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Abstract

As in centuries past, the main weapon against human malaria infections continues to be
intervention with drugs, despite the widespread and increasing frequency of parasite populations
that are resistant to one or more of the available compounds. This is a particular problem with the
lethal species of parasite, Plasmodium falciparum, which claims some two million lives per year
as well as causing enormous social and economic problems. Amongst the antimalarial drugs
currently in clinical use, the antifolates have the best defined molecular targets, namely the
enzymes dihydrofolate reductase (DHFR) and dihydropteroate synthase (DHPS), which function
in the folate metabolic pathway. The products of this pathway, reduced folate cofactors, are
essential for DNA synthesis and the metabolism of certain amino acids. Moreover, their formation
and interconversions involve a number of other enzymes that have not as yet been exploited as
drug targets. Antifolates are of major importance as they currently represent the only inexpensive
regime for combating chloroquine-resistant malaria, and are now first-line drugs in a number of
African countries. Aspects of our understanding of this pathway and antifolate drug resistance are
reviewed here, with a particular emphasis on approaches to analysing the details of, and balance
between, folate biosynthesis by the parasite and salvage of pre-formed folate from exogenous
sources.
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1. Introduction to the folate pathway

Folate metabolism is critically important to the viability of malaria parasites and the
pathway has been targeted in both treatment and prophylaxis of the disease for over half a
century, following closely on the discovery and introduction of antifolate drugs to combat
bacterial infections. The most widely used antimalarial drugs of this type include
pyrimethamine (PYR), proguanil, sulfadoxine (SDX) and dapsone, which have long
provided chemotherapy at a price affordable by poorer nations and have been especially
important as resistance to the principal antimalarial drug, chloroquine, has inexorably grown
(Sibley et al., 2001). However, despite the long history, considerable importance and impact
of these drugs, we still lack a detailed understanding of the underlying metabolism in the
parasite. In other organisms, the pathways in which folate cofactors are involved include
production of purines and pyrimidines for DNA replication as well as the synthesis and/or
catabolism of several amino acids (Met, Gly, Ser, Glu, His). However, the repertoire of
folate-dependent reactions that the malaria parasite can carry out is not yet fully defined. For
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example, whereas we know that it is dependent upon an external supply of purines from its
host, other possible ‘missing reactions’ are more conjectural.

Among the different species of malaria parasites, most work has been done on that which is
lethal to humans, Plasmodium falciparum, a pathogen that continues to exact a death toll of
some two million a year and imposes a massive burden of morbidity and economic hardship
on populations throughout the tropics and sub-tropics (Greenwood and Mutabingwa, 2002).
Several approaches are in principle possible to study the folate pathway, although technical
difficulties in working with such parasites are an important factor in designing experiments.
Classical biochemistry is hampered by the limited amounts of both enzymes and substrates
that can be obtained from in vitro cultures of P. falciparum, compounded by the instability
of many of the molecules involved, while genetic studies along traditional lines have been
confined to the very small number of controlled sexual crosses that it has been possible to
carry out between defined clones of the parasite (Walliker et al., 1987; Wellems et al.,
1990). The easiest route has been to build up a picture of the pathway via identification and
analysis of relevant genes in the first instance, using more developed studies on other
organisms as a guide, followed where possible with expression and characterisation of the
recombinant gene products. However, as described below, approaches involving metabolic
labelling with radioactive precursors have also been undertaken, as has a limited degree of
genetic manipulation of the parasite to probe folate pathway gene function.

The purpose of the folate pathway is to provide cofactors that are essential for the metabolic
events mentioned above, which involve the transfer of one-carbon (C4) units. Thus, in the
case of DNA synthesis, folate in the form of 5,10-methylenetetrahydrofolate
(methyleneTHF) is necessary to provide the methyl group that converts dUMP to dTMP,
whose triphosphate derivative is used by DNA polymerase to add ‘T’ nucleotides to growing
DNA chains. It should be noted that the term folate is used generically to cover the
metabolites in the cell carrying the canonical folate moiety, but it should be borne in mind
that a number of closely related derivatives are actually involved, varying in the degree of
oxidation of the pterin ring, the nature of the substituents on the 5 and 10 positions of the
molecule, and the number of glutamate residues attached to the para-aminobenzoate moiety
that links the pterin ring to these glutamates (see Fig. 1).

2. Principal components of the pathway in P. falciparum

The schema in Fig. 2 depicts the enzymes that conventionally constitute the main folate
pathway, as identified in other microorganisms, covering the biosynthesis from GTP of the
basic folate moiety, dihydrofolate (DHF), as well as reduction of the latter to the
biologically active, fully reduced forms of tetrahydrofolate (THF). The production of each
molecule of dTMP results in the oxidation of the THF molecule to DHF, which must be
recycled by dihydrofolate reductase (DHFR) back to the THF form. Biosynthesis of the
folate moiety itself is mediated by five enzyme activities, while interconversion of folate
among the various forms required for C transfer reactions is principally carried out by a
further four activities. One of the latter, folylpolyglutamate synthase (FPGS), converts
reduced folates to their polyglutamated forms, in which extra glutamate residues are
conjugated to the single glutamate whose addition to dihydropteroate produces DHF. It has
been shown in other systems that this process is critical for the cellular retention of folates as
well as enhancing their affinity for other folate-dependent enzymes (Krumdieck et al.,
1992).

Starting with the cloning of the dihydrofolate reductase-thymidylate synthase (ahfr-ts) gene

in 1987 (Bzik et al., 1987), genes encoding all of these enzymic functions had been
putatively or conclusively identified either before the P. falciparum genome sequencing
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project began in 1996, in the case of dhfr-tsand the hydroxymethylpterin
pyrophosphokinase-dihydropteroate synthase (pppk-dhps) gene (Brooks et al., 1994; Triglia
and Cowman, 1994), or before it was completed in 2002, in the case of the GTP
cyclohydrolase | (gfpoc) (Lee et al., 2001), the dihydrofolate synthase-folylpolyglutamate
synthase (dhfs-fogs) (Lee et al., 2001; Salcedo et al., 2001) and the serine
hydroxymethyltransferase (shmi) genes (Alfadhli and Rathod, 2000; Lee et al., 2001), with
the notable exception of the dihydroneopterin aldolase (a/n4) gene. It was anticipated that
publication of the completed genome sequence (Gardner et al., 2002) would clear up this
loose end, but no candidate was identified from the predicted protein sequences of the ~5300
putative open reading frames. Despite considerable efforts in attempting to pinpoint this
gene, both experimentally and using sequence- and structure-based search programs, we
have as yet been unable to identify a plausible candidate. At present the possibilities are that
this protein, which is poorly conserved among other organisms, is so divergent that it is
unrecognisable even using very sophisticated bioinformatics tools, that its gene is
fragmented into too many small exons for ORF prediction programs to cope with, or that it
is genuinely absent from the parasite. If the last of these, the necessary step of removing the
aldol group from 7,8-dihydroneopterin before addition of the pyrophosphate moiety to the
resulting hydroxyl group would have to be carried out by a different, non-orthologous
protein, or, also a formal possibility, by a non-protein-based mechanism. In parasite systems,
it is not uncommon for a host function to be subverted by the parasite to its own ends, but in
this case humans, incapable of making their own folates, lack a DHNA homologue. One
possibility is that the PPPK enzyme that follows DHNA in the conventional catalytic
sequence also has this ability, but no functional studies have yet been reported for this
domain of the bifunctional PPPK-DHPS protein. It is interesting to note however, that the ~.
falciparum PPPK domain includes two long insertions of ~90 amino acids each (Brooks et
al., 1994; Triglia and Cowman, 1994) that are not found in any of the known PPPK
molecules from bacterial or non-apicomplexan eukaryotic sources. The first is highly
conserved in length and sequence in other Plasmodium species, whereas the second is only
about 40 amino acids long in the latter, albeit well conserved where it aligns with the much
longer P. falciparum sequence. The orthologue from the closely related apicomplexan
parasite Toxoplasma gondiihas similar but shorter insertions (50 and 12 amino acids,
respectively) in the equivalent positions (Pashley et al., 1997). Another candidate that would
keep DHNA in the family of conventional folate pathway enzymes would be the N-terminal
region of the GTP cyclohydrolase |1 (GTPC) molecule upstream of all of the residues known
to participate in the catalytic function. This N-terminal domain is much extended compared
to that found in the orthologues of other organisms (Lee et al., 2001); for example, the
plasmodial molecules exceed the human protein by lengths ranging from 25 (P. chabaudi) to
201 (P. knowlesi) amino acids (see GenBank entries AF486639, AF486640, AY582138,
AY604168, AF043557, AY458431). Interestingly however, while the GTPC molecules
from the primate and human malaria parasites display reasonable sequence complexity in
this region, we found those from the rodent malarias (especially Plasmodium yoelii
nigeriensis and P. yoelii yoelii) to be based to a greater or lesser degree on imperfect repeats
of a pentapeptide motif. Overall, the degree of conservation among the various Plasmodium
species, both at the primary sequence and predicted secondary structure levels, is very low
in this part of the molecule, strongly suggesting that the latter harbours no extra catalytic
activity, although it may play some kind of species-specific regulatory and/or targeting role.

Of the gene products in Fig. 2 other than DHNA, the predicted activities of all but GTPC
have been verified experimentally, either by standard enzyme assays performed on
recombinant proteins produced from the various cloned genes (e.g. Sirawaraporn et al.,
1990; Triglia et al., 1997; Shallom et al., 1999; Alfadhli and Rathod, 2000), or by creating
Escherichia coli or Saccharomyces cerevisiae mutants deficient in the relevant activity and
restoring prototrophy by transforming in the candidate P. falcjparum gene (Hall et al., 1991,
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Wooden et al., 1997; Shallom et al., 1999; Salcedo et al., 2001). The identification of the
gtoe gene thus rests at present on its having the only open reading frame (ORF) in the
genome whose predicted protein sequence shows very strong similarity to the C-proximal,
catalytic domain of known enzymes from other organisms. Outside of the schema of Fig. 2,
other enzymes feed into the folate pathway or depend upon folate cofactors, and, while not
detailed here, we may note that there are further gaps compared to other organisms that
conceptual translation of the complete genome sequence has not obviously filled.

3. Drug resistance in vitro and in vivo

DHFR is the target of the antifolate drugs PYR and cycloguanil (the active metabolite of the
pro-drug proguanil), while the sulphur-based drugs (‘sulfa drugs’) such as SDX and dapsone
inhibit DHPS. The role of a small number of point mutations in the @/frdomain in
generating drug resistance first became apparent in the late 1980s (Cowman et al., 1988;
Peterson et al., 1988; Snewin et al., 1989), followed in 1994 by a similar discovery for afips
(Brooks et al., 1994; Triglia and Cowman, 1994), and has been well documented in
subsequent reviews (e.g. Hyde, 1990, 2002; Plowe et al., 1998; Sibley et al., 2001). A
question that has long been associated with these studies is whether the mutations observed
in DHFR and DHPS account fully for resistance levels seen in vitro and in vivo. This is
difficult to investigate systematically as the drugs targeting these enzymes act synergistically
(see Section 6) and the different combinations of dfipsand dhfrhaplotypes seen in
individual samples in the field currently exceeds 30 (Plowe et al., 1997; Wang et al., 1997a).
In natural infections, it would also be expected that host factors play a significant part in the
eventual outcome of drug intervention, and it has often been observed that parasites resistant
to drugs in vitro by virtue of their mutational status can be cleared by some patients,
emphasising the important role of host immunity in this process (Sibley et al., 2001; Djimde
et al., 2003). Conversely, clinical drug failures where parasites are typed as wild-type or
only moderately resistant to antifolates presumably result from poor compliance or
differences in metabolic clearance rates. Studies in vitro indicate that the concentration of
folate-related molecules in the medium and in the host blood cells can have an important
influence on the ability of a drug to inhibit parasites, especially in the case of the sulfa drugs,
such as SDX (Wang et al., 1997c¢), discussed further below in connection with folate
salvage. Also relevant is the several-fold stimulation of DHFR and TS activities induced by
challenge with antifolate drugs that is postulated to occur by a mechanism involving the
derepression of MRNA translation, and is independent of the mutational status of the dhfr-ts
gene (Nirmalan et al., 2004b). Moreover, it cannot be excluded that other gene products
contribute in at least some cases to antifolate drug resistance. This is suggested by the recent
discovery of sulfa-resistant isolates of P. falciparum that are still wild-type in afips (Mberu
et al., 2002), and has been directly demonstrated in the rodent parasite P. chabaudi, where
quantitative trait locus analysis of a genetic cross between clones with different resistance
patterns to PYR, SDX and PYR/SDX indicates the influence of one or more genes other
than adhfrand dhps on the observed levels of resistance in cross progeny (Hayton et al.,
2002).

An important aspect of resistance to antifolates in vivo is the selection of resistant
populations from parasites in the presence of sub-lethal amounts of a drug. It has been
shown that inhibitors such as PYR and SDX that are cleared relatively slowly from the body
are more likely to encourage selection than drugs with short half-lives (Watkins et al., 1997;
Nzila et al., 2000b; Hastings et al., 2002). Attempts have been made to predict how this
phenomenon will play out for Fansidar (the clinical formulation of PYR and SDX),
depending upon the initial dAfrand dhps genotypes of the infecting parasites, and what the
clinical outcome is likely to be, taking into account the range of drug clearance rates
observed in different patients (Watkins et al., 1997; Wang et al., 1999; Hastings et al.,
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2002). A new combination of antifolates, lapudrin (chlorproguanil) and dapsone, which have
much shorter half-lives than PYR and SDX, is currently being deployed (as ‘LapDap’) in
East Africa. This potent combination (Nzila-Mounda et al., 1998) is able to clear Fansidar-
resistant parasites and it is hoped that resistance to it will arise much more slowly than has
occurred with Fansidar itself, despite ostensibly targeting the same enzymes (Mutabingwa et
al., 2001; Sulo et al., 2002). Such resistance may be further delayed by the addition of an
artemisinin-based component, which targets a quite different parasite function (or
functions), and such artemisinin combination treatments (ACT) are currently being
intensively explored as a general means of maintaining existing drugs as useful therapeutic
tools for much longer periods than would be the case if they were deployed individually
(Price and Nosten, 2001; Winstanley et al., 2002).

4. Two routes to folate metabolites:salvage and biosynthesis

As indicated above, most microorganisms are able to synthesise the folates they need from
the simple precursors GTP, p-aminobenzoic acid (pABA) and .-glutamate, which are
assembled into the canonical folate structure shown in Fig. 1. Higher organisms such as
ourselves are unable to do this, so we depend on dietary intake of pre-formed folate as an
essential nutrient. P. falciparum has the ability to exploit both of these routes (Milhous et al.,
1985; Krungkrai et al., 1989; Wang et al., 1997b, 1999), utilising folate either provided in
culture medium in vitro or salvaged from the host plasma in vivo on the one hand, or
converting the above precursors de novo into folate derivatives on the other (Fig. 2). This is
at once a feature of considerable interest as well as a complicating factor for experiments
that attempt to unravel the finer details of folate metabolism.

A central question, with important implications for the development and validation of hew
drugs targeting the folate pathway, concerns the relative importance of the biosynthetic
pathway compared to folate salvage from the human host in vivo and the interplay between
them. Crucially, we have little knowledge of the needs of the parasite to use each of these
routes, nor of its flexibility in altering their balance in adverse circumstances, such as sulfa-
drug inhibition of DHPS in the de novo pathway, or depleted exogenous folate levels in the
host plasma as a result of nutritional deficiency. Thus, folate is available in the human host
plasma principally as 5-methyltetrahydrofolate (MeTHF), but at a low concentration,
averaging around 10-15 nM in adults (Baker et al., 1994). However, in cases of
malnutrition, this can fall to ~10-fold less than normal (Nelson et al., 2003). Inhibition
studies of the DHPS activity with high levels of SDX indicate that in vitro, blockage of
folate biosynthesis can apparently be bypassed via the salvage route, suggesting that
biosynthesis may be dispensable, although there are significant differences among strains in
the efficiency with which salvaged folate is utilised (Wang et al., 1997b) (see below). In the
field, however, there is a strong correlation between SDX-resistant forms of the parasite
carrying mutations in the dfips gene and the prevalence of Fansidar usage (Wang et al.,
1997a; Plowe et al., 1998; Nzila et al., 2000a; Sibley et al., 2001), suggesting that in normal
infections of the human host, folate salvage cannot completely satisfy the parasite's
requirements, a conclusion in accord with recent data from genetically modified parasites
(see Section 5).

4.1. Genetic analysis of folate salvage

One approach to investigating salvage that we adopted was to ask whether different strains
of the parasite could utilise exogenous folate to the same degree. This has largely taken the
form of two types of investigation. The first was to exploit the observation that, among the
small number of sexual crosses that have been performed with P. falciparum (Walliker et al.,
1987; Wellems et al., 1990), one parental pair, the cloned lines HB3 and Dd2, show a quite
marked difference in phenotype with respect to salvage. This is most easily observed in the
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way these parasites respond to exogenous folic acid when in the presence of high
concentrations of SDX, which inhibits growth by suppression of de novo synthesis of folate.
Addition of low levels of folic acid to Dd2 (~10 nM) in these circumstances restores growth
to levels similar to those in the absence of drug. In contrast, addition of quite high
concentrations of folic acid to HB3 (>200 nM) alleviates the growth inhibition to only a
small degree, suggesting that this strain is much less able to use the folate provided to
bypass the SDX block on biosynthesis. To investigate the genetic basis of this phenotypic
difference, we followed the pattern of folic acid utilisation in a large number of cloned
progeny lines resulting from the cross. Initial data (Wang et al., 1997b) pointed to a locus on
chromosome 4, the home of the dhfr-ts gene, but a more accurate assignment awaited
completion of the DNA sequence of this chromosome (Hall et al., 2002). Knowing then the
precise positions of the polymorphic markers that flagged crossover points in the
recombinant progeny (Su et al., 1999), we were able to map the critical locus to a relatively
small stretch of DNA (48.6 kb) that encompassed dhfr-ts and seven other genes (Wang et
al., 2004a). Although we cannot yet formally exclude all of these neighbouring genes, there
are seemingly no promising candidates for folate processing proteins among them, six of
which encode hypothetical proteins with no obvious counterparts in other organisms, and the
seventh a putative regulator of protein kinase A that appears not to be expressed in the
asexual parasite stages used in our studies. We therefore adopted the working hypothesis
that the dhfr-ts flanking sequence or its coding sequence is intimately linked with the
differences in folate utilisation that we observed among the parents and progeny of the HB3-
Dd2 cross, as well as in other parasite lines. Although we found an interesting dimorphism
in the 5" untranslated region of Dd2 and HB3 mRNA in the form of a directly repeated 256
bp sequence, present in two copies in Dd2, but only one in HB3 (Nirmalan et al., 2002), this
did not correlate in the cross progeny or other parasite lines with either the folate utilisation
phenotype or levels of mMRNA and protein. Moreover, no other significant differences were
found between HB3 and Dd2 in the entire ~2.5 kb intergenic region between the dhfr-ts
coding sequence and the next upstream ORF. In fact, the phenotype correlated only with the
coding sequence of the dhfrdomain, leading to the suggestion that it arises from a particular
property of the single mutant (S108N) form of this gene product, which is not evident in the
case of the wild-type sequence nor, perhaps unexpectedly, when further mutations at
positions 51 and 59 accompany the S108N alteration at position 108 (as in Dd2) (Wang et
al., 2004a).

4.2. Biochemical analysis of folate salvage and biosynthesis

To complement the above genetic analysis, a second approach was to supply radioactive
folates to parasites and follow the fate of their derivatives on HPLC as they are utilised via
the salvage pathway, and to compare this with conversion of radioactive pABA to folate
end-products via de novo synthesis (Wang et al., 2004a). Earlier results using this
technology (Krungkrai et al., 1989) showed clearly that exogenous folic acid was indeed
taken up by the parasite and then converted to polyglutamated end-products, this latter step
expected from studies on other organisms. We have used this approach to compare HB3 and
Dd2, as well as to compare stably transfected parasites carrying a defective gene of interest
with the unmanipulated host (see Section 5). In HPLC separations, it is difficult to
differentiate among folates that have different oxidation states of the pterin ring and/or
variation in the substituents at the 5 and 10 positions. However, it is more straightforward to
resolve folates differing in their level of polyglutamation, which has a more profound
influence on their retention times (Selhub, 1989). It has been reported (Krungkrai et al.,
1989) that the predominant polyglutamated form of folate in ~. falciparum is the
pentaglutamate, and we in turn have seen no evidence for folate end-products extending
beyond this level of modification.
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As the conventional sequence of events in other microorganisms is the reduction of folate to
the THF level followed by addition of the polyglutamyl tail (Green et al., 1996), we used
progression towards the highest degree of polyglutamation over a given time as a measure of
the facility with which a particular precursor was utilised.

For both the HB3 and Dd2 parasite lines, as well as the FCR3 line used in our transfection
studies (Section 5), the de novo biosynthetic route using the pABA provided appeared more
efficient than the salvage of pre-formed folate, especially for HB3 and Dd2, as judged by
their ability to convert precursors to polyglutamated end-products in a given period.
Moreover, for all of the parasite lines we have tested to date, conversion of salvaged folic
acid was much less facile than seen for the fully reduced folinic acid (5-
formyltetrahydrofolic acid). This is a probable indication that reduction of the pterin ring
from its fully oxidised form represents a significant hurdle to either uptake or processing
beyond the monoglutamate stage. However, we consistently found that labelling with folic
acid compared to folinic acid was less efficient for HB3 than Dd2 by a factor of ca. 2-3-
fold. Although a relatively small factor, this may be a crucial contributor to relative survival
in our folate utilisation experiments when the parasites become dependent upon the salvage
route following blockage of biosynthesis by SDX.

4.3. How is exogenous folic acid utilised?

The proven ability of P. falciparum to utilise folic acid necessitates the action of a folate
reductase (FR) activity or a pteridine reductase akin to that found in trypanosomatids
(Robello et al., 1997; Luba et al., 1998). However, no obvious homologue of the latter is
found in Plasmodium, consistent with the fact that wild-type malaria parasites are highly
sensitive to DHFR inhibitors whereas trypanosomatids are not, as the pteridine reductase
activity in the latter also has the ability to reduce DHF, bypassing the block on DHFR. From
our cross data and from biochemical considerations, the primary candidate for providing a
FR activity would be DHFR-TS. Thus, DHFR molecules from widely different organisms
exhibit a slow-acting low-level FR activity (Futterman and Silverman, 1957; Coward et al.,
1974; Baccanari et al., 1975). In mammals, ratios of V% for FR relative to DHFR at
physiological pH range from ~0.01 to 0.04-fold, with K, values for folic acid
correspondingly ~8 to 20-fold higher than for DHF (Coward et al., 1974). Although a FR
activity has not been reported in Plasmodium, its likely low level, as evidenced by the
inefficiency with which oxidised folic acid is utilised relative to folinic acid, would require
an extremely sensitive assay, and a definitive identification might be difficult to achieve.
However, if parasite DHFR-TS does have FR activity, it is likely to be differentially affected
by the various PY R-resistance mutations. This is the case for the DHFR activity itself,
where for its normal substrate, DHF, the singly mutant DHFR-TS (S108N) from HB3 has a
K ~12-fold higher than the wild-type and ~3-fold higher than the double mutant (S108N,
N511I), as measured both for the native enzymes extracted directly from parasites (Chen et
al., 1987) and for the full-length recombinant equivalents of these DHFRTS variants
expressed in E. coli (Sirawaraporn et al., 1990). Moreover, reported turnover numbers (Aqat/
Ky for the native enzymes are 15.2 uM™1 s™1 for wild-type, 4.0 uM~1 s71 for the double
mutant, but only 1.6 uM~1 s™1 for singly mutant HB3 (Chen et al., 1987). Thus, the DHFR
activity of HB3 appears to be particularly adversely affected by the S108N alteration,
although a direct comparison with triply mutant Dd2 cannot be made as equivalent data for
the full-length DHFR-TS from this line have not been reported. It should also be noted that
studies on the isolated DHFR domains carrying the various altered amino acids do not
support this trend (Sirawaraporn et al., 1997a,b). If true for the native DHFR-TS enzymes,
however, passage of folate around the thymidylate cycle to produce dTMP would also be
predicted to be less efficient for HB3-type parasites, whatever its initial oxidation state.
Thus, a combination of relatively poor FR and DHFR activities in HB3 compared to other
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variants might then be problematic under conditions of SDX inhibition where folic acid is
the sole source of salvageable material, and could perhaps explain the marked differences in
survival that we see when HB3 and Dd2 are compared in the above assay (Wang et al.,
1997b). A sub-optimal DHFR activity with reduced fitness may also explain the apparent
under-representation of such singly mutant strains, compared to wild-type and higher
mutants, that is often observed amongst field isolates of £. falciparum. For example, in >120
samples reported as having single dhfr genotypes from a number of regions where
antifolates were deployed, but wild-type parasites were still common, the overall relative
abundances of the variant forms were 42% wild type, 3% single (S108N) mutants, 26%
double mutants and 28% triple mutants (Reeder et al., 1996; Wang et al., 1997a). These data
may indicate that mutations over and above the key S108N alteration act largely as
compensatory changes in the molecular structure to ensure that the parasite can continue to
process the natural substrates to an adequate degree, while significantly reducing the binding
affinity of the drug.

4.4. Utilisation of pABA

Analogous to the situation with folate, which can be acquired via the salvage route or by de
novo biosynthesis, is that of the pABA required in the latter pathway. Thus, exogenous
pABA can be taken up from standard medium in vitro or from host plasma in vivo, where it
is estimated to be present in widely varying concentrations over the range of ~0.1to 6 pM
(Schapira et al., 1986). However, genes and enzymes of the shikimate pathway have been
identified in P. falcjparum (Roberts et al., 1998; Triglia and Cowman, 1999; Fitzpatrick et
al., 2001; Gardner et al., 2002), from which pABA can also be synthesised de novo via
chorismate. Again, the question arises as to the relative dependency of the parasite on these
two potential sources. Compounds that bind to 5-enolpyruvyl shikimate 3-phosphate
synthase in the shikimate pathway inhibit growth of P. falciparum, and this can be relieved
by providing exogenous pABA (Roberts et al., 1998). Moreover, mutant parasites that are
auxotrophic for pABA have been produced by gamma-irradiation, where it was deduced that
a pABA synthase activity had been disabled (McConkey et al., 1994). These experiments
suggest that this pathway does produce pABA in metabolically significant concentrations.
Conversely, however, the rodent parasite P. yoelii has been shown to be incapable of
surviving without exogenous pABA, despite the presence of the shikimate pathway (Kicska
et al., 2003). We are currently attempting to disable the relevant genes of this pathway in ~.
falciparum to better assess its importance as a source of pABA, but it may well be that,
similar to the situation with folate itself, the wild-type parasite requires input from both the
endogenous and exogenous routes. Indeed, in the latter case, experimental evidence suggests
that either pre-formed folate or pABA will serve as an adequate supplement for normal
development, although growth rates tend to be somewhat slower in pABA-only medium.

5. Gene disruption to study function

A potentially powerful approach to further investigating the functions of the individual
folate pathway genes is to use parasite transfection to knock out or modulate their activities.
Such transfectants can then be subjected to experiments of the type described above, to shed
additional light on synergy, folate synthesis and processing, drug inhibition, etc. Although
technically challenging because of an extremely low frequency of integration of the
modifying sequence (O'Donnell et al., 2001; Duraisingh et al., 2002), this general approach
has been successfully used to investigate, for example, candidate parasite genes involved in
cytoadhesion (Crabb et al., 1997a), cellular invasion (Triglia et al., 2000), resistance to
quinoline drugs (Reed et al., 2000; Waller et al., 2003) and sexual development
(Kongkasuriyachai et al., 2004). However, to apply this technique to the folate pathway, we
required a system that did not depend upon the resistance to the antifolate drugs PYR or
WR99210 (Fidock and Wellems, 1997) as the selectable marker for successful transfection.
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Such resistance has been used in most reported transfection experiments to date and is
conferred by an integrated mutant dhfr gene from Toxoplasma gondii or Homo sapiens (e.g.
Crabb et al., 1997b; Fidock et al., 1998). As expression of these genes will strongly perturb
folate pools within the parasite, we developed an alternative system exploiting resistance to
the antibiotics blasticidin S (BS) and geneticin (G418) as markers, previously used to select
transient transfectants of P. falciparum (Ben Mamoun et al., 1999). In this system, integrants
carrying the sequence used for gene modification are positively selected with these drugs,
which are not known to be active against enzymes of the folate pathway (Wang et al., 2002).
We targeted initially the dfps domain of pppk-dhps, which as described above, constitutes a
critical component of the biosynthetic pathway, with a view to investigating further the
importance of folate biosynthesis in the parasite compared to the salvage of pre-formed
folate. P. falciparum is a haploid organism throughout its erythrocytic life cycle and our
hypothesis was that, in vitro, transfection mutants with a disruption in the single pppk-dhps
gene should be viable if an adequate amount of folate could be salvaged and properly
processed from the culture medium, in which it is provided at high concentration. This was
tested using a series of constructs that varied in the degree to which the wild-type sequence
had been altered, to allow for the possibility that complete elimination of DHPS activity
might be lethal, regardless of exogenous folate supplementation (Wang et al., 2004a). This
indeed appeared to be the case as repeated transfections with either of two replacement dhps
genes truncated in different positions towards the 3" end yielded no detectable integrants
after extensive periods of selection, even in the presence of reduced folate in the form of
folinic acid, which as described above, is a more readily utilised substrate than folic acid. As
both truncations were likely to result in complete disablement of the d/ps gene product, this
indicated that a total loss of activity could not, in fact, be tolerated by the parasite. In
contrast, constructs transfected in parallel that reconstituted the full-length gene
reproducibly yielded viable lines with the correct integration after a short period of G418
selection. One of these had been mutated in two active-site residues within a key, highly
conserved motif near the C-terminus of the DHPS domain, where RVHDV (residues 686—
690) was altered to QVQDV. This integrant still retained a very low level of DHPS activity,
as demonstrated by its ability to convert radioactive pABA to folate end-products at levels
just detectable using HPLC. However, although viable with folate supplementation, this
mutant lost the ability to survive when reliant on conversion of pABA as the sole source of
folate.

The conclusion from these experiments, that some DHPS activity must be maintained for
parasite viability, albeit at a low level, was in apparent conflict with the earlier studies
described above (Wang et al., 1997b,c), which showed that parasite lines like Dd2 could
grow at a normal rate in high concentrations of SDX if exogenous folate was present.
However, this assumes that the SDX present in such cultures shuts down DHPS activity
completely. One resolution of this apparent paradox would be that DHPS activity is required
in more than one compartment in the cell, and that folate salvaged exogenously cannot fulfil
the requirements of all compartments, at least one of which would be dependent upon
provision of DHF synthesised de novo. It would also follow that the DHPS in such a
compartment would necessarily be less susceptible to SDX inhibition than DHPS located in
the cytoplasm. Possible compartments could include the mitochondrion, where folate
biosynthesis occurs in a range of organisms, including yeast, plants and mammals (DeSouza
et al., 2000; Ravanel et al., 2001), the apicoplast, an organelle related to chloroplasts where
folates are also found in plants (Gambonnet et al., 2001) and the nucleus, for the last of
which we have preliminary immunofluorescence and EM data indicating the presence of
folate pathway enzymes (see Section 7). Another scenario could be that, whereas the
exogenous folate might satisfy the parasite's requirements for C, transfer reactions, a
residual DHPS activity is still needed to help counteract a potentially toxic build-up of folate
breakdown products. Thus, in an older study using radiolabelled precursors, it was estimated
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that >50% of the folate salvaged by the parasite was split into pABG and pterin-6-CHO
(Krungkrai et al., 1989). Further productive usage of these components would ultimately
require DHPS to reform the 9-10 bond of the folate structure by rejoining pABG to
appropriately modified pterin moieties. However, we found that growth of the transfectant
with the heavily compromised DHPS was comparable to that of the host over many cycles
when either exogenous folic acid or folinic acid was provided, suggesting that DHPS does
not have a major role in the provision of functional folates from salvaged material that has
subsequently been broken down. Consistent with this, we saw no evidence of radiolabelled
catabolic intermediates in parasite extracts. This suggests that cleavage of salvaged folate
does not, in fact, occur to an appreciable extent in vivo before it is utilised or stored, but we
cannot yet exclude a role for DHPS in dealing with any unwanted side-products.

Another important conclusion can be drawn from the metabolic labelling studies using
radioactive pABA, folic acid or folinic acid precursors. Significantly, in the case of both
folic and folinic acid, the dAps-disabled mutant was not only more highly labelled than the
unmodified host FCB, but also yielded a higher ratio of polyglutamated to monoglutamated
labelled products. This is likely to reflect the fact that this mutant, having a minimal ability
to produce folate de novo, is now reliant on deriving a much greater proportion of the
required flux into polyglutamated end-products from the salvage pathway. Whatever the
relative importance of the biosynthetic and salvage pathways in natural isolates, the picture
thus seems to be emerging that both routes are required by the parasite, and that it can
compensate to a certain degree if one or other of these routes is compromised. We have
shown this in parasites where the DHPS activity has been drastically reduced and are
currently investigating the converse situation where salvageable folate is either not provided
or its uptake inhibited. That salvage cannot be dispensed with entirely is suggested by the
simple observation that parasites starved of folate supplementation are very difficult to
maintain in culture for any length of time, although, as noted previously, provision of
exogenous pABA can serve as a reasonably effective substitute.

6. Synergy of antifolate drugs

An important property of antifolate combinations such as Fansidar is the considerable
synergy displayed by their constituent drugs. This has been directly responsible for the
continuing therapeutic utility of SDX and PYR, despite the appearance and widespread
occurrence of parasites resistant to the individual components. Given the key role of synergy
in clinical efficacy, it is important to understand its molecular basis. Commonly though,
theories of synergy assume sequential blockade in a linear pathway (Burchall, 1977), but as
well as synthesising THF de novo from DHF produced via DHPS and DHFS, DHFR is
involved in the cyclical pathway of thymidylate synthesis, reducing the DHF produced by
TS each time the latter converts a molecule of dUMP to dTMP (Fig. 2). Moreover, the
existence of the salvage pathway described above further complicates the picture, because as
we have seen, reducing the supply of folate via de novo synthesis can be compensated for by
increasing flux through the salvage pathway, although eliminating it entirely appears to
result in non-viability (Wang et al., 2004a).

Comparisons of transfected parasites deficient in DHPS activity with host FCB in their
responses to PYR and SDX proved that synergy is absolutely dependent upon DHPS activity
(Wang et al., 2004a), ruling out one hypothesis that it was due to simultaneous action of
SDX and PYR on DHFR (Chulay et al., 1984). This is consistent with studies using purified
DHFR from P. falcjparum that showed negligible synergy at physiological drug levels
(Wang et al., 1999).
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Alternative scenarios include interference of PYR with exogenous folate utilisation,
considerably increasing the reliance of the parasite on the biosynthetic pathway, and thus its
susceptibility to sulfa drugs (Sims et al., 1999; Wang et al., 1999), and the conversion of
SDX by DHPS to sulfa-pterin adducts that inhibit activity further downstream, possibly at
DHFR as previously speculated (Chulay et al., 1984). Such adducts, currently being
investigated in A. falciparum (Patel et al., 2004), are found to be inhibitory to several folate
pathway enzymes of £. coli, but not to DHFR (Roland et al., 1979). They also inhibit the
growth of yeast, but their target has not yet been identified (Patel et al., 2003, 2004). If
adduct formation does have a significantly detrimental effect on parasite metabolism, then
the observed sulfa-drug resistant mutants may be selected on the basis that they produce
lower concentrations of such toxic molecules, rather than merely reduce competition
between pABA and sulfa-drug binding to DHPS.

Interestingly, the transfected line defective in DHPS activity is considerably more sensitive
to PYR alone than the host (Wang et al., 2004b). This could reflect the fact that once
parasites have lost most of their ability to make their own folate de novo, pools of DHF are
likely to be diminished and thus compete less effectively with the drug for binding to
DHFR, despite some of this deficit apparently being offset by increased flux through the
salvage pathway. This is complementary to the observation that inhibition of folate uptake
with the anti-gout drug probenecid increases sensitivity to antifolate inhibitors (Nzila et al.,
2003), and again emphasises the likely importance to P. falciparum of both arms of the
pathway.

7. Conclusions and some future perspectives

Despite the fact that the folate pathway inhibitors are amongst the oldest synthetic
antimalarials, and that widespread resistance to Fansidar now exists amongst populations of
P. falciparum, this metabolic pathway is one of the very few in the parasite's repertoire that
is a clinically proven target. This, combined with the fact that only two of the component
enzymes have been targeted to date, means that it is clearly important to thoroughly evaluate
other members of the pathway as potential novel targets—not only the enzymes described
here, but also those outside the scope of this article that utilise folate-based cofactors. Such
evaluation needs to be considered in the context of the precise function(s) of the gene
products and the interplay between the biosynthetic and salvage routes in providing the
requisite folate cofactors. While a clearer picture of this pathway is beginning to emerge,
there are still fundamental questions to be answered. For example, we do not know the
mechanisms by which exogenous folates are transported into the infected red blood cell and
then into the parasite itself. Moreover, we have no clear idea of the intracellular location(s)
of the folate pathway enzymes nor of the extent of their co-localisation or possible assembly
into supramolecular complexes. As indicated above, biochemical studies hint at a possible
compartmentation, but direct visualisation is required to establish a true picture. To this end,
we have raised polyclonal antibodies to recombinant versions of all of the enzymes for
which we have cloned genes and are using these in confocal microscopy studies.
Preliminary data indicate that patterns of distribution are complex and dynamic, are not
confined to the cytoplasm, despite a lack of known targeting sequences in any of the
proteins, and vary across the different stages of the erythrocytic life cycle (Read and Hyde,
unpublished data).

At the structural level, the recent solution of the X-ray structure for DHFR-TS from ~.
falciparum (Yuvaniyama et al., 2003) represents a major step forward in understanding in
detail the mechanism of action of the two component activities and how the well-
characterised mutations in the DHFR domain lead to resistance to anti-DHFR inhibitors like
PYR and cycloguanil, and why experimental compounds such as WR99210 (Kinyanjui et
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al., 1999) should bind so tightly to all mutant forms of DHFR. Importantly, this opens the
door to rational design of less toxic versions of potent molecules like WR99210, and of
inhibitors that can overcome the loss of binding suffered by PYR and cycloguanil by
avoiding unfavourable contacts with the mutant amino-acid residues. Proof of principle for
this type of design has already been demonstrated using 3D models of DHFR-TS based on
determined structures of orthologues from other organisms to produce effective variants of
PYR (McKie et al., 1998; Sardarian et al., 2003). However, the acquisition of the plasmodial
X-ray structure allows this type of approach to be confidently taken to a new level, not only
for the DHFR domain, but also for TS, and already, new types of antifolate compounds with
good inhibitory properties designed on the basis of the crystallographic results are being
reported (Rastelli et al., 2003). It is likely that the PPPK-DHPS molecule will be the next in
the pathway to have its 3D structure solved, and this will represent the first molecule of the
bifunctional type found in protozoa and plants to be so characterised. Such data provide a
major impetus for new ideas and experiments to identify and develop effective inhibitors of
the parasite. Where there are human counterparts, as for GTPC (used for reduced biopterin
synthesis in the nitric oxide pathway, rather than folate synthesis), DHFR, TS, SHMT and
FPGS, comparison of host and parasite 3D structures will allow the design of molecules
with much higher affinities for the parasite version of the enzyme, rather than depending
upon empirical discovery of differential binding properties, as was the case for PYR and
cycloguanil.

Whereas structural studies of the different enzymes will be invaluable for understanding
catalytic and resistance mechanisms, and permitting rational design and improvement of
drugs, we have as yet virtually no knowledge of the factors regulating these activities in the
folate pathway. No transcription factors are known that operate on the genes encoding the
enzymes, and we know very little about feedback mechanisms. Some interesting insights
have however been gained. Thus, it has been shown that, similar to the mammalian system,
the DHFR-TS protein of P. falciparum is capable of binding to its own mRNA and
suppressing its translation (Zhang and Rathod, 2002), although there are conflicting data as
to the ability of antifolate drugs to perturb and relieve this suppression (Zhang and Rathod,
2002; Nirmalan et al., 2004b). This specific binding ability also appears to extend to the
gene sequence itself (Rathod, personal communication), and we have preliminary
immunofluorescence and EM data indicating that the DHFR-TS protein can be found in the
nucleus. This raises the fascinating possibility, for this key folate pathway enzyme at least,
that it is capable of directly regulating its own production both at the transcriptional and
translational levels.

The generally low level of expression of the folate pathway enzymes means that we have
been unable as yet to identify any members on silver-stained 2D gels of parasite lysates, but
we and others (Florens et al., 2002; Lasonder et al., 2002) have identified PPPK-DHPS,
DHFS-FPGS, DHFR-TS and SHMT after 2D liquid chromatography separation of extracts
followed by mass spectrometry, although the identification of DHFS-FPGS was tenuously
based upon only a single tryptic peptide (Lasonder et al., 2002). However, these powerful
technical advances open the way for studying how levels of these and other proteins are
altered by external perturbations such as drug treatment of the parasites or alteration in the
availability of folate metabolites, and will complement studies of these factors at the
transcriptional level (Nirmalan et al., 2002). In anticipation of such studies, we have recently
developed a quantitative proteomics method that can be applied to essentially all proteins of
P. falciparum, whereby cultures are labelled with heavy-isotope-containing isoleucine and
compared to parallel cultures grown in the presence of normal isoleucine (Nirmalan et al.,
2004a). Proteins from experimental and control cultures can then be accurately quantified
after mixing at the cell stage and processing of this mixture for measurement of light and
heavy peptide counterparts in a single scan on the mass spectrometer. Quantitative
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measurements of the relevant metabolites as well as the enzymes involved will ultimately be
essential to enable flux analysis of the folate system to be undertaken, and thus to gain a
more complete understanding of this complex pathway and the mechanisms of resistance
that the parasite can deploy to combat chemical intervention.
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Fig. 1.

Structure of dihydrofolate (DHF) indicating its construction from the pterin, pABA and .-
glutamate moieties. The enzyme DHPS links pABA to an activated pterin ring to give
dihydropteroate, which is converted to dihydrofolate by addition of a single .-glutamate
residue by DHFS. The 5,6 double bond in DHF is reduced by DHFR to give tetrahydrofolate
(THF); all active folate cofactors are found in this fully reduced state. They are also subject
to polyglutamation by the FPGS activity, whereby additional glutamate residues are linked
via peptide bond formation at the gamma position. Important atomic positions on the
dihydropteroate moiety are numbered. For enzyme abbreviations, see the legend to Fig. 2.
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Fig. 2.

Principal enzymes and substrates of the folate pathway involved in formation of
tetrahydrofolate (THF) and its utilisation in the thymidylate cycle. Other enzymes involved
in the interconversion of tetrahydrofolate forms modified at the N°® and N9 positions of the
pteroate moiety are not shown. Salvaged pre-formed folate feeds into the pathway,
commonly in the form of folic acid or folinic acid (from culture medium) or 5-MeTHF
(from host plasma), and modified appropriately. pABA can also be salvaged from the above
sources or synthesised de novo from the shikimate pathway. Note (1), the triphosphate group
is removed before the DHNA step, thought to be by non-enzymatic loss of pyrophosphate
and subsequent removal of the final phosphate by a non-specific phosphatase activity. Note
(2), polyglutamated forms are the preferred substrates for folate pathway enzymes and the
predominant forms within the cell. It is not known whether newly synthesised folate in 2.
falciparum is polyglutamated at the DHF or THF stage (or both). For simplicity, it is shown
here as occurring at the THF stage (large brackets), but omitted from substrate names in the
thymidylate cycle. Activities targeted by the components of Fansidar, pyrimethamine (PYR)
and sulfadoxine (SDX), are indicated. GTPC, GTP cyclohydrolase | (EC 3.5.4.16); DHNA,
dihydroneopterin aldolase (EC 4.1.2.25); PPPK, hydroxymethyldihydropterin
pyrophosphokinase (EC 2.7.6.3); DHPS, dihydropteroate synthase (EC 2.5.1.15); DHFS,
dihydrofolate synthase (EC 6.3.2.12); DHFR, dihydrofolate reductase (EC 1.5.1.3); FPGS,
folylpolyglutamate synthase (EC 6.3.2.17); SHMT, serine hydroxymethyltransferase (EC
2.1.2.1); TS, thymidylate synthase (EC 2.1.1.45).
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