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Conclusions on the nature of the inhibition of methionine uptake by 

cysteine, lysine, histidine, taurine, BCH and NEM cannot be drawn from 

the current data. The inhibition by other amino acids is not necessarily 

competitive. In order to find out if the inhibition is competitive more 

comprehensive experiments would have to have been carried out, using 

several concentrations of methionine and a wider range of concentrations 

of potentially inhibiting amino acids. The results from these would have 

allowed further analysis of the nature of the inhibition using a Dixon plot. 

The Dixon plot is a graph of the reciprocal of the initial velocity, 1/V, 

against the concentration of inhibitor which produces a set of intersecting 

lines representing substrate concentration. A competitive inhibitor graphed 

using a Dixon plot would have lines converging above the x axis whereas a 

non-competitive inhibitor would have lines converging on the x axis. 

Competitive inhibition would also cause an increase in the Km. with the 

addition of inhibitor, but no change in the F1Iiax. Non-competitive inhibition 

would cause a decrease in the Fmax with the addition of inhibitor, but no 

change in the Km.

A control of a substrate known to be transported at a greater rate in 

parasitised RBCs and with known transport kinetics in free parasites 

should have been included in order to give the results more reliability. This 

would have been especially useful with the experiments comparing uptake
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of methionine by P. falciparum infected and uninfected RBCs as these, 

surprisingly, showed no increased uptake by parasitised RBCs.
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CHAPTER 5

Antagonism of the Natural Folate Precursor 

para-Aminobenzoic Acid on the Action of 

Anticancer and Antimalarial Antifolates

5.1 Introduction

After investigating methionine transport in the P. falciparum infected 

RBC and free trophozoites (chapter 4) it was decided to investigate the 

transport-mediated salvage of folate pathway substrates. The folate 

pathway provides the one-carbon donor to methionine biosynthesis with 

5-methyltetrahydrofolate (5-MTHF) the methyl donor in the 

biosynthesis of methionine from homocysteine (see section 1.3 for the 

folate pathway and methionine cycle). Antifolates have been effective 

antimalarial drugs with DHPS and DHFR inhibitors still in use. There is 

marked synergy of SDX (anti-DHPS) with PYR (anti-DHFR) and this 

combination (marketed as Fansidar®) is at present used as an 

intermittent preventive treatment in infants (IPTi) in some areas of 

Africa (Conteh et ai, 2010), and in the treatment of uncomplicated 

malaria in combination with artesunate and amodiaquine (WHO, 2010). 

Antimalarial antifolates have been well studied and their modes of
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action and mechanisms of resistance have been described in section

1.3.4. One of the most effective and best studied antifolate is the anticancer 

drug methotrexate (MTX). Although it is a potent inhibitor of DHFR it has 

not been deployed as an antimicrobial besides being shown to be effective 

against P. falciparum in vitro (Kiara et al., 2009, Nzila et al., 2010, Dar et 

aL, 2008, Huennekens, 1994).

A need for salvage of the folate precursor pABA by Plasmodium was first 

indicated in the 1960s when it was shown that Plasmodium berghei 

parasites had reduced growth when the mouse hosts were fed a pABA- 

deficient diet, with parasite growth returned to normal with the addition 

of pABA (Jacobs, 1964). P. falciparum parasites have been shown to be 

capable of salvaging exogenous folate precursors, pre-fonned folate and Ci 

substituted folate derivatives, as reviewed in section 1.3.2 (Kmngkrai et 

al, 1989b, Wang et al., 2004). However, there is also pharmacological and 

genetic evidence of de novo pABA synthesis via the shikimate pathway in 

P. falciparum (McConkey et al., 1994, Roberts et al., 1998). Unlike the 

malaria parasite, humans are unable to synthesise pABA de novo and also 

do not significantly utilise it. This makes pABA metabolism a useful 

potential chemotherapeutic target.
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Early in vitro methods used to investigate antimalarial drug activity in 

the 1970s proved difficult to use for the antifolate class of drugs even 

when they worked well for other major classes of antimalarials 

(Desjardins et al., 1979, Wang et al.y 1997b). It was noticed by 

Desjardins and colleagues that the RPMI-1640 used to culture the 

parasites in vitro had concentrations of pABA (1.0 mg/L) and folic acid 

(1.0 mg/L) in excess of the concentrations in the human host plasma. It 

was concluded that these substrates must have an effect on the action of 

the antifolate drugs (Desjardins et al., 1979). Subsequent in vitro studies 

have confirmed that salvage of folate substrates horn the medium reduces 

the sensitivity of the parasite to antifolate drugs (Watkins et al., 1985, Tan- 

ariya et al., 1987, Wang et al., 1999, Wang et al., 1997b). Work by Wang 

et al (1997b) showed that strictly controlled low levels of folate and pABA 

allowed reliable results to be obtained horn in vitro drug assays. The 

antagonism of antifolate dings by folate salvage has been assumed to be 

due to the salvaged folate substmtes bypassing steps in the de novo 

synthesis pathway (Hyde, 2005).

In this chapter the effects of the salvage of folate substmtes and products 

found in human plasma will be investigated on the antimalarials SDX and 

PYR, and the anticancer drug MTX. In order to investigate the effect of 

transport-mediated salvage of folate pathway substrates probenecid (PBN) 

was used as a membrane transport inhibitor. PBN inhibits organic anion
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transport and has previously been shown to chemo sensitise P. falciparum 

to antifolates and other antiinalarial agents (Sirotnak et aL, 2000, Nzila et 

al, 2003, Masseno et al., 2009). The possible effects of PBN on folate 

metabolism in P. falciparum are shown in figure 5.1.

As previous studies have shown folate salvage to antagonise antiinalarial 

antifolates all experiments carried out in this chapter utilised custom made 

folate and pABA-free RPMI-1640 and albumax II (which is folate and 

pABA-free) for the culture medium for P. falciparum instead of standard 

RPMI-1640 and serum respectively. This has been used in previous studies 

although it has generally been supplemented with low concentrations of 

folic acid for continuous culture (Wang et ah, 1997b). Investigations into 

the effect of the folate pathway substrates pABA, pABAGl, 5-MTHF and 

folic acid on antifolate drugs were performed using physiological 

concentrations. In humans the blood concentration of folate pathway 

substrates is as follows: pABA concentration is variable with a mean 

around 150 nM (Schapira et al, 1986); pABA monoglutamate is around 

160 nM (Lin et al, 2004); 5-MTHF (the predominant circulating folate 

product) is around 25nM (Duthie et al, 2010); and folic acid is around 0.5 

nM (McDowell et al, 2008). In previous work by Wang et al (1999) the 

effect of folic acid and pABA on SDX was examined, however, in that 

study the lowest concentration of folic acid used was 11 nM, and unlike the
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work canied out in tills chapter the effect of transport-mediated salvage 

was not investigated.

To check if there was any correlation between antagonism of antifolates by 

folate substrates and folate salvage by specific parasite transporters the 

substrate specificity of folate and pABA salvage was investigated using E. 

coli expression of two putative P. falciparum folate transporters, 

MAL8P1.13 (designated PfFTl) and PF11_0172 (designated PfFT2). 

These two likely folate transporters belong to the high affinity BT1 folate 

transporter group (TC 2.A.71) and were identified from the P. falciparum 

genomic database by Martin et al (2005). This group falls within the major 

facilitator superfamily (MFS) and members are found in protozoa, plants 

and cyanobacteria (Saier, 2000b, Saier et al, 1999c). Work by Martin et al 

(2005) showed that the two genes are maximally expressed in the late 

trophozoite and early schizont stages, which is consistent with the role of 

folates in DNA synthesis as these are the stages when DNA synthesis is at 

its highest (Hyde, 1990). A double gene knock out has been developed in 

E. coli, of a pABA synthesis enzyme (pabA) and the pABA and 

monoglutamated pABA transporter (abgT), to express and study folate 

transporters (Eudes et al, 2010) and this has been used to investigate the 

substrate specificity of PfFTl and PfFT2 using growth rescue experiments.
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Figure 5.1. The possible effect of PBN on folate metabolism in P. falciparum 
parasites. RBCs salvage exogenous folate derivatives via mammalian RFC. 
Parasite-induced NPP have also been shown to be a possible route of folates 
into the infected RBC (Wang et al., 2007). The parasites may take up these via 
their own folate transporters. PBN inhibits organic anion transporters and so 
may decrease the uptake of folate derivatives into the RBC and/or also inhibit 
the uptake of folate derivatives within the parasite, therefore decreasing the 
levels of folate derivatives within the parasite. Abbreviations: SDX, 
sulphadoxine, PYR, pyrimethamine; MTX, methotrexate; GTP, guanine 
triphosphate; HMP-PP, amino-hydroxy-methyl-dihydro-pteridine-
pyrophosphate; DHPS, dihydropteroate synthase; pABA, para-aminobenzoic 
acid; DHP, 7,8-dihydroteroate; DHF, 7,8-dihydrofolate; DHFR, dihydrofolate 
reductase; THF, 5,6,7,8-tetrahydrofolate; mTHF, methylene-tetrahydrofolate; 
DHF, dihydrofolate; dUMP, deoxyuridine monophosphate; TMP, thymidine 
monophosphate; Hey, homocysteine; met, methionine; PVM, parasitophorous 
vacuole membrane; PPM, parasite plasma membrane; NPP, new permeation 
pathway(s); RFC, reduced folate carrier; PfFTs, P. falciparum folate 
transporters; PBN, probenecid. Modified from Nzila et al (2004).
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5.2 Materials and Methods

5.2.1 Parasite Cultivation

Cultivation of parasites was earned out following the modified method 

of Trager and Jensen described in section 2.1 (Trager and Jensen, 1976). 

Culture medium made using folate and pABA-firee but otherwise 

standard RPMI-1640 was used (HyClone, TheimoScientific, UK) for all 

parasite cultivation and experiments as described in section 2.1. The 

3D7 strain of P. falciparum, originating from an airport malaria case at 

Schiphol, the Netherlands, was used for all in vitro sensitivity assays 

described in this chapter. Although the 3D7 strain has partial resistance 

to SDX, through a DHPS mutation at position 437 from alanine to 

glycine, it was used for the antagonism experiments as the SDX 

sensitive strain HB3 could not be grown acceptably in folate and 

pABA-ffee medium (Wang et al, 1997a). Attempts to culture the 

parasite strains VI/S and K1 in folate and pABA-ffee medium also 

resulted in poor growth, making them unsuitable for use in the 

antagonism experiments. The 3D7 strain grew acceptably in folate and 

pABA-ffee medium after approximately 5 to 7 asexual cycles, with 

growth observed to be only slightly slower than parasites maintained in 

standard folate and pABA complete medium otherwise under the same 

conditions. After successful adaption to the folate and pABA-ffee 

medium the 3D7 parasites appeared morphologically healthy. Using a
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strain that could be cultured in folate and pABA-free medium made it 

possible to examine substrate effects at their physiological levels.

5.2.2 Stocks of Inhibitors

Stocks of SDX (Sigma, UK) and PYR (Wellcome, UK) were made in 

DMSO. The working stocks of MTX and PBN (Sigma, UK) were made 

in 0.1 N sodium hydroxide and filtered through a 0.2 pm Millipore filter 

to ensure sterility. PBN was used at 150 pM in the experiments described 

in this chapter as this concentration had previously been shown to have no 

antimalarial effect (Nzila et ah, 2003).

5.2.3 Stocks of Folate Pathway Substrates

Stocks of the folate substrates pABA, pABA monoglutamate 

(pABAGl), folic acid and folinic acid (5-formylTHF) were made in 0.1 

N sodium hydroxide and filtered through a 0.2 pm Millipore filter to 

ensure sterility. The stock of 5-MTHF was made in 0.5 M potassium 

phosphate, pH 7.0, supplemented with 40 mM 2-mercaptoethanol, and 

filtered through a 0.2 pm Millipore filter to ensure sterility.
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5.2.4 Parasite Inocula Preparation

Parasites used for in vitro sensitivity assays were synchronised at ring 

stage, using 5 % w/v sorbitol (see section 2.1.4), one full asexual cycle 

before use. Inocula for use in the assays were diluted in culture medium 

to a final parasitaemia of 2 % (using uninfected RBCs washed 4 times 

in folate and pABA-free RPMI-1640 wash medium) and a haematocrit 

of 2 %, giving an end haematocrit in the assay of 1 % after 50 % 

dilution to give the final assay volume.

5.2.5 In Vitro Sensitivity Assay

Eight serial dilutions of SDX, PYR and MTX were made in folate and 

pABA-ffee culture medium with and without the folate pathway 

substrates being investigated. Four-fold serial dilutions of SDX and 

PYR were made, with respective starting concentrations of 8 mM and 2 

nM. Two fold serial dilutions of MTX were made with a starting 

concentration of 2 pM. The end concentrations of folate substrate 

pathway substrates were used at physiological levels as follows: 150 

nM pABA, 160 nM pABAG, 25 nM 5-MTHF and 0.5 nM folic acid. In 

the plates being used to investigate the effect of probenecid, dilutions of 

inhibitors were made with 300 pM probenecid (giving 150 pM end well 

concentration) in addition to the folate pathway substrates also being 

investigated.
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The assays were performed in flat-bottomed sterile 96-well tissue 

culture plates (Nunc). First, 50 jal of each drug dilution was added to 3 

wells, with concentration increasing from left to right in the 96-well 

plate. Each plate was used for two folate pathway substrates and one 

inhibitor, with rows B to D used for one substrate and E to G for 

another. In each plate column 1 was used for the negative growth 

control with 100 (.lM chloroquine present in the folate and pABA-free 

culture medium. Columns 6 and 11 were used as the positive growth 

control with 50 pi of the medium alone. Fifty pi of the prepared inocula 

was then added to each well taking the total volume in the well to 100 

pi. The outside wells in rows A and H and column 12 were not used as 

it is known that growth is poorer in these, instead 100 pi of sterile 

distilled water was added to all wells in these rows and columns to 

prevent evaporation in the neighbouring wells (figure 5.2). The plates 

were placed in a gas-tight, humidified incubation chamber and gassed 

for 3 minutes with the same gas mixture used for parasite growth (3 % 

CO2, 4 % O2 and 93 % N2), then incubated at 37 °C for 48 hours (one full 

asexual cycle).

Each experiment was carried out four to six times, with three replicates of 

each data point measurement within each experiment.
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5.2.6 Determination of IC5o

Plates were removed from the chambers after 48 hours and 100 (a.1 of 

lysis buffer combined with the fluorescent dye sybr green (0.2 \i\ sybr 

green / 1 ml lysis buffer). The lysis buffer contained Tris (20 mM, pH 

7.5); EDTA (5 mM); Saponin (0.008 % (w/v); Triton X-100 (0.08 % v/v) 

(Bennett et al., 2004). Plates were then incubated in the dark for 1 hour and 

subsequently read with a Varioskan fluorescence reader, at 485 nm 

excitation and 535 nm emission using Skanlt software. The mean values of 

the 3 repeats of each data point were calculated using Microsoft Excel. The 

relative growth of the parasites was then calculated by subtracting the 

mean background value (the mean of the negative growth control wells) 

and calculating the resulting number as a percentage of the maximum 

growth (the mean of the positive growth control wells). The best-fitting 

sigmoid curve and the 50% inhibitory concentration (IC50) were calculated 

using the Grafit Data and Analysis Graphics Program (Erithacus Software, 

UK). The experiments were conducted at least 4 times.
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* HighLow ----
inhibitor inhibitor
concentration concentration

= positive growth control 
(no inhibitorpresent)

= negative growth control 
(lOOpM chloroquine)

Figure 5.2. Diagram of the layout of the 96-well plate used in the in vitro 
sensitivity assay.

5.2.7 E. coli expression of PfFTl and PfFT2 and growth 

assays

The E. coli strain BN 1163 with knockouts of the pabA and abgT genes 

(Klaus et ai, 2005, Eudes et ai, 2010) was used to study the uptake of 

folate substrates by the likely P. falciparum folate transporters MAL8P1.13 

(designated PfFTl) and PF110172 (designated PfFT2). The PfFTl and 

PfFT2 genes were synthesised with codon usage optimised for E. coli 

expression (GenScript Corp., Piscataway, NJ) with the first 49 and 35 

amino acids of PjVT\ and P/FT2 respectively replaced by codons 1-37 of 

the Synechocystis sp. PCC6803 gene slr0642 (Klaus et ai, 2005).
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These were cloned into the pLOIVOVHE plasmid between Notl and Sad 

sites (Axfman et al, 1992). A Shine-Dalgamo sequence also preceeded the 

PfFTl and PfFT2 genes in order to improve prokaryotic expression. 

Glycerol stocks of the E. coli BN1163 strain harbouring the PfFTl, PfFT2, 

a Synechocystis folate transporter (Slr0642), the human proton coupled 

folate transporter (hPCFT) or the human reduced folate earlier (hRFC) 

pLOI707HE recombinant constructs were kindly provided by Dr Enrique 

Salcedo-Sora.

For the growth assay E. coli BN1163 harbouring the pLOI707HE 

recombinant constructs and E. coli BN 1163 with the pLOI707HE plasmid 

alone were cultured in 96-microwell plates in minimal medium (M9 salts, 

0.1 mM CaCb, 0.5 mM MgSGu 0.4 % glucose, tetracycline 10 pg/mL, 

kanamycin 50 pg/mL, chloramphenicol 20 pg/mL). The wells were 

supplemented with folate substrates across a range of concentrations. Four 

wells were used for each concentration with each recombinant construct. 

Two fold dilutions of each substrate were made starting at 20 nM for 

pABA, 10 pM for pABAGl, and 20 pM for both folic acid and folinic 

acid. The plates were incubated overnight at 37 °C and the wells 

thoroughly mixed before the culture absorbance at ODeoo was measured 

with a Varioskan spectrophotometer using Skanlt software.
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5.2.8 Statistical Analysis of Results

Non-parametric tests were used as the distribution of values within each 

group was shown to be non Gaussian (using the Kohnogorov-Smirnov test, 

Graphpad InStat). The Mann-Whitney U test was used to establish whether 

there was a significant difference between the data. Bonferroni correction 

of p values was carried out where multiple comparisons were made to 

reduce the chances of type I errors occurring. Significance was counted 

with p values of <0.05.
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5.3 Results

5.3.1 Sulphadoxine Antagonism by Folate Substrates

The effects of the folate pathway substrates and the organic anion transport 

inhibitor probenecid on the activity of SDX are summarised in table 5.1. 

The activity of SDX against P. falciparum 3D7 in the absence of folate is 

in the nM range, with a mean IC50 of 27.7 nM. The only folate substrate at 

physiological levels to antagonise SDX was pABA, increasing the IC50 

approximately 19 fold (p = 0.03). The activity of SDX with a combination 

of pABA and 5-MTHF was similar to that seen with only the addition of 

pABA. The IC50S of SDX with 5-MTHF and SDX with folic acid are 

similar' to that of SDX alone. The effect of the addition of pABA on SDX 

inhibition is presented in figure 5,3 as a right shift of the dose response 

curve.

Unexpectedly, PBN showed a summatory effect with SDX inhibition, with 

a further 17 fold decrease to the original IC50 value of SDX (p = 0.045, 

table 5.1) and a shift of the dose response curve to the left (figure 5.3). 

PBN also reduced the activity of SDX in combination with the folate 

substrates.
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IC50 (nM)

WITHOUT PROBENECID
SDX 27.7 ± 13.3
SDX + 150nM pABA 572.7 ± 145.2
SDX + 25nM 5-MTHF 23.3 ± 15.3
SDX + O.SnM Folic Acid 33.2 ±22.2
SDX + ISOnM pABA + 25nM 5-MTHF 578.21103.6

WITH PROBENECID
SDX 1.6 ±0.6
SDX + ISOnM pABA 158133.7 *
SDX + 25nM 5-MTHF 1.210.4
SDX + O.SnM Folic Acid 1.510.3
SDX + ISOnM pABA + 25nM 5-MTHF 156.2122.2 1

Table 5.1. Sulfadoxine IC5o values. SDX in folate and pABA-free culture media, 
with supplementation of pABA, 5-MTHF, folic acid or pABA and 5-MTHF 
combined. Carried out in the absence and presence of ISOpM probenecid. Values 
are represented as mean from four to six independent experiments on different 
days, with each data point in triplicate, ± standard deviation. Significance was 
calculated using the Mann-Whitney U test, Bonferroni corrected, and shown as * 
representing a p value < 0.05, comparing the supplemented groups with SDX 
alone or with SDX + PBN.

hiiiH i innne i limn imiiin iiimn riiiiin~ri~nrn| mnn| in

mill iimui muni [luiL-i-iiiiii. mini i i mini i11 mill i

100 10000.0001 0.001 0.01

SDX (nM)

O SDX 

• SDX + pABA 

□ SDX + PBN 

■ SDX + pABA + PBN

Figure 5.3. Semi-logarithmic dose response graph of SDX concentration plotted 
against the percentage parasite growth, for SDX alone and in combination with 
150nM pABA, both in the absence and presence of 150jiM probenecid. Values 
are represented as mean from four to six independent experiments on different 
days, with each data point in triplicate, ± standard deviation.
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5.3.2 Pyrimethamine Antagonism by Folate Substrates

The effects of the folate substrates and PBN on the activity of PYR are 

summarised in table 5.2. The activity of PYR against P, falciparum 3D7 

with the absence of folates and pABA is in the pM range, with a mean IC50 

of 0.5 pM. The only folate substrate at physiological levels that appeared to 

antagonise PYR was pABA, increasing the IC50 91 fold. The IC50S of PYR 

with pABAGl, 5-MTHF or folic acid are similar to that of PYR alone. The 

activity of PYR with all folate substrates combined was similar to that seen 

with only the addition of pABA. The addition of pABA causes a shift of 

the dose response curve to the right (figure 5.4).

There is a slight, but not significant, increase in the inhibitory effect of 

PYR with the addition of PBN compared to PYR alone. There is no 

obvious shift of the dose response curve (figure 5.4) and the IC50 values are 

very low so we could not conclude that there was any definite summatory 

effect.
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ICS0(pM)

WITHOUT PROBENECID
PYR 0.4 ± 0.04
PYR + 150nM pABA 36.613.1
PYR + 160nM pABAG 1 0.410.03
PYR + 25nM 5-MTHF 0.3 1 0.03
PYR + 0.5nM Folic Acid 0.310.05
PYR + 150nM pABA + 25nM 5-MTHF 35.912.7 *

WITH PROBENECID
PYR 0.210.04
PYR + 150nM pABA 21.912.0*
PYR + 160nM pABAG 1 0.310.1
PYR + 25nM 5-MTHF 0.210.02
PYR + 0.5nM Folic Acid 0.210.01
PYR + 150nM pABA + 25nM 5-MTHF 20.3 1 0.9 *

Table 5.2. Pyrimethamine IC50 values. PYR in folate and pABA-free culture 
media, with supplementation of pABA, pABAG, 5-MTHF, folic acid or pABA 
and 5-MTHF combined. Carried out in the absence and presence of 150fiM 
probenecid. Values are represented as mean from four or five independent 
experiments on different days, with each data point in triplicate, ± standard 
deviation. Significance was calculated using the Mann-Whitney U test, 
Bonferroni corrected, and shown as * representing a p value < 0.05, comparing 
the supplemented groups with PYR alone or with PYR + PBN.
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0.00010.001 0.01 0.1 100 1000
PYR(pM)

O PYR 

• PYR + pABA 

□ PYR + PBN 

■ PYR + pABA + PBN

Figure 5.4. Semi-logarithmic dose response graph of PYR concentration plotted 
against the percentage parasite growth, for PYR alone and in combination with 
150nM pABA, both in the absence and presence of 150pM probenecid. Values 
are represented as mean from four or five independent experiments on different 
days, with each data point in triplicate, ± standard deviation.
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5.3.3 Methotrexate Antagonism by Folate Substrates

The activity of MTX in the absence and presence of folate substrates was 

in the nM range, with MTX alone having a mean IC50 of 92.7 nM (table 

5.3). Supplementation with pABAGl, 5-MTHF or folic acid did not appear 

to cause an obvious change in the IC50 value. Supplementation with pABA 

did not significantly antagonise MTX, although a slight increase in the IC50 

value was observed. The activity of MTX with the addition of all folate 

substrates was similar to that seen with the addition of pABA alone. The 

effect of the addition of pABA on MTX inhibition does not cause a shift in 

the dose response curve (figure 5.4).

PBN causes a marginal, non significant, reduction of the MTX IC50 value 

but not enough for a summatory effect to be assumed (table 5.3). 

Probenecid does not cause the dose response curve to obviously shift from 

that seen with MTX alone or MTX with pABA (figure 5.5).

210



IC5o (nM)

WITHOUT PROBENECID
MTX 92.7 ±6.7
MTX + 150nM pABA 106.5111.3
MTX + 160nM pABAGl 92.6 ±7.2
MTX + 25nM 5-MTHF 93.917.7
MTX + 0.5nM Folic Acid 94.8 ± 6.1
MTX+ 150nM pABA + 25nM 5-MTHF 121.118.9 *

WITH PROBENECID
MTX 84.7 1 5
MTX + 150nM pABA 147 114.6 *
MTX + 160nM pABAGl 96.713
MTX + 25nM 5-MTHF 97.3 110.1
MTX + 0.5nM Folic Acid 8415.8
MTX + 150nM pABA + 25nM 5-MTHF 159.5 113 *

Table 5.3. Methotrexate IC50 values. MTX in folate and pABA-free culture 
media, with supplementation of pABA, 5-MTHF, folic acid or pABA and 5- 
MTHF combined. Carried out in the absence and presence of 150pM 
probenecid. Values are represented as mean from five to seven independent 
experiments on different days, with each data point in triplicate, ± standard 
deviation. Significance was calculated using the Mann-Whitney U test, 
Bonferroni corrected, and shown as * representing a p value < 0.05, comparing 
the supplemented groups with MTX alone or with MTX + PBN.

MTX(nM)

O

□

MTX

MTX + pABA 

MTX + PBN 

MTX + pABA + PBN

Figure 5.5. Semi-logarithmic dose response graph of MTX concentration plotted 
against the percentage parasite growth, for MTX alone and in combination with 
150nM pABA, both in the absence and presence of 150pM probenecid. Values 
are represented as mean from four to six independent experiments on different 
days, with each data point in triplicate, ± standard deviation.
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5.3.4 Expression of PfFTl and PfFT2 in E. coli and Growth 

Rescue Experiments with Folate Substrates

The E. coli strain BN 1163 with knockouts of the pabA and abgT genes was 

used to study the uptake of folate substrates by P. falciparum folate 

transporters MAL8P1.13 (PfFTl) and PF11_0172 (PfFT2). E. coli does 

not transport folates and the ability of this strain to synthesise or salvage 

pABA is impaired by the knockout of the pabA and abgT genes, allowing 

the potential effect of the salvage of folates or pABA by E. coli 

(ApabA/AabgT) expressing PfFTl or PfFT2 to be observed. As positive 

controls a Synechocystis folate transporter, Slr0642, (Eudes et aL, 2010) and 

two human folate transporters, hPCFT and hRFC, (Subramanian et aL, 

2008) were also expressed in E. coli {ApabA/AabgT). Figure 5.6 shows the 

growth curves of the E. coli {ApabA/AabgT) expressing PfFTl, PfFT2, 

Sli’0642, hPCFT or hRFC along with the plasmid only control (pLOI) in 

combination with increasing concentrations ofpABA, pABAGl, folic acid 

or folinic acid. Increasing concentrations of all substrates showed an 

increase in growth in the E. coli {ApabA/AabgT) expressing folate 

transporters with PfFT2 and the 2 human folate transporters showing the 

highest increase in growth compared to the plasmid only control. Out of all 

the substrates pABA was the most effective at increasing growth in all the 

E. coli {ApabA/AabgT) expressing folate transporters in comparison to the 

plasmid only control, with maximum bacterial growth observed at 20 nM.
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The monoglutamated form of pABA (pABAGl) was the next most 

effective at increasing growth in all the E. coli {ApabA/AabgT) expressing 

folate transporters in comparison to the plasmid only control, with 

maximum bacterial growth observed at 2.5 pM. Folic acid and folinic acid 

both increased growth to the maximum level at 10 pM for all the E. coli 

{ApabA/AabgT) expressing folate transporters in comparison to the plasmid 

only control.
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Figure 5.6. Growth response of E. coli strain BN1163 (ApabA/AabgT) 
expressing PfFTI and PfFT2 to pABA, pABAGl, folic acid or folinic acid. 
Curves of E. coli strain BN1163 {ApabA/AabgT) expressing empty plasmid only 
(pLOI), synechocystis folate transporter (slr0642), P. falciparum folate 
transporters (PfFTI and PfFT2), human proton coupled folate transporter 
(hPCFT) or human reduced folate carried (hRFC) in combination with 
increasing concentrations of pABA, pABAGl, folic acid or folinic acid. OD^o 
on the y-axis represents culture growth based on the absorbance of the broth 
measured at 600 nM. Values are represented as mean from two experiments, 
with each data point repeated four times, ± standard error.
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5.4 Discussion

In this chapter the antagonistic effect of folate substrates and products on 

the antifolates SDX, PYR and MTX were investigated. At the 

physiological levels found in human plasma, pABA was the only folate 

substrate to antagonise SDX and PYR. pABA did not have a significant 

antagonistic effect on MTX. MTX is a very potent inhibitor of DHFR 

which might explain why salvage of folate substrates is unable to rescue 

the parasites to the same extent as that observed for SDX and PYR 

(Huennekens, 1994). The antagonistic effect of pABA at physiological 

concentrations suggests that it may be the relevant natural folate 

intermediate substrate for P. falciparum, at least for the 3D7 strain used in 

this study. This is further supported by the fact that pABA is the most 

efficient folate substrate at increasing the growth of P. coli (ApabA/AabgT) 

expressing P. falciparum folate transporters PfFTl or PfFT2. However, 

there is a possibility that the parasite could utilise other transporters to 

transport additional folate metabolic intermediates. Indeed, there is one 

other P. falciparum gene (PF10_0215) that has been putatively annotated 

as a member of the folate-biopterin transporter (FBT) family (Martin et al., 

2005). This gene shows significant sequence divergence from other known 

members of the FBT family, so it possible that it could transport different 

metabolites. The possibility that the parasite could express other
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transporters than PfFTl and PfFT2, that transport additional folate 

metabolic intermediates, was not tested in this study.

The lack of any antagonistic effect by 5-MTHF is interesting as this is the 

main folate product present in human plasma and it has occasionally been 

assumed to he the folate source for the parasite to salvage (Hyde, 2005). 

These results are, however, consistent with recent reports showing the lack 

of rescue by 5-MTHF of parasites under inhibition by antifolates (Ochong, 

2008, Nduati et ah, 2008). It is possible that the parasite actually has little 

access to the pre-formed 5-MTHF as this binds electrostatically to deoxy- 

haemoglobin in the RBC and becomes physically happed as the molecule 

picks up oxygen and switches quaternary structure (Wright et aL, 1998). 

This would force the parasite to rely on more available folate substrates, 

including pABA, and could account for the lack of antagonism observed 

with 5-MTHF. The effect of 5-MTHF on the growth of E. coli 

(ApabA/AabgT) expressing P, falciparum folate transporters PfFTl or 

PfFT2 was not tested and so parallels between salvage of 5-MTHF by 

PfFTl or PfFT2 and the lack of any antagonistic effect of 5-MTHF on the 

DHPS and DHFR inhibitors tested cannot be drawn.

The IC50 values obtained for SDX and PYR in the pABA and folate free 

culture medium were 27.7 nM and 0.4 pM respectively, both much lower 

than values previously reported in literature in the presence of folates and
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pABA. Previous work by Wang and colleagues on the P. falciparum 3D7 

strain gave a SDX IC50 value of approximately 48 pM when in the 

presence of folates and pABA (Wang et aL, 1997b). Reynolds and 

colleagues obtained a PYRIC50 value of 5 nM with the P. falciparum 3D7 

strain (Reynolds et al., 2007). The MTX IC50 value obtained in this study 

was 92,7 nM compared to the IC50 value of 49.9 nM previously reported 

for the P. falciparum 3D7 strain in the presence of folates and pABA 

(Kiara et al, 2009). The dramatic reduction in the SDX and PYR IC50 

values when the possibility of folate salvage (especially pABA) is 

withdrawn provides indirect evidence of the need for folate salvage. This 

requirement makes folate salvage still a relevant target for 

chemotherapeutic development.

PBN showed an unexpected summatory effect with SDX inhibition 

indicating that PBN may be restricting the parasite’s salvage of one or 

more metabolite that can help rescue the parasite horn the effect of SDX. 

As the folate cycle is linked to the methionine cycle, with 5-MTHF being 

the methyl donor for the conversion of homocysteine to methionine, 

methionine (which was still present in the RPMI-1640 used here) was 

considered to be a potential metabolite that PBN was inhibiting horn being 

transported into the parasite. Ideally this could have been further 

investigated but folate and pABA-free RPMI-1640 that was also free of 

methionine was not available at the time. No obvious summatory effect of
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PBN was observed with PYR and MTX to the same extent as that noted

with SDX. This difference could be explained by the metabolite(s) whose 

transport is being reduced by PBN supplement the cell metabolism under 

SDX (DHPS) inhibition but not under MTX or PYR (DHFR) inhibition.

5.4.1 Critical Assessment

Relying on using only the 3D7 strain of P.falciparum was not ideal, but 

attempts at growing HB3, Vl/S and K1 in the folate and pABA-free 

medium were unsuccessful. The folate effect observed by Wang et al 

(1997) was shown to be variable between strains and to have a genetic 

basis (Wang et aL, 1999). Using several strains with different folate 

utilisation phenotypes would, therefore, have been useful in drawing 

conclusions on the effect of physiological concentrations folate pathway 

substrates on antifolate treatment. The 3D7 strain used here grew 

acceptably in folate and pABA-ffee medium with growth observed to be 

only slightly slower than parasites maintained in standard folate and 

pABA complete medium. This suggests that it may have adapted to rely 

on folate biosynthesis making it difficult to draw conclusions from the 

results about the relevance of folate pathway substrate salvage by P 

falciparum in general. One way around this would have been to use low 

levels of folic acid in the continuous culture of alternative strains and
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only transferring the parasites to folate and pABA-free culture medium 

one cycle before the in vitro sensitivity. This was used successfully by 

Wang et al (1997) but was not attempted during this study. The growth 

rescue experiments in E, coli (ApabA/AabgT) expressing P. falciparum 

folate transporters PfFTl or PfFT2 showed pABA to be the most efficient 

folate pathway substrate at rescuing growth. This does help to back up the 

assumption that pABA may be the relevant natural folate intennediate 

substrate for P. falciparum (at least for the 3D7 strain used in this study). 

Variation between strains also is expected to be in relation to the extent of 

pABA uptake rather than the salvage of different folate precursors and 

products altogether.

The investigation of the substrate preference of PfFTl and PfFT2 using E. 

coli (ApabA/AabgT) growth rescue experiments was deemed to be the best 

available method, even though it does not provide direct measurement of 

folate and pABA transport. Previous work by Dr Enrique Salcedo-Sora 

using the X. laevis oocyte expression system encountered problems with 

high backgrounds of pABA uptake by control oocytes, making it 

unsuitable for use (Salcedo-Sora et al, 2011). Using the bacterial system, 

however, still does not allow direct measurement of folate and pABA 

transport. This is due to the fact that only very low levels of protein 

expression and low levels of pABA and folate transport are required to 

salvage the E. coli {ApabA/AabgT) mutants. The concentrations of folate
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and pABA required to salvage the E. coli (ApabA/AabgT) mutants fall 

below the analytical sensitivity limits of available methods. This problem 

has been reported previously for studies on other BT1 homologues by 

other groups, with an inability to increase expression levels to those 

suitable for direct kinetic analysis reported (Eudes et al., 2010). The lack of 

a direct method to measure folate and pABA transport activity by PfFTl 

and PfFT2 led to the decision to use an indirect method, and E. coli growth 

rescue was deemed to be the most sensitive indirect method available.

Further repeats of the growth rescue experiments in E. coli {ApabA/AabgT) 

expressing P. falciparum folate transporters PfFTl or PfFT2 were required 

in order to provide more reliability of the results. These have since been 

carried out by Dr Enrique Salcedo Sora (Salcedo-Sora et al., 2011) and 

showed that, as with the results here, the folate precursor pABA was more 

efficient than pre-formed folate products at rescuing growth.
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CHAPTER 6

6.1 General Discussion

It is necessary to study the metabolite transport pathways of the malaria 

parasite P. falciparum in order to further the understanding of the parasite’s 

biology. As well as this crucial reason identifying and characterising the 

transport pathways may provide potential novel drug targets or drug 

delivery mechanisms (Biagini et al, 2005, Kirk and Saliba, 2007). This is 

especially valuable as chemotherapy remains one of the main management 

strategies in the fight against malaria and the usefulness of the current 

range of antimalarial drugs is seriously threatened by the emergence and 

spread of resistance. No P. falciparum membrane transporter has been 

shown unequivocally to be the site of action of any current antimalarials, 

but the P, falciparum Ca2+ SERCA pump PfATP6 is a proposed site of 

action of the antimalarial artemisinins (Eckstein-Ludwig et al, 2003, 

O'Neill et al., 2010).

The work in this thesis focuses on the transport of amino acids and folate 

pathway substrates. A broad ranging approach using the X. laevis oocyte 

heterologous expression system to screen a gene-specific cDNA library, of 

potential membrane proteins, and the putative amino acid transporter 

PFF 1430c for amino acid transport activity was used first. This was
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followed by a more targeted approach with the characterisation of 

methionine transport by P. falciparum infected RBCs and the free 

parasites. Finally, a biochemical approach to investigate the transport- 

mediated salvage of folate pathway substrates, by detennining then effects 

on antifolate drugs in vitro with and without a transport inhibitor, and a 

targeted investigation of the specificity of two likely P. falciparum folate 

transporters (PfFTl and PfFT2) was carried out.

The erythrocytic stage of the P, falciparum parasite requires an exogenous 

source of seven amino acids but no transporters facilitating the transport of 

these across the parasite plasma have not been previously identified at the 

molecular level (as discussed in section 1.4.5.4). Six putative amnio acid 

transporters have been annotated in the P. falciparum genome (Martin et 

al, 2005) but these have also not yet been functionally characterised. 

Chapter 3 focuses on the use of the X. laevis oocyte expression system to 

functionally characterise a gene-specific cDNA library of 48 putative 

membrane proteins and the previously annotated putative amino acid 

transporter PFF1430c (a member of the AAAP family) for the uptake of 

several amino acids. No definitive transport of amino acids by the cDNA 

library or PFF1430c was observed. However, this could have been due to 

several factors and may not necessarily mean that none of the expressed 

proteins are amino acid transporters. The main factor being that the 

erroneous use of very low substrate concentrations may have resulted in
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too low levels of transport to be detectible using scintillation counting (this 

problem has been discussed in section 3.4.1).

The PFF1430c putative amino acid transporter was identified from the P. 

falciparum genome database by Martin et al (2005) and shows similarity to 

members of the AAAP family. This family of transporters are found in 

eukaryotes and have been shown to transport auxin, single amino acids or 

multiple amino acids, with some having broad substrate specificities for 

naturally occurring amino acids (Saier, 2000a). PFF1430c appears to 

show most sequence similarity with AAAP transporters from other 

protozoans, yeast and mammals, including the human amino acid 

transporter A3 (hATA3) which transports neutral and cationic amino 

acids (Hatanaka et al., 2001). This informed the choice to investigate 

glutamine as a potential substrate as liATA3 shows structural similarity to 

members of the glutamine transporter family. Further research into the 

potential transport activities of this gene are necessary due to the 

inconclusive nature of the results presented in chapter 3. In contrast to 

PFF1430c the genes in the cDNA library were not identified through 

similarity to known amino acid transporters but were simply potential 

membrane transporters based on having three or more trans-membrane 

domains. As discussed in section 3.4.1, only twenty genes in the cDNA 

library contain six or more trans-membrane domains. In eukaryotes only 

three amino acid transporter gene families have fewer than ten trans-
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membrane domains: the phospholemman (PLM) family of channel 

proteins have one trans-membrane domain; the metabolite:H+ symporter 

(MHS) family of the MFS superfamily have six, ten or twelve trans­

membrane domains; and the mitochondrial carrier (MC) family have six 

trans-membrane domains. This makes it highly unlikely that the genes 

containing fewer than six trans-membrane domains are amino acid 

transporters. The fact that none of the genes in the cDNA library are 

annotated as putative amino acid transporters makes it possible that they 

are transporters of other substrates. This could mean that the range of 

substrates investigated in chapter 3 was too narrow to discern any 

transport activity by these proteins. This is supported by the fact that 

several of the genes in the cDNA library show homology to genes in 

families other than amino acid transporter families.

The X. laevis oocyte expression system has previously been used to 

characterise several P. falciparum proteins and amino acid transporters 

(Gloss et al., 1997, Woodrow et aL, 2000, Downie et al, 2006). It has 

many attractive qualities and the reasons why it was chosen for this study 

are discussed in section 3.1. One concern for the use of the A laevis oocyte 

system is the potential for an endogenous transport system to mask any 

transport by the expressed protein. The X. laevis oocyte does have 

endogenous amino acid transport systems, although these have not all been 

fully characterised as yet. An alternative eukaryotic heterologous
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expression system is yeast; however this was deemed to be a less 

favourable model for functional characterisation of putative P. falciparum 

transport proteins, as yeast appears to have more problems with the AT- 

rich nature of the P. falciparum genome than the X. laevis oocyte does 

(Kirk et ai, 2005).

The lack of identification of amino acid transporters using the X laevis 

oocyte system led to a more targeted approach of characterising of 

methionine transport in P. falciparum parasitised RBCs and free 

trophozoites (chapter 4). Studying the transport of amino acids by P. 

falciparum parasitised RBCs and free parasites is also important as it 

allows the characterisation of the transport processes involved in the whole 

cell. The transport of isoleucine into trophozoite stage P. falciparum 

parasitised RBCs and free trophozoites has been characterised by Martin 

and Kirk (2007) and the findings of this study have been detailed in section 

1.4.4. A study by Cobbold et al (2011), published at the end of this thesis’ 

work, showed methionine to be taken up by trophozoite stage P. 

falciparum parasitised RBCs at a rate 15 fold higher than uninfected RBCs. 

This increased rate of uptake was attributed to the NPP rather than 

increased endogenous transport. In the study by Cobbold et al (2011) 

methionine was shown to be taken up by the parasite via a saturable ATP, 

Na+ and H+ independent system that is also temperature dependent.
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Methionine transport in the trophozoite stage P. falciparum parasite has 

also been canied out in this thesis (chapter 4). In contrast to the findings of 

Cobbold et al (2011), however, no increase in uptake of methionine was 

seen in parasitised RBCs compared to uninfected RBCs. This is a very 

unusual result, not only because of the discrepancy with the findings of 

Cobbold et al (2011), but because most other nutrients studied have been 

shown to be taken up at an increased rate by the parasitised RBC. More 

extensive experiments, with an appropriate control, would have to be 

carried out before definitive conclusions can be drawn from the results in 

chapter 4.

From the use of kinetic transport studies and specific transport inhibitors it 

was inferred that methionine is taken up by free P. falciparum parasites via 

one or more saturable systems showing partial similarity to the vertebrate 

system L. Methionine uptake was most effectively inhibited by cysteine 

and to a lesser degree by lysine and histidine. Despite the fact that 

methionine and cysteine contain a sulphur group it is unlikely that the 

transporter responsible requires the presence of a sulphur group for 

recognition, as the sulphur residue is in different environments in each of 

these amino acids. The inhibition by lysine and histidine also makes this 

theory unlikely.
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Methionine is required for several important processes within the parasite, 

including protein synthesis and methylation of protein, nucleic acids and 

lipids. The malaria parasite has been shown to have a functioning 

methionine synthase as well as a requirement for an exogenous source of 

methionine (Divo et aL, 1985, Krungkrai et al., 1989a, Asawamahasakda 

and Yuthavong, 1993). Methionine synthase converts homocysteine to 

methionine with the addition of a methyl group from the folate product 5- 

MTHF. This links the methionine cycle to the folate pathway, as the 

demethylation of 5-MTHF produces THF, which is recycled back through 

the folate one-carbon metabolism enzymes (see section 1.3.3 for more 

details).

Chapter 5 focuses on investigating the role of salvage of folate pathway 

substrates by detennining their effects on antifolate drugs in vitro and also 

by investigating the substrate specificity of two likely P. falciparum folate 

transporters (PfFTl and PfFT2). Physiological concentrations of folate 

pathways substrates were used in combination with the antifolate drugs 

SDX, PYR and MTX. There has been work previously carried out on the 

effect of exogenous folates on the antifolate antimalarials but these studies 

have generally used concentrations above physiological levels (Watkins et 

aL, 1985, Kinyanjui et al, 1999, Wang et al> 1999, Wang et al, 1997b). 

Previous studies have also only looked at the dynamics of folate salvage in 

the presence of antimalarial antifolates whereas the work in chapter 5 also
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looks at the effect of transport mediated salvage. The only folate pathway 

substrate found to antagonise SDX and PYR at physiological 

concentrations was pABA. The significance of pABA was highlighted 

again as it was the most efficient folate substrate at rescuing growth of E. 

coli (ApabA/AabgT) expressing P. falciparum folate transporters PfFTl or 

PfFT2.

The organic anion transport inhibitor PBN has been shown to 

chemosensitise parasites resistant to the antifolate antimalarials (Nzila et 

al, 2003, Nzila et al., 2004, Masseno et ah, 2009). The uptake of 

exogenous folate by P. falciparum infected RBCs and free parasites has 

also been shown to be inhibited by PBN (Wang et al, 2007), suggesting 

that the reversal of resistance is due to PBN blocking the transport of 

folates into the parasite and preventing the parasite overcoming the effect 

of the antifolates with salvaged folates. Initial analysis of the results in 

chapter 5 appeared to support this theoiy, as a reduction of the antagonism 

of SDX and PYR by pABA was observed with the addition of PBN. 

However, the addition of PBN also increases the inhibitory effect of SDX 

and PYR in the absence of folates so the experiments used in this study are 

not definitive enough to support the theory that PBN elicits its 

chemosensitising properties through blocking folate salvage. As the 

addition of PBN should inhibit organic anion transport, the similar effect of 

pABA with and without PBN could be due to pABA entering the
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intracellular parasite in another way, potentially via passive diffusion. This 

result is interesting when correlated with the fact that pABA is the most 

efficient folate substrate at increasing the growth of E. coli (ApabA/AabgT) 

expressing P. falciparum folate transporters PfFTl or PfFT2. The fact that 

pABA was the only folate pathway substrate to antagonise SDX and PYR, 

and that it was the most effective at rescuing growth of E. coli 

{ApabA/AabgT) expressing P. falciparum folate transporters PfFTl or 

PfFT2 suggests that it could be the most influential folate pathway 

substrate for the malaria parasite during the erythrocytic stages. This is an 

interesting observation as pABA is not significantly utilised or synthesised 

in humans making pABA salvage a potential target for chemotherapy. 

Targeting pABA salvage may improve the antimalarial efficacy of the 

antifolates SDX and PYR, and this could be achieved by blocking pABA 

salvage with inhibitors or using pABA-deficient diets.

As discussed previously the current antimalarial armamentarium is under 

threat due to the emergence and spread of resistance. To overcome this 

there is a need to find new drug targets or overcome resistance to current 

drugs. There are no current antimalarial drugs that target either amino acid 

transporters themselves or utilise them as drug delivery strategies. Despite 

this, there is precedence for drugs targeting amino acid transporters in other 

organisms. Drugs targeting members of the NSS family account for 2.7 % 

of all FDA approved drugs (Overington et al., 2006, Staines et al., 2010),
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with many widely known psychiatric drugs, including fluoxetine (Prozac), 

targeting NSS family members (Bingham and Napier, 2009). Three of the 

six putatively annotated amino transporters identified in the P. falciparum 

genome (PFB0435c, PFE0775c and PF11_0334) show similarity to 

members of the NSS family and so are of particular interest for further 

study (Martin et aL, 2005). The antimalarial antifolates are well known 

and characterised but they are becoming less useful with the spread of 

resistance. The reversal of resistance to current drugs is a good potential 

way to extend the usage of antimalarial drugs currently available. 

Transporters have been shown to be involved in reversing drug resistance 

(as discussed in section 1.4.3) so transport inhibitors may be good potential 

reversal agents of resistance to certain drugs. In the case of the antimalarial 

antifolates the organic anion transport inhibitor PBN has been shown to 

reverse resistance (Nzila et al, 2003, Nzila et al., 2004, Masseno et al, 

2009). Concentrations of PBN capable of chemosensitising parasites are 

easily and safely achieved in vivo in humans and clinical trials combining 

SP with PBN have been carried out in African children suffering from P. 

falciparum malaria (Sowunmi et al., 2004b, Sowunmi et al, 2004a). The 

results from these trials showed that PBN significantly increased the 

efficacy of SP. This infonnation is very interesting as it suggests that 

inhibiting Plasmodium anion transporters may be of clinical importance in 

the use of antimalarial antifolates (Nzila, 2006). This is therefore a topic of
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real clinical translational value that should encourage the research on 

agents capable of reversing antimalarial resistance.

6.2 Future Work

In order to determine if any of the genes in the cDNA library are actually 

transporters the X laevis oocyte expression system could be used to look 

again at these. This work should focus only on the nineteen genes with six 

or more trans-membrane domains. Using a wider range of substrates would 

also be useful as no genes in the cDNA library are currently annotated as 

amino acid transporters. Increasing the substrate concentrations to 

physiological levels would need to be done as the low substrate 

concentrations used in chapter 3 may have led to transport being present 

but undetectable. Any known endogenous transport by the X. laevis 

oocytes would also need to be taken into account. However, as the 

endogenous transport systems in Xenopus oocytes have not been 

characterised completely (Van Winkle, 1993) further characterisation of 

these would also be worthwhile future work. Using the X, laevis oocyte 

expression system to characterise PFF1430c more thoroughly and the other 

five putative amino acid transporters identified hi the P. falciparum 

genome is also worthwhile.
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There is a need to further investigate the transport of methionine by P. 

falciparum infected RBCs to ascertain whether the observation in chapter 

4, that the P. falciparum infected RBC does not have an increased rate of 

uptake of methionine compared to uninfected RBCs, is correct. This result 

is at odds with that observed for other nutrients and the results from 

Cobbold et al (2011) so further work, including appropriate controls, is 

needed. More comprehensive characterisation of the transport of 

methionine is also required, in both P. falciparum infected RBCs and free 

parasites. This should examine energy dependence, ion dependence, the 

effect of temperature (to allow the Ea to be calculated, which will give 

more information on the nature of transport) and the profile of inhibition 

by other amino acids and classical transport inhibitors. Only methionine 

and isoleucine transport have been characterised in P. falciparum infected 

RBCs and free parasites. These are potentially the most interesting, and 

relevant, as the parasite cannot rely on degradation of haemoglobin alone 

for these. However, in vitro growth of the parasite has been shown to rely 

on the presence of a further five amino acids: cysteine, glutamic acid, 

glutamine, proline and tyrosine. Therefore, characterisation of the transport 

of these would prove to be useful future work.

Only the 3D7 strain of P. falciparum was used in the antagonism 

experiments in chapter 5. The 3D7 strain has been successfully cultured 

continuously in folate and pABA-free medium which allowed the effects
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of low levels of folates at physiological concentrations to be examined. 

Other strains were unable to be grown in this medium and so were not used 

in chapter 5. However, it may be possible to culture other strains by 

following the protocol described by Wang et al (1997b) in which parasites 

are cultured in medium containing low levels of folic acid then transferred 

to folate and pABA-free medium one cycle before being used for an in 

vitro drug sensitivity assay. This would be useful future work as it would 

allow strains with different folate utilisation phenotypes to be used and 

examine the extent of pABA salvage for these as well as 3D7. It would 

also be useful to further investigate the observed summatory effect of PBN 

with SDX by eliminating other potential nutrients from the culture medium 

that may be being blocked from being salvaged.
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