changes. As much as 2% of the P. falciparum  genome appears to encode for chaperones 

that are expressed at various stages of its life cycle. In addition to their role in the heat- 

shock response, another aspect of parasite growth in which chaperones are required is 

the remodelling o f the infected erythrocyte (Acharya et a l, 2007). Mature human 

erythrocytes lack organelles and transport machinery, but after the parasite invades it, 

Plasmodium begins to synthesize and deploy proteins to the erythrocyte cytosol and 

plasma membrane in order to establish nutrient import mechanisms and secretory 

apparatus. In consequence, knobs appear on the infected erythrocyte surface and confer 

cjtoadherence to the infected erythrocyte and contribute to malaria pathology. The 

components of these complexes have been characterized and consist of proteins
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Protein
name

Expression
(protein)

PPlase activity CsA binding Chaperone
activity

References

PfCYP19A W, F Yes Yes Nd Berriman and Fairlamb ,1998; 
Gavigan et aL, 2003

PfCYP19B W, F Yes Yes Nd H irtzlin  et a l ,  1995; Gavigan et a i ,  

2003
PfCYP25 F 7 7 Nd Reddy e /<7/., 1995

GiCYP nd Yes Yes Nd Yu etal., 2002

LdCYP W Yes Yes Yes Dutta et a I., 2001

LniCYP19 W Yes Yes Nd Rascher fif/., 1998

NcCYP F, W nd Nd Nd Tuo et a l ,  2005

TgCYP20 P,F Yes Yes Nd High (7/., 1994

TbCYP19 W nd nd Nd Pelle et a i ,  2002

TcCYP19 nd Yes Yes Nd Bua et a i ,  2001

PfFKBP35 W Yes No Yes Monaghan and Bell, 2005

TgFCBP57 Nd Yes Yes Yes Adams et a l ,  2005

Table 1.2. Properties of well-characterized immunophilins of protozoal parasites. Pf, Plasmodium falciparum; Gi, Giardia 
intestinalis ; Ld, Leishmania donovani; Lm, Leishmania major; Nc, Neospora caninum; Tg, Toxoplasma gondii; Tb, Trypanosoma 
brucei; Tc, Trypanosoma cruzi; W, detection by western blot; F, detection by peptide mass fingerprint; nd, not determined. PfCYP25 
was not purified, hence



from both parasite and host where parasite chaperones may play decisive roles (Hiller et 

a l, 2004).

1.4.3. The dual family ‘FKBP-cyclophilin’

Certain immunophilins are dual-family proteins that contain both cyclophilin 

domain (CYP) and FK506 binding domain (FKBD). For this reason, it was decided that 

these enzymes be named FCBP (FK506- and CsA-binding protein). So far, FCBPs have 

been found only in three protozoal parasites of the Toxoplasma, Theileria and 

Tetrahymena genera, and in two bacteria, Flavohacterinm johnsonae and Treponema 

denticola (Adams et a l, 2005). The domain architecture of two o f them is represented 

schematically in Fig 1.7. Although still a relatively minor class, new FCBP homologues 

are coming to light as more genomes are being sequenced (Barik, 2006). Detailed 

biochemical studies o f recombinant Toxoplasma gondii FCBP57 (Table 1.2) showed 

that both domains possessed PPIase activity with family-specific dmg sensitivity, i.e. 

sensitivity to CsA and FK506, respectively. In the parasitic enzymes, the two PPIase 

domains are joined by TPR domains that share significant sequence similarity and 

consei'ved spacing between the motifs. Deletion of any number of the TPR motifs had 

no effect on the PPIase activity o f TgFCBP57. The bacterial FCBP homologues are 

smaller mainly because the CYP and FKBD domains are directly joined with no TPR in 

between, further suggesting that the TPR domains only sei've in an accessoiy role, 

perhaps to recruit the client proteins (Adams et a l, 2005).

It was suggested that in these multi-domain immunophilins, the two domains 

recmit family-specific client proteins in a conceited or simultaneous fashion that would 

not have been possible if the domains were on separate polypeptides. Perhaps, being 

present in cis, the two domains can simultaneously chaperone two subunits of a 

multimeric complex in the appropriate order. When there is a TPR domain between 

them (as in TgFCBP57), it may facilitate or stabilize such recruitment by providing 

additional contacts and also act as a flexible hinge to allow an optimal fit of both 

domains around complexes o f different sizes and shapes. The TPR-free multi-domain 

immunophilins such as the bacterial FCBPs may be less versatile in their choice of 

clients but still adequate for smaller complexes.
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1.4.4. FKBPs in Plasmodium falciparum

As in the case for cyclophilins, several isoforms o f FKBPs are usually found 

within the same organism. The first FKBP to be identified in the Apicomplexa was a 

35-kDa FKBP in P. falciparum (Braun et a l, 2003). Analysis of the P. falciparum  

genome database revealed pfFKBP35 to be the only obvious FKBP gene. PfFKBP35 

contained not only a conventional FKBP domain but also an additional domain 

containing three TPR regions (Fig. 1.7) (Monaghan and Bell, 2005). TPR regions are 

rich in a-helix and have been associated with protein-protein interactions. Analysis of 

the genomes (Carlton et a l, 2002; Hall et al., 2005) o f other Plasmodium species 

indicates the presence of a single FKBP gene with remarkable similarity to PfFKBP35, 

and expression data has recently begun to be released for these orthologues in P. 

berghei and P. yoelii.

PfFKBP35 is expressed throughout the intraerythrocytic life cycle (Kumar et al., 

2005). Immunofluorescent studies showed that, during the ring stage, PfFKBP35 is 

predominantly cytosolic, but as the parasites mature into trophozoites and schizonts, a 

significant amount of the protein is observed in the nucleus.

A recombinant form o f PfFKBP35 displayed peptidyl-prolyl cis-trans isomerase 

activity that was inhibitable by FK506 and rapamycin. This protein was also shown to 

inhibit the thermal aggregation in vitro o f two model substrates, suggesting that it has 

general chaperone properties (Table 1.2) (Monaghan and Bell, 2005).

The modular stmctures of this protein, and in particular the presence o f TPR 

motifs, suggest that their primary functions may be in protein trafficking as part o f large 

hetero-oligomeric complexes. Genome analysis suggests that P. falciparum  contains the 

complete set of chaperone (namely, Hsp40, Hsp70 and Hsp90) and cochaperone 

components (namely. Hop and p23) necessary for such complexes.

1.5. CYCLOPHILINS

1.5.1. Human cyclophilins

The cyclophilins are now recognized as a large family of proteins expressed by a 

variety of cell types and found in very diverse species. Genomes o f some bacteria, 

archaea and all sequenced-to date eukaryotes as reviewed by Galat (2003) encode from 

one to several different paralogues of cyclophilins. Along with some small putative
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cyclophilins, there are larger multi-domain proteins containing a CYP in addition to one 

or several unrelated domains. Several different X-ray structures have been established 

and revealed a high conservation o f the overall spatial structures of the cyclophilins 

from phyla as distant as Homo sapiens and Escherichia coli (Doman et al. 2003). 

Members o f the cyclophilin family have been reported to function in protein folding, 

protein activity regulation, transcriptional regulation, receptor signalling pathways, 

apoptosis, the cellular oxidative stress response, control o f both the meiotic and mitotic 

cell cycles in 5. cerevisiae and chaperoning of plasma membrane proteins (Pemberton 

and Kay, 2005).

Cyclosporin A was initially developed as an immunosuppressive drug. In the 

past, it has been shown to possess antiparasite activity independent o f the immune 

system. It is still not known how the drug exerts these antiparasite effects, although the 

answers might lie in the enzymatic function of the family o f cyclophilins. Data from 

studies in culture and the fact that CsA is effective at sub-immunosuppressive level rule 

out the possibility that CsA exerts an indirect effect on parasitic infections via an 

interaction with the host's immune system (Chappell and Wastling, 1992).

All cyclophilins share a common domain of approximately 109 amino acids, the 

cyclophilin domain, surrounded by domains unique to each member of the family that 

are associated with subcellular compartimentation and functional specialization (Marks, 

1996).

The human genome contains at least sixteen genes encoding proteins comprising 

one CsA binding domain whose nominal masses vary from 17 to 324 kDa and multiple 

coding segments for small cyclophilins (17-19 kDa) whose transcription levels and 

functions remain unknown. Besides the archetypal cytosolic hCYPlS (CYPA) multiple 

paralogues of small cyclophilins are encoded in the genome. There are four organelle- 

specific small cyclophilins, namely cyclophilin-B (hCYP22) which is located in the ER 

(Price et al., 1991), cyclophilin-C (Schneider et a l, 1994) and cyclophilin-D (hCYP33) 

(Bergsma et a l, 1991) that are associated with the membrane and mitochondria 

respectively and the nuclear spliceosome-associated hCYP19 (Horowitz et a l, 1997). 

Three unique large proteins are terminated with cyclophilin-like domains that are 

preceded by different types of domains, e.g. hCYP33 has an N-terminal RNA-binding 

domain (Mi et a l, 1996), and the large nucleoporin hCYP324 has many different 

domains (Yokoyama et al., 1995) whereas hCYP73 contains WD domains, short 

structural motifs of approximately 40 amino acids often terminating in a tryptophan-
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aspartic acid (W-D) dipeptide (Nestel et a l, 1996). Three other large proteins have an 

N-terminal CYP domain fused to C-terminal domains possessing different fiinctions 

that have a number o f domains rich in serine, arginine and lysine whereas hCYP40 has 

TPR units typical o f stress-related proteins (Kieffer et a l, 1993). The domain 

arrangements of a representative number o f these proteins are displayed in Fig. 1.7.

1.5.2. Cyciophilins in P. falciparum

So far three cyclophilin genes have been identified in P. falciparum: pfcypl9B  

(Hirtzlin et al., \995), pfcyp24 (Reddy, 1995) and pfcypl9A  (Berriman and Fairlamb, 

1998) (See Bell et al., 2006 for nomenclature). To avoid any fijrther confusion, in this 

study, pfcyp24 will be called pfcyp25 as the protein encoded by this gene weight 24.9 

kDa and according to the established nomenclature it should be rounded up to next 

whole number. These genes are located on chromosomes 11,8 and 3, respectively. As 

well as in other organisms, the conventional nomenclature is now widely accepted for 

the proteins encoded by these P. falciparum  genes: cyclophilin is abbreviated to CYP 

and a species-specific prefix and a suffix representing the approximate molecular mass 

in kilo-Daltons of the mature protein are added. Therefore, it is important to clarify that 

PfCYP19B was originally named PfCYP (Hirtzlin et a l, 1995) or PfCYP22 (Berriman 

and Fairlamb, 1998) as the weight of the full length protein (including the signal 

sequence) was calculated as 22 kDa. PfCYP25 was also called PfCYP (Reddy, 1995), 

and P1CYP19A was formerly named just PfCYP19 (see Table 1.2 and Fig. 1.7 for 

details). It should be mentioned that when the amino acid sequence of PfCYP25 was 

first published (Reddy, 1995), there was a stretch of seven residues (NLNQNMK) that 

was missing. This sequence would account for the discrepancies in the calculated 

molecular weight.

Aside from the N-terminal extensions of PfCYP 19B and PfCYP25, the major 

difference between the P. falciparum cyciophilins and hCYPlS sequences lies in 

‘insertions' of four to six amino acids situated around position 43-44 (hCYP18 

numbering) which lies in the linker region between helix a l and strand p3 (Doman et 

a l, 2003). This corresponds to a region o f substantial diversity among cyciophilins in 

general (Galat, 1999). They all have high similarity to hCYP18 and ScCYPl? (Fig. 

1.8). Both P1CYP19A and PfCYP19B conserve the 13 residues crucial for CsA binding, 

while PfCYP25 possesses all but two.
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Fig. 1.8. Aligment of cyclophilin domains of hCYPlS, ScCYPl? and l<nown cyclophilins in P. falciparum. Cyclosporin A binding 
residues (13 residues) fronn hCYPlS are in red (Pfiugl et al., 2003). The W with + above refers to the sole amino acid critical for CsA 
inhibition. Arrows above indicate residues that are involved in the PPIase activity (Zydowsky et al., 1992). Blocks of conserved residues 
present in at least 3 out of the 5 sequences are shaded in black.



All three P. falciparum  cyclophilins have orthologues encoded in the P. herg/iei, 

P. chahaudi, P. biowlesi, P. vivax and P. yoelii genomes and are expressed at the 

mRNA level in erythrocytic parasites (www.plasmodb.org). Interestingly, pfcyp25 

mRNA is highest in the ring stages (Florens et a l, 2002), pfcypl9A  mRNA in the 

middle of the erythrocytic cycle and pfcypl9B  mRNA in the more mature stages (Le 

Roche et al., 2004). Orthologues o f these three genes have been found in other 

Plasmodium species. For instance, in P. herghei the orthologue o f pfcypl9A  was 

expressed in all the stages but in sporozoites, while the orthologue of pfcyp25 was only 

found in ookinetes (Khan et a l, 2005; Hall et a l, 2005). Furhtermore, mRNA of the 

orthologue o f pfcypl9A  was found in the blood stage of P. vivax (Cui et a l, 2005) 

indicating that this protein is also transcribed in this organism.

In the case of P. falciparum, PfCYP19A is the likeliest candidate for the 

hCYPlS homologue. It was found at = 1.2% of cellular protein in erythrocytic parasites 

and the available evidence suggests that is cytosolic (Berriman and Fairlamb, 1998; 

Gavigan et al., 2003). The location o f PfCYP19B is predominantly in the cytosol and its 

expression can reach up to 0.5% of cellular protein. Its sequence contains a cleaved 

signal sequence but no obvious endoplasmic reticulum-retention signal (Gavigan et al., 

2003). In fact, it has been reported to be found associated with the infected RBC 

membrane (Wu et al, 2006). The long. Asp-rich, N-terminal extension o f PfCYP25 

(Reddy, 1995) is an intriguing feature that appears not to be a typical signal sequence 

and is not closely related to any known non-Plasmodium sequences. It is not known 

whether this extension is cleaved and the evidence for production o f significant 

quantities of the protein in blood-stage parasites is still limited.

PPIase activity has been demonstrated in vitro for the native and/or recombinant 

forms of several cyclophilins of protozoal parasites (Bell et al., 2006). In P. falciparum, 

all three cyclophilins exhibited PPIase activity but while both PfCYPI9A and 

PfCYPI9B were purified and characterized kinetically, PfCYP25 was not purified as a 

recombinant protein. Instead a crude cell lysate was tested and it was assumed that this 

protein was the responsible for the enzymatic activity observed. In any case, their 

substrates and/or binding partners are as yet unknown; however, PfCYP19A and 

PfCYPI9B, but not PfCYP25, in complex with CsA were potent inhibitors o f P. 

falciparum  calcineurin in vitro (Dobson et al., 1999; Kumar et a l, 2005). Chaperone 

activity of these P. falciparum cyclophilins has not been reported.
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Only a few years ago, cyclophilins and calcineurin were indicated as possible 

mediators of the action of CsA in P. falciparum  by three independent investigations. 

First, PfCYP19A and PfCYP19B were recognized as the main cyclosporin-binding 

proteins in the parasite (Gavigan et a l, 2003); second, it was demonstrated that P. 

falciparum  calcineurin showed the ability to dephosphorylate proteins and, when 

interacting with either PfCYP19A or PfCYP19B, was inhibited by CsA (Dobson et al., 

1999; Kumar et al., 2005); third, it was demonstrated that mutations in the genes that 

encoded for those three proteins were present in some but not all CsA-resistant mutants 

obtained in culture (Kumar et a l, 2005).

However, the biological function of parasite cyclophilins, their natural substrates 

and their role in the host-parasite relationship are still unknown.

1.5.3. Cyclophilins in other organisms

The genome of the fission yeast Schizosaccharomyces pombe contains four 

single domain and five multidomain cyclophilins. The yeast S. cerevisiae produces 

eight, a representative of the microsporidia, Encephalitozoon cuniculi, only two and the 

fungus Rhizopus oiyzae up to seventeen. Despite their ubiquitous expression and high 

evolutionary conservation, convincing evidence for the importance of cyclophilins for 

cellular homeostasis is missing. As mentioned before, in S. cerevisiae, for instance, 

none o f the eight cyclophilins is essential since a mutant lacking all eight cyclophilins 

and four FKBPs simultaneously has only a subtle phenotype (Dolinski et al., 1997).

High et al. (1994) isolated genes encoding two Toxoplasma gondii cyclophilins, 

TgCYPlS and TgCYP20. TgCYP20 was apparently part of a larger open-reading frame 

but the N-terminal amino acid of the mature protein corresponded to the beginning o f a 

typical cyclophilin domain. Both were highly similar to hCYPlS in the core region but 

TgCYP20 differed in its seven amino acid ‘insertion’ in the same region as in the P. 

falciparum  cyclophilins. A cyclophilin of Neospora canimim, an apicomplexan 

pathogen o f cattle, was highly similar to TgCYPlS (Tuo et al., 2005).

Cyclophilin genes have been found in Leishmania major (Rascher et a l, 1998) 

and Leishmania donovani (Dutta et a l, 2001). Both had well-conserved CYP/CsA- 

binding domains. The L. major protein LmCYP19 included an unusual 11-amino acid 

‘extension’ at the N-terminus and a three amino acid ‘insertion’ around residue 102, 

which is expected to fall in the linker between |3-sheets 4 and 5 (Rascher et a l, 1998). 

These features were conserved in the cyclophilins o f various African trypanosomes and
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those o f the South American trypanosome Trypanosoma cruzi (Bell et a l, 2006). 

Giardia intestinalis cyclophilin had an N-terminal ‘extension’ of similar length but 

unrelated sequence (Yu et a l, 2002).

In the T. cruzi genome there are fifteen encoded cyclophilins whose nominal 

masses vary from 19 to 110 kDa and each o f them contains one cyclophilin domain. 

The number of cyclophilin paralogues encoded in the T. cruzi genome is similar to those 

encoded in the P. falciparum  one (see chapter 3). However, one striking difference 

between these organisms is that sequence organizations o f the members of the latter 

group are closely related to the cyclophilins encoded in many other genomes whereas 

some of the T. cruzi cyclophilins have unique amino acid inserts in their CYPs that were 

linked to the domains that are unique as in 7cCYP25, or are highly modified, as those in 

the highly hydrophobic cyclophilin TcCYPllO (Potenza et al., 2006). The crucial Trp 

residue is conserved in the majoriy of the T. cruzi CYPs although some amino acid 

substitutions frequently occurred (Galat, 1999). Further details o f all these protozoan 

cyclophilins are shown in Table 1.2.

The first completed and annotated animal genome sequence {Caenorhabditis 

elegans Genome Consortium, 1998) o f the free-living nematode C. elegans has 

permitted the characterisation of 17 separate cyclophilin isoforms and eight separate 

FKBP isoforms in this organism (Pemberton and Kay, 2005). This complete C  elegans 

sequence data allowed the subgrouping of the cyclophilins of this nematode into four 

major classes; type A, conserved cytosolic forms; type B, secreted forms; type C, 

mitochondrial forms and type D, non-secreted multi-domain or divergent forms.

1.5.4. Substrate/CsA binding site

The aligment of more than 200 sequences of cyclophilins and cyclophilin-Iike 

domains showed that their secondary structures remain remarkably well conserved 

throughout different phyla (Galat, 2003). The first X-ray structure of hCYPlS revealed 

a P-barrel central core which is wrapped up by a-helices and several long loops (Ke, 

1992). The long-scale alignments showed that most part of the amino acids contained 

within the (3-strands and a-helices are highly conserved whereas an extensive repertoire 

of amino acid polymorphisms, extensions and deletions are common in the loop 

regions. hCYPlS is a uniquely closed P-barrel so that neither CsA nor the Pro- 

containing substrate peptide can bind to the hydrophobic core, suggesting that it is not
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evolutionarily related to other P-barrel structures. CsA and peptides instead bind to the 

outer surface o f hCYPlS (Barik, 2006).

The amino acid residues important for PPIase activity and CsA binding remain 

conserved even in the long loop linking p-strand VI and a-helix IV which comprises 

the pair -GT- that contacts CsA in the CsA/hCYP18 complex. Likewise, the quartet - 

DENF- is also highly conserved. Other amino acid residues in the binding cleft (PPIase 

active site) are also well conserved, namely R55 which is in (3-strand III (numeration 

refers to the sequence of hCYPlS) and has a high conservation rate and is rarely 

substituted by lysine, whereas F60 which is in P-strand IV is only rarely absent (Galat, 

2003).

The active site of the cyclophilin family includes the invariant catalytic arginine 

(R55) and a highly conserved mixture o f hydrophobic, aromatic, and polar residues 

including F60, M61, Q63, AlOl,  Q l l l ,  FI 13, W121, L122 and H126 (Howard et a l, 

2003). Mutational studies carried on this protein revealed that some of the amino acids 

constituting the binding cleft for substrate/CsA cannot be substituted without major 

losses of PPIase activity (R55, F60, Q l l l ,  FI 13, W12I and H126). Some of those 

mutants (R55A, F60A, and H126A) had their PPIase activity highly diminished but in 

the presence of CsA they were able to inhibit calcineurin, but the W121A mutant could 

not (Zydowsky et a l, 1992).

Together with the 10 residues mentioned above. X-ray crystallography (Pfiigl et 

al., 1993) and site-directed mutagenesis studies (Liu et a l, 1991) determined that three 

more specific residues (for a total of 13) are involved in the binding of CsA to hCYPlS. 

These residues are highly conserved among most cyclophilin isoforms and homologues. 

The human and E. coli cyclophilins were compared and this showed that the W121 in 

hCYPlS is particularly important in binding (Liu et a l, 1991). Exchange of the W121 

to phenylalanine or alanine led to a 200-and 400-fold reduced CsA sensitivity of the 

mutant protein respectively (Bossard et a l, 1991), which explains as well the lack of 

binding of CsA to the W121A mutant of hCYPlS.

Therefore it could be predicted that the ‘Trp-containing’ parasite PPlases would 

be inhibited by low levels of CsA and, indeed, IC50 values of 5 and 32 nM have been 

reported for T. gondii cyclophilins (High et a l, 1994). In contrast, the Brugia malayi 

cyclophilin has an IC50 value o f 860 nM (Page et a l, 1995), which is more 

characteristic of the values obtained for the other ‘His-containing’ cyclophiiin-like 

proteins (Kieffer et a l, 1993).
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The three-dimensional structures o f wild-type and mutant PfCYP19A in 

complex with CsA were solved to 2.1 A resolution by Peterson et al. (2000). The overall 

fold and interaction with CsA were virtually identical to those of hCYPlS except for an 

extension in the linker between helix a l  and strand p3 as mentioned above.

1.6. PROJECT OBJECTIVES

The prediction o f likely mechanisms o f resistance of P. falciparum  that may arise in 

the field is clearly needed. Therefore, we pursued, the production and characterization 

o f drug (CsA, FK506, TFL, LMF, DAQ and PIP)-resistant mutants in culture using 

transposon-mediated mutagenesis and chemical mutagenesis. Both approaches offer the 

possibility of obtaining a wider range o f mutations that might produce a drug-resistant 

phenotype.

Furthermore, the recognition and study o f cyclophilin subfamilies that are specific 

for lower eukaryotes, apicomplexa, or even the genus Plasmodium, is of particular 

interest since these subfamilies are not present in host cells and might therefore 

represent attractive dmg targets. Then, we also aimed to identify and biochemically 

characterize novel P. falciparum  cyclophilins and cyclophilin-Iike proteins, and 

exploration of their possible roles in the antimalarial actions of cyclosporin A and other 

cyclophilin inhibitors. In tandem, we scrutinized the CsA binding sites o f these proteins 

to know which amino acids are crucial for the interaction between CsA and these 

proteins.
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Chapter 2 

Materials and methods



2.1. Culture of and experiments with P. falciparum

‘All reagents were from Sigma-Aldrich (Dublin, h'eland) unless otherwise

stated'.

2.1.1. Routine culture

The P. falciparum  3D7 strain, which is sensitive to the six drugs used in this 

study, was maintained in continuous cuhure in human erythrocytes (whole blood 

obtained from the Irish National Blood Centre, St. James's Hospital, Dublin and 

eiythrocytes extracted as described in section 2.1.2) according to the method o f Trager 

and Jensen (1976). Parasites w'ere cultured routinely in culture medium (RPMI 1640 

medium supplemented w'ith 25 mM HEPES (4-(2-Hydroxyethyl)piperazine-l- 

ethanesulfonic acid sodium salt), 0.01% [w/v] gentamicin, 0.18% [w/v] sodium 

bicarbonate, 50 ^ig/ml hypoxanthine, 10% Albumax® [a serum substitute from 

Invitrogen, Crofton Road. Dun Laoghaire, Ireland]) and washed erythrocytes (at a 

haematocrit of 2.5% or 5%> [v/v]). Parasites were maintained in Petri dishes at 37°C in a 

candle jar. Culture medium was replaced depending on the parasitaemia. Parasitaemia 

w'as monitored by microscopic examination of Giemsa-stained smears.

2.1.2. Treatment of whole human blood

Erythrocytes were prepared from whole human blood as follows. A portion of 

whole blood w'as mixed with 1/10 volume of PIGPA solution (50 mM sodium pyruvate, 

50 mM inosine, 100 mM glucose, 500 mM disodium hydrogen phosphate, 5 mM 

adenine, made up in 0.9% [w'/v] NaCl) and incubated at 37°C for 1 hour with periodic 

mixing. The mixture was centrifuged in a Sorvall RT6000D benchtop centrifuge 

(DuPont, Hertforshire, UK) at 500 x g at 4“C for 10 min and the supernatant and buffy 

coat removed by aspiration. The pellet w'as washed tw'ice with sterile, cold phosphate 

buffered saline (PBS) and once in incomplete culture medium (culture medium without 

dissolved Albumax® or gentamicin) with careful removal of any residual buffy coat 

between each wash. Packed erythrocytes (RBCs) w^ere resuspended in an equal volume 

of culture medium to give a final haematocrit of 50%. Eiythrocytes prepared in this 

manner w'ere stored at 4“C and deemed suitable for use for one week.
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2.1.3. Synchronization of cultures

Synchi’onization o f P. falcipai'uin  cultures to a specific developmental stage was 

achieved by using a magnetic column (Miltenyi Biotec Ltd, Bisley, UK) using D 

columns, which have a capacity o f up to 1x10*  ̂ magnetically labelled cells. Briefly, 

cultures (5-8% parasitemia) were centrifuged at 500 x g at room temperature for 7 

minutes. The pellet was resuspended in 5 ml o f  complete medium. In the meantime, a 3- 

way stopcock was attached to the column, together with a 21 -gauge needle. The column 

was washed once w'ith incomplete medium, the upper resei'voir filled with the parasite 

suspension and the flow-through (uninfected erythrocytes and those infected with early 

stage parasites) was collected in a 50-ml tube, letting it run until last portion o f the 

culture entered the filter. Then, the column was rinsed with complete medium until the 

flow became clear. Aftei'wards, the column was disengaged from the magnet and placed 

in a ring stand. It was w'ashed then with 30 ml o f incomplete medium collecting the 

effluent (mature-parasite-infected erythi'ocytes) in a 50-ml tube.

2.1.4. Harvesting of parasites

Free parasites were released from infected erythrocytes according to the method 

o f Zuckerman (1967). Briefly, cultures (10-15% parasitemia) were centrifuged at 650 x 

g at 4°C for 10 min and washed twice in cold PBS. The pellet was incubated with ice- 

cold saponin solution (0.05% [w/v] prepared in saline sodium citrate [SSC] buffer [150 

mM NaCl, 15 mM sodium citrate, pH 7.0]) for 20 min on ice with vigorous shaking 

every 5 min to lyse erythrocyte membranes and release parasites. Freed parasites were 

sedimented by centrifugation at 975 x g at 4®C for 15 min and washed twice with cold 

SSC buffer. Pellets were either used immediately or resuspended in freezing solution 

(10% [v/v] glycerol, 2 mM phenylmethylsulphonyl fluoride [PMSF], 1 |^g/ml pepstatin 

A, 20 |ig/ml leupeptin, prepared in PBS) for storage at -80“C.

2.1.5. Isolation of P. falciparum  genomic DNA

Asynchronous parasites, harvested from human erythrocytes as described in 

section 2.1.4, were lysed in 10 volumes o f  lysis buffer [10 mM Tris-HCl, pH 7.5, 2 mM 

M gCl2, 10 mM EDTA, 400 mM NaCl, 5% [v/v] sodium dodecyl sulphate (SDS), 0.2 

mg/ml proteinase K (Roche, Basel, Switzerland)] overnight at 37°C. The lysate was 

incubated with an equal volume o f phenol/chloroform/isoamyl alcohol (15:14:1) for 15
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min at 65°C, and centrifuged at 18,000 x g for 10 min. The extraction was repeated 

before precipitating the genomic DNA from the aqueous phase by incubating with 2 

volumes o f ethanol at -70°C for 30 min. The precipitated DNA was pelleted by 

centrifugation at 18,000 x g for 15 min, left to air dry for 10-15 min, and resuspended in 

an appropriate volume o f milliQ-deionised water (dH20).

2.1.6. Isolation of P. falciparum  RNA

Briefly, 20 ml o f culture (2.5% haematocrit, 8-10% parasitemia) were 

centrifiiged at 600 x g for 4 min and washed once with ice-cold PBS. The pellet was 

mixed and incubated with 10 pellet-volumes of Tri-Reagent® (Sigma) for 5 min at 

37°C. Tri-Reagent® solution is a complete and ready-to-use reagent for the isolation of 

total RNA or the simultaneous isolation o f RNA, DNA, and protein from diverse 

biological material. For each 5 ml Tri-Reagent®, 1 ml of chloroform was added. This 

sample was mixed vigorously and incubated at room temperature for 5-15 min, then 

centrifuged at 12,000 x g, 4°C for 30 min. The resulting colourless, upper aqueous layer 

was transfen'ed into a new tube and mixed with 0.5 ml o f isopropanol per ml o f Tri- 

Reagent® and allowed to stand for 15 min at room temperature. Then it was centrifiiged 

at 12.000 X g, 4“C for 30 min, and the pellet resuspended in 500 ^il of 70% ethanol and 

centrifuged again at 7,500 x g, 4°C for 5 min. The pellet was air-dried, resuspended in 

10 |il of diethylpyrocarbonate (DEPC)-treated water, incubated at 60°C for 10-15 min 

and stored at -70°C.

2.1.7. Determination of drug susceptibility of P. falciparum

To assess the effects o f LMF, PQ, DAQ, TFL, CsA and FK506 on cultured P. 

falciparum, asynchronous parasitized human erythrocytes at 0.8% parasitaemia and 4% 

haematocrit were grown in culture medium supplemented with the appropriate 

compound in 96-well flat-bottom microtitre plates. Compounds were diluted from stock 

solutions (see section 2.1.9) into culture medium, and then serially diluted two-fold in 

wells o f the microtitre plates down to sub-inhibitory concentrations. Following 

incubation for 72 hours, the effect o f the compounds on parasite growth was determined 

using the parasite lactate dehydrogenase (LDH) assay of Makler et al. (1993). This 

assay correlates the activity of P. falciparum LDH (PfLDH) to parasite growth, 

exploiting one of the biochemical characteristics that distinguishes PfLDH from host 

LDH. The parasite enzyme has the ability to utilise 3-acetyl pyridine adenine
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dinucleotide (APAD) as a co-factor to generate pyruvate from lactate. Human 

erythrocyte LDH can also use APAD, but at a much slower rate. The activity o f  PfLDH 

results in the formation o f the reduced form o f ADAP. Briefly, 10 |il o f  each culture 

were transferred to wells in a fresh 96-well plate and mixed with 50 |il o f  Malstat (Flow 

Inc., Portland, Oregon, USA), which contains L-lactate and APAD. Ten |il o f a mixture 

o f  nitroblue tetrazolium  (NBT) and phenazine ethosulphate (PES) (1:1 mixture o f N ET 

[2 mg/ml] and PES [0.1 mg/ml] were added to each well and the plate was incubated at 

room temperature in the dark for 1 h or until there was an appreciable colour change but 

not long enough to exhaust the substrate. This allows for the detection o f PfLDH as, in 

the presence o f  the reduced form o f APAD, NBT is itself reduced, forming a blue 

formazan product that can be detected either visually or spectrophotometrically at 650 

nm. Uninfected erythrocytes served as negative controls to determine the background 

level o f LDH in human erythrocytes, while parasites cultured in the absence o f 

inhibitors served as positive controls for the measurement o f 100% PfLDH activity. 

Dose response curves were constructed for each drug. The drug concentrations required 

to inhibit parasite growth by 50% (IC 50) were determined graphically from the 

respective dose-response curves.

2.1.8. Chemical mutagenesis

Briefly, cultures (~8-10% parasitemia) were synchronized (see section 2.1.3), as 

the mutagenic compound exerts its effect on replicating DNA, and the young-stage 

parasites (12-24 hours post-invasion) were incubated in presence o f 9 |iM , 4.5 |iM or 2 

|iM  N -m ethyl-N’-nitro-N-nitrosoguanidine (MNNG, TCI, Zwijndrecht, Belgium) for 24 

h, as described by Inselburg (1984). Then cultures were washed twice with incomplete 

medium and reincubated with complete medium in standard conditions. Cultures were 

m onitored by examining Giemsa-stained thin smears until parasites reappeared.

2.L9. Generation of drug-resistant mutants

After the cultures recovered from treatment with MNNG (reached -5%  

parasitemia), parasites were incubated for 24, 48 or 72 hours with 5 times IC50 

concentrations o f the six different compounds (LMF, PQ, DAQ, TFL, CsA and FK506). 

Briefly, the stock solutions o f these compounds were LMF 10 mM (99% methanol, 1% 

acetic acid); both PIP and DAQ 10 mM (90% methanol, 10% HCI); TFL 40 mM 

(dimethyl sulphoxide, DMSO); CsA 10 mM (95% ethanol, 5% Tween® 80); and
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FK506 20 mM (DMSO). Then, as during MNNG-treatment, cultures were washed 

twice with incomplete medium and reincubated with complete medium in standard 

conditions. Cultures were monitored by examining Giemsa-stained thin smears until 

parasites reappeared. Drug susceptibility o f the mutants was assessed as described in 

section 2.1.7.

2.1.10. Transfection of P. falciparum

2.1.10.1. Plasmid constructs. Both pXL-BACII-DHFR and pHTH were kindly 

donated by Dr. .Tohn Adams (University o f South Florida, Tampa, USA). Basically, the 

former contained the human dihydrofolate reductase {hdhfr) coding sequence under the 

control of 5’ calmodulin and 3’ histidine-rich protein-2 control regions cloned between 

the inverted terminal repeats o f the piggyBac element in the vector pXL-BacII (Li et al., 

2005). pHTH was formed by cloning the piggyBac transposase coding sequence, 

flanked both sides by hsp86, in pCR2.1 (Balu et a l ,  2005).

2.1.10.2. Electroporation of parasitized RBCs (pRBCs) and RBCs. A full 

range of possible protocols was covered according to all the previously described 

methods. In all cases a Bio-Rad Gene Pulser II (Hertfordshire, UK) was used.

When pRBCs (=10% parasitemia) were used in direct electroporation, young- 

stage synchronized cultures (as describe in section 2.1.3) were centriftiged and 

resuspended in 800 |il of incomplete cytomix (120 mM KCl, 0.15 mM CaC^, 2 mM 

EGTA, 5 mM MgCl2 , 10 mM K2 HPO4/KH2 PO4 , 25 mM HEPES, pH 7.6) containing 

plasmid DNA (300 |ig pXLBACll, 150 ^g pHTH), previously purified by PureYield™ 

Plasmid Maxiprep start-up kit (Promega, Southampton, UK). Electroporations were 

performed at settings either of 2.5 kV and 25 |iF or 0.31 kV and 950 |iF, both with 2- 

mm and 4-mm cuvettes. Electroporated samples were immediately mixed with 10 ml of 

culture medium, and incubated at standard conditions with daily medium replacement 

(Wu et a l. 1995; Fiddock and Wellems, 1997).

When RBCs were first electroporated a different procedure was followed. For 

plasmid DNA loading, 250 |il of 50% RBCs were washed once with 250 ^1 of 

incomplete cytomix. Then the pellet was resuspended into a final volume of 400 |il of 

incomplete cytomix in which 300 |ag of pXL-BACII-DHFR and 150 |il of pHTH had 

been previously resuspended. The mixture was transferred to an electroporation cuvette, 

chilled on ice, and electroporated according to the different settings. In this case, to
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ensure parasite invasion of only loaded RBCs, late-stage parasites (as described in 

section 2.1.3) were added in order to allow the parasites spontaneously to take up the 

DNA (Deitsch et al., 2001, Balu et al., 2005). Electroporated samples were immediately 

mixed with complete medium and 2x10^  parasites, and were incubated in two different 

culture volumes, 5 ml in Petri dishes or 200 in 96-well microtiter plates.

2.1.10.3. Selection of transfectants

WR99210, a gift from Dr. D. Jacobus, an antifolate that was found to be 

effective against P. falciparum  in culture at very low concentrations (Childs and 

Lambros, 1986; Rieckmann, 1996), was used to select parasites in which the hdhfr 

cassette was transposed and efficiently expressed without compromising parasite 

viability. Two different concentrations were used, 2.5 and 5 nM, as well as three 

different starting exposure times, 24 h, 48 h or 72 h post-transfection.

2.1.11. Generation of pCAM5/3-GFP

To construct this plasmid, the GFP reporter gene was first amplified by PCR 

from pZep08 (Doyle and Dorman, 2006). The primers used for that were 5'CAC TGA 

TCA TAA GAG CGT TCT AG A TTT AAG AAG G 3' with a Bell restriction site at 

the 5’ end and 5’ GTCGCTACCATTACCAGGGTACCGTG 3’, with a Kpn\ 

restriction site at the 3’ end (restriction sites bolded). The programme used for 

polymerase chain reaction (PCR) was: denaturation at 95°C for 3 min; followed by 35 

cycles of denaturation at 95°C for 30s, annealing at 53°C for 1 min and extension at 

72°C for 3 min; with a final extension at 72°C for 10 min. The GFP sequence was then 

cloned into pCAM5/3, a gift from Dr. B. Crabb (Crabb and Cowman, 1996), and 

excised with BainHl, which provided complementary ends to the i?c/I-restricted GFP, 

and Kpn\. The sequence o f the coding region was confirmed by DNA sequencing 

(GATC biotech, Konstanz, Germany).

2.2. Cloning of P. falciparum  cyclophilins and cyclophilin-like genes

2.2.1. Amplification by PCR

After an exhaustive online search in two main data bases (w'ww'.plasmodb.oru 

and w'ww .ncbi.nlm.nih.gov), twelve nucleotide sequences were found to be annotated as 

or to have sequence similarity to cyclophilins or cyclophilin-like protein genes (see
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chapter 3), ahhough only two of them had been extensively characterized: PfCYP19B 

(Hiitzlin et a i,  1995) and PfCYP19A (Berriman & Fairlamb, 1998). Seven of them 

were found not to have any introns, thus genomic DNA could be used as template. 

Primers displayed in Table 2.1 were used to amplify their coding sequences, with an 

Nde\ and anXJiol site at the 5' and 3' ends, respectively, to facilitate subsequent cloning 

into the pET22b+ expression vector (see section 2.2.5). Note that, when indicated, due 

to the presence o f other domains within the gene and difficulties in amplifying large 

AT-rich regions, only the cyclophilin-like domain (CLD) w'as amplified.

PCR was perfoiTned using ~1 P. falciparum  3D7 genomic DNA (section 

2.1.5), 0.5 |iM primers, 2 units Pfii Turbo® DNA polymerase (Stratagene, La Jolla, 

California, USA) and 0.5 mM each of dATP, dTTP, dGTP and dCTP (Stratagene) in a 

TC-3000 theiTnocycler (Techne, Staffordshire, UK) (95°C for 5 min; followed by 40 

cycles of 95°C for 30 s, 45°C for 1 min, 72°C for 3 min; and a last step of 72°C for 10 

min).

2.2.2. Amplification by reverse transcriptase PCR (RT-PCR)

The other five cyclophilin-like genes show'ed at least one predicted intron in 

their sequences, although one of these has already been cloned (Hiitzlin et al., 1995). 

Therefore a two-stage RT-PCR was performed on total RNA isolated from P. 

falciparum 3D7 (see section 2.1.6). Firstly, cDNA synthesis was perfonned on ~2 ^g 

RNA in the presence o f a specific primer (see Table 2.2), pre-incubated at 70°C for 10 

min. Thus, Ndel {or Nco\, see section 2.2.5) andXluA sites were incoiporated. Then 0.5 

|iM of each dNTP. 10 mM dithiothreitol (New England Biolabs, Ipsw ich, MA, USA) 

and 30 units o f avian myeloblastosis virus (AMV) reverse transcriptase (USB Products, 

Stauffen, GeiTnany) were added. The sainples were incubated at 42°C for 30-60 min, 

followed by 10 min at 70°C to inactivate the enzyme. Amplification o f cDNA was 

perfomied as described in section 2.2.1, except with the template being cDNA rather 

than genomic DNA.

2.2.3. Visualization of DNA by agarose gel electrophoresis

DNA samples (PCR products, purified plasmids, restriction enzyme-treated 

plasmids, etc.) were typically analysed by mixing 5-10 |il of sample with 1 1̂ of 6X 

loading buffer (0.25% (w/v) bromophenol blue, 0.25% (v//v) xylene cyanol FF, 30% 

(v'v) glycerol, 10 mM EDTA) and mnning through a 0.8-1.0% (w/v) agarose gel
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Accession no. Forward primer Reverse primer

PFC0975C 5' ggaattccatatgagtaagaggagtaaag 3' 5' ccgctcgagcaattcaccacaatcagt3'

PFE1430C 5' ggaattccatatgttcaccttatgcaaag 3' 5' ccgctcgagatcgacattgaccgctg 3'

PF08_0121 5' ggaattccatatgaaaaatttgaatcagaat 3' 5' ccgctcgagtaattctccgcattctac 3'

PFL0735W 5' ggaattccatatgctttataaaagtttgaaa 3' 5' ccgctcgagtaaagcttgtttttttttctt 3'

PFL0735WCLD 5' ggaattccatatggcaaaagaaaaacaaatattt 3' 5' ccgctcgagtaaagcttgtttttttttctt 3'

PF08_0128CLD 5' ggaattccatatgaaaaagaaaaagtatgtttatc 3' 5' ccgctcgagtgatgggttttcaagtttgtttc 3'

PFE0505WCLD 5' ggaattccatatgaccattcataaaaaatactcc 3' 5' ccgctcgagattattaatttttatatttaatatt 3'

Table 2.1. Primers used to amplify putative cyclophilin gene sequences with no introns. Both the Nde\ site and Xho\ sites are 
bolded in the forward and reverse primers, respectively. The suffix 'cld' indicates that only the cyclophilin domain was amplified.



Accession no. Forward primer Reverse primer

PF11_0170 5' ggaattccatatgtctttgagtatacatacaaat 3' 5' ccgctcgagattatccactgattcctcctc 3'

PFL0120C 5' ggaattccatatgaatattcctaatcctcgtg 3' 5' ccgctcgagaaaatgtttattatatttatacatattt 3'

PF14_0223CLD 5' ggaattccatatgtcagaagtgtatagc 3' 5' ccgctcgagatctttatgtacctctgttttata 3'

PFI1490cCLD 5' catgccatggcatatataagactaattactgat 3' 5' ccgctcgagccaacatgaaaagtccatttta 3'

Table 2.2. Primers used to amplify putative cyclophilin gene sequences w/ith introns. The A/c/el (or Nco\) and Xho\ sites are bolded
in forw ard and reverse primers, respectively.



prepared in Tris acetate EDTA (TAE) buffer (40 mM Tris-HCl, 2 niM EDTA, 1 M 

acetic acid, pH 8.0). Gels were typically run at 60-100 V until the desired degree o f 

separation was achieved (assessed visually by migration of loading buffer). Gels were 

stained by immersion in ethidium bromide (0.5 ^g/ml) until the desired degree of 

staining w’as achieved (typically ~ 15 min), washed briefly in dH20, and DNA w'as 

visualised by exposing the gel to ultraviolet (UV) light using an Aphalmager 2200 gel 

imaging system (Alpha Innotech Corporation, San Leandro, California, USA).

2.2.4. Purification of PCR products

PCR products w^ere purified using the quick protocol of a Wizard SV® Gel and 

PCR Clean-Up System (Promega, Wisconsin, USA) based on an alkaline lysis and a 

silica-affmity membrane. The system allowed purification o f the sample either from 

solution (i.e. the PCR sample) or after excising from an agarose gel.

2.2.5. Cloning of putative P. falciparum  cyclophilin genes into 

pET22b+/pET21d+

pET22b+ and pET21d+ (Novagen, Darmstadt, Germany) were isolated from E. 

coli XL-1 Blue cells (Stratagene) using a Wizard Plus SV Miniprep DNA Purification 

System (Promega). Purified plasmids and the corresponding PCR-amplified 

cyclophilin-like coding sequences (see sections 2.2.1 and 2.2.2) were digested with 

either Nde\ (pET22b+) or Nco\ (pET21d+) (according to the PCR primers) and Xho\ 

(Roche). pET21d+ was used where the presence o f an Ndel site within the gene 

precluded the easy use of pET22b+. Briefly, 30-|^I reactions were set up in microfuge 

tubes using 0.2-0.5 |ig DNA, 10 units of Ndel or Nco\, 10 units of Xltol, 3 |il of the 

appropriate lOx buffer and up to 30 |il of dH20. Tubes were incubated 3 h in a 37°C 

water bath. DNA was purified as described in section 2.3.4, and ligated together using 1 

unit of T4 DNA ligase (Roche) at room temperature overnight. Competent E. coli XL-1 

Blue cells, prepared as described in section 2.2.6, were transformed using the heat shock 

method (see section 2.2.7) and plated on to L-agar (10% [w/v] tryptone, 5% [w/v] yeast 

extract, 5% [w/v] NaCl, 1.5% agar) supplemented with 100 ^g/ml of ampicillin (Amp; 

Roche) and incubated overnight at 37°C. Resulting colonies were screened for the 

presence o f the desired construct as described in section 2.2.9.

38



2.2.6. Site-directed mutagenesis

Once the plasmid pETPfCYP19A was obtained (see section 2.2.5), it was used 

as a template for site directed mutagenesis. In order to change the tiyptophan in position 

128 for phenylalanine (W128F) in the pfcypl9A  gene, the following overlapping 

primers were designed 5‘

CCTTAGTACCTTGCCCATTCTTAGATGGTAAACATGTTG 3’ and 5’

CAACATGTTTACCATCTAAGAATGGGCAAGGTACTAAGG 3'. PCR was

performed using =1 |ig pETPfCYP19A, 0.5 |aM primers, 2 units Pfu Turbo® DNA 

polymerase (Stratagene, La Jolla, California, USA) and 0.5 mM each of dATP, dTTP, 

dGTP and dCTP (Stratagene) in a TC-3000 thennocycler (Techne, Staffordshire, UK) 

(95°C for 5 min; followed by 30 cycles of 95°C for 30 s, 50°C for 1 min. 72°C for 10 

min; and a last step of 72"C for 10 min). The PCR product was transfomied into 

competent E. coli cells as described in section 2.2.7 and the DNA of the few successful 

transformants was analyzed (GATC Biotech, Germany) and used to confirm that the 

constructs included the correct mutation.

2.2.7. Preparation of competent E. coli cells

A single colony of the desired strain of E. coli was used to inoculate 50 ml of L- 

broth (10% [w/v] tryptone, 5% [w/v] yeast extract, 5% [w/v] NaCl) and the culture 

grown overnight at 37°C with agitation (200 ipm). Four ml of this culture were used to 

inoculate 400 ml o f fresh L-broth in a 2-1 flask, and grown to an optical density (OD) at 

595 nm (OD5 9 5 ) of 0.375. The culture was divided equally amongst four pre-chilled 

sterile polypropylene tubes and left on ice for 5-10 min. Cells were centrifuged at 1600 

X g for 7 min in a Sorvall RC-50 Plus centrifuge at 4”C and left to decelerate without 

applying the brake. Supernatants were discarded and the pellets gently resuspended in 

20 ml sterile, ice-cold CaCL solution (60 mM CaCL, 15% [v/v] glycerol, 10 mM 1,4- 

piperazinediethanesulfonic acid [PIPES], pH 7.0). Cells were centriftiged at 1100 x g 

for 5 min at 4°C, and resulting pellets were resuspended in 20 ml of ice-cold CaCla 

solution and incubated on ice for 30 min. Cells were centrifuged at 1100 x g for 5 min at 

4°C, and resulting pellets were resuspended in 4 ml of ice-cold CaCl^ solution.

2.2.8. Transformation of E. coli

Competent E. coli XL-1 Blue cells were transformed using the heat-shock 

method essentially as described by Wigler et al. (1979). Two hundred |al amounts of
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competent cells, thawed on ice for 30 min, were mixed with 10 |il ligation mixture in 

sterile microfuge tubes and left on ice for 30 min. The tubes were heat-shocked for 2 

min in a 43°C water bath, placed back on ice for a further 2 min prior to addition o f 1 ml 

o f  pre-wairned L-broth, and incubated in a 37°C water bath for 1 h. One hundred |il 

volumes o f each sample were plated in triplicate on L-agar supplemented with 100 

|ig/ml Amp and incubated overnight at 37°C. Cells transformed with the parental vector 

seized as positive controls, while cells transfonned with the DNA sample digested with 

the relevant enzymes but left unligated sei*ved as negative controls.

2.2.9. Screening of transformants

Putative transformants obtained after overnight growth on L-agar (supplemented 

with Amp) were screened by a number o f methods. All methods involved replica- 

plating colonies o f putative transformants onto fresh L-agar (supplemented with Amp) 

using either sterile cocktail sticks or pipette tips and using the remainder o f the colony 

for the screening procedure. Once clones were identified, DNA sequence analysis 

(GATC Biotech, Germany) was used to confirm that the constructs included the correct 

sequence.

2.2.9.1. Rapid colony screening

Colonies were mixed with 16 |al o f  pre-wanned lysis buffer (10% [w/v] sucrose, 

100 mM NaOH, 60 mM KCl, 5 mM EDTA, 0.25% [v/v] SDS, 0.05% [w/v] 

bromophenol blue) in microfuge tubes and incubated in water bath at room temperature 

for 5 min. Samples were placed on ice for 5 min and 3 |il o f  stop lysis (3 M potassium 

acetate, 3 M acetic acid) was added to stop the reaction. Then samples were centrifuged 

for 5 min at 18,000 x g in a microfuge to pellet cellular debris. Ten îl o f each 

supernatant were loaded directly onto an agarose gel treated as described in section 

2.2.3. Following ethidium bromide staining, recombinant plasmids were identified by 

virtue o f slower migration tlu'ough the gel when compared to the parental vector.

2.2.9.2. Small scale induction

Colonies were also screened by assessing their ability to express the recombinant 

protein o f interest. Putative transformants were used to inoculate 3 ml o f  L-broth 

(supplemented with Amp) in a test-tube. Cultures were grown overnight at 37°C with 

agitation (200 rpm). The following morning, two 1/10 dilutions o f  each culture were
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prepared in L-broth (supplemented with Amp) and grown until they reached an O D 600 

o f  0.5-0.7. To one set o f  cultures, filter-sterilised isopropylthiogalactopyranoside (IPTG, 

Melford Laboratories, UK) was added to the recommended concentration (typically 

0.35-1.0 mM), while the other set o f cultures was supplemented with sterile dH20 

(same volume as IPTG) to serve as negative controls. The cultures were grown for a 

further 3 h at 37°C. One ml o f each culture was transferred to fresh microfuge tubes (the 

remainder o f  each culture was discarded) and centrifiiged at 18,000 x g in a microfiige 

for 5 min. Pellets were washed in PBS, re-centrifuged, and finally resuspended in 40 |il 

o f  PBS. Forty |il o f  2X SDS loading buffer (see section 2.3.3) were added, and 5-10 |j1 

volumes analysed by SDS-PAGE (see section 2.3.3). Production o f recombinant protein 

from each original colony was assessed by comparing protein profiles (following 

Coomassie blue staining o f SDS-PAGE gels [see section 2.3.4]) for samples in the 

presence and absence o f IPTG.

2.2.9.3. Screening by PCR

PCR was performed on plasmids obtained from putative transformants to 

confirm the presence o f the insert. Bacterial colonies were lysed by mixing with a few 

microlitres o f dH^O and boiling for 10 min. Following a brief spin to pellet cellular 

debris, 5 |al o f  the lysate was used as the template in a PCR (conditions as described in 

section 2.2.1) using primers specific for either the insert itself or vector regions flanking 

the insert. Alternatively, plasmids were obtained by purification using a W izard Phis 

SV M iniprep® DNA Purification System (Promega).

2.2.9.4. Screening by restriction endonuclease digestion

The presence o f the insert o f interest was assessed by the ability o f restriction 

endonucleases, for w'hich specific recognition sites had been introduced, to release the 

insert. Plasmids were obtained by purification using a W izard Plus SV M iniprep® DNA 

Purification System (Promega), and restriction endonuclease digestion was perfoiTned 

using the appropriate enzymes, as described in 2.2.5. The presence o f the released insert 

in the resulting mixture was assessed by electrophoresis tlirough an agarose gel.
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2.3. Protein quantification and analysis

2.3.1. Determination of protein concentration by Bradford assay

Protein concentration was deteiTnined by the method of Bradford (1976), which 

is based on the binding of Coomassie Brilhant Blue G to protein. A series of known 

amounts o f bovine semm albumin (BSA) were made up to 100 |il with PBS. mixed well 

with 1 ml of Bradford reagent (0.01% [w/v] Coomassie Brilliant Blue G-250, 0.25% 

[v/v] ethanol. 10% [v/v] orthophosphoric acid, filtered and stored at 4°C) and left at 

room temperature for 20 min. Absorbances of the BSA protein standards were measured 

at 595 nm, and a standard curve was constmcted, from which the concentration of the 

samples o f the protein of interest, prepared and analysed in the same manner as the BSA 

standards, could be calculated.

2.3.2. Determination of concentration o f citrate synthase by Beer-Lambert 

Law

Prior to use in the chaperone assays (sections 2.5.2 and 2.5.3), the ammonium 

sulphate suspension of citrate synthase was dialysed into >100 x volumes of TE buffer 

(50 niM Tris-HCl, pH 8, 2 mM EDTA), concentrated to the original volume in a 

Microcon-10 concentrator (Millipore, Billeria, Massachusetts, USA), and the 

concentration was determined according to the Beer-Lambert law, A = eel, where A = 

absorbance at 280 nm. s = molar extinction coefficient (1.78 (mg/ml) ' cm ' for citrate 

synthase at 280 nm [Buchner ct al., 1998]), c is the protein concentration (mg/ml) and 1 

is the path-length of the cuvette (cm).

2.3.3. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples were electrophoretically separated by SDS-PAGE according to 

the method o f Laemmli (1970). Separating gels typically consisted of 0.375 M Tris- 

HCl, pH 8.8, 15% (v/v) acrylamide/bisacrylamide 37.5:1 (Protogel, National 

Diagnostics, Hessle Hull, UK), 0.1% (v/v) SDS, 0.06% (v/v) ammonium persulphate 

(APS) and 0.05% (v/v) N, N, N'N'tetramethyl-ethylenediamine (TEMED), and stacking 

gels consisted of 0.125 M Tris-HCl, pH 6.8, 4% (v/v) acrylamide/bisacrylamide, 0.1% 

(v/v) SDS, 0.1% (v/v) APS and 0.1% (v/v) TEMED. Running buffer consisted o f 0.025 

M Tris-HCl, 1.9 M glycine, 0.1% (w/v) SDS. Protein samples were typically solubilised 

in an equal volume o f 2X SDS loading buffer (0.125 M Tris-HCl, pH 6.8, 4% [v/v] 

SDS, 20% [v/v] glycerol, 10%o [v/v] p-mercaptoethanol, 0.002% [w/v] bromophenol

42



blue, filtered to remove particulate material) by boiling for 5-10 min. The desired 

amount o f protein sample (maximum volume o f 30 |i!) was loaded onto gel, and 

electrophoresed at 100 V through the stacking gel and 130-180 V through the separating 

gel. Proteins separated by this technique were visualized by staining with Coomassie 

Blue (section 2.3.4).

2.3.4. Coomassie Brilliant Blue staining of SDS-PAGE gels

Gels w'ere stained with Coomasie Blue reagent (0.15% [w/v] Coomassie 

Brilliant Blue R-250, 45% [wVv] methanol, 10% [v/v] acetic acid, filtered to remove 

particulate material) until the desired degree o f staining w'as achieved (typically 2-4 h). 

Gels were subsequently destained in a solution o f 20% (v/v) methanol, 7.5% (v/v) acetic 

acid. When gels were sufficiently destained, they were exposed to white light using an 

Alphalmager 2200 gel imaging system and photographed.

2.3.5. Western imniunoblotting

After electrophoresis, unstained polyacrylamide gels were sandwiched w’ith 

polyvinylidiene ditluoride (PVDF, Roche, pre-treated as per m anufacturer's 

instructions) and immersed in a blotting tank with transfer buffer (0.025 M Tris HCl, 

1.9 M glycine, 24% [v/v] methanol). Proteins were transferred at 100 V for 1 h or at 20 

V overnight. After transfer, the membrane w'as blocked by soaking in 5% (wVv) 

skimmed-milk prepared in Tow'bin's solution (0.1 M Tris-HCl. pH 7.4, 0.9% [w/v] 

NaCl) for 1 h. The blocked membrane was soaked with a solution o f conjugated 

antibody diluted I;500 with 5% (w/v) skimmed milk for 1 h, after w'hich time the 

membrane was washed well in Towbin's/Tvveen solution (Tow bin's solution 

supplemented with 0.05% [v/v] Tween-20). Bands w'ere detected using a

chemiluminscence system (Roche) according to the m anufacturer's instructions.

2.4. Purification of recombinant proteins

2.4.1. Harvesting and lysis of E. coli cells

Recombinant proteins were produced by inoculating L-broth. supplemented with 

100 |ig/ml Amp. with overnight cultures o f E. coli BL21 (or Rosetta in case o f 

PfCYP32) harbouring the desired plasmid, and grown at 30-37“C (depending on the 

particular recombinant protein) w'ith agitation at 200 rpm to an OD 600 o f  0.6-0.7. Protein 

expression was induced by the addition o f  0.5-2 mM IPTG and the culture incubated for
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2-5 hours. Cells were harvested by centrifugation at 6,000 x g for 10 minutes at 4°C in a 

Sor\a ll RC50 Plus centrifuge using a SLA-3000 rotor. Pellets were frozen at -20“C. 

Pellets were prepared for lysis by resuspending in buffer A (20 mM sodium phosphate, 

0.5 M NaCl, 5 mM imidazole, pH 7.4) supplemented with Complete M ini® protease 

inliibitor EDTA-free tables (Roche), 1 mg/ml o f lysozyme and 0.3% (v/v) o f  Triton X- 

100. The cells were lysed twice by passage through a French Press, and clarified by 

spinning at 35,000 x g in a Soi'v'all RC50 Plus centrifuge using an SS-34 rotor for 45 

min at 4°C.

2.4.2. Nickel-chelate affinity chromatography

A 5 ml HisTrap^"^’ HP Column (GE Healthcare, Buckinghamshire, UK) was 

equilibrated with 10 column volumes o f buffer A prepared without imidazole. Clarified 

lysate (prepared in buffer A) was applied to the column at a flow rate o f  2-3 ml/min 

using a peristaltic pump. Resin was washed with buffer A supplemented with 5 column 

volumes o f increasing concentrations o f imidazole (10-120 mM in 10 mM  increases) 

followed by 10 column volumes o f  buffer A + 500 mM imidazole. Ten-ml eluted 

portions were collected from each concentration and analysed by SDS-PAGE and 

Coomassie Blue staining. The purest fractions were pulled together and concentrated, if 

needed, by ultrafiltration through Amicon Ultra 10 concentrators (Millipore).

2.5. Characterization of P. falciparum  cyclophilins and cyclophilin-like gene

products

2.5.1. PPIase assay with synthetic substrates

The PPIase activity o f  recombinant proteins was assessed by the method of 

Kofron et a I. (1991) using the tetrapeptide substate succinyl-Ala-Leu-Pro-Phe-/>- 

nitroanilide. All reagents were pre-equilibrated at 0°C prior to use. In a 1 ml glass 

cuvette, recombinant protein (1 nM-1 |iM final concentration) was mixed with 100 (il a- 

chymotrypsin (60 mg/ml in I mM HCl), and the volume brought up to 975 |al with 

assay buffer (50 mM HEPES. 100 mM NaCl. pH 8.0 at 0“C). The reaction was initiated 

by the addition o f 25 |jl substrate (4 mM tetrapeptide in 470 nM anhydrous LiCI 

prepared in trifluoroethanol). Changes in absorbance due to released 77-nitroanilide were 

monitored at 390 nm at 0°C over a 3 min period in a Shimadzu UV-1601PC UV-vis 

spectrophotometer (Duisburg, Germany) with a thennostated cuvette holder. The first 

order rate constant (A) was calculated from the slope o f the plot o f ln(A,nax -  Ai) against
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t, where Amax is the maximum absorbance and Ai is absorbance at time t. The catalytic 

efficiency (A'ca/KM) w'as determined by plotting rate constants against enzyme 

concentration. In assays in which CsA w'as included, it was added as 1 |il amounts o f 

1,000 X the desired concentration. To monitor non-enzymatic, spontaneous 

isomerisation, the assay was perfonned in the absence o f recombinant protein.

2.5.2. RNase T1 refolding assay

Unfolded RNase T1 was produced by a 3 h incubation at 25°C o f 50 |iM  RNase 

T1 in 50 mM  Tris-HCl (pH 8.0), 1 mM EDTA and 6 M guanidine hydrochloride. 

Refolding conditions were 1 |iM  RNase T1 in 50 mM Tris-HCl (pH 8.0) and 1 mM 

EDTA, containing 1 |iM o f  the corresponding recombinant protein. Refolding was 

monitored by the increase in tryptophan fluorescence at 330 nm (15-nm band width) 

with excitation at 280 nm (15-nm band width) in a LS50B Perkin Elmer luminescence 

spectrometer.

2.5.3. Citrate synthase aggregation assay for chaperone activity

The theiTnal denaturation o f  pig heart mitochondrial citrate synthase w'as 

achieved essentially as described by Buchner et al. (1998). Citrate synthase (1.5 |iM 

monomer, prepared as described in section 2.3.2) was incubated at 43°C in 40 mM 

HEPES, pH 7.5, for 15 min and aggregation during the denaturation process was 

measured by m onitoring the increase in absorbance at 360 nm in a Shimadzu UV- 

1601 PC UV-vis spectrophotometer with a thermostatted cuvette holder using a quartz 

microcuvette.

2.5.4. Rhodanese aggregation assay for chaperone activity’

The thermal denaturation o f bovine liver rhodanese w'as achieved essentially as 

described by Pirkl and Buchner (2001). Rhodanese (4.4 |iM ) was incubated at 44°C in 

40 mM  sodium phosphate, pH 8.0, for 15 min, and aggregation w'as m onitored as for 

citrate synthase (section 2.5.3). The effects o f additional components on rhodanase 

aggregation were assessed as described in the relevant results section.

2.5.5. Thermal melt assay for ligand binding

The thermal melt curves o f the different recombinant proteins were obtained by 

a slight m odification o f the original method described by Pantoliano et al. (2001). The

45



recombinant proteins were mixed with SYPRO Orange® (Invitrogen), at a final 

concentration of 1 and Ix respectively, and up to 50 |il with the corresponding 

buffer. Then, the mixture was incubated in a qPCR machine (RG-3000 Corbette 

Research) at increasing temperatures, from 30°C to 95°C with l°C/min increments and 

the fluorescence of the sample was measured every 0.2°C. The effects of additional 

components on the thermal melt curves were assessed as described in the relevant 

results section.
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CHAPTER 3

Amplification, cloning and over-expression of P. 

falciparum  cyclophilin and cyclophiiin-like genes 

and purification of their products



3.1. INTRODUCTION

P. falciparum  is well known for having genes which are particularly resistant to 

heterologous expression in bacterial and yeast hosts. A variety o f factors are thought to account 

for this: the genes average one intron each, requiring the use o f cDNA for cloning; the genome is 

80% AT-rich and has a codon bias well removed from that o f E. coli\ some genes are 

characterized by long, continuous stretches o f adenosines and thymidines; glycosylation patterns 

are utilized which are unique to the parasites (Gowda and Davidson, 1999); and the P. 

falciparum  proteins are generally larger than homologues in other species, as much as 50% 

larger on average than homologues in S. cerevisiae (Aravind et a l, 2003). In addition, it is not 

unconmion for P. falciparum genes to contain cryptic start sites for E. coli, resulting in multiple, 

truncated products when overexpressed in these bacteria (Turgut-Balik, 2004). Despite the 

difficulties, there are many examples o f P. falciparum  proteins expressed in E. coli. The 

simplicity and speed o f the T7 expression vector system has for example made E. coli the host of 

choice for most o f the groups studying structural genomics.

Due to the almost insurmountable obstacles to purifying all but the most abundant P. 

falciparum  proteins straight from the parasites, E. coli offers a means for the rapid and 

economical production o f recombinant proteins. These advantages, coupled with a wealth of 

biochemical and genetic knowledge, make it one o f the most powerful and versatile expression 

systems (Swartz, 2001). However, the production o f functional proteins in E. coli is frequently 

challenging and not every gene can be expressed efficiently in this organism. This might be due 

to the unique and subtle structural features o f the gene sequence, the stability and translational 

efficiency of mRNA, the ease o f protein folding, degradation o f the protein by host cell 

proteases, major differences in codon usage between the foreign gene and native E. coli, and the 

potential toxicity o f the protein to the host. The major drawbacks o f E. coli as an expression 

system include the inability to perform many o f the posttranslational modifications found in 

eukaryotic proteins, the lack of a secretion mechanism for the efficient release o f protein into the 

culture medium, and the limited ability to facilitate extensive disulphide bond formation (Duilio 

et al., 2004).

In terms o f full-length proteins, analysis o f large-scale protein expression trials shows 

that up to 50% of proteins from the Eubacteria or Archaea and 10%> of proteins from the Eukarya
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can be expressed in E. coli in soluble form (Braun and Laber, 2003). Frequently, the desired 

activity is supported by a discrete domain, and thus it is often not necessary to express the full- 

length protein to address a particular biological question. Moreover, the probability of 

successfully expressing a soluble protein decreases considerably at molecular weights above = 

60 kDa. Even after extensive screens of expression conditions, 30% of proteins from E. coli itself 

cannot be produced in soluble form when overexpressed in E. coli (Vincentelli et al, 2003).

It is commonly suggested that the protein of interested should be produced as a fusion to 

an affinity tag because tags dramatically aid in protein purification and rarely adversely affect 

biological or biochemical activity (Uhlen et al, 1992). Despite the lack of a clear wirmer based 

on success rate, an N- or C-terminal hexahistidine tag is often used. First, an oligohistidine- 

tagged protein can be purified using a relatively simple protocol using inmiobilized metal 

affinity chromatography (IMAC) (Porath, 1992). Second, oligohistidine tags rarely affect the 

characteristics of the protein. Third, the hexahistidine tag is relatively small and usually does not 

dramatically alter the solubility properties of the target protein (Carson et al, 2007).

As a chromatographic procedure, IMAC has the advantages of having strong, specific 

binding, mild elution conditions and the ability to control selectivity by including low 

concentrations of imidazole in chromatography buffers. The final purity of the protein can be 

optimized by controlling the ratio of recombinant protein to the column size; lower-affmity 

contaminants can be often competed with a relative excess of the histidine-tagged recombinant 

protein.

In an attempt to express 1000 open reading frames of proteins from F. falciparum the 

pET system was chosen as the most appropriate one (Mehlin et al., 2006). Furthermore, so far, 

only tliree recombinant P. falciparum cyclophilins have been successfully purified, all of them 

using a pET vector (Hirtzlin et al, 1995; Berriman and Fairlamb, 1998; Mehlin et al, 2006). 

Therefore, those results together with all the aforementioned advantages suggested the pET 

system with a His6-tag at the C-terminus, which was the one used in 1995 to purify the first P. 

falciparum cyclophilin, PfCYP19B, as the most appropriate to adopt for over-expressing and 

fiirther purifying the cyclophilin and cyclophilin-like proteins found in this organism. That 

would allow us to suggest whether or not this system could be used in high-throughput attempts 

and would make all the results comparable since exactly the same system is used for the 

production of this family of proteins.
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3.2. RESULTS

3.2.1. Data mining, alignments and annotated data

First, it should be re-stated that the nomenclature used for this cyclophilin family is 

similar to the convention o f Galat (2003): cyclophilin is abbreviated to CYP and a species- 

specific prefix, and especially if  there is more than one type in one organism, a suffix 

representing the approximate molecular mass in kiloDaltons o f the mature protein are added, e.g. 

PfCYP19A (one o f three P. falciparum  19-kDa cyclophilins).

After an exhaustive online search in the latest version of two main gene sequence data 

bases PlasmoDB (www.plasmodb.org) and the National Center for Biotechnology Information 

(vvww.ncbi.nlm.nih.gov). tw'elve nucleotide sequences were found to be annotated or to have 

sequence similarity to cyclophilins (Fig. 3.1 and Table 3.1), although only two of them had been 

extensively characterized: PfCYP19B (Hirtzlin el al., 1995) and PfCYP19A (Bemm an & 

Fairlamb, 1998). The smallest o f these proteins contains 125 residues and the largest is 

composed o f 747 amino acids. The grade o f sequence identity with the archetypal hCYP 18 w’as 

calculated using the PHYRE server (Kelley and Sternberg, 2009), and varies from the highest 

61% for PfCYP19A to the lowest 1% for PfCYP14. This latter protein in particular e\ en if it has 

been annotated as a RNA-binding protein containing a 85-residue cyclophilin-like domain 

(CLD), is probably too short and the sequence too distant to hCYPlS (1%) to be a bona fide 

cyclophilin, as for example ScCYP17 contains the shortest cyclopliilin domain described in S. 

cerevisiae and it is composed o f 162 residues.

All o f the genes shown in Fig. 3.1 contain a cyclophilin-like domain but six o f them also 

show other motifs: PfCYP14 a 94-amino acid RNA recognition m otif (RRM), PfCYP19B a short 

signal peptide in the N-temiinus, PfCYP32 a putative mitochondrial targeting sequence, 

PfCYP72 possesses two ring/U-box domains, PfCYPSl shows a splicing factor domain, and 

PfCYP87 a WD40 repeat, which might serv'e as a platform for assembly o f protein complexes. 

Seven o f them were found not to have any introns while the other five cyclophilin-like genes 

showed at least one predicted intron in their sequences. Furthermore, all o f them have been 

found to have orthologues in most of the annotated Plasmodium  species, which is an indicative 

o f the high level o f conservation o f this family o f proteins. In fact, there are some interesting data 

for some of the rodent cyclophilin-like proteins (Table 3.2) as for instance the high similarity
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Fig. 3.1. Domain architectures of ail the cyclophilin and cyclophilin-like proteins annotated in PlasmoDB. RRM, RNA recognition motif; 
SP; signal peptide; put Mito, putative mitochondrial transit signal; Ring/U-box, domain with a zinc finger-type domain and an ubiquitin 
binding domain; SYF2, splicing factor 2; WD40, 40-amino acid domain. The red boxes correspond to the cyclophilin or cyclophilin-like 
domain and show the % amino acid sequence identity shared with the archetypal hCYPlS. Above the diagrams the first/last residue 
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Protein name Gene ID" Coding sequence 
(bp) (CLI)'-)

Amino acids 
(CLD)

pi (CLD) Motifs/Domains*^ Location Expression
stage

PICYP14 PFI3_0I22 378 125(92) 4.6 RRM, CLD Probably nuclear G, M

PfCYP19C PFI 1J)I70 504 167(167) 6.35 CYP Nd G,T

P1CYP19A* PFC0975C 516 171 (171) 8.2 CYP Cytosolic G, M, S, T

PfCYP19B* PFII_0 I64 588 195(173) 7.73 SP, CYP Mainly cytosolic, 

iRBC‘*

G, M, T

PfCYP23 PFE1430c 615 204 (160) 5.31 CYP Nd G

PfCYP25 PF08_0I2I 654 217 (175) 6.78 CYP Nd G, T

PfCYP26 PFL0120C 681 226 (172) 8.54 CYP Nd G

PfCYP32 PFL0735W 843 (567) 280 (189) 9.8 (7.17) Milo, CYP Probably

mitochondrial

Nd

P1CYP52 PFI4_0223 1341 (549) 440 (183) 7(7.71) CYP Nd T

l’ fCYP72 PFI 1490c 1830(597) 609(199) 9.48 (9.21) CYP Nd Nd

PfCYPSl PF08_0128 2034 (657) 677 (219) 9.76 (9.3) CLD, SYF2 Probably nuclear Nd

PfCYP87 PFE0505W 2244 (486) 747 (162) 7.34 (7.69) WD40, CLD Nd G

Table 3.1. Cyclophilin and cyclophilin-like genes in P. falciparum. The two cyclophilins that have already been characterized are marked 
with * (Hirtzlin et a i,  1995; Berriman and Fairlamb, 1998). ® Gene ID in PlasmoDB; CLD, cyclophilin-like domain; See Fig. 3.1 for 
abbreviations;  ̂ iRBC, infected erythrocyte (Wu et al., 2006); ® Based in mass spectrometry and proteomics. G, gametocytes (Silvestrini et 
a i, 2010); M, merozoites (Florens et al., 2002; Le Roche et al., 2004; Khan et al., 2005); S, sporozoites (Lasonder et al., 2008); T, 
trophozoites (Florens et al., 2002; Le Roche et al., 2004; Lasonder et a!., 2008; Bowyer et al., 2010); Nd, not detected.



Gene ID Plasmodium
species

Orthologue in 
P. falciparum

% amino 
acid identity

Aminoacids
(CLD)

Molecular 
Weight (kDa)

Motifs/
Domains^

Expression 
data (mRNA)

References

Py00781 P. yoelii PfCYP19B 79 192(168) 21.2 SP, CLD Liver stage Tarun et al. 
(2008)

PbANKA_
093220

P. berghei PfCYP19B 77.9 192 (178) 21.2 SP, CLD Gametocytes
(male/female)

Khan et al. 
(2005)

Py03668 P. yoelii PfCYP19A 88.3 170 18.8 CLD Liver stage Tarun et al. 
(2008)

PbANKA_
121650

P. berghei PfCYP19A 88.9 170 18.8 CLD Gametocytes
(male/female)

Khan et al. 
(2005)

Py00382 P. yoelii PfCYP25 81.6 210(170) 23.9 CLD Liver stage Tarun et al. 
(2008)

PbANKA_
122580

P. berghei PfCYP25 81.6 210 (175) 23.9 CLD Gametocytes
(male/female)

Khan et al. 
(2005)

PbANKA_
143100

P. berghei PfCYP32 73.3 285 (188) 32.9 CLD Gametocytes
(male/female)

Khan et al. 
(2005)

Table 3.2. Selected, annotated cyclophilln and cyclophilin-like orthologues in other Plasmodium species. ® SP, signal peptide; CLD, 
cyclophilin-like domain.



they share with their P. falciparum  orthologues and their expression either in both the female and 

male gametocyte, or in the liver stage.

It should be noted that 60% of the genes in Plasmodium  have been amiotated to produce 

hypothetical proteins, hence the infoiTnation about the genome is still limited. How'ever, there is 

already evidence that nine of these cyclophilin genes are expressed at protein level in different 

stages o f the life cycle of the parasite (Table 3.1). As well there are some indications that locate 

them in various possible compartments within the cell, for instance, PfCYP19B has already been 

shown to be located primarily in the cytosol o f the parasite, despite its apparent signal sequence 

(Gavigan et al.. 2003). The putative mitochondrial signal o f PfCYP32 w'as further investigated 

since mitochondrial proteins of P. falciparum  are different from human mitochondrial proteins 

making them attractive potential drug targets. For instance, mitochondiial DNA from malarial 

parasites is unusually small and is arranged in tandem arrays (Vaidya and Mather, 2009). 

PfCYP32 was then scanned for mitochondrial sequences with MitoProt (Claros and Vincens, 

1906), PlasMit (Bender, 2002) and PFM Pred (Venna et a i, 2010). They all predicted PfC’YP32 

to be a mitochondrial protein. Surprisingly, when scamiing the rest o f proteins studied here, 

PfCYP25 was included in that group with PFM Pred only, while PfCYPSl was w'ith PlasMit 

only. These interesting results might open the possibility of more than one P. falciparum  

cyclophilin involved in mitochondrial metabolism, but whether or not they take part in that 

pathway in vivo is beyond the scope o f this project.

The phylogram in Fig 3.2 show's how the members of this family are related. 

Automatically, PfCYP14 was set apart from the others meaning that it is as expected the most 

remotely related to any o f the other sequences. Furthermore, the cyclophilin-like domains o f 

PfCYP72 and PfCYPSl are distantly connected with the others confimiing what had previously 

pointed out in Fig. 3.1. However, w'ith an approximated likelihood above 60% the other 

sequences are gathered together, although the cyclophilin-like domains o f the larger sequences, 

such as PfCYPS7CTD and PfCYP52CLD, still fall into a sub-tree apart from those. There is also 

a probability above 60% that the other well known cyclophilins - PfCYP19A and PfCYP19B - 

are part o f the same evolutionary family.

To complement the phylogenetic tree, in order to know the degree o f conserv'ation of the 

amino acids that contact CsA and the ones related to the PPIase activity, the twelve sequences 

were aligned (Fig. 3.3) with the archetypal human cyclophilin-A (hCYPlS) and its orthologue in

50



 PfCYP19B

--------------------PfCYP26
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-  PfCYP23

-----------------------PfCYP52CLD
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0.2
Fig. 3.2. Evolutionary relationship of the cyclophilin and cyclophllin-like genes in P. falciparum. The evolutionary history was inferred 
using the Neighbour-Joining m ethod (Saitou and Nei, 1987). The tree is drawn to scale, w ith  branch lengths in the same units as those of 
the evolutionary distances used to  infer the phylogenetic tree. Statistical support for branches is given as approximate likelihood ratios at 
the nodes. Phylogenetic analyses were conducted in MEGA4 (Tamura et al., 2007).
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Fig. 3,3. Aligment of hCYPlS, ScCYP17, cyclophilln and cyclophilin-like domains (cld) in P. falciparum. Cyclosporin A binding residues (13 
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another lower eukaryotic organism, S. cerevisiae (ScCYPl?) (Haendler et al. 1989). There are 

blocks o f amino acids that if not identical are well conserved along the cyclophilin domains, 

supporting the idea that most o f these sequences are closely related. The 12 amino acids that are 

known to be important for the PPlase activity and the 13 residues of the CsA-binding pocket of 

these enzymes, w'hich are all present in hCYFlS and ScCY Pl7, are only fully conserved in 

PfTYP19A and PfCYP19B. Surprisingly, only six o f the cyclopliilin domains present the Trp 

(V\) which is supposed to be crucial for CsA inhibition.

It is interesting that, even if  PfCYP72 does not have any o f the 13 residues involved in 

CsA binding and PfCYPSl has only one, both have been annotated as cyclophilin-like proteins. 

Due to the low' sequence identity for PfCYP72 (8%) with the hCYP18, it w'as investigated which 

was the lowest identity to the archetypal cyclophilin in other organisms. To our knowledge, the 

lovest sequence identity to hCYPlS of a known cyclophilin is 7% for a Drosophila 

me'.anogaster protein (DmCYP20) (Galat, 2003). Thus, PfCYP72 was included in this study. On 

the contrary', based on the alignment and overall sequence similarity, it was assumed that 

Pfl3_0122, W'hich had been called PfCY PH  in this study for convenience, is not a cyclophilin  

and it has been mis-annotated. It will not be investigated further in this project. In the case o f the 

other sequences, the next step was to look for evidence that they are actually CYPs.

3.2.2. PCR amplification and cloning into a pET vector

All the cyclopliilin and cyclophilin-like genes or the corresponding cyclopliilin-like 

domains were amplified (Fig. 3.4), either by standard PCR or RT-PCR depending whether 

gDNA or mRNA was used as a template, respectively (see section 2.2). The difficulty of 

amplifying long P. falciparum  sequences is well known due to their high AT content. When the 

fuL length o f the gene could not be amplified, we reasoned to focus only in the CLD, as w'as the 

case of the four largest genes. As well, larger targets should be harder to express as full-length 

proteins and should be less stable in E. coli. Exceptionally, both the pfcyp32ckl and the pfcyp32 

(fu'l-length) genes were amplified, as the latter included a putative mitochondrial signal that w'as 

removed in the former one.

In some cases it w'as necessary to optimize the PCR conditions as some other unspecific 

bards were obtained. In a few cases, mainly due to annealing temperatures as low as 45 °C and 

the long annealing times required, those unspecific bands remained visible. That w'as the case
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Fig. 3.4. PCR amplification of the cyclophilin and cyclophilin-like domains. Lane 1, size marker; lane 2, pfcypl9C  (504 bp), 
lane 3, pfcypl9A  (516 bp); lane 4, pfcyp23 (615 bp); lane 5, pfcyp25 (654 bp); lane 6, pfcyp26 (681 bp); lane 7, pfcyp32 
(843 bp); lane 8, pfcyp32cld (567 bp); lane 9, pfcyp52cld (597 bp); lane 10, pfcyp72cld (597 bp); lane 11, pfcypSlcId (657 
bp); lane 12, pfcyp87cld (486 bp). Expected sizes are indicated in brackets.



when amplifying pfcyp23, pfcyp25, pfcypSIcld and pfcyp87cld. Only the correctly-sized bands 

were cut from the gel, purified and subsequently used to clone into the corresponding vector.

The presence o f an Ndel restriction site in the sequence o f pfcyp72cld impeded the use of 

pET22b+, and pET21d+ was used instead. However, despite several attempts pfcyp72dd  

remained refractory to cloning. On the other hand, when pET22b+ was used as the expression 

vector all the others except pfcyp87cld were successfully cloned into the vector. Both plasmids 

provide a C-terminal Hise-tag, which provided the CYPs and CYP-like proteins in the same form 

as the previously produced PfCYP19B (Hirtzlin et al., 1995). In all cases, the integration o f the 

fragment into the vector was confirmed by a slower migration pattern in agarose gels after 

digestion w'ith a one-cutter restriction enzyme, and the release o f the gene fragment after double 

digestion of the resulting plasmids. Those gels together with the map of the corresponding 

plasmids are displayed in Fig. 3.5. Eventually, all the putative clones were always corroborated 

by sequencing. Note that pfcypl9b  had previously been cloned into pET22b+ and transformed 

into E. coli BL21 (Hirtzlin et al., 1995), therefore PfCYP19B w'as directly expressed and purified 

from this pre-existing clone in this study.

As the amplification o f the full-length pfcyp72 and pfcyp87  was not possible and the 

cloning o f their respective cyclophilin-like domains was not successful, the investigation o f these 

two sequences was discontinued.

3.2.3. Induction and purification of recombinant proteins

For high-level protein production purposes, BL21 (DE3) is an appropriate E. coli strain. 

It has the advantage o f being deficient in both Ion and ompT  proteases and it is compatible with 

the T7 lacO promoter system (Studier et a l, 1990). For eukaryotic proteins, it is often important 

to use BL21 (DE3) derivatives carrying additional tRNAs to overcome the effects o f codon bias. 

Historically, ampicillin has been the most commonly used antibiotic-selection marker.

The most commonly used expression systems are based on pET vectors, which drive 

expression o f a recombinant gene under the control o f the T7 RNA polymerase promoter and lac 

operator (Studier et al., 1990). The vectors are designed for use in XDE3 lysogen strains o f E. 

coli, which harbour a genomic copy o f the gene for T7 RNA polymerase under the control o f the 

lac repressor. Under repressive conditions, TV RNA polymerase is not produced, and 

transcription o f the gene is negligible. After induction, when the T7 RNA is produced, most of
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Fig. 3.5. pETPfCYP constructions. A) Generic pETPfCYP plasmid map. Red C-terminal HiSgtag; c box PfCYP gene; Amp, ampicilin 
resistance gene; ori, pBR322 origin of replication; lad, lac repressor. B-J) Ethidium bromide-stained 1.2% agarose gels. B) pETPfCYP19C 
(5867 bp); C) pETPfCYP19A (5879 bp); D) pETPfCYP23 (5978 bp); E) pETPfCYP25 (6017 bp); F) pETPfCYP26 (6044 bp); G) pETPfCYP32 
(6206 bp); H) pETPfCYP32CLD (5930 bp); I) pETPfCYP52CLD (5912 bp); J) pETPfCYP81CLD (6020 bp). In all cases: lane 1, size marker; 
lane 2, pET22b+ digested with Nde\ (5493 bp); lane 3, pETPfCYP digested with Nde\; lane 4, pETPfCYP digested with Nde\ and Xho\. 
Boxed, the corresponding gene fragment released after the double digestion.



the cellular protein synthesis machinery will be devoted to producing the target protein. Using 

T7 systems, protein expression can be induced either with the chemical inducer isopropyl-P-D- 

thiogalactoside (IPTG) or by manipulating the carbon sources during E. coli growth (pET 

System manual, Merck/EMD, 2006). One feature o f the T7 system is that many recombinant 

proteins often precipitate when expressed at 37 °C, but are soluble when the temperature during 

induction is 15-25 ®C. Thus, these lower temperatures during induction are suggested to be used.

In most cases, pET22b+, transformed into E. coli BL21, provided a highly convenient 

tool for the expression o f the proteins o f interest, since ten recombinant proteins were produced 

and nine o f these were successfully purified, as show'n in Figs. 3.6-3.14, The last figure shows 

the purification o f an altered PfCYP19A in which the Trp involved in CsA binding has been 

changed to Phe (PfCYP19AW128F).

It should be mentioned that similar binding abilities to the Ni‘*-chelate resin were 

expected as all the recombinant proteins which were purified, full-length proteins or only 

cyclophilin-like domains, present considerable similarities not only in size, ranging between 19 

and 32 kDa, but also in sequence as shown in Fig. 3.3. However, the variation o f affinity to the 

column among these recombinant proteins is remarkable, since the largest amount o f eluted 

proteins were achieved in fractions eluted between 40 mM and e\ en higher than 120 niNl 

imidazole concentrations (Figs. 3.6-3.14). That might suggest that, even though the primary 

structures remain conserv'ed, the tertiaiy structures differ in their ion-affinity properties, in case 

the number o f histidine residues present in the proteins was affecting their column-binding 

abilities, it was reviewed in all the proteins. PfCYP19A, which possesses the lowest number of 

histidine residues, started to elute when imidazole at 50 mM was applied to the column; while 

PfCYP52CLD, which contained the highest number o f histidine residues, was only released at 

concentrations above 120 niM (Table 3.3). However, PfCYP19B contained more o f these 

residues than PfCYP23, PfCYP25 and PfCYP26 and eluted at lower concentrations o f imidazole; 

and at the same time each of these three proteins required different concentrations to be eluted. 

Furthermore, in none o f the proteins were there several consecutive histidine residues. Other 

factors that might have affected the affinity o f the fiision proteins to the column might be the 

amount o f protein produced or the variation o f the intrinsic features o f the column since it was 

reused. The possibility o f cross-contamination was ruled out as the column was thoroughly 

washed with ethanol before storage and subsequent use.
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Fig, 3.6. SDS-15% polyacrylamide gel showing expression and purification of HiSg-tagged PfCYP19C. Lane 1, extract o f uninduced E. 
coli; lane 2, extract of E. coli induced w ith 0.5 mM IPTG for 5 h; lane 3, soluble fraction o f IPTG-induced E. coli extract; lane 4, insoluble 
fraction; lane 5, sample of diluted soluble fraction of IPTG-induced E. coli extract applied to the column; lane 6, flow-through; lane 7- 
17, fractions eluted w ith 20-120 mM imidazole (10 mM increments); lane 18, fraction eluted w ith 500 mM imidazole. 10 pi of loading 
buffer + 10 pi from the corresponding fraction were loaded in each lane. Fraction 14 was used for subsequent experiments. Running 
positions of molecular mass standards are shown to the left.
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Fig. 3.8. SDS-15% polyacrylamide gel showing expression and purification of HiSg-tagged PfCYP19B. Lane 1, extract of uninduced 
E. coli; lane 2, extract o f E. coli induced w ith 0.5 mM IPTG for 5 h; lane 3, soluble fraction of IPTG-induced E. coli extract; lane 4, 
insoluble fraction; lane 5, sample of diluted soluble fraction of IPTG-induced E. coli extract applied to the column; lane 6, flow  - 
through; lane 7-17, fractions eluted w ith 20-120 mM imidazole (10 mM increments); lane 18, fraction eluted w ith 500 mM 
imidazole. 10 |il of loading buffer + 10 l̂l from the corresponding fraction were loaded in each lane. Fractions 12-16 were used for 
subsequent experiments. Running positions o f molecular mass standards are shown to the left.



Fig, 3.9. SDS-15% polyacrylamide gel showing expression and purification of HiSg-tagged PfCYP23. Lane 1, extract of uninduced 
E. coli; lane 2, extract of E. coli induced w ith 0.5 mM IPTG for 5 h; lane 3, soluble fraction o f IPTG-induced E. coli extract; lane 4, 
insoluble fraction; lane 5, sample of diluted soluble fraction of IPTG-induced E. coli extract applied to the column; lane 6, flow  - 
through; lane 7-17, fractions eluted w ith 20-120 mM imidazole (10 mM increments); lane 18, fraction eluted w ith 500 mM 
imidazole. 10 |il o f loading buffer + 10 |il from the corresponding fraction were loaded in each lane. Fractions 12-18 were used for 
subsequent experiments. Running positions of molecular mass standards are shown to the left.



Fig. 3 .10. SDS-15% polyacrylamide gel showing expression and purification of HiSg-tagged PfCYP25. Lane 1, extract of uninduced 
E. coli; lane 2, extract of E. coli induced with 0.5 m M  IPTG for 5 h; lane 3, soluble fraction of IPTG-induced E. coli extract; lane 4, 
insoluble fraction; lane 5, sample of diluted soluble fraction of IPTG-induced E. coli extract applied to the column; lane 6, flow  - 
through; lane 7-17, fractions eluted with 20-120 m M  imidazole (10 m M  increments); lane 18, fraction eluted with 500 m M  
imidazole. 10 nl of loading buffer + 10 1̂ from the corresponding fraction were loaded in each lane. Fraction 14 was used for 
subsequent experiments. Running positions of molecular mass standards are shown to the left.



Fig. 3.11. SDS-15% polyacrylamide gel showing expression and purification of HiSg-tagged PfCYP26. Lane 1, extract o f uninduced 
E. coli; lane 2, extract of E. coli induced w ith 2 mM IPTG for Ih  30 min; lane 3, soluble fraction o f IPTG-induced E. coli extract; lane 
4, insoluble fraction; lane 5, sample of diluted soluble fraction of IPTG-induced E. coli extract applied to the column; lane 6, flow  - 
through; lane 7-17, fractions eluted w ith 20-120 mM imidazole (10 mM increments); lane 18, fraction eluted w ith 500 mM 
imidazole. 10 nl o f loading buffer + 10 |il from the corresponding fraction were loaded in each lane. Fraction 18 was used for 
subsequent experiments. Running positions of molecular mass standards are shown to the left.
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Fig. 3.12. SDS-15% polyact7lamide gel showing expression and purification of HiSg-tagged PfCYP32cld. Lane 1, extract of uninduced E. 
coli; lane 2, extract of E. coli Induced 0.5 mM IPTG for 5 h; lane 3, soluble fraction of IPTG-induced E. coli extract; lane 4, insoluble 
fraction; lane 5, sample of diluted soluble fraction of IPTG-induced E. coli extract applied to the column; lane 6, flow  -through; lane 7, 
fraction eluted w ith 5 mM imidazole; lane 8, fraction eluted with 50 mM imidazole; lane 9, fraction eluted w ith 500 mM imidazole. 10 
|al o f loading buffer + 10 nl from the corresponding fraction were loaded in each lane. Fraction 9 was used for subsequent experiments. 
Running positions o f molecular mass standards are shown to the left.



Fig. 3.13. SDS-15% polyacrylamide gel showing expression and purification of HiSg-tagged PfCYP52cld. Lane 1, extract of 
uninduced E. coli; lane 2, extract of E. coli induced w ith 0.5 mM IPTG for 5 h; lane 3, soluble fraction o f IPTG-induced E. coli 
extract; lane 4, insoluble fraction; lane 5, sample of diluted soluble fraction of IPTG-induced E. coli extract applied to the column; 
lane 6, flow  -through; lane 7-17, fractions eluted w ith 20-120 mM imidazole (10 mM increments); lane 18, fraction eluted with 
500 mM imidazole. 10 |il o f loading buffer + 10 |il from the corresponding fraction were loaded in each lane. Fractions 17-18 were 
used for subsequent experiments. Running positions of molecular mass standards are shown to the left.



Fig. 3.14. SDS-15% polyacrylamide gel showing expression and purification of HiSg-tagged PfCYP19AW128P. Lane 1, extract of 
uninduced E. coli; lane 2, extract o f E. coli induced with 0.5 nnM IPTG for 5 h; lane 3, soluble fraction o f IPTG-induced E. coli extract; 
lane 4, insoluble fraction; lane 5, sample of diluted soluble fraction of IPTG-induced E. coli extract applied to the column; lane 6, flow  
-through; lane 7-17, fractions eluted w ith 20-120 mM imidazole (10 mM increments); lane 18, fraction eluted w ith 500 mM 
imidazole. 10 pil o f loading buffer + 10 îl from the corresponding fraction were loaded in each lane. Fractions 13-15 were used for 
subsequent experiments. Running positions o f molecular mass standards are shown to the left.



Protein name Number of histidine 
residues in the sequence®

Concentrations of imidazole required to elute 
(10 mM increments)

Yield
(mg/l)

PfCYP19C 5 90 mM 2.6

PfCYP19A 4 50-120 and 500 mM 19.8

PfCYP19B 8 70-110 mM 8.3

PfCYP23 6 80-120 and 500 mM 2.2

PfCYP25 6 90 mM 1

PfCYP26 6 500 mM 2.2

PfCYP32CLD 5 500 mM 0.7

PfCYP52CLD 9 120 and 500 mM 1

PfCYP19AW128F 4 80-100 mM 3.2

Table 3.3. P. falciparum cyclophilins or cyclophilin-like proteins solubly produced in E. coli. The above 9 proteins were those which 
were successfully expressed in E. coli, grown on a 1.5-1 scale, and purified by nickel-chelate chromatography. The purest fractions 
were pooled together and concentrated, if needed, by ultrafiltration through Amicon Ultra 10 concentrators (M illipore). ®The 
hexahistidine-tag is not included.



We confirmed that the affinity o f the hexahistidine-tag for Ni" allows the fusion 

product to be quickly separated from the bulk o f other bacterial proteins with up to 95% purity 

using metal chelate affinity chromatography (Hochuli et al., 1988), which is the case of 

PfCYP26, PfCYP32CLD and PfCYP52CLD. Despite o f that there in some o f the samples a few 

other bands were present in the Coomassie Blue-stained gels. For instance, in PfCYP19C, 

PfCYP19A, PfCYP19B, PfCYP23 and PfCYP25 there is a lower band in the fraction that was 

collected for fiirther experiments. It is likely that this is a degradation product o f smaller size. 

Only in the case o f PfCYP19AW128F, a few bands appeared in a higher position. Those are 

probably some E. coli proteins that copurify by IMAC, such as DnaJ (41.1 kDa), GroEl (57.3 

kPa) or DnaK (69.1 kDa). However, the amounts o f the bands obtained were probably too low in 

the fractions collected to affect any o f the assays performed later.

3.2.4. Attempted expression in E. coli Rosetta to overcome the codon bias

Even though E. coli BL21 was a useful strain to induce and over-express most o f the 

recombinant proteins in this study, two of them have remained elusive, i.e. PfCYP32 (full- 

length) and PfCYPSlCLD. One o f the reasons could have been the codon bias between this 

ba;terium and P. falciparum.

When the mRNA of heterologous target genes is overexpressed in E. coli, differences in 

codon usage can impede translation due to the demand for one or more tRNAs that may be rare 

or lacking in the population (Kane, 1995). Insufficient tRNA pools can lead to premature 

translation termination, translational frame shifting and amino acid misincorporation. In order to 

overcome this particular issue, the E. coli Rosetta strain was used. It possesses the pRIG piasmid 

th.it encodes tRNA genes argU, ileX  and glyT. The presence o f pRIG in the host strain was 

shDwn to significantly enhance the expression o f several genes derived from an AT-rich 

Phsmodium  genome (Baca and Hoi, 2000). To fijrther extend the utility o f pRIG for the 

expression of genes having rare E. coli codons, Novagen added the leuW  and proL  tRNA genes 

to pRIG to create pRARE. pRARE encodes tRNA genes for all of the “problematic” rarely used 

coions encoding Arg, He, Gly, Leu and Pro, except for Arg CGA/CGG. The entire RARE tRNA 

cassette was also added to the pLysS and pLacI plasmids to create pLysSRARE and 

pLacIRARE, respectively. The plasmids were transformed into BL21 to create the Rosetta strain.
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Despite the effort, PfCYPSlCLD was not overexpressed under different concentrations 

o f IPTG at different incubation times (data not shown). However, PfCYP32 was successfully 

produced using the Rosetta strain in a small scale test (Fig. 3.15.A), although when trying to 

produce larger amounts o f the protein it was shown to be completely insoluble (Fig. 3.15.B). 

One of the premises of this study was to use the same approach in all cases. Therefore, due to the 

impossibility o f overexpressing PfCYPSlCLD and full-length PfCYP32 in soluble form, the 

investigation o f these two sequences was not continued further.

3.3. DISCUSSION

Together with the FK506-binding proteins, cyclophilins fomi a family of immunophilins, 

which some define as chaperones that may also exhibit peptidylprolyl cis-trans isomerase 

(PPlase) activity (Barik, 2006), while, some others state that the chaperone activity is secondary 

(Galat, 2004). Besides, not all cyclophilins have been shown to be chaperones.

The members of the immunophilin family are not only important for proper protein 

folding, as cis-trans isomerization of peptidyl-prolyl bonds is a necessary and rate-limiting step 

for the folding o f some proteins, but cyclophilins and FKBPs also tightly bind to the 

immunosuppressi\e drugs CsA and FK506, respectively (Galat, 2003). Although they are well 

described in T-lymphocytes, the mechanisms o f action in P. falciparum  o f both drugs remain to 

be elucidated.

Most o f the main features o f the human cyclophilins also appear in this family o f proteins 

in P. falciparum. In the human genome, their nominal masses may vary from about 17 kDa 

(monodomain) to several hundred kDa where one cyclophilin-like domain is a part of larger 

proteins that may comprise tetratricopeptide repeat (TPR), RNA-binding (RBD), ranGTP- 

binding, leucine-zipper, zinc-fmger, Ca" and calmodulin binding, WD40 repeat and other 

domains. Cyclophihns have been localized to different cellular compartments, namely the 

cytoplasm (Handschumacher et al., 1984), the membranes and mitochondria (Schneider et a l, 

1994), the endoplasmic reticulum (Bergsma et al., 1991), the secretory pathway (Colley et a l, 

1991), and the nucleus and its membranes (Dolinski et al., 1997).
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Fig. 3.15. Study of PfCYP32 expression in E. coli Rosetta. SDS-15% polyacrylamide gel showing: A) Small-scale Induction o f PfCYP32 in 
E. coli Rosetta strain. Lane 1, extract o f uninduced E. coli pET22b+; lane 2, extract of E. coli pET22b+ induced w ith 0.5 mM IPTG for 5 h; 
lane 3, extract of E. coli uninduced pETPfCYP32; lane 4, extract of E. coli pETPfCYP32 induced w ith 0.5 mM IPTG fo r 5 h; lane 5, extract 
of E. coli pETPfCYP32 induced w ith 1 mM IPTG for 3 h; lane 6, extract of E. coli pETPfCYP32 induced w ith 2 mM IPTG fo r Ih  30 min. B) 
Solubility o f PfCYP32 in E. coli Rosetta. Lane 1, extract of uninduced E. coli pETPfCYP32; lane 2, extract o f E. coli pETPfCYP32 induced 
w ith 0.5 mM IPTG for 5 h; lane 3, soluble fraction o f 'induced' extract; lane 4, Insoluble fraction of 'induced' extract. Running positions 
of molecular mass standards are shown to the left.



Although it might be assumed that small cyclophilins containing only a single CLD have 

been present early in evolution before the occurrence o f cyclophilins with one or more additional 

domains, it is not possible to unequivocally identify a ‘primitive’ cyclophilin protein subfamily 

in the Apicomplexa from which all other subfamilies have derived (Krucken et a l, 2009). There 

are several cyclophilin subfamilies that are specific at least for lower eukaryotes, or even for 

Apicomplexa, and do not have orthologues in their mammalian hosts and might therefore be 

promising drug targets in the fiiture. This includes in particular mitochondrial cyclophilins, 

cyclophilins with SYF2 domains, and a group o f small, presumably cytosolic cyclophilins 

specific for Apicomplexa, such as PfCYP26.

In case o f P. falciparum, PfCYP19A and PfCYP19B, due to their very high expression 

levels and their cytoplasmic locations are considered to be the most important receptors for CsA 

(Gavigan et a l, 2003) leading potentially to inactivation o f the cytosolic calcineurin. Indeed, 

mutations in these proteins appear to be associated with resistance to CsA to P. falciparum  

(Kumar er t?/., 2005).

Although cyclophilins are w'idely spread, they are for instance missing in a large number 

o f fiangal genomes suggesting that the fiinction of this subfamily might not be essential in all 

organisms (Pemberton, 2006). Pfl3_0122 (PfCYP14) is a dubious candidate for a cyclophilin 

due to its short cyclophilin domain, only containing 85 amino acids, therefore no fijrther studies 

were carried out with this sequence; PfCYP23 has been described as a PPILI-like cyclophilin 

(Krucken et al., 2009). PfCYP52 is predicted to contain two coiled-coil regions. Moreover, this 

putative cyclophilin has a large Lys-rich region encompassing both coiled-coil domains. 

PfCYP72 has been classified as a Plasmodium  specific cyclophilin (Krucken et al., 2009), but it 

only shares 8% identity with hCYP18. However it possesses tw'o Ring/U-boxes, which are 

domains present in proteins important in the ubiquitin proteolytic pathway, involved in protein 

degradation. The U-box m otif is a peptide chain that contains 70 amino acid residues, with 

characteristics suggesting that it is a structural variant o f the RING fold but lacks the signature 

zinc-binding amino acids o f the RING domain (Aravind and Koonin, 2000). The RING/U-boxes 

are considered to be adaptor molecules with the RING/U-box domains responsible for substrate 

recruitment (Deshaies and Joazeiro, 2009).

PfCYP87 is a multi-domain cyclophilin with a WD40 domain in its COOH-terminus. 

This domain is characterized by repeats o f about 40 amino acids containing a characteristic
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Trp/Asp dipeptide. It has been shown that the human WD40-repeat cyclophilin is a component 

of the spHceosomal B complex which contains the complete set of U snRNAs in a precatalytic 

state (Deckert et ai, 2006). However, its precise role in splicing or regulation of splicing has not 

been addressed yet.

There are also some interesting expression data in the literature regarding this family of 

proteins. Most of these cyclophilins are produced in different stages of the parasite life cycle. 

PfCYP19A has been detected in sporozoites, merozoites, trophozoites and gametocytes. So has 

PfCYP19B in all those but sporozoites. PfCYP25 is expressed in trophozoites and gametocytes, 

while PfCYP52 only detected in trophozoites (Florens et a l, 2002; Le Roch et ai, 2004). On the 

sexual development transcriptome at gametocytes of various ages all the immunophilins 

(including PfFKBP35) except PfCYP72 and PfCYPSl were catalogued (Young et ai, 2005), and 

PfCYP19A and PfCYP19B were found in the salivary gland and oocyst-derived sporozoites 

(Lasonder et al., 2008). Besides, PfCYP19B has been found in infected erythrocyte ghosts that 

contain mainly erythrocyte membrane as well as proteins from parasite source that are still 

associated with the erythrocyte membrane (Wu and Craig, 2006).

There have been studies where the effect of various agents was analyzed and cyclophilins 

were implicated. For instance, PfCYP26 was damaged by chloroquine (Radfar et a i, 2008). 

When looking at the growth perturbations caused by different agents (including CsA and FK506) 

all immunophilins except PfCYP81 seemed to be affected (Hu et a!., 2010).

Furthermore, there are several orthologues in different Plasmodium species that have 

been identified at some stage. PfCYP19A, PfCYP19B and PfCYP25 were found in male and 

female gametocytes and in ookinetes in P. herghei (Khan et al., 2005; Hall et a i, 2005). mRNA 

from a PfCYP19A orthologue was detected in a P. vivax blood-stage expressed sequence tag 

library (Cui et al., 2005).

Regarding the CsA-binding site, the residues involved are highly conserved among most 

cyclophilin isoforms and homologues. However, alignment of the cyclophilin and cyclophilin- 

like sequences of P. falciparum with the archetypal hCYPlS and its orthologue in S. cerevisiae, 

ScCYPl?, has revealed in some cases features such as lack of the Tip cmcial for CsA-binding, 

or even the absence of all the residues that contact CsA. Mutation studies carried on hCYPlS 

have revealed that some of the amino acids constituting the binding cleft for CsA and peptide 

substrates cannot be substituted without major losses of PPlase activity (Galat, 2003). Some of
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the sequences annotated as cyclophihns did not have the complete set, or even none, o f the 

amino acids required for CsA-binding. Since the presence/absence o f these residues is known to 

be important for PPIase activity that suggests that tliis activity might be compromised; but their 

chaperone activity, if  any, might be kept intact, as these two functions seem to be independent at 

least in some cases (Ramm and Pluckthun, 2000).

Therefore, it is interesting now to decipher w'hether the cyclophilin-like proteins produced 

here have PPIase and/or chaperone activities, whether they can bind to CsA, and if  so whether 

the resultant CYP-CsA complexes can inhibit calcineurin.

Many large projects are devoted to developing methods to generate large numbers of 

purified proteins. However, the task has proved challenging: on average, for proteins from 

prokaryotes, only 50-70% of soluble proteins and 30% o f membrane proteins can be readily 

expressed in recombinant form, and only 30-50% of these expressed proteins can be purified to 

homogeneity (Cliristendat et a l, 2000; Dobrovetsky et a l, 2005).

E. coli, and indeed all cells, uses a specific subset o f the 61 available amino acid codons 

for the production o f most mRNA molecules. So-called major codons are those that occur in 

highly expressed genes, whereas the minor or rare codons tend to be in genes expressed at a low 

level. If the mRNA from the cloned gene were to contain rare codons, or if  the amino acid 

distribution were inordinately variable relative to typical E. coli proteins, then it is likely that 

translational problems would occur during the production phase, leading to a reduction in either 

the quantity or the quality o f the protein synthesized. The potential for translational problems is 

not surprising, given the cellular environment after induction o f transcription o f  a cloned gene. 

Translation o f the protein of interest could represent 60-70% of the total protein synthesized by 

the cell, following induction. With this in mind, it is not impossible for abundant codons to 

become limiting if  the demand were great enough (Sipley and Goldman, 1993). However, for E. 

coli, expression strains supplemented with additional tRNAs can often overcome the codon bias 

o f the recombinant gene (You et a l, 1999). The translational initiation region o f most sequenced 

E. coli genes (91%) contains the initiation codon AUG; GUG is used by about 8%> o f the genes, 

and UUG is rarely used as a start site (1%) (Sprengart and Porter, 1997); and there is a 

preference for the UAA stop codon (Sharp and Bulmer, 1988).

The coding regions o f the P. falciparum  genome contain 76.5% adenosine and thymidine 

(AT). As much as 60.9% of the genome is still annotated as ‘hypothetical’ and slightly less than
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54% of the genes possess introns in the genome. Given the nearly 80% AT content o f the P. 

falciparum  genome and a codon bias which is divergent from E. coli (Sayers et a i, 1995), it 

seemed likely that the genetic make-up o f the parasite contributes significantly to the failure rate 

in protein expression. Altogether, within the set o f high % AT targets, differences in the % AT 

did not in themselves appear to affect expression or solubility. Recent studies suggest that the 

stability and secondary structure o f the encoded RNA might be more o f an issue than the codons 

themselves (Wu et a i, 2004).

As part o f a structural genomics initiative, 1000 open reading frames from P. falciparum  

were tested in an E. coli protein expression system. Three hundred and thirty-seven o f the targets 

were expressed in E. coli (Mehlin et al., 2006). O f those which expressed, only 18.7% (sixty- 

tliree) were soluble at sufficient levels for purification, resulting in a 6.3% overall soluble 

expression rate. Thus, for every soluble protein obtained, more than four were observed to 

express insolubly and more than 10 did not express at all. Clearly, the soluble expression of 

protein was rare, and the expression o f high levels o f soluble protein was even less frequent. 

Moreover, 42% of those proteins (41/98) under 20 kDa expressed and 14%> (14/98) were soluble 

while of those over 60 kDa only 20% (20/100) expressed and 3% were soluble.

In that study, it was concluded that the one physical protein quality which was associated 

with both expression and solubility following multivariate logistic regression was predicted pi. 

The trend towards insolubility with increasing pi was striking: o f the 288 targets with a pi above 

10 only one was soluble. At very low pi values, there appeared to be a tendency towards a lack 

o f expression which was compensated by greater level o f solubility among those which did 

express. The mean pi o f these targets, including the tags, was 8.2.

The only other published study o f a large number o f P. falciparum  proteins expressed itn 

the same way obtained five soluble proteins from 95 single-exon constructs fused to MBP 

(maltose binding protein) or GST (glutathione-S-transferase) (Aguiar et a i, 2004).

To the best o f our knowledge, this is the first time that the same system, a hexahistidine 

tag at the C-terminus, has been used to purify a whole family o f proteins in P. falciparum. Due to 

the facts aforementioned, the successful overexpression of nine o f these recombinant proteins 

and a mutant (PfCYP19AW128F) in E. coli, and the further purification o f all these proteins but 

one (PfCYP32), as shown in Fig. 3.16, is a satisfactory achievement. It means that 64% of the 

total target proteins have been purified, and the percentage is increased up to 81% if only the
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Fig. 3.16. Domain architectures of the cyclophilin and cyclophilin-like proteins purified in this study. The red boxes correspond to the 
cyclophilin or cyclophilin-like domain and show the % amino acid sequence identity shared with the archetypal hCYPlS. Above the 
diagrams the first/last residue number of the corresponding domain are indicated. *A PfCYP19AW128F mutant was puried in the same 
manner.



cloned ones are taken into account. It should be noted that the only two that have not been 

purified after having been cloned into the vector, PfCYP32 and PfCYPSlcld, had the highest p i’s 

o f all this group o f proteins, 9.8 and 9.76 respectively. The former was induced using the Rosetta 

strain, but the product was completely insoluble, while the latter was not induced in any o f the 

strains used in this study. The high success rate in this study may be related to the similarity 

between the proteins being produced, meaning that a method that worked for one cyclophilin 

was perhaps more likely to work for others (our initial hypothesis).

Findings o f potent and selective antiparasitic activity o f non-immunosuppressive 

derivatives o f CsA have led to much interest in immunophilins as possible dmg targets (Bell et 

a i,  2006). This concept is supported by the fact that there are cyclophilin t>'pes that are absent 

from their mammalian hosts, such as PfCYP72 (Kruckcn et al., 2009). Therefore, understanding 

their mechanisms o f action might contribute to the development o f non-cyclosporin agents that 

act in a similar way.
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CHAPTER 4

Characterization of the cyclophilin and 

cyclophilin-'like proteins



4.1. INTRODUCTION

The current post-genome era has witnessed a progression o f functional genomics studies 

accomplished in P. falciparum, providing valuable information about parasite biology (Florens et 

a i,  2002; LeRoch et a l, 2004; LaCount et a l, 2005). Despite the enormous efforts, Plasmodium  

genomes continue to be perplexing with more than 50% o f the genes coding for hypothetical 

proteins with limited or no similarity to gene products o f known function. Therefore it is a 

challenge to investigate further those proteins that have not been characterized yet.

As shown in chapter 3, nine recombinant proteins have been successfully purified in this 

study. Six o f them were purified as whole proteins (PfCYP19C, PfCYP19A, PfCYPlQB, 

PfCYP23, PfCYP25 and PfCYP26); two others were just the cyclophilin-domains from 

PtrY P32 (PfCYP32CLD) and PflCYP52 (PfCYP52CLD); and one was a single-amino acid 

mutant from one of them (PfCYP19AW128F). Therefore, with this batch of recombinant 

proteins, following purification, assays w'ere carried out in order to establish whether these 

proteins are defined by their chaperone and/or PPIase activities. The in vitro chaperone activity 

was measured by the ability to prevent the themial aggregation o f pig heart citrate synthase 

(Butchner et al., 1998) or bovine liver rhodanese (Pirkl et a i ,  2001). Both assays work in a 

similar manner since either the citrate synthase or the rhodanese aggregate in a time-dependent 

manner when incubated at high temperatures, therefore the ability of a protein to inhibit this 

process is taken as an indication o f chaperone activity.

To test whether the recombinant proteins in this study possessed PPIase activity or not, 

two different assays were perfonned. The first one is based on the use o f a synthetic peptide, 

su;cinyl-Ala-Ala-Pro-Phe-/7-nitroanilide, as substrate in a two-step reaction coupled to a- 

chemotrypsin. A protein is an active PPIase when it is able to catalyze the cis to trans 

inierconversion of the Ala-Pro bond of the substrate (Kofron et a i, 1991). Proteases such as 

chymotrypsin liberate 4-nitroaniline from Xaa-Pro-Yaa-4-nitroanilides only if a trans prolyl 

bend exists in the penultimate amino acid position from the scissile peptide bond. To ensure 

rapid cleavage o f the entire population o f the trans isomeric substrate, the protease concentration 

is set at a high value. Thus, after consumption o f the entire population o f the trans isomer using 

th;s strong proteolytic pulse a transient population o f about 100% cis isomer results. The coupled 

reaction is the first-order cis to trans interconversion, which precedes the rapid proteolytic
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consumption o f the trans isomer tiiat is being fonned as a rate-Hmiting step after the initial phase 

o f the reaction. This is the most convenient and widely-used PPIase assay, and it has been 

previously used before for Plasmodium  PPIases (Hirtzlin er a l, 1995, Bemman and Fairlamb, 

1998).

The aforementioned method is based on the analysis o f small, artificial peptides. The 

putative in vivo fiinction o f prolyl isomerases however includes prolyl isomerisation o f protein 

substrates for folding processes and signal transduction events. One step to close the gap 

between in vitro kinetics and in vivo ftinction is the analysis o f protein folding acceleration. The 

ritonuclease T1 (RNase T l)  was shown to be a favourable candidate since it contains four 

proline residues, two o f which are in the cis conformation and the other two being in the trans 

coiformation. During denaturation/refolding, the proline residues remain easily accessible for 

the catalysis o f the trans to cis isomerization (Kiefhaber et al., 1990).

Furthermore, in this study, we have focused on the investigation of CsA-binding 

properties of the novel cyclophilins and cyclophilin-like proteins in an effort to determine 

whether any o f these proteins might mediate the antimalarial action o f this drug (see section

Nowadays, a major challenge currently facing conventional high-throughput screening 

(HIS) drug discover}' methodologies is the ability' to judge rapidly the relative binding affinities 

of the expanding numbers o f new compounds derived from combinatorial chemical libraries 

(Pintoliano et al., 2001). Thermal shift assays have many biophysical attributes that satisfy the 

requirements o f a general cross-target drug discovery assay. Ligand-induced confonnational 

stibilization o f proteins is a well-understood phenomenon in which substrates, inhibitors, 

co'actors, metal ions, synthetic analogues o f natural ligands, and even other proteins provide 

emanced stability to proteins on binding (Schellman, 1975; Straume and Friere, 1992). Using an 

en/ironmentally sensitive fluorescent dye to monitor thermal protein unfolding, the ligand- 

biiding affinity can be assessed from the shift o f  the unfolding temperature obtained in the 

pnsence of ligands relative to that obtained in the absence o f ligands. When a protein starts to 

urfold or ‘melt’, the dye binds to exposed hydrophobic parts o f the protein, resulting in a 

significant increase in fluorescent emission. The fluorescence intensity reaches a maximum and 

th;n starts to decrease, probably due to precipitation o f the complex o f the fluorescent probe and 

th; denatured protein (Lo et al., 2004). Ligands that interact preferentially with the native state of 

a jrotein increase the thermal stability (Matulis et al., 2005).
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The aforementioned set o f experiments allowed us to evaluate and characterize this 

family of proteins in terms o f their PPIase and/or chaperone activity and CsA binding and the 

relationship o f these characteristics to the structural properties o f the different proteins. To our 

surprise all o f  them inhibit the aggregation o f at least one o f the substrates while, on the other 

hand, only some show PPIase activity.

4.2. RESULTS

4.2.1. Sequence alignments and predicted secondary and tertiary structures

According to their alignment with I1C Y PI8 , only PfCYP19A and PfCYP19B, the two 

m an cyclosporin-binding proteins expressed in P. falciparum  (Gavigan et a l, 2003), conserve 

all the residues involved in PPIase activity and CsA binding (Fig. 4.1). Regarding those residues, 

the grade o f conserv'ation shows great differences among all the sequences. For instance, 

PfCYP25 presents two changes A103T and H126N that implies losing a positive charge but no 

mcjor structural divergences, and PfCYP26 has three modifications (A lOlC, N102Q, A103T) in 

a riad that is well preserved among the cyclophilin family. On the other hand, PfCYP32CLD 

ony preserv'es three of the residues, having for example an lie instead o f a Trp in the position 

121, crucial for CsA binding.

In between, PfCYP19C and PfCYP23 keep eight each o f the 13 residues, while 

Pf?YP52CLD conser\'es nine o f the residues. However, despite that partial conserv ation all three 

chinge the W121 and show modifications o f the overall charge and hydrophobicity, as for 

exmiple M61 is substituted by Ala in PfCYP19C, a His appears instead o f the Trp in the position 

121 in PfCYP23, and the presence o f a Leu in position 103 instead o f Ala adds more 

hylrophobicity to PfCYP52CLD.

I1C Y PI8  has been referred to as an ‘archetypal’ cyclophilin with which the other 

cy:lophilins or cyclophilin-like proteins are compared, although novel sequences may match 

beter with some other known cyclophilin. Using the Protein Fold Recognition Server (PHYRE) 

th( eight sequences were analyzed to identify the closest human homologue o f each protein 

(Tible 4.1), The first striking fact is that only tliree o f them, PICYP19A, PfCYP19B and 

PfCYP32CLD share the highest similarity with hCYPl 8  (also called hCYPA or PPIA) while two
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55 60 61 63 72^ 101 102 103 111 113 121 122 126 Total Residues^’

hCYPlS Arg Phe M et Gin Gly Ala Asn Ala Gin Phe Trp Leu His 13

PfCYP19C Lys Phe Ala Gin Gly Ala Asn Lys Gin Phe His Leu Tyr 8

PfCYP19A Arg Phe M et Gin Gly Ala Asn Ala Gin Phe Trp Leu His 13

PfCYP19B Arg Phe M et Gin Gly Ala Asn Ala Gin Phe Trp Leu His 13

PfCYP23 Arg Tyr Me Gin Gly Ser Asn Asn Gin Phe His Leu His 8

PfCYP25 Arg Phe M et Gin Gly Ala Asn Thr Gin Phe Trp Leu Asn 11

PfCYP26 Arg Phe M et Gin Gly Cys Gin Thr Gin Phe Trp Leu His 10

PfCYP32CLD Lys Me Gly Val Asp Phe Asn Glu Gin lie lie Leu Asn 3

PfCYP52CLD Arg Phe Leu Gin Gly Ala Asn Leu Gin Phe Tyr Leu Asn 9

Fig. 4.1. Comparison of the sequences that define the active surface of the PPIase domain. Residue numbering corresponds to 
hCYPlS. ®Gly Is the only residue that is not involved in PPIase activity of hCYPlS but it is involved in CsA binding (Zydowsky et al., 
1992; Liu et al., 1991);  ̂ Total number of residues involved in CsA binding that are conserved. Residues in red are those different 
from hCYPlS at the corresponding position.



Protein name Human cyclophilin 
homologue^

% identity e-value^ (3 strands a helices 3-10 helix

PfCYP19C PPIL3 59 4.9e-i8 8 2 1

PfCYP19A* PPIA 61 9.7e-22 8 2 1

PfCYP19B PPIA 52 4.3e-2i 10 2 1

PfCYP23 PPILl 49 1.6e-i9 9 2 1

PfCYP25 PPIH 60 5.50-21 8 2 1

PfCYP26 PPIE 50 7.5e-2o 8 2 1

PfCYP32CLD PPIA 38 2e-2o 8 2 0

PfCYP52CLD PPIL3 37 2e-i9 8 2 0

Table 4.1. Primary and predicted secondary structural features of the P. falciparum cyclophllin/cyclophilin-like family. All the
structures are derived from homology modeling using the Phyre server (Kelley and Sternberg, 2009) w ith the exception of * the 3D 
structure of PfCYP19A which has already been resolved (Peterson et a!., 2000).  ̂ nomenclature according to Davis et a!., 2010.  ̂See 
text for details.



more match better with PP1L3, i.e. PfCYP19C and PfCYP52CLD, with 59% and 37% identity, 

respectively. The other thi'ee proteins show high levels o f identity with different human 

cyclophilins: PfCYP23 with PPILl (49%), PfCYP25 with PPIH (60%) and PfCYP26 with PPIE 

(50%). Here, in Table 4.1, the ‘e ’ value is the expectation that the sequence similarity shared by 

the P. falciparum  protein and the conserved domain arose by chance. An ‘e’ value < 0.01 is 

considered to indicate a significant sequence similarity between the protein and the conserved 

domain, consistent with the protein being a member o f the family with the conserved domain and 

having the specific (or related) biological function annotated to that domain (Pearson, 1995). 

Therefore, at least theoretically, since all the ‘e’ values are much lower than 0.01, all these 

sequences could be considered cyclophilins. Furthermore, as displayed in both Table 4.1 and 

Fig. 4.2, the typical eight P-strand barrel capped in both sides with 2 a-hclices and the 

appearance o f a 3-10 helix are predicted all to be well conserved among all of these modelled 3D 

structures except that the two cyclophilin-like domains o f PfCYP32 and PfCYP52 are expected 

to lack the short 3-10 helix. There are also a few discrepancies, such as the predicted 9 or 10 

helices in PfCYP23 and PfCYP19B respectively. However, so far only the PfCYP19A 3D 

structure has been solved (Peterson et a i, 2000); all the other tertiary structures are models that 

might not correspond with the physiological folding o f these proteins. Therefore no further 

speculations have been made regarding these structures. Instead, how all these structural 

polymorphisms might affect their biochemical properties in vitro will be analyzed in detail 

below.

4.2.2. PPIase activity

Isomer-specific proteolysis has been w'idely employed to assay PPIase activity with 

oligopeptide substrates. This robust method is considered as the standard test for routine 

determination o f enzyme activity for all families o f PPIases in their pure state as well as in crude 

cell extracts. The protease-coupled assay is based on the fact that, in solution, a linear 

oligopeptide containing a single prolyl bond usually consists of a mixture o f two slowly 

interconverting confonners, the cis and the trans prolyl isomers, as explained extensively in the 

introduction o f this chapter. The kinetics o f this reaction can be monitored under these 

conditions, since the additional colour developed due to cleavage of the newly fonned Trans 

isomer o f the peptide changes the absorbance at 395nm.
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Fig. 4.2. Cartoon representation of the model structures of P. falciparum cyclophilins and cyclophilin-like proteins purified in this 
study. W ith the exception o f PfCYP19A they are all derived from homology modelling using the Phyre server (Kelley and Sternberg, 
2009) and the Molecular Operating Environment (MOE) software (®Chemical Computing Group). A) PfCYP19C; B) PfCYP19A; C) 
PfCYP19B; D) PfCYP23; E) PfCYP25; F) PfCYP26; G) PfCYP32CLD; H) PfCYP52CLD.



Tliis assay has already been used to characterize the PPIase activity o f two P. falciparum 

cyclcphilins, PfCYPlQA, which was produced in an untagged form (Berriman and Fairlamb, 

1998), PfCYP19B-His6 (Hirtzlin et a l, 1995), and an impure soluble extract in which PfCYP25 

was overexpressed in E. coli (Reddy, 1995). However, one o f the drawbacks o f this technique is 

the possible proteolytic degradation o f PPIases by the helper protease (i.e., a-chymotrypsin). 

Therefore, checking whether this protease affects the stability o f the recombinant proteins was 

the first step to be carried out. Our proteins were incubated in the presence o f the protease for 3 

minires in the conditions o f the assay and subsequent analysis by SDS-PAGE with protease-free 

contnls was run. Fortunately, none of the proteins was significantly degraded (data not showai), 

so the assay was performed as described elsewhere (Kofron et al. 1991).

As expected, PfCYP19A and PfCYP19B showed PPIase activity under the assay 

cond tions and this activity was inhibited by CsA. Furthermore, PfCYP19AW128F also showed 

PPIase activity although almost eight times more CsA was needed to inhibit this activity (Fig. 

4.3; Table 4.2). On the one hand, that confirmed the validity o f the assay and the functionality of 

these proteins, since they both had previously been confirmed as PPIases in vitro (Berriman and 

Fairlimb, 1998; Hirtzlin et al., 1995). On the other hand, the lack o f PPIase activity o f the rest of 

the rtcombinant proteins was surprising, especially PfCYP25 which had been overexpressed (but 

not parified) in E. coli, using the pET9A vector, and suggested to have PPIase activity (Reddy, 

19951.

Therefore, just in case there was a case of lack o f affinity for the synthetic peptide, 

anotler way to evaluate the PPIase activity was explored by using the RNase T1 assay 

(Kiefiiaber et a l, 1990), further explained in the introduction o f this chapter. Two prolyl bonds 

o f R'Jase T1 adopt the cis conformation in the native state but display a diminished cis 

popuation in the unfolded state. Thus, the trans to cis isomerisation is a quasi-irreversible 

process because the reverse isomerisation is disfavoured under strongly native refolding 

condtions. This refolding reaction was established as a standard assay for PPIase catalysis on 

protenaceous substrates in the refolding and unfolding directions (Fischer, 2008). In this study, 

the concentration o f both RNase T1 and the corresponding recombinant PfCYP used in the assay 

was constant (1 |iM) and high in comparison with other published data (Schonbrunner et a l, 

1991 Kumar et a l, 2005). That was due to the fact that it was aimed to test whether or not the 

protens showed PPIase activity but not to estimate their catalytic parameters. First o f  all.
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Fig. 4.3. PPIase activity of recombinant PfCYP19A (A) and PfCYP19B (B). The rate constant of isomerisation (k) of the assay peptide 
succinyl-Ala-Leu-Pro-Phe-p-nitroanilide is shown as a function o f PfCYP protein concentration. The slope of the line is equivalent to 
the catalytic efficiency value kcat/K(vi. Each point is represented as the mean ± SEM of three determinations.



Protein nam e Concentration k (s-i) kcat/KM (s-^M-i) CsA-IC5o(nM)

PfCYP19C 1 \xM < 0.005 - -

PfCYP19A 10 nM 0.104106 ±0.0007347 6.3 X 106 1 0 1 4 .5 1
PfCYP19AW128F 10 nM 0.204610.003559 Nd 8 1 1  6.98

PfCYPlSB 10 nM 0.0670271 0.0004121 5.7 X 10^ 15 1 3.39

PfCYP23 1 |iM < 0.005 - -

PfCYP25 1 [iM < 0.005 - -

PfCYP26 1 [iM <0.005 - -

PfCYP32CLD 1 [iM < 0.005 - -

PfCYP52CLD 1 liM < 0.005 - -

Table 4.2. PPIase catalytic param eters  of recombinant PfCYPs with oligopeptide substrates and the ir  inhibition by CsA.
Nd, not determined.



cyclophilins and lysozyme alone were run and their fluorescence was subtracted from the results 

when RNase T1 was also added. Interestingly, even though only three of the recombinant 

proteins had displayed PPIase activity when synthetic substrates were used, all but PfCYP23 (no 

activity) and PfCYP32CLD (curve could not be determined) appeared to accelerate the trans to 

cis isomerization of the RNase T1 prolyl bonds, although the curves for PfCYP25 and PfCYP52 

were atypical and must be considered inconclusive (Fig. 4.4). PfCYP19A, PfCYP19B and 

PfCYP26 showed the highest efficiency in the process, since after only a few minutes most of 

the isom.erisation had occurred whereas in the cyclophilin-free control it was not complete after 

15 min. These results are comparable in magnitude and timing to published data reported in other 

organisms such as E. coli (Schonbrurmer et ai, 1991), the psycho trophic bacterium Shewanella 

SIBl (Suzuki et al, 2004) and for PfFKBP35 (Kumar et a l, 2005). On the other hand, 

PCYP19C had a much lower catalytic effect. PfCYP25 and PfCYP.52CLD showed a similar 

behaviour in that they both increased the velocity of the process for the first minute or two but 

after that time the rate of isomerisation slowed and by =12 min (PfCYP25) and ~1 min 

(PfCYP52CLD) the curves were indistinguishable from the CYP-free controls.

These results confirm that PfCYP19A and PfCYP19B are PPlases in the blood stage of 

the malarial parasite. They were the only ones that showed isomerase activity on the peptide 

substrate while between two and four others (i.e. PfCYP19C, PfXTYP26, and possibly PfCYP25 

and PfCYP52CLD) displayed such activity when RNase T1 was used. That suggests that 

confirmation of PPIase activity in a novel protein might need at least two different substrates 

since, for example, the affinity of the enzymes for them might vary depending on the nature of 

the amino acid preceding a proline, as pointed out a decade ago (Reimer et al, 1998). Moreover, 

most if not all the landmark studies that described the residues involved in the isomerase activity 

have been based on assays using synthetic peptide substrates (Liu et al, 1991; Zydowsky et al, 

19*̂ 2; Kallen and Walkinshaw, 1992) which have been widely used (Peterson et al, 2000; Davis 

et al., 2010). These substrates might allow less flexibility in the residues than protein substrates 

such as RNase T l. So, the conservation of all 12 residues involved in the PPIase activity might 

accept a certain degree of variation. For instance, PfCYP19C only keeps eight of them and still 

showed the ability to catalyse the cist-trans isomerisation in the RNase Tl assay.
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4.2.3. Chaperone activity

Immunophilins have been referred to as chaperones some o f which have PPIase activity 

(Birik, 2006) but in case o f P. falciparum  only the FKBP binding protein, PfFKBP35, has been 

tested for chaperone activity (Monaghan and Bell, 2005). For the promiscuous general 

chaperones and co-chaperones, the interaction with the substrate protein is relatively unspecific 

(Buchner and Walter, 2008). As a consequence, any unfolded protein can be regarded as a bona 

fide substrate. Using a standard set o f model substrates has a number o f important advantages: 

they are commercially available at a fairly low cost; they are ver>' well characterized in their 

folding and aggregation properties; and they allow a direct comparison among chaperones to 

assess functional differences. Rhodanese from bovine liver mitochondria is a small (33-kDa) 

monomeric enzyme that catalyzes sulphur transfer reactions, and it has been extensively used 

ovjr the years to study assisted protein folding. Citrate synthase, because of its low stability, is 

the substrate o f choice to measure temperature-induced aggregation and its suppression by 

mclecular chaperones. Both citrate synthase and rhodanese are temperature-labile proteins, thus 

there is a temperature at which they start to unfold. The subsequent aggregation process can be 

mcnitored by the extent o f light scattering shown by the sample. In the presence o f a chaperone, 

a cecrease in the scattering signal should be obserx ed.

First o f all, the intrinsic thermal stability o f all the purified proteins was assessed and then 

suMracted from the results when they were incubated in presence o f any o f the model substrates. 

T kn , all the recombinant proteins were analysed using both model substrates and all o f the 

inlibited the thermal aggregation o f at least one o f the model proteins. When citrate synthase 

wfs incubated in presence o f the different cyclophilins (Fig. 4.5), the cyclophilin-like domain of 

the mitochondrial cyclophilin (PfCYP32) and the tliree previous know'n cyclophilins diminished 

the aggregation o f the citrate synthase almost with identical values, while PfCYP26 showed 

sli'htly lower activity and in PfCYP52cld the chaperone ability was present but lower still. 

Nather PfCYP19C nor PfCYP23 detectably inliibited the aggregation o f citrate synthase as the 

fom er seems to enhance the process and the latter shows no effect in comparison with the citrate 

syithase assessed alone. Lysozyme was used as a negative control and in comparison to the 

reaction in absence of the chaperone, the extent of aggregation was even increased as it is not 

stable at 43 °C.
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When the assay was performed using the other model substrate rhodanese, all the 

recombinant proteins prevented aggregation (Fig. 4.6). hiterestingly, PfCYP19C and PfCYP23 

w'cre the ones that inhibited the aggregation the most, despite not having been able to inliibit the 

citrate synthase aggregation. As well, PfCYP19A, PfCYP19B, PfCYP26 and PfCYP32CLD 

bound to the substrate and prevented its aggregation, whereas the effects of PfCYP25 and 

PfXTYP52CLD were smaller.

As mentioned in the previous section, CsA w'as able to inhibit the PPIase activity of the 

two proteins that show tliis activity on peptide substrates, PfCYP19A and PfCYP19B. Therefore, 

it was interesting to test whether this compound was able to inliibit the chaperone activity as well 

since the chaperone activity has been suggested to be independent of the PPIase activity. 

Therefore, the inliibition of the rhodanese thermal aggregation was assessed in presence of the 

recombinant proteins and CsA at equimolar concentrations.

As expected, CsA alone was shown not to have any effect on rhodanese when incubated 

at 44 °C. Interestingly, none of the chaperone activities of the cyclophilins was significantly 

affected by the addition of the drug (Fig. 4.6), and in some cases it even slightly enlianced the 

ability to prevent the aggregation of the substrate, as the case of PfCYP23. In conclusion, all the 

proteins examine here are able to pre\ ent the themial aggregation of model substrates and that 

ability is not inhibited by CsA.

4.2.4. Measurement of CsA binding assessment by thermal melt assay

In order to know if the proteins that lacked PPIase activity on the peptide substrate bound 

to CsA we decided to use the thermal melt assay approach. This method requires relatively small 

amounts of protein, can be performed in hours, can be used to study hundreds of conditions in 

parallel and can be readily adapted to be performed on commercially available instruments (i.e., 

real-time PCR machine) where thermal melting curves of buffer/ligand conditions can be 

screened quickly in liigh-throughput mode (Lo et al, 2004). The method is generic in the sense 

that no prior knowledge of the protein is required to screen for stabilizing conditions. Moreover, 

it has been suggested that a good melting curve is predictive of catalytic activity in recombinant 

enzymes (Crowther et al, 2010).

The fluorescence approach measures fluorescence from a dye, such as Sypro Orange®, 

whose emission properties changed upon interaction with unfolded protein (Lakowicz and
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Keating, 1983). The melting temperature (Tm) was defined as the temperature where the first 

derivative of that fluorescence curve vs temperature was maximal. A positive ATm can be 

coTupled to an increase in structural order and a reduced conformational flexibility, whereas a 

decrease in stability, negative ATm, indicates that the buffer induces protein structural changes 

toward a more disordered conformation or it can be a sign of misfolding (Pantoliano et al, 

2001). In previous reports, it has been suggested to consider shifts in ATm larger than 2 °C to be 

significant. Moreover, the extent of the temperature shift is believed to be proportional to the 

affinity of the ligand for a given protein, ft should be mentioned that when setting up a thermal 

melt-based high-throughput screen designed to identify inhibitors or other ligands of a particular 

protein, the absolute value of the Tm is less important than the variability of Tm measurements 

(Senisterra and Finerty, 2009).

Since the melting properties of each independent protein may vary depending on the 

buffer used in this assay, the first step performed was the optimization of the melting curves of 

the purified proteins using four different buffers: standard buffer (100 mM HEPES, 150 mM 

NaCl, pH 7.5), potassium phosphate (pH 7.0), sodium phosphate (pH 7.5) and sodium citrate (pH 

5.5). For most of the proteins, when dissolved in standard buffer, the resulting melting curve was 

optimal (see PfCYP19A cur\'e in Fig. 4.7). As well, it could be obser\ed that thermally induced 

unfolding is an irreversible unfolding process with a sharp transition between the folded and 

unfolded states. On the other hand, PfCYP23 and PfCYP26 showed better curves with the 

sodium phosphate buffer while PfCYP25 seemed to be more stable in the potassium phosphate. 

Under the conditions of the assay, only one of the protein-constructs, PfCYP32CLD, did not 

display a melting curve that allowed derivation of the Tm. This parameter ranged in between 42 

and 56.5 °C for the proteins examined here, with the exception of the PfCYP26 Tm which was 

exceptionally low (32.5 °C) (Table 4.3).

Those curves gave us a suitable test of CsA binding for all but one of the proteins. 

However, some teclmical issues have been reported while performing high throughput screening 

of large compound libraries such as occasional fluorescence quenching of the extrinsic dyes by a 

small subset of library compounds and this was suggested to be minimized by adjusting the 

concentration of compounds to be screened so that they are -25 |nM or lower (Ericsson et al, 

2006). Therefore, to evaluate the binding affinity of CsA with the recombinant proteins that was 

the concentration used.
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PfCYP19A and PfCYP19B were the only CsA-binding proteins of all the ones that could 

be tested by the thermal melt assay (Fig. 4.7, Fig. 4.8 and Table 4.3), giving a Tm shift greater 

than 2 °C when incubated in the presence of 25 [xM or even at concentrations as low as 0.5 (iM. 

The Tm varied less than 1 °C for all the other proteins meaning that if they bind to CsA it would 

be at higher concentrations than 25 |iM. That includes the single-point mutant of PfCYP19A, 

where the Trpl21, which has been previously demonstrated to be crucial to CsA binding in 

cyclophilins of other species (Liu et al, 1991; Bossard et al, 1991), was changed to a Phe. In 

that case, the CsA binding affinity decreased more than 200 fold, since concentrations as high as 

100 |iM were tried and no significant change in the Tm was observed (Fig. 4.7), validating the 

method as an accurate way to assess CsA binding.

4.3. DISCUSSION

4.3.1. PPIase activity of the recombinant proteins

There is a great interest in both the substrate specificity of cyclophilins and the design of 

isoform-selective ligands for them (Davis et al, 2010). However, the dearth of available data for 

individual family members inhibits attempts to design drug specificity; additionally, iti order to 

define physiological functions for the cyclophilins, definitive isoform characterization is 

required. That sets the basic background that we aimed to cover in this study.

The cis/trans isomerisation of peptide bonds before proline (Xaa-Pro) is an intrinsically 

slow reaction that depends on the nature of the amino acid Xaa (Reimer et al., 1998). It 

determines the rates of many protein folding reactions (Eckert et al, 2005), is used as a 

molecular switch (Lu et al, 2007), and is catalyzed by prolyl isomerases (Rahfeld et al, 1994). 

The slow rate of cis/trans interconversion obtained in refolding studies plays a significant role in 

determining the uniqueness of prolyl isomerisation because just one covalent bond serves to 

control an enormous body of structural changes from the seconds time range of slow folding 

steps in small globular proteins (Schmid, 1995) to the hours time range for protein-protein 

interactions (Thies e ta l,  1999).

Depending on the nature of the amino acid flanking the proline residue of substrates in 

the -Xaa-Pro-Ala- moiety, the percentage of cis conformer is in the range of 6% to 38% in
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Recombinant
protein

Inhibition of aggregation PPIase activity (peptide) PPIase activity 
(RNase T l)

Melting curve 

(Tn.± SD)

CsA binding^ 

(AT„,1Citrate
synthase

Rhodanese Reduction of 
activity by CsA CsA inhibition

PfCYP19C — +++ No — — + Yes (42'’C±0.1) No

PfCYP19A +++ ++ No +++ Yes +++ Yes (56.4”C ± 0.2) Yes (8.9°C ± 0.3)

PfCYP19B +++ ++ No +++ Yes +++ Yes (56.5°C±0.1) Yes (3.9°C ± 0.2)

PfCYP23 — +++ No — — — Yes (52.4‘’C±0.2) No

PfCYP25 +++ ++ No — — ? Yes (43°C ± 0.3) No

PfCYP26 ++ ++ No — — +++ Yes (32.5°C ± 0.4) No

PfCYP32CLD ++ ++ No — — Nd N/A N/A

PfCYP52CLD + + No — — 7 Yes (SOX ± 0.2) No

Table 4.3. Summary of biochemical properties of the P. falciparum cyclophilins and cyclophilin-like proteins. T ,̂ melting 
temperature, defined as the temperature where the first derivative is maximal. ®CsA binding was accepted when AT^ was greater 
than 2 °C when 25 piM CsA was used. —, no detectable activity; +, activity equivalent to lowest seen; ++, activity Intermediate 
between lowest and highest; +++, activity equivalent to highest seen; ?, possibly but not certain; Nd, not detemlned; N/A, not 
applicable.



aqueous solution (Reim er et a i ,  1998). The finding that the cis  isom er content o f  the standard 

substrate can be shifted up to 70% in a trifluoroethanol (TFE) solution containing lithium  

chloride m inim ized the signal-to-noise ratio (Garcia-Echevarria et a l ,  1993). H ow ever, the 

protease-coupled assay performed in this study still has several lim itations. First, the kinetic 

analysis is only possib le under nonequilibrium conditions; second, only the cis  to trans  and not 

the reverse trans  to cis  isom erisation can be investigated; and third, proteolytic products o f  the 

helper protease can influence the PPIase activity. This last possibility was ruled out after 

demonstrating that the protease did not degradate significantly any o f  the evaluated proteins.

From previous results, PPIase activity o f  PfC Y P19B was evaluated giving a kcat/KM o f  

2.3 X 10^ s" 'M '', and this enzym atic activity was inhibited by C sA  (IC50 =  10 nM ) (Hirtzlin et a l ,  

1995). PIC Y P19A  also show ed PPIase activity (kcat/Km = 1.7 x 10  ̂ s‘'M ‘')  and the binding 

affinity for C sA  w as defined too ( K j  =  6.9 nM). Our results gave a slightly higher kca/KM, 5.7 x 

10'^ s ‘'M '' for PIC Y P19B and a little lower, 6.3 x 10'* s ' 'M '', for PfCYP19A; they w ere 

inliibited by C sA  with similar IC50 values, 15 and 10 nM respectively. In the case o f  PICYP25 no 

catalytic parameters w ere determined, although previously a crude extract o f  recombinant E. coli  

show ed PPIase activity w hich w as inliibited by CsA (Reddy, 1995). This inhibition ruled out the 

possib ility  that E. coli  contaminants w ere giving a false positive result, since the PPIases present 

in this organism  are not affected by C sA . H owever, it w as not proven that PfC Y P25 w as 

responsible for this PPIase activity.

Regarding PIC Y P19A  and PfC Y P19B our results agree with previous reports but there 

are discrepancies in terms o f  the PPIase activity o f  PICYP25, since the recombinant protein did 

not show  such activity in the peptide-substrate assays w e performed. In our favour, w e should  

say that the fu ll-length recombinant protein was purified and tested w hile before just a crude 

soluble extract w as assessed. Besides, even though in the original report where this protein w as 

first studied (Reddy, 1995) it is stated that all the amino acids involved in C sA  binding are 

present in the sequence with just one exception (H isl26A sn ), there is in fact another change in 

one o f  those residues (A lal03T hr). A s m entioned in the Introduction chapter (section 1.5.4), 

mutational studies revealed that som e o f  the amino acids constituting the binding cleft for C sA  

cannot be substituted without major losses o f  PPIase activity, including H 126 (Z ydow sky et al., 

1992). H ence on ly  PIC Y P19A  and PfC Y P19B  isom erised a peptide substrate. On the other hand, 

it is surprising that despite the fact o f  having m odifications in at least two residues out o f  the
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twelve involved in such activity, all but PfCYP23 and PfCYP32CLD (and possibly PfCYP25 

and PfCYP52CLD) displayed PPlase activity on RNase T l, i.e. the protein substrate.

Most o f the human cyclophilins have been characterized (Davis et a l, 2010) and it was 

concluded that there are cyclophilin family members that, while sharing overall conservation 

with active members o f the family, do not possess isomerase activity. That is the case o f PPIL2, 

PP1L6, RANBP2 and SDCCAG-10, while PPIL3 and PP1L4 could not be evaluated in that study 

so whether or not they possess isomerase activity remains uncertain.

In the same study, mutation o f Trpl21 in PPIA to glutamic acid abolished activity o f this 

protein; however, the tyrosine mutant retained the ability to catalyze proline isomerisation. More 

importantly, the single mutation o f Tyr389 to tryptophan, but not to histidine, converted PP1L2 

to an active isomerase, thereby illustrating the fundamental importance o f tliis residue in 

conferring activity to the cyclophilin family. They postulated that there is some flexibility in the 

active site with regard to the Trpl21 position: a tryptophan is clearly optimal at this position but 

tyrosine is somewhat permissive for activity, as is histidine. Such a residue is present in that 

position in PfCYP23 but in this sequence there are several changes apart from that in the Trpl21 

that might affect their PPlase activity.

4.3.2. Chaperone activity of the recombinant proteins

Promiscuous general chaperones have to use a property for recognition and binding that 

is common to all normative proteins. This is the exposure of hydrophobic amino acid side chains, 

the hallmark o f unfolded or partially folded protein structures. In the unfolded state, extended 

stretches o f polypeptide chains containing hydrophobic residues can be recognized by 

chaperones. The binding site o f the chaperone usually contains a number o f hydrophobic 

residues that interact with the substrate (Zhu et al., 1996). The low specificity o f hydrophobic 

interactions is the basis for the substrate promiscuity o f molecular chaperones. Since the 

extended exposure o f hydrophobic surfaces in an unfolded or partially folded state is an 

important determinant o f its liability to aggregate, the shielding o f these surfaces upon binding to 

a chaperone is a very efficient means to prevent aggregation. Prevention o f aggregation by 

binding o f partially folded proteins is an important part o f chaperone fianction in vivo. But in 

some cases, e.g. ATP-consuming chaperones, this ability appears not to be the primary task.
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The first in vitro assays for a molecular chaperone using purified components were 

presented by Lorimer and co-workers (Goloubinoff et a i, 1989). This landmark paper became a 

role model for numerous studies to follow. An important point in studying molecular chaperones 

is the choice of substrate protein. For many it is clear that they do not represent authentic in vivo 

substrates for the chaperone studied. Thus, it is desirable to use authentic substrate proteins 

whenever possible but for the P. falciparum  cyclophilins these remain unknown. Two model 

substrates, rhodanase and citrate synthase, were used. As aforementioned, PfFKBP35 is an 

immunophilin, the only member o f the FKBP family in P. falciparum, which has shown the 

ability to prevent the aggregation o f these two substrates (Monaghan and Bell, 2005).

It has been demonstrated that even the small immunophilins containing very litde 

sequence besides the PPIase domain may have a chaperone function distinct from the PPIase 

activity. That is the case of the small chaperone FkpA of E. coli (Ramm and Pluckthun, 2001) 

and the short FKBP from the archaea Pyrococcus horikoshii (Ideno et al., 2002). Furthermore, 

specific inhibition o f PPIase activity by immunosuppressant drugs excluded a role for PPIase 

catalytic activity in chaperone function (Freeman et a i, 1996; Bose et a l, 1996). For instance, 

Arahidopsis thaliana FKBP42, another large immunophilin, contains a PPIase homology domain 

followed by TPR domain, but is neither a PPIase nor capable o f binding FK506. However, it 

possesses chaperone activity, which is obviously PPIase independent (Weiergraber et a i, 2006).

Further insights into the elusive chaperone groove were gained from deletion analysis of 

hCYP40, which contains a PPIase domain linked to a TPR domain. These results showed that the 

PPIase domain plus linker or the linker region plus TPR domain retains chaperone activity, while 

individually, neither the catalytic nor the TPR domains had chaperoning ability (Mok et a i, 

2006). However, a Leishmania donovani cyclophilin (LdCYP) is a typical single-domain 

parasitic cyclophilin with PPIase activity (Dutta et al., 2001) that also possess an unusual 

chaperone action. It participates in disaggregation o f adenosine kinase (Chakraborty et al., 

2004), an important enzyme in the Leishmania purine salvage pathway, whose activity 

substantially increases during the promastigote to amastigote differentiation (Looker et a l, 

1983). Strikingly, the C-terminal part alone was sufficient to perform this activity.

In our study, despite of the divergences in the sequences, all o f  the recombinant proteins 

showed chaperone activity on model substrates. However, not all o f  them displayed the same 

ability to inhibit the thermal aggregation in both assays. For instance, PfCYP19C and PICYP23
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were unable to prevent the aggregation o f citrate synthase but they were the most active 

inhibitors o f rhodanese aggregation. PfCYP32CLD, containing only three out of the twelve 

residues related to the PPIase activity, showed comparable chaperone activity to PfCYP19A and 

PfCYP19B, both containing all twelve, in the citrate synthase assay. However, its ability to 

prevent aggregation o f rhodanese was diminished in comparison with PfCYP19A and 

P1CYP19B.

Therefore, one should be cautious not to overinterpret results obtained from the 

aggregation experiments. The intrinsic problem with aggregation is that, as a stochastic process, 

it is of limited reproducibility. Further, it yields only qualitative data; during the time course of 

aggregation, there is a concomitant increase in the number o f aggregates as well as in the size of 

the aggregates. The chaperone activity, in its most basic interpretation, has been applied to all 

proteins that have an effect on the aggregation of another protein or that influence the yield of 

correct folding. Most o f these proteins have hydrophobic patches on their surface and thus, 

irrespective o f their biological function, will associate with non-native proteins. However, to 

qualify as a molecular chaperone, additional requirements should be met. This includes the 

defined stoichiometry of the binding reaction and the regulated release o f the bound polypeptide. 

Then, even if it is a clear indication that a protein might function physiologically as a chaperone, 

a positive result from an aggregation assay in vitro alone is not sufficient, as it is commonly 

stated, to classify the protein under investigation as a molecular chaperone. More studies should 

be carried out to find out the natural substrates of these proteins and then clearly show whether 

or not they possess chaperone activity in the intact cell.

4.3.3. Cyclophilins: CsA binding proteins?

In a historical sense, the name 'cyclophilin’ implied CsA binding protein, but this may 

now be misleading since some cyclophilin-like domains o f diverse proteins do not bind CsA, 

although they may still have PPIase activity (Edlich and Fischer, 2006). This generic PPIase 

activity, however, is a property o f only some members o f this family and that could imply that 

other members fiilfil some crucial biological functions other than cis/trans isomerisation.

In order to know whether or not our recombinant proteins bind to CsA, a thermal melt 

assay was carried out. This use o f environmentally sensitive dyes to monitor thermal unfolding 

was reported in 1997 (Poklar et al., 1997) and adapted to microplate format to enable high
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throughput in 2001 (Pantoliano et a l, 2001). Different reports support the idea that ligand 

binding increases protein thermal stability, and that the effect is proportional to the concentration 

and affinity o f the ligand (Matulis et al., 2005; Vedadi et al., 2006). Furthemore, the binding 

affinity results obtained for the miniaturized thermal shift assay were found to be largely 

consistent with the results obtained through enzymatic, radioactive, fluorescence polarization, 

isothermal titration calorimetry, or other kinds o f assays. It has been successfiilly used in several 

studies to assess a large number o f novel antimalarial compounds (Guiguemde et al., 2010) and a 

variety o f P. falciparum  proteins (Crowther et al., 2009) including a putative cyclophilin that we 

call PfCYP23 which yielded approximately the same Tm as in our study (52.1 °C).

One advantage o f the miniaturized thermal shift strategy is the fundamental basis o f the 

assay, which avoids designing and retooling for new assays for each new protein target. Another 

advantage is that this technique does not require any prior knowledge o f a specific therapeutic 

target’s function in order to screen libraries and optimize drug leads (Pantoliano et a l, 2001). It 

has also been stated that melting curves are a reasonable indicator o f whether a protein is 

denatured or natively folded. It was shown that enzymes with poor melting curves are less likely 

to be active, suggesting that a poor melting curve is often a result o f being poorly folded. As 

well, it was evident that in many instances, a treated enzyme can suffer substantial deterioration 

o f its melting curves but still retain significant activity (Crowther et al., 2010), which is the case 

for PfCYP32cld, which did not yield a melting curve but showed chaperone activity. Another 

case to be considered is PfCYP26 that gave a Tm that was exceptionally low (32.5 °C). This 

value is surprising since this protein showed activity in both chaperone assays that were run at 

temperatures above 40 °C. That could mean two things: either that even if the protein is partially 

or mostly unfolded there are still some residues that possess the ability to inhibit the aggregation 

o f the given substrate; or that when being unfolded the protein exhibits more hydrophobic 

residues that contact the substrate by hydrophobic interactions preventing its aggregation.

Despite a few limitations - e.g. it cannot distinguish between proteins that are properly 

folded and proteins that are misfolded in a way that shields their hydrophobic regions from 

solvent, and a baseline Tm with a large standard deviation will make it difficult to distinguish true 

binders from false positives - the simplicity and general applicability o f thermal shift assays still 

make this strategy ideally suited for high-throughput drug screening and evaluation o f novel 

targets.
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In a recent report on 61 proteins, including some from P. falciparum, 25% o f the protein 

constructs did not display a melting curve that allowed derivation o f the melting temperature 

(Vedadi et a l, 2006). In our case, just with a simple change o f the buffer, with no more additives 

(e.g. glycerol), a melting curve was obtained for eight out o f nine recombinant proteins, 

including the mutant PfCYP19AW128F. This fact suggests, as previously mentioned, that most 

o f these proteins are properly folded, which also explains their ability to inhibit the aggregation 

o f model substrates.

Consequently, CsA at 25 |iM was incubated with all the different proteins (1 faM) to 

evaluate if  there was any shift in the melting curve. It is commonly accepted that if a compound 

binds to the tested protein temperature shifts o f > 2°C are experimentally reproducible, although 

higher temperature shifts (> 4°C) are better correlated w'ith positive outcomes in protein 

crystallization. As for the PPIase activity, only PfCYP19A and PfCYP19B showed the ability to 

bind CsA, both o f them at concentrations as low as 0.5 |iM. This confirms all the previous 

information reported about these two proteins (Bell et al., 2006), and adds the probability o f the 

involvement of these proteins in some pathways where a chaperone or co-chaperone would be 

needed. The shape o f the curves is consistent with the observation that the melting curves often 

are slightly steeper for the proteins with stabilizing ligands than for the proteins without them 

(Fig. 4.7). That has been accepted as an indicator that the unfolding is more cooperative when 

ligands are present and therefore that the sample has a higher homogeneity (Ericsson et a l, 

2006).

A low numbers o f cyclophilin-like proteins that can bind CsA was also found in a recent 

report in L. donovani (Yau et a l, 2010). The identification o f 5 out o f 17 cyclophilins in this 

parasite with a highly conserved CsA binding m otif strongly suggested inhibitor-binding to 

multiple LmaCYPs. However, by affinity chromatography and western blotting it was shown 

that only two cyclophilins, LmaCYP2 and LmaCYP40, interacted with CsA (Yau et al., 2010).

When performing this thermal stability assay in human cyclophilins, no binding was 

detected for PPIL2, PPIL6 and SDCCAG-10, making these the first set o f human cyclophilins 

that were found to be incompetent for ligation o f CsA (Davis et al., 2010). It is clear that these 

tliree proteins are quite divergent in the active site compared to PPIA (also known as hCYPlS). 

Perhaps more importantly they are, along with PPIL4, the only cyclophilins that substitute the 

residue Trpl21 with a residue other than His. Since the mutant PfCYP19AW128F did not bind to
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CsA at concentrations as high as 100 |^M, the thermal meh assay as well confirmed what was 

recently reported: Trp or His found at the 121 position are permissive for cyclosporin binding 

while other residues, such as Phe, at this position abrogate cyclosporin binding (Davis et a l, 

2010). Moreover, it was surprising that PfCYP25, despite giving a sharp melting curve, did not 

bind to CsA, as previously reported (Reddy, 1995). It suggests that the changes in just two 

residues (A103T and H126Q), involved in CsA binding might be enough to impede the 

association o f the drug with the hydrophobic groove o f PfCYP25.

As described, PfCYP19A has a high affinity for CsA, so has PfCYP19B, therefore both 

are correctly termed cyclophilin, according to the formal defmition: CsA binding protein. 

However, all these results suggest that the defmition o f this family should be expanded since in 

case o f some of the Plasmodium  cyclophilins neither bind CsA nor exhibit isomerase activity.

In any case, the binding surface o f all immunophilins must be flexible enough to 

accommodate the large variety o f client proteins in the cell and perhaps also recognize strategic 

hydrophobic residues that would otherwise promote aggregation. Further studies are needed to 

resolve the relative contribution o f the PPIase versus chaperone activities of the immunophilins 

in vivo.
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CHAPTER 5

Generation of resistant P. falciparum  mutants

in culture



5.1. INTRODUCTION

To study drug resistance in P. falciparum , cultivation in erythrocytes in the lab is the only 

feasible method since P. falciparum  in monkeys is very constraining, due to the slow  adaptation 

to grow in them, the cost (Collins et a i ,  2009) and the ethical issues. The crucial problem is the 

ability to obtain these resistant strains within the major constraints linked to continuous culture, 

specifically the risk o f  contamination and slow parasite growth leading to very long time frames. 

The selection o f  resistance in culture is very slow: it can take months or even years for a stable 

drug-resistant line to emerge [e.g., a parasite line with an increased IC50 for endoperoxide N -89  

was obtained only after two years (A ly et a l ,  2007)]. This limitation combined with the 

difficulties o f  the culture technique might explain why for many antimalarials no stable resistant 

strains have been reported up to now. A recent review has presented the methods and application 

o f  the selection o f  resistance in culture and in vivo  in rodent malaria (W itkowski et a i ,  2009).

To study mechanisms o f  resistance, one needs to obtain well-characterized drug-resistant 

strains. Murine malaria {P. berghei, P. chahaudi, P. yo e lii  and P. vinckei) have been used instead 

o f  P. falciparum  to study the mechanisms o f  dmg resistance by inducing resistance in vivo. 

However, for drugs such as chloroquine, mechanisms o f resistance in murine Plasm odium  and P. 

falcipanm r malaria are different, limiting the utility o f  the murine malaria model (Carlton et a l,  

2001). So far, some P. falciparum  strains have been selected using several different drugs, such 

as the FCR3 strain to pyrimethamine (Banyal and Inselburg, 1986) or as the FACS strain to 

chloroquine (Barnes et a i ,  1992), but selection o f  resistant strains has not yet been used to study 

most o f  the antimalarials that are either in clinical use, such as the artemisinin derivatives, 

lumefantrine and piperaquine, or drugs in the pipeline and likely to be used in the near future, 

such as tafenoquine and pyronaridine (Nzila and Mwai, 2010).

Genetic transfoiTnation is one o f  the useful techniques playing an increasingly important 

role in studying gene function in Plasm odium  (Maier e t a l ,  2008). However, because malaria 

parasites are haploid, lethal dismptions or fitness costs affecting growth limit the ability to 

generate knockouts for many genes expressed in the asexual stages. Generating gene disruptions 

through classic reverse genetic approaches is a com plex and inefficient process in P. falciparum , 

due to an extremely low parasite transfection efficiency and the parasite’s ability to maintain
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transfected plasmids as episomes, resulting in less than 1% of the total annotated genes knocked 

out up to 2008 (Greenbaum, 2008).

Insertional mutagenesis approaches are widely used in prokaryotes and eukaryotes for 

genome characterizations. Specifically, transposon-mediated mutagenesis has emerged as a 

powerful molecular genetic tool for eukaryotic transgenesis and is extensively used to create 

gene disruptions, enhancer and gene fusions in model organisms such as Drosophila and S. 

cerevisiae (St Johnston, 2002; Goryshin et al, 2000).

Transposable elements have been widely used in different organisms to perform various 

genetic analyses. In 2005 a high efficiency transformation protocol for transposon mutagenesis 

in P. falciparum was described (Balu et a l, 2005). It is based on the piggyBac transposable 

element which is derived from the cabbage looper moth Trichoplusia ni and is a member of the 

TTAA-target site-specific class of transposable elements (Fraser et a l, 1985; Wang et al., 1989). 

piggyBac-hasQd transposon vectors have been widely used to manipulate genomes o f various 

invertebrate species, and are cun'ently the vectors of choice for enhancer trapping, gene 

discoveiy, and identifying gene function in Drosophila (Thibault et al., 2004; Ryder and Russell,

2003), other insects (Lobo et al., 2002), and mammals (Ding et al., 2005). As piggy’Bae has 

been suggested as a tool to obtain direct integration and relatively random mutagenesis in P. 

falciparum along the whole parasitic genome, although integration predominates in the 5"- 

untranslated regions of genes, probably because the AT-content is higher in these regions (Balu 

et al., 2009). A helper plasmid is designed to express transiently the piggyBac transposase during 

blood-stage development in order to accomplish insertion o f a drug selection cassette for P. 

falciparum (Reed et al., 2000) earned w'ithin the piggyBac cis-elements. The selection cassette 

consists of the human dihydrofolate reductase {hdhfr) marker controlled by 5' calmodulin and 3' 

histidine-rich protein 2 (hrp2) elements, confening hDHFR-mediated resistance to the antifolate 

agent WR99210. Mature blood-stage parasites were purified on a magnetic column (Trang et al,

2004) and were cotransfected with the piggyBac plasmid and the helper plasmid by allowing 

them to invade plasmid-loaded human erythi'ocytes. After positive selection for the dmg- 

selectable marker, multiple piggy’Bac insertions were identified throughout the genome o f the 

parasite at TTAA target sites. Following three different protocols and cairying out eight 

successful experiments twenty insertions were obtained, representing the highest number of 

modifications in P. falciparum at that time. Furthermore, the speed of the process was greatly
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enhanced as genomic integrants were achieved in a few weeks instead of 6-12 months (Balu et 

a l, 2005).

We expected that some o f the random mutations obtained with this approach could be 

associated with drug resistance. As far as we know this is the first time piggyBac has been used 

for the purpose o f generating dmg-resistant parasites.

While the transposon-mediated mutagenesis was considered a novel and potentially 

useful tool for forward fiinctional genetics, chemical mutagenesis was an old-fashioned method 

fallen into oblivion as far as P. falciparum was concerned (Balu et a l, 2005; Inselburg, 1984). 

However, the advent of rapid and cheap genome sequencing and comprehensive oligonucleotide 

microarrays for the characterization of mutants led us to reconsider this approach. Mutagenic 

agents were used to a limited degree in the 1980s to obtain dmg-resistant P. falciparum  strains 

(Inselburg, 1984; Usanga, 1986). To quote Inselburg (1984) ‘the analytical potential provided by 

mutants and the use of the MNNG mutagenesis to isolate mutants resistant to medically 

important drugs (e.g. artemisinin) makes it a worthwhile endeavour’.

The potent mutagen N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) has been used 

previously to induce mutants of the parasite. MNNG belongs to a class of agents that form 

methylated bases in DNA. In addition to producing abundant 7-methylguanine and 3- 

methyladenine adducts, MNNG treatment also produces a relatively high proportion of 6- 

methylguanine (m6G). The m6G residues are responsible for the high mutagenic activity of 

MNNG since, in replicating DNA, they can pair with either cytosine or thymine. Pairing with 

thymine should induce GC-to-AT transition mutations, which were shown to be predominant 

(Lucchesi et al, 1986).

In this approach it is crucial to add MNNG during DNA replication. In P. falciparum  

replication starts about 30 hours after merozoite invasion of erythi'ocytes and continues through 

most of the remainder of the asexual cycle (Inselburg, 1984). Therefore, culture synchi'onization 

is required to ensure the right timing to add the mutagen.

The idea of coming back to this procedure arose not only as a back up to the original 

transposon project, but also as a complementary method. Therefore, both approaches could cover 

a great range of mutations (Table 5.1), which could lead us to identify genes associated with the 

ability o f P. falciparum  to acquire resistance to antimalarial dmgs.
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Plasmodium blood 
stage growth method

Time required to 
select resistance

Type of mutation 
expected

Difficulty of 
identification of 

relevant mutation

References

In culture 2-22 months Various, including single
point mutations

Moderate Oduola et ol. (1988), 
Lim & Cowman (1996)

In culture + MNNG 1-4 weeks Various, including single
point mutations

Difficult Inselburg (1985), 
Usanga et al. (1986)

In culture + piggyBac 2-3 weekst Insertion of a transposon 
entity

Easy Balu etol. (2005)

In vivo (P. chabaudi*) 2-7 months Various, including single
point mutations

Moderate, but 
need to  confirm in 

human parasite

Cravo et al. (2003), 
Afonso et al. (2006)

Table 5.1. Comparison of different methods to obtain drug-resistant Plasmodium  strains. *P. chabaudi is one of the four 
Plasmodium species that infect mice, t ,  expected.



5.2. RESULTS

5.2.1. Antimalarial activities of the inhibitors used in this study

Using the parasite lactate dehydrogenase (pLDH)-based method (Makler et al, 1993) the 

concentrations of the agents to be used in the drug-susceptibility assays were determined. As 

displayed in Figure 5.1, the IC50 concentrations of the different compounds after 72 hours were 

established. According to previous results, 5 times IC50 inhibited parasite growth by = 99% in all 

cases. Regarding the drugs coming into use in Africa, namely lumefantrine (LMF), amodiaquine 

(AQ) and piperaquine (PIP), and considering the common variation between strains, these values 

agree well with recent reports (Nsobya et a l, 2010; Wong et a l, 2010). For the experimental 

compounds, CsA is at the lower end of the values previously reported (120 n fv l, Barik et a l 

2005), while the FK506 and trifluralin (TFL) IC50 results are comparable with the values 

obtained in other studies (Bell et a l, 1994; Fennell et a l, 2006).

5.2.2. Selection of resistant mutants using insertional mutagenesis

The transposable element piggy'Bac has been described as a novel method to obtain 

random mutants in P. falciparum (Balu ct al, 2005) (see section 2.1.10 for details). It is 

delivered in a plasmid that contains the human dihydrofolate reductase (hdltfr) gene whose 

expression fully negates the antiparasitic effect of WR99210, an antifolate which has been found 

to be effective against P. falciparum in culture at very low concentrations (Rieckmann, 1996). In 

order to get WR99210-resistant parasites with this element, different electroporation settings 

were used as shown in Table 5.2. However, this method, which was expected to generate 

mutants in matter of weeks, was found to be subject to several technical difficulties.

First o f all, the long selection times were an issue, as after the WR-99210 pressure was 

removed, resistant parasites took a period of between twenty and foity days to reappear. It is well 

known that erythrocytes begin losing their fitness when cultured for over a week. Therefore 

diluting o f the cultures becomes an unavoidable step in order to keep the viability of the 

parasites, prolonging the reappearance even more.

Electroporation was described, and with the passage of time established, as the most 

efficient transfection technique in P. falciparum  (Skinner-Adams et a l, 2003). One of the key 

issues when a sample is electroporated is the time constant (t) which indicates whether the
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Fig. 5.1. Chemical structures of the d ifferent compounds used in this study. In brackets, their corresponding IC5 0  after 72 hours 
(average of three replicates).



Recipient Settings Reference Cuvette path 
length (cm)

Attempts Expected t  (ms) T (ms) Resistance^

RBCs 0.31kV/950^F Deitsch et al. 
(2001)

0.2 26 ~ 15 = 18 Yes

RBCs 2.5!<V/25 nF This study 0.2 3 ^0.5 = 5 No

pRBCs 2.5kV/25 [xF Wu etal. (1995) 0.4 5 :«0.5 = 0.5 No

pRBCs 0.31kV/950nF Fidock et o/.,(1997) 0.4 2 15 ==20 No

Table 5.2. Conditions for attempted insertional mutagenesis. The conditions highlighted in red were used by Balu et al. (2005) 
where a time constant between 10-12 ms was expected. RBCs, erythrocytes; pRBCs, parasitized erythrocytes. ® Resistance to 
WR99210



electroporation is working properly. Briefly, this constant is defined by the time required for the 

initial voltage (Vq) to drop to Vo/e, a convenient expression o f the pulse length, e being the base 

of the natural logarithm. By personal communication with Dr. Bharath Balu in the group of Prof. 

John Adams, where the piggyBac transfection technique was developed in Plasmodium, setting 

the conditions highlighted in red in Table 5.2, the time constant was expected to be 

approximately 12-16 ms. However, that interval was, firstly, not achieved when the protocol 

described in Balu et al, (2005) was followed. Against all predictions, a design characteristic of 

the brand of cuvettes used was found to be responsible for this discrepancy despite all of its 

listed specifications being identical to those used by Dr. Balu. Fortunately, that obstacle was 

overcome as shown in Table 5.2. One should notice that when lower capacitance and higher 

voltage conditions (25 \xYI2.5 kV) are used, a lower time constant is expected (0.5 ms). This 

means that the exposure of the samples to the electric field should be lower as higher times 

would compromise the viability of the cultures. After visiting Dr. Adams' lab WR99210 resistant 

parasites were obtained, since tw'O transfected cultures survived dmg pressure. However, those 

cultures could not be revived upon return to Dublin.

As WR99210-resistant parasites remained elusive, another issue which might have been 

involved in the failure of the process was a variation in the original sequence of the transposable 

element. This would not have been surprising as numerous previous reports have confirmed the 

difficulties of using E. coli as a vector when working on P. falciparum  sequences (Sijwali et al., 

2001; Flick et al., 2004). Therefore, sequencing of not only the piggyBac but also pHTH 

elements was carried out. While the former showed no changes, alignment of pHTH with the 

original sequence resulted in a few incoherences. Besides the long gap observed (Fig. 5.2) which 

was probably due to the difficulties when sequencing the AT-rich parasitic genome, there was a 

mismatch in the open reading frame and three more single mutations within the gene. They were 

communicated to Dr. Balu who, by personal communication, confirmed them but reported that 

none of them was likely to be o f significance.

To evaluate whether the problem was one of lack of DNA penetration of the different 

membranes during electroporation or a later event, pCAM5/3-GFP, a GFP-expressing plasmid, 

was successfully constructed (Fig. 5.3). The GFP-cassette was flanked by the 5' and 3’ hsp86- 

fianking sequences, which had been confiiTned to allow the expression o f different cassettes in P. 

falciparum (Wu et al., 1995). To assess the efficiency of DNA penetration through the
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1 9 9 7 CTTGTAGTAAGTTTTTTGCCAAAGGGATTGAGGTGAACCAATTGTCACAC 2 0 4 6

1 7 8 3
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

CTTGTAGTAAGTTTTTTGCTAAAGGGATTGAGGTGAACCAATTGTCACAC 1 8 3 2

4 9 0 9 TATATCTAAAAATATATC7\AGGCAACATTTAAAAATATATGTTTATTTAT 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

4 9 5 8

4 7 2 8
1 1 M 1 M 1 1 M 1 1 1 M 1 1 M 1 1 • 1 • 1 1 1 M 1

TATATCTAAAAATATATCAAGGTACCATTTA------------------------------------------ 4 7 5 8

4 9 5 9 TTTTTCTAATATTTATAGAATGATCAAATGAATGGTACCTATAAGGGCGA
1 1 1 1 1 1 1 1

5 0 0 8

4 7 5 9
1 M 1 M 1 1

----------------------------------------------------------------------------------------- AAGGGCGA 4 7 6 6

Fig, 5.2. Partial pHTH sequence. Upper sequence, original transposase sequence ORF; Bottom sequence, 
sequenced transposase ORF; Mismatch in blue; Gap in red.



A)

6108 bp 
5090 bp

B)

1018 bp

504 bp

KpnI-4923

Bamm - 4248

Fig. 5.3. A) pCAM5/3-GFP construction. Lane 1, Molecular weight marker; lanes 2 and 3, pCAM5/3 and pCAM5/3-GFP 
respectively digested with SomHI; lane 4, GFP gene amplified by PCR from pZepOS; lane 5, GFP gene amplified by PCR from 
pCAM5/3-GFP B) Map of pCAM5/3-GFP. In red Amp'^ gene; in dark grey PfCAMS and pCAM3' flanking sequences and in 
green the reporter gene GFP. See section 2.1.11 for a description of the construction of the plasmid.



membranes, both uninfected and infected erythrocytes were electroporated using the same 

settings displayed in Table 5.2 and analyzed by either PCR or fluorescence microscopy as 

described before (VanWye and Haidar, 1997). Despite these efforts, the confirmation o f a 

successftil transfection expressing the GFP gene remained elusive too.

For the reasons discussed in section 5.3.1, this part o f the project was then discontinued.

5.2.3. Selection of resistant mutants using chemical mutagenesis

In order to generate mutants, cultures were incubated with the concentration o f  MNNG 

first described by Inselburg (9 |iM ) and at a lower concentration (4.5 |iM). Parasite cultures 

treated with 4.5 but not with 9 mutagen recovered following two weeks o f incubation in 

MNNG-free medium. These cultures were used in subsequent experiments.

Then, parasites were first incubated for 24, 48 or 72 hours with 5 times IC50 

concentrations o f  the six different compounds (LMF, PQ, DAQ, TFL, CsA and FK506). 

According to the reduction o f viability of the cultures after 72 hours incubation, and the length o f 

the parasite life cycle (= 48 h), a first 48-hour incubation step appeared the most appropriate way 

to proceed. W ithin 96 hours, there were no viable parasites in any o f the cultures after drug 

pressure (Fig. 5.4), and that situation continued for all the drugs, including controls, except for 

FK506. Cultures incubated with 5 times IC50 concentrations o f FK506 showed reappearing 

parasites after 2-3 weeks o f drug-free incubation. Fifteen days after FK506 had been removed, 

the parasitemia reached 3%, which is comparable to previous reports (Inselburg, 1985; Usanga et 

al,  1986). By then, despite the addition o f low amounts o f fresh washed blood once a week, the 

erythrocytes were losing their condition. Therefore it was decided to split the cultures in two to 

include a larger amount o f new RBCs even if  it postponed testing the resistance o f these new 

cultures. This was proven to be a wise decision as the cultures grew at least as well as standard 

cultures in less than a week (Fig. 5.4). As soon as they reappeared the drug-resistance level was 

measured by the pLDH assay (Fig. 5.5).

The cultures were found to be 5-fold less susceptible to FK506. Suiprisingly, although 

the cultures were selected in the presence o f only FK506, they also clearly showed cross

resistance to CsA, up to 10-fold. The other four compounds were also tested but there was no 

significant difference in susceptibility to them (i.e. DAQ in Fig. 5.5).
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Fig. 5.4. Development of parasitaemia in the MNNG-treated {•) and wild-type P. falciparum cultures (o) during the 
selection of FK506-resistance. Parasitaemia is defined as the number of parasites in 100 erythrocytes. A zero value means 
that there were no visible parasites after counting 500 erythrocytes (parasitaemia < 0.02%). *1. The cultures were diluted 
1/2; *2. Drug-resistance was assessed using these cultures, and the remaining cultures were diluted 1/5.
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and C) DAQ. All the points represent the average of at least two duplicate experiments.



However, the phenotype of the FK506-resistant cultures reverted to wild-type 

susceptibility after 5-6 weeks of incubation in the absence of the drug (Table 5.3). That 

suggested that the mutated phenotype might posses some unfavorable characteristics which 

would allow revertants to grow more efficiently when FK506 was not present. Consequently, 

continuous dmg pressure was needed in order to maintain and further analyze this multidrug- 

resistant phenotype. Unluckily, even with continuous presence o f the dmg, none of the numerous 

attempts were successful in obtaining a stable drug-resistant strain.

5.3. DISCUSSION

The past decade has seen the development and refinement of transfection methods for the 

genetic manipulation of the malaria parasite and these are providing a wealth o f new insights into 

parasite biology. However, these methods are still not straightforward and there are only a 

limited number o f proteins to which the methodology has been applied (Martin et al., 2009). 

Based on the review of Skinner-Adams et al (2003), where all the transfection methods in P. 

falcipanim  are compared, it was decided to start with the method described by Deitsch et al 

(2001) (Table 5.2). Transfection of parasites by exposure to DNA-loaded erythrocytes has 

several advantages over previously described protocols; the main one is that the transfected 

parasites are not exposed to the trauma o f electroporation, hence their viability should be greatly 

improved. This was also the method used by Balu et al in their first description of the use of 

piggyBac in P. falcipanim  (Balu et a l,  2005). After numerous failed attempts, some other 

approaches described in the literature, such as direct electroporation of pRBCs, were carried out, 

as shown in Table 5.2.

Despite substantial efforts over 20 months and forty attempts to obtain WR992I0- 

resistant parasites with piggyBac insertions, they have remained elusive. According to most of 

the literature, transfection in P. falcipanim  is still a cumbersome procedure. To obtain stable 

transfectants, the major drawback is the low transfection efficiency (-10'^) described by 

O'Donnell and colleagues (2002), perhaps a consequence of the foreign DNA having to cross 

four membranes (the eiythrocyte plasma membrane, the parasitophorous vacuolar membrane, the 

parasite plasma membrane and, eventually, the parasite nuclear membrane). But also there are
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IC5 0  FK506 IC50 CsA

Wild-type 3D7 2 \ x M 100 nM

After 48h 5 times IC5 0  FK506 
+ 3 weeks drug-free

10 [ x M 1 liM

After 1 week more drug-free 3 liM 150 nM

After 2 weeks more drug-free 2 |iM 100 nM

Table 5.3. FK506- and CsA-susceptlbllity of parasites selected under FK506 pressure at different times after 
removal of FK506.



some other complications such as the ability o f the parasite to maintain plasmids used for 

transfections as stable episomes (Kadekoppala et al, 2001) or the fact that only circular plasmids 

can be used to transfect P. falciparum  as linear DNA is presumably degraded when crossing the 

different membranes.

Up to now, using this novel and challenging piggyBac  method, we have only twice been 

able to generate W R99210-resistant mutants while the procedure was carried out in Dr. Adam s's 

lab in the University o f South Florida. However, after those cultures were shipped to our lab they 

appeared to be non-viable, which did not allow us to investigate further the nature o f those 

mutants. Furthermore, it was reported after the start o f  our project, that since this method was 

first described in 2005, through 81 independent transfections, only 177 unique P. falciparum  

mutant clones with single piggyBac insertions have been generated (Balu et al, 2009). This is in 

contrast to the vast number o f TTAA sites (-3 1 1 1 5 5 ) for potential piggy-Bac insertion which had 

originally led us to adopt this technique. Taken together with the strong preference for 5‘ 

untranslated regions and the long period o f selection the probabilities o f generating dmg-resistant 

mutants w'ould be slim even if copious numbers o f W R99210-resistant parasites were obtained.

Also, as pointed before by Cowman (2001), it is essential to pursue strategies for 

increasing the efficiency of transfection in P. falciparum  so that functional complementation 

with genomic and cDNA libraries becomes a reality.

On the other hand, chemical mutagenesis offers the chance o f isolating point mutations, 

which have been shown to be responsible for numerous cases o f  ding resistance in malaria. 

Mutations in a putative transporter gene, pfcrt, are the principal detenninants o f chloroquine 

resistance, in particular a K ^ T  substitution at amino acid position 76 (Cooper et al., 2002; 

Djimde et a l ,  2001). However, so far, only the strain 160/1 was able to become resistant after 

CQ pressure in culture as it was not possible to obtain the CQ*  ̂parasite line from other sensitive 

strains with continuous pressure (Cooper et al., 2002). Low levels o f  pyrimethamine resistance 

can occur by a single mutation in the dhfr gene (White, 1999), although after analyzing 

microsatellites surrounding alleles o f  the dhfr gene it was concluded that the most resistant fonn 

o f  dhfr was characterized by thi'ee point mutations (Lynch et al. 2008). Cases o f resistance to 

atovaquone have been attributed to a change in amino acid 268 o f the /?/CYTB protein 

(Korsinczky et al., 2000; Fivelman et al., 2002) or, with stepwise pressure, a point mutation 

appeared on codon 133 (M l331) and then with higher concentrations, the amino acid changes at
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positions 272, 275 and 280 were selected. Interestingly, few mutants were produced with 

continuous one-step pressure and the genetic profile showed mutations only at positions 283 and 

284. It appeared that the protocol and amount of drug used determined the type of mutations 

obtained in pfctyb (Korsinczky et ah, 2000). Reed et al (2000) also employed allelic exchange to 

demonstrate that allelic variants of pfm drl could modulate the degree o f parasite susceptibility to 

mefloquine, quinine, halofantrine, CQ, and artemisinin.

When chemical mutagenesis of P. falciparum was first described by Inselburg (1984) not 

even the PCR method was described and investigation of what might be several mutations 

throughout the genome could seem extremely laborious. But now, with the recent development 

of new technologies, such as easier genome-sequencing, high-density microairays (Dharia et a l, 

2009), and appearance o f collections of large numbers of single nucleotide polymoiphisms as 

surrogate markers for the resistance determinant (Jeffares et a l,  2007; Mu et al., 2007, Volkman 

et al., 2007) it is much more feasible to identify the single mutations responsible for resistance.

After the first incubation with MNNG, it was necessaiy to have a period of two weeks for 

the parasites to reappear, meaning that most o f the mutants were non-viable. A dmg pressure 

step with FK506 (5 times IC50 concentration) resulted in reappearance of the cultures after 15 

days on a\ erage. So far, those cultures grew parasites resistant not only to FK506 but also to 

CsA (Figure 5.5). As commonly found in such studies, those mutants were replaced by 

revertants as the resistance faded away after removal of the dmg (Nzila and Mwai, 2009). The 

unstable phenotypes could be associated with reduced parasite fitness, explaining why, once drug 

pressure is removed, the phenotype reverts to noiTnal. For instance, a recent study has shown that 

parasites grown under mefloquine pressure expressed multiple pfm drl copy numbers and that 

these parasites had significantly decreased survival fitness compared with parasites with a single 

pfm drl copy number (Preechapomkul et a l, 2009). Therefore, continuous dmg pressure should 

be applied in order to keep the resistant phenotype present in the cultures, thus providing 

material to investigate further the molecular basis of the resistance.

Following these encouraging results and looking for other stable strains in the literature, it 

was found out that, according to two of the latest reviews in the field (Witkowski et al. 2009; 

Nzila and Mwai, 2010), in the last 30 years not more than twenty five dmg-resistant strains have 

been generated using culture P. falciparum. Moreover, the non-stability of the resistant 

phenotype is not suiprising, as only seven stably-resistant P. falciparum strains have been
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described so far: FCR3 and FACS (Nguyen-Dinh and Trager, 1978) and 106/01 (Cooper et al., 

2002) to chloroquine; Camp and W2 to mefloquine (Oduola et al., 1988); K1 to atovaquone 

(Korsinczky et a l ,  2000) and, more recently, to artemisinin (Witkowski et al., 2010).

The aforementioned background made our results even more interesting, pointing out that 

our efforts have not been in vain and make feasible to continue this line o f investigation, because 

in a matter o f four weeks a drug resistant phenotype was obtained, even if  it was not stable.

To compare the time frames, for instance, our collaborators in Kenya selected 

PQ and LMF resistance in P. berghei ANKA within 18 months o f continuous drug pressure. And 

that was the first report o f the selection o f stable PQ- and LMF-resistant strains 

in murine malaria following drug pressure. Before that, a PQ-resistant P. berghei strain had been 

selected in 5 months o f  selection pressure, but when the drug was removed, the strain reverted to 

sensitive phenotype (Li et al., 1985). In the case o f P. falciparum , it is common to require 

periods ranging from two months (Cooper et al., 2002) up to thirty months to select for 

chloroquine resistance, and even in this case the stability o f the drug-resistance phenotype was 

uncertain (Lim and Cowman, 1996).

The generation o f stable CsA and/or FK506-resistant parasites would have allowed us to 

investigate in further detail the nature o f this decrease o f susceptibility, but that stability has 

remained elusive. Three hypotheses arise as to possible mechanisms that might affect the 

metabolic pathways through which these dmgs exert their effect. First, lesions in CsA or FK506- 

binding proteins (cyclophilins and PflFKBP35, respectively); second, lesions in calcineurin 

(which is part o f the common pathway targeted by CsA and FK506 in T-lymphocytes) or another 

target o f CsA-CYP and/or FK506-FKBP complexes; third, since the phenotype showed 

resistance to two different dmgs, a membrane transporter or other permeability phenomenon 

could be involved. Therefore, had stably-resistant strains been obtained, comparison o f the wild- 

type and the resistant-mutant genes encoding those proteins could have given us insights on the 

mechanism o f action o f  these drugs in P. falciparum. Since both CsA and FK506 were affected 

and other drugs not, it would be fair to speculate that the second hypothesis is most likely to give 

an explanation to the appearance o f dmg-resistant parasites.

It is worth mentioning that there are some strains, generally also resistant to one or 

several antimalarials, suggested to have a genetic background that enables them to develop a 

resistance more rapidly than other strains that are generally sensitive to all common antimalarials
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(Rathod et a l, 1997). The W2-Indochina, in particular, and the FCR3 strains are known to 

rapidly become resistant to some antimalarial compounds (Rathod et a l, 1997). The efficiency of 

the DNA repair enzyme from these strains could be responsible for the plasticity of their 

genomes (Trotta et a l, 2004). Therefore, working with these strains rather than 3D7 might offer 

an advantage when searching for new drug-resistant cultures. In fact, a culture of P. falciparum  

V l/S, highly resistant to chloroquine and moderately resistant to sulfadoxine, was obtained from 

MR4 but could not be revived (data not shown).



CHAPTER 6 

General discussion



6.1. Characterization of the cyclophilin family of proteins in P. falciparum

6.1.1. Prolyl isomerisation by cyclophiiins in the parasite

Cyclophilins are a family o f highly conserved proteins that are ubiquitously 

distributed across most of the organisms examined to date. Increasingly, cyclophilin 

family members are being identified which are components of large protein complexes, 

such as the steroid hormone receptor (Kieffer et a l, 1993), suggesting that this family 

may have a general fiinction of mediating protein-protein interactions, utilizing their 

‘active sites’ to bind specific proline-containing peptide sequences. The cyclophilins are 

present in different cellular compartments where they are involved in diverse biological 

fiinctions such as assembly of mRNA splicing supracomplexes, mitochondrial pore 

regulation, association with different molecular channels, and fianctioning as folding co

factors (Galat and Bua, 2010). In P. falciparum, there are two of these proteins 

(PfCYP19A and PfCYP19B) that are mainly cytosolic (Gavigan et a l, 2003), although 

PfCYP19B has also been found in the membrane o f the infected erythrocyte. Another of 

these proteins, PfCYP32, is suggested to be mitochondrial due to a putative 

mitochondrial signal.

According to a recent review (Fischer, 2008), four different molecular 

mechanisms can be hypothesized to define the biochemical basis o f the physiological 

effects known to be exerted by the PPIases: the catalysis o f prolyl isomerisation, a 

holding function for unfolded polypeptides, a presenter-protein fiinction for 

physiological ligands, and a proline-directed binding function for other proteins.

However, in the budding yeast S. cerevisiae, all the cyclophilins have been 

individually and collectively kp.ocked out with only a subtle effect on cell viability 

(Dolinski e/ a l,  1997). Only Essl, a yeast orthologue of a human PPIase, has been 

shown to be essential within 5'. cerevisiae {Yaffe et <2 /., 1997). Despite the high 

conservation of the cyclophilins throughout the eukaryotes, bacteria and archaea, it has 

been suggested that they do not possess an essential function within a cell under normal 

growth conditions (Edgar et al ,  2005).

In our aim to broaden the knowledge of the malarial parasite cyclophilins, we 

have carried out a series of experiments that have elucidated several characteristics of 

this family o f proteins. Firstly, all of the recombinant proteins produced except two, 

PfCYP23 and PfCYP32CLD, have shown PPIase activity in vitro on at least one of the 

two different substrates that were used (results for two others were inconclusive). The 

lack of PPIase activity of some o f these cyclophilins when a synthetic peptide substrate
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was used might be due to a high specificity with regard to the amino acid Xaa before the 

prohne (Jackob et al., 2009). However, using RNase T1 as substrate, PfCYP23 still did 

not show PPIase activity probably due to the absence o f some key residues since it only 

conserves 8 out of the 12 involved in such activity. Before this study the PPIase activity 

o f only two o f the Plasmodium cyclophilins had been determined (Hirtzlin et a l, 1995; 

Berriman and Fairlamb, 1998).

The absence of PPIase activity in some o f the members of this family is not 

surprising as 15 of the 17 human cyclophilins have been screened for their ability to 

catalyze proline isomerisation against standard tetrapeptide proline motifs and four of 

them did not show such activity (Davis et al., 2010).

The more it has been investigated the more it has become apparent that 

isomerisation of proline is not the sole fianction o f the PPIases. For instance, hCYPA 

interacts with the receptor tyrosine kinase Itk post-translationally and modulates the 

activity state of the already folded protein in vivo (Brazin et al., 2002) and it is also 

known to modulate HIV infectivity (Dorfman et al., 1997) through a chaperone-like 

activity. Or for instance, extracellular hCV'PA and hCYPB were shown to contribute to 

intlammatoiy responses via their chemotactic activity which has been demonstrated for 

different cells types, such as T-lympiiocyles (Arora et al., 2005).

In terms of ubiquity, hCYPA was found to be overexpressed in many cancer 

cells, including human pancreatic cancer cells, oral squamous cancer cells (Shen et al., 

2004) or endometrial carcinoma (Li et al., 2008). Besides, the presence of elevated 

levels o f extracellular cyclophilins has been reported in several inflammatory diseases, 

including severe sepsis and rheumatoid arthritis (Arora et uL. 2005). Despite all these 

functions that have been established for several cyclophilins the proteins that are 

substrates for this family have not been identified yet. Moreover, even basic questions 

concerning the biochemical properties of these enzymes have not been fully addressed.

6.1.2. Chaperone activity of the cyclophilins and possible roles in the 

parasite

Many proteins have enzymatic activity and it is reasonable to presume that the 

enzyme active site, which may be only a fraction of the protein is the only part of the 

protein with biological activity. The rest of the protein has evolved to generate the 

circumstances of the active site (Jeffery, 1999). Due to the inherent capacity of
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molecular chaperones to interact with other proteins it might not be surprising that they 

performed different activities within the cell (Henderson, 2010).

In order to survive, organisms need to maintain physiologically favourable 

homeostatic conditions in the event of changes in their environment. One of the 

challenges that face parasitic organisms, such as Plasmodium species, is to deal with the 

physiological changes that they face when invading the different hosts and during their 

occupancy. In order to facilitate protein folding, prevent and reverse protein misfolding, 

cells use molecular chaperones (Hartl, 1996). In vitro experiments have frequently 

revealed that peptide bond cis/trans isomerases encompassing more domains than just 

the catalytic module are able to prevent chain aggregation in typical chaperone assays 

(Bose et a l, 1996; Freeman et a i, 1996). As it was pointed in the introduction, some 

cyclophilins can act as molecular chaperones, although such activity has never been 

shown before in Plasmodium cyclophilins.

As far as we know, in Plasmodium only PfFKBP35 from the immunophilin 

family has been shown to have chaperone activity in vitro. Therefore, it was exciting to 

corroborate for the first time that all the Plasmodium cyclophilins purified in this study 

displayed the ability to prevent substrate aggregation. All the recombinant proteins were 

able to inhibit the aggregation of rhodanese although PfCYP19C and PfCYP23 did not 

show such ability when citrate synthase was used as substrate. Furthermore, not all of 

them showed the same capability to inhibit the thermal aggregation in both assays.

Data in other organisms support the hypothesis that cyclophilins in Plasmodium 

could be acting as molecular chaperones, some o f them induced by heat shock. For 

instance, Leishmania cyclophilins may have important amastigote-specific chaperone 

functions and participate in protein disaggregation (Chakraborty et a l, 2004). Recently, 

PfCYP19A was shown to be up-regulated by an environmental stress response in vitro 

(Pallavi et a l, 2010) whereas interestingly PfCYP25 mRNA was found to be down- 

regulated by heat shock (Oakley et a i, 2007).

Generally, heat-shock proteins interact with a number of regulatory partners (co

chaperones), and in addition, they form functional collaborations in which protein 

substrates are partially folded by one group o f heat shock proteins and then handed over 

to another group o f chaperones before they reach their full functional conformations. 

Regarding P. falciparum, it encodes for a large repertoire of molecular chaperones that 

constitute almost 2% of the parasite genome (Acharya et al., 2007). Chaperones are 

known to be present in all the intra-parasitic organelles and are thought also to be
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exported out of the parasite, into the parasitophorous vacuole, such as PfFKBP35, as 

well as into the erythrocyte cytosolic compartments (Acharya et a l, 2007). Chaperones 

o f all major classes -  HsplOO, Hsp90, HspVO, Hsp60, Hsp40 and several small Hsps as 

well as their co-chaperones -  are present in the parasite (Pallavi et a l, 2010). As in 

other organisms, Hsp90 ftinction in P. falciparum  is thought to be regulated by several 

co-chaperones (Kumar et a l, 2007). Besides, some functional partners of human Hsp90 

have been already determined, including Hsp70, Hip, Hop and immunophilins 

(Morishima et al., 2003).

Heat-shock proteins are thought to mediate, among other roles, the following 

processes central to parasite survival: protein trafficking and regulation o f parasite 

infectivity (Foth et al., 2003), thermo-protection through their chaperone fiinction 

(Shonhai et al., 2008) and export of parasite proteins to the erythrocyte (Maier et al., 

2008). An example o f protein trafficking from another organism is the yeast CYP17 

(Cprlp) which was identified as the protein that is required for fructose-1,6- 

bisphosphatase import into transport vesicles. Mutants Cprlp-lacking were defective in 

this ftinction, but addition o f the purified yeast CYP17 restored import function in the 

lacking-Cprlp mutants (Brown et al, 2001). Thus, the hypothesis that arises is that 

immunophilins could be taking part in the transport o f proteins to the ei‘}^hrocyte 

membrane since the mature human erythrocyte does not have any transport machinery.

Studies performed in various laboratories suggest that the parasite has evolved to 

rely on its chaperone systems as a combined strategy to support re-structuring of the 

host cell as well as respond to stressful environment o f the host. It was observed that 

elevated temperatures promoted significant trafficking o f proteins o f parasite origin into 

the host cytoplasm and membrane. For instance, PfCYP19B was found in infected 

erythrocyte ghosts that implies the transport o f this protein to the eiytlirocyte surface 

(Wu and Craig, 2006).

Not surprisingly, it has been reported that high temperature increased the 

cytoadherence properties o f ring-stage parasites through enhanced extrusion o f proteins 

of parasite origin to the erythrocyte surface (Udomsangpetch et a l, 2002). Assuming 

that chaperones are involved in the export o f proteins from the parasite to the 

erythrocyte, it would be logical to suppose that at elevated temperatures, heat stress may 

not only improve the expression of key parasite chaperones but also activate their 

function. Then, it would be interesting to determine whether or not other Plasmodium 

immunophilins are up- or down-regulated under heat-shock conditions.
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6.1.3. Roles of cyclophilins in the antimalarial action of CsA

To exploit CsA as the basis o f new antiparasitic agents, the immunosuppressive 

and antimalarial activities need to be delineated. Therefore, it is o f paramount 

importance to understand the potential receptor molecules and the interactions formed 

between ligand and receptor. In order to determine whether any o f the Plasmodium 

cyclophilins purified in this study bound to CsA, a thermal melt assay was used, since, 

among other reasons (section 4.2.4), it has been used to scan many compounds against 

Plasmodium proteins (Gamo et a l, 2010).

Our results showed that only PfCYP19A and PfCYP19B were able to bind CsA, 

namely the same proteins previously identified as the major CsA binders in this 

parasite. That limits the number of the cyclophilins in Plasmodium that are able to form 

complexes with this drug. Furthermore, and agreeing with data from other organisms 

(Liu et a l, 1991; Bossard et al, 1991), a PfCYP19A mutant lacking a Trp at position 

128 demonstrated that this residue is of paramount importance for CsA binding. Since 

CsA resistance in four out of nine mutant lines has been shown not to be associated with 

changes in the sequence o f any of the four genes pfcypl9A, pfcypl9B  and both subunits 

of calcineurin (Kumar et a l, 2005), additional gene products were expected to be 

involved in CsA action in P. falciparum. Our results suggest that they might be 

members of other families. For example, there are certain non-immunosuppressive CsA 

derivatives that have been shown to have profound anti-parasitic effects possibly by 

acting on ATP-binding cassette (ABC) transporters, such as P-glycoprotein, o f the 

multidrug-resistance protein family in T. gondii and P. falciparum  (Silverman et a l, 

1997; Gavigan et a l, 2007) of which some CsA analogues proved to be potent 

modifiers (Bua et a l, 2008).

It was pointed out a few years ago that there had been little discussion of the 

idea of cyclophilins as antiprotozoal drug targets, and the more is known about this 

ubiquitous family the more realistic it may be to produce effective and selective 

inhibitory compounds against it. Immunophilins, including FKBPs and cyclophilins, of 

parasites are particularly interesting for two reasons. First, there is substantial support 

that some are involved in the mechanism of infections caused by protozoa and other 

microorganisms (Hacker and Fischer, 1993). Second, CsA, FK506 and more 

interestingly, non-immunosuppressive analogues o f these compounds, affect the 

viability o f certain parasites in culture and in animal models at nanomolar 

concentrations (Bell et a l, 1996). For instance, the activity of a non-immunosuppressive
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derivative, [MelVal‘̂ ]-CsA, which binds strongly to cyclophilins but whose complex 

with these proteins has very low affinity for calcineurin (Bell et ai, 1994), suggests that 

cyclophilins might be a suitable target in the malarial parasite.

Cyclophilins were originally so called due to their ability to bind CsA. However, 

even if more than three decades have gone by since the discovery of CsA as an effective 

parasiticidal drug little is known about the mechanisms of such anti-parasitic activity. 

hCYPlS was originally identified as the cytosolic receptor for CsA mediating 

immunosuppression in T cells (Handschumacher et a i, 1984). However, targeting of 

CsA or its non-immunosuppressive derivatives to the archetypal hCYPlS and the 

parasites affecting humans has not yet been able to be done selectively since hCYPlS 

and some of its isoforms are highly expressed in diverse organs and are strong binders 

of those molecules. Thus, it was suggested that selective targeting of small natural or 

synthetic molecules to the minor isoforms of the cyclophilins expressed in the parasites 

could become a method for curing some human diseases, such as malaria (Pritchard, 

2005).

It has been recently indicated that unique isoform determinants exist that may be 

useful for development of selective ligands and suggest that the currently available 

small-molecule and peptide-based ligands for this class of enzyme are insufficient for 

isoform specificity (Davis et ah, 2010). However, a previous report described ar\'l 1- 

indanylketones as the first PPIase inhibitors found to exhibit a potent inhibitor^' effect 

on hCYPA and a significant degree of selectivity' among other human cyclophilins 

(Daum et ai. 2009). Some small molecule inhibitors targeting heat shock proteins were 

shown to be capable of targeting these proteins in cancer cells, without major effects on 

normal cells (Calderwood et ai, 2006). Other therapeutic indications for cyclophilin 

inhibitors, such as NIM811 or Debio-025, could be fighting viral infections by HIV-1 

and hepatitis C virus, provided that they are devoid of profound nephrotoxic activity 

(Goto et a i, 2006; Flisiak et ai, 2008).

In our opinion, all this data confirms the need for further investigation of new 

inhibitory compounds of the cyclophilins to help determine whether any of these 

proteins are valid drug targets in Plasmodium falciparum. The more is known about this 

family of proteins the more interesting they become since they might play crucial roles 

in parasite metabolism not only as isomerases but as molecular co-chaperones, or even 

chaperones themselves. They seem to be especially relevant in this parasite as it 

overcomes several acute temperature fluctuations during its life cycle.
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As well, in our group further investigation is being done in order to identify the 

natural substrates or interaction partners of the cyclophilin family. There have been 

encouraging reports showing that under normal conditions of cell growth, PfHsp90 is 

found to be present in ~ 450 kDa multi-chaperone complexes through gel filtration 

analysis of total parasite lysate (Banumathy et al, 2003). It has also been shown to co- 

fractionate as well as co-immunoprecipitate with PfHsp70. Co-chaperones of Hsp90 

such as PfPP5 have also been identified by mass spectrometry and shown to co- 

immunoprecipitate PfHsp90 (Dobson et al., 2001). PfHsp90 and Pf-calcineurin 

interaction has also been demonstrated (Dobson et al, 1999). Furthermore, a few years 

ago the yeast two-hybrid system detected interactions of PfCYP19A and PfF0220w, 

annotated as an hypothetical protein; while PfCYP52 interacted with PfL1745c, an Asn- 

rich protein, and Pfll_0127, another hypothetical protein, suggesting possible 

physiological substrates upon which these proteins exert their enzymatic action 

(LaCount et al, 2005).

Since the thermal-melt assay has been optimized for these proteins, other novel 

and non-immunosuppressive compounds with antimalarial properties could be tested. 

Then, if differences in affinities for any of these agents are found between the human 

and the parasite cyclophilins that would encourage further studies of the corresponding 

protein(s) as possible drug target(s). For instance, valspodar, another non

immunosuppressive derivative of CsA with strong antimalarial action, might form a 

complex with one or more of these cyclophilins and target some vital cellular 

components as CsA-CYP targets calcineurin.

6.1.4. Possible mechanism of action of Plasmodium  cyclophilins

Generally, heat-shock proteins interact with a number of regulatory partners in 

which cyclophilins are included, and in addition, they form functional partnerships in 

which protein substrates are partially folded by one group of heat-shock proteins and 

then handed over to another group of chaperones before they reach their full functional 

conformations (LaCount et al, 2005; Pavithra et al, 2007).

In the presence of a chaperone domain, the catalytic efficiency in protein folding 

is greatly improved and, at the same time, the high substrate specificity of the prolyl 

isomerase site, as observed for the peptide substrates, is almost abolished. Due to these 

interesting findings, a suggested model has emerged for the mechanism of action of 

prolyl isomerases in protein folding (Jakob et al, 2009). Initially, the chaperone domain
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binds to non-native proteins substrates with a micromolar affinity. The binding 

equilibrium is highly dynamic, which allows intramolecular transfer to the prolyl 

isomerase site, as well as clearance o f the binding site of misfolded proteins if 

necessary. The actual catalysis o f isomerisation is several orders o f magnitude faster 

than substrate delivery, and therefore the inherently high sequence specificity of the 

prolyl isomerase site does not affect the overall catalytic efficiency in protein folding. 

The chaperone domains thus provide these prolyl isomerases with a very wide 

specificity as required for folding enzymes that must act on a broad range of substrate 

proteins.

The list of human syndromes associated with immunophilin defects seems to be 

growing, although the exact molecular mechanisms behind most of them remain 

unknown. While a chemical inhibitor such as CsA (or FK506) may globally inhibit all 

or most CYP (or FKBP) paralogues in the mammalian cell, a future goal is the rational 

design o f specific drugs against individual immunophilins to affect a subset of 

complexes, thus allowing pharmacological intervention in specific signalling pathways. 

Identification of interacting partners and the composition of distinct macromolecular 

complexes containing each immunophilin will be critical in this effort. As well, in vivo 

analysis will involve the detennination of the phenotype of classical knockout mutants. 

As for the pharmaceutical inhibition of a specific immunophilin recent encouraging 

findings (Daum el al., 2009) suggest that it might be a realistic goal despite of the 

considerable sequence similarity among the paralogues. Another reasonable approach 

may lead to the use o f small molecular inhibitors targeting the specific domain of a 

substrate protein that interacts with the associated immunophilin, thus blocking a 

specific signalling pathway (Barik, 2006).

6.2. Generation of resistant P. falciparum  mutants

Although many o f the enzymatic pathways in Plasmodium are unique or differ 

significantly from the human host (Aravind et al., 2003), identifying drug targets in a 

genome in which = 60% of genes have unknown functions has been an enormous 

challenge. Because the majority of known malaria antigens and drug-resistant genes are 

highly polymorphic and under various selective pressures, genome-wide analysis for 

signatures of selection have already been launched to discover new vaccine and drug 

candidates (Mu et a l, 2007). Meanwhile, genetic studies have already started to 

generate interesting data on drug resistance. For instance, genetic crosses have been
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successfully applied to identify genes in P. falciparum  involved in drug resistance, such 

as pfcrt in chloroquine resistance (Cooper et a l, 2007; Fidock et a l, 2000) and phdhfr 

in pyrimethamine resistance (Peterson et a l, 1990).

As for this study, the logical step to identify the target o f CsA was to isolate 

mutants resistant to this drug and then identify the gene(s) affected. Therefore, in an 

attempt to elucidate the mechanisms behind the resistance of the parasite in culture to 

several drugs, including CsA and FK506, chemical and transposon-mediated 

mutagenesis were carried out. Both methods were expected to generate mutants in 

matter o f weeks but the identification of the mutations is suggested to be more difficult 

when cultures are incubated with a mutagen, such as MNNG. On the other hand, point 

mutations, which are expected with chemical mutagenesis, are more a subtle change 

than inserting a whole transposon entity.

While transposon-mediated drug-resistant parasites remained elusive, after first 

incubation with MNNG followed by a drug pressure step with FK506 drug-resistant 

parasites reappeared after 15 days on average. Those cultures grew parasites resistant 

not only to FK506 but also to CsA. Unfortunately, the resistance faded away after 

removal of the drug as is common in dmg-resistance studies (Nzila and Mwai, 2009). 

Therefore they could not be genetically analyzed due to their unstable drug-resistant 

phenotypes. However the results suggest that the long forgotten chemical mutagenesis 

may be a feasible method to shorten the time to obtain drug-resistant mutants, bringing 

forward the subsequent analysis using faster and more accurate sequencing technology. 

Furthermore, next-generation sequencing methods are emerging as the leading genomic 

technologies and can be applied in functional genomics research, including whole- 

genome sequencing, deep transcriptome analysis to complement microarray analysis, 

and other genome-wide approaches (Mu et a l, 2010). In addition, even if in this study 

transposon mutagenesis with piggyBac (Balu et a l, 2005) has proven itself as a 

problematical technique it is progressively being optimized and extended. Together with 

improved transfection methods (Janse et al., 2006) it will be very use fill for generating 

mutations and for verifying gene fiinctions.

The next logical step to carry out would be to produce drug-resistant mutants in 

the murine agent P. berghei so the mechanisms of resistance could be investigated in an 

animal model, providing more physiological relevance. In fact, piperaquine- and 

lumefantrine-resistant P. berghei strains have already been obtained within a year of 

drug pressure (Kiboi et al, 2009). However, genetic studies were not performed.
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Therefore, to understand the appearance o f resistance not only depends on obtaining 

drug-resistant parasites but also understanding the mechanisms behind it, including 

processes such as point mutations and/or gene amplifications.
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