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Abstract

Drug resistance is an important problem in parasitic
protozoa. We review here the role of ABC transporters
in drug resistance in parasites. We have concentrated
on gene and gene products for which there is a strong
evidence for their role in resistance.

Introduction

Parasitic protozoa are responsible for some of the most
devastating and prevalent diseases of humans and
domestic animals. Protozoan parasites threaten the lives
of nearly one third of the worldwide human population and
also result in considerable losses of life and productivity of
domesticated animals. Ideally, prevention would be the
most efficient way to control parasitic protozoa but despite
considerable efforts, there are no effective vaccines against
any of the main parasites. For the moment, drugs are
therefore the mainstays in our control of parasitic
protozoan. However, the arsenal of antiprotozoal drugs is
limited and this is exacerbated by the emergence of drug
resistance. With effective vaccines not yet in sight and the
development of new drugs proceeding slowly, the
emergence of drug resistance in parasitic protozoa is
therefore becoming a public health problem. In this
manuscript, we will show that the field of drug resistance
studies in parasitic protozoa is currently very active and
that our understanding of drug resistance and multidrug
resistance is progressing steadily. As we have already
indicated (Borst and Ouellette, 1995), studies of resistance
mechanisms can help in developing tools to recognize
resistance; but can also point the way to more rational use
of drugs and drug combinations to minimize or circumvent
resistance; or finally to pinpoint intracellular targets for
development of drugs not affected by the most common
defenses.

In this review, we will concentrate on selective
examples that we believe illustrate well our current
understanding of drug resistance in parasitic protozoa
mediated by membrane proteins. In particular, we will
emphasize the role of ABC transporters in drug resistance.
The genomes of a number of parasites are now underway

and numerous ABC transporters are being unraveled,
although the function and localization of most of them are
unknown. However, definitive proofs exist for some parasitic
ABC transporters and drug resistance. Several
mechanisms could account for increased activities of ABC
transporters leading to drug resistance. This could be due
to an increased amount of proteins due to gene
amplification or overexpression; to point mutations in the
structural gene; or if to be pumped out, the drug needs to
be modified, possibly the rate of modification of the drug
will determine the rate of transport. In addition to ABC
transporters, other membrane proteins of parasites are
involved in drug resistance. For example, down regulation
of transport systems can lead to arsenical resistance in
trypanosomes (Carter and Fairlamb, 1993; Maser et al.,
1999) or antifolate resistance in Leishmania (Kündig et al.,
1999).

ABC Transporters

The ATP-binding cassette (ABC) proteins are ubiquitous
and most of these proteins mediate transport across
biological membranes (Higgins, 1992). The ATP-binding
domains of the ABC proteins include the Walker A and B
motifs and the “signature” or “C” motif just upstream of
the Walker B site which distinguish members of the ABC
superfamily from other ATP-binding proteins. The sequence
conservation of the ABC domains has allowed the isolation
of new ABC genes by hybridization, degenerated PCR,
and by inspection of DNA sequence databases. The latter
strategy is now the most efficient one and inventories and
classification of ABC proteins have been made for several
genomes (Decottignies and Goffeau, 1997; Klein et al.,
1999; Linton and Higgins, 1998; Quentin et al., 1999; Saurin
et al., 1999; Taglicht and Michaelis, 1998; Tomii and
Kanehisa, 1998). The family of ABC transporters is one of
the largest families of proteins. In genomes whose
sequence has been completed they represent a significant
percentage of the whole coding regions with 29 genes in
yeast (Decottignies and Goffeau, 1997) to more than 79 in
E. coli (Blattner et al., 1997). The human ABC transporters
have been divided in at least seven subclasses (see http:/
/www.med.rug.nl/mdl/humanabc.htm), while several more
subclasses have been described for bacteria (http://www-
biology.ucsd.edu/~msaier/transport/titlepage2.html). Not all
ABC transporters have transmembrane domains and not
all appear to be involved in drug resistance.

Multidrug Resistance in Malaria Parasites

Chloroquine is the drug of choice for treating malaria,
however resistance to chloroquine is widespread in every
geographic region in which malaria is endemic. Chloroquine
acts by inhibiting polymerization of the toxic heme that is
released during hemoglobin degradation within the
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digestive vacuole of the parasite (Sullivan et al., 1996).
The reduced efficacy of chloroquine and antifolate-based
chemotherapy has led to increased use of mefloquine and
artemisinin. In some part of the world, however,
Plasmodium falciparum, the agent responsible for the most
severe form of malaria, has become resistant to almost all
antimalarial agents (Warhurst, 1999; White, 1998).
Resistance to chloroquine shares several phenotypic
features with multidrug resistance of mammalian tumor cell
lines. In 1987, it was reported that chloroquine efflux is
increased in resistant parasites (Krogstad et al., 1987) while
verapamil, the classical agent to reverse MDR in animal
cells, is able to restore in part chloroquine sensitivity to
resistant cells (Martin et al., 1987). These observations
led to the isolation of the ABC transporter pfmdr1, which is
similar in structure and sequence to the mammalian P-
glycoprotein (Foote et al., 1989; Wilson et al., 1989). The
initial hypothesis that the pfmdr1 gene product Pgh1 was
the efflux pump that caused increased efflux of chloroquine
has been under intensive scrutiny. This model was initially
supported by the preferential association of chloroquine
resistance with specific point mutations in pfmdr1 (Foote
et al., 1990). This simple model was not supported,
however, by the result of one genetic cross which indicated
that the main resistance gene was on chromosome 7 on
which pfmdr1 is not located (Wellems et al., 1991). The
gene on chromosome 7 encodes for a membrane protein,
PfCRT , localized to the parasite digestive vacuole (Fidock
et al., 2000), the site of action of chloroquine. Several
mutations in PfCRT, in particular the K76T mutation, are
linked to resistance and PfCRT, through a modulation of
the pH of the digestive vacuole, may confer resistance by
altering chloroquine transport or binding to heme (Fidock
et al., 2000).

Is Pgh1 involved in resistance and is it responsible for
chloroquine efflux? Considerable debate has revolved
around those issues but we can now comfortably answer
yes to at least the first part of the question. Amplification of
pfmdr1 is observed in several isolates but when those are
selected for higher chloroquine resistance in vitro, it results
in deamplification of the pfmdr1 gene. This deamplification
is associated with an increase in mefloquine sensitivity
(Barnes et al., 1992). Conversely, in vitro selection for
mefloquine resistance in P. falciparum led to pfmdr1
amplification which is accompanied by increased sensitivity
to chloroquine (Cowman et al., 1994; Peel et al., 1994).
Two recent studies have shed considerable light on the
role of pfmdr1 in antimalarial resistance. By gene
transfection it was demonstrated that mutations at residues
1034, 1042 and 1246 of Pgh1 can lead to quinine resistance
in various cell backgrounds and are also involved in
chloroquine resistance although the latter depends on the
strain background (Reed et al., 2000). This is a further
indication that resistance to chloroquine is multifactorial
but that Pgh1 is implicated. Interestingly, the presence of
these mutations leads to mefloquine and halofantrine
sensitivity (Reed et al., 2000). The analysis of a genetic
cross has also implicated mutations in the pfmdr1 gene of
P. falciparum with increased sensitivity to mefloquine and
artemisinin (Duraisingh et al., 2000). Thus, amplification
of wild-type pfmdr1 can lead to mefloquine resistance and
chloroquine susceptibility while specific point mutations in

pfmdr1 will lead to chloroquine resistance and to mefloquine
sensitivity. Changes in pfmdr1 can modulate resistance to
a number of structurally unrelated drugs and is therefore
part of a true MDR phenotype.

The mechanism by which Pgh1 confers resistance or
sensitivity to drugs remains to be firmly established.
Interestingly, it was shown by transfection experiments that
pfmdr1 status can modulate the transport of either
chloroquine or mefloquine with wild-type alleles associated
with increased chloroquine accumulation, hence increased
sensitivity (Reed et al., 2000). Interestingly, Pgh1, as the
PfCRT, is localized to the membrane of the digestive
vacuole (Cowman et al., 1991). It remains to be established
whether the modulation in transport is mediated directly
by Pgh1 or by indirect means such as modulation in pH
(Bray et al., 1999; van Es et al., 1994). It is possible that
the resistance-linked mutations observed in PfCRT and
Pgh1, which are correlated with a change in the pH of the
digestive vacuole, are compensated by other mutations,
some of which may be involved in the resistance
phenotype. Indeed, several studies are suggesting that the
in vivo drug response of the infected patient is not tightly
linked to the main mutations in PfCRT and Pgh1.

In addition to pfmdr1, at least two other ABC
transporters have been described in P. falciparum, pfmdr2
(Rubio and Cowman, 1994; Zalis et al., 1993) and GCN20
(Bozdech et al., 1998) but neither of them appears to be
involved in drug resistance.

ABC Transporters in Leishmania

Pentavalent antimonial compounds are the drugs of choice
for treating all form of leishmaniasis, a number of diseases
ranging from self-healing cutaneous lesions to fatal visceral
infection, caused by various species of the protozoan
parasite Leishmania. Antimony resistant Leishmania are
found with increased frequency throughout endemic areas,
and in some part of India they can reach as much as 50%
of the isolates (Faraut-Gambarelli et al., 1997; Grogl et al.,
1992; Ibrahim et al., 1994; Jackson et al., 1990; Lira et al.,
1999; Sundar et al., 1997). Our understanding of metal
resistance in Leishmania is derived almost exclusively from
in vitro work and it remains to be seen whether the
mechanism found in lab strains will also occur in
unresponsive strains isolated from patients.

The ABC transporter PGPA (Ouellette et al., 1990) has
been implicated in metal resistance by analysis of drug
resistant mutants in which the PGPA gene was found to
be amplified, and by gene transfection experiments
(Callahan and Beverley, 1991; Detke et al., 1989; Légaré
et al., 1997; Ouellette et al., 1991; Papadopoulou et al.,
1994). PGPA is more closely related to the multidrug
resistance protein (MRP) of mammalian cells than to the
human P-glycoprotein (Légaré et al., 1994). It was shown
by transfection that in several genetic backgrounds PGPA
was only able of conferring low level resistance to metals.
This led to our suggestion that PGPA requires other factors
for conferring resistance and by analogy to the MRP (Borst
et al., 1999) and the GS-X pumps (Ishikawa et al., 1994),
these other factors may be involved in thiol metabolism
(Borst and Ouellette, 1995). This contention was reinforced
by our discovery that trypanothione, constituted of two
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glutathione molecules conjugated to spermidine and the
major reduced thiol of Leishmania, was increased in all
metal resistant Leishmania analyzed (Haimeur et al., 2000;
Légaré et al., 1997; Mukhopadhyay et al., 1996). The basis
for this increase is understood: it is due to amplification of
the GSH1 gene (Grondin et al., 1997) and overexpression
of the ODC gene (Haimeur et al., 1999) coding for γ-
glutamylcysteine synthase and ornithine decarboxylase
respectively, the two rate limiting steps in glutathione and
spermidine biosynthesis. The co-transfection of PGPA and
GSH1 (or ODC) indicated that the two gene products act
synergistically to confer high level resistance to metals
(Grondin et al., 1997) (Haimeur et al., 1999). This
synergistic interaction is observed, however, only into a
specific genetic background and, by analogy to the GS-X
pump mediated resistance mechanisms, we are proposing
that PGPA metal-mediated resistance is due to a
combination of higher levels of trypanothione, higher activity
of a putative trypanothione-metal conjugase, and increased
activity of the transporter. An increase in only one of these
steps is not sufficient to observe high level resistance.
Several evidences are supporting this model although
proofs for increased activity of the conjugase are still
required.

The mechanism by which PGPA confers resistance is
becoming clearer. Transport experiments has linked PGPA
with decreased uptake (Callahan et al., 1994), increased
efflux (Singh et al., 1994) and without any marked effects
on the steady-state accumulation of the metals
(Papadopoulou et al., 1994). Subcellular localisation
experiments have recently been completed and indicated
that PGPA is clearly located intracellularly and not in the
plasma membrane suggesting that it may confers
resistance by sequestering the metal-thiol conjugates into
vesicles. Preliminary attempts using isolated vesicles
enriched for PGPA have shown indeed that these vesicles
can transport metal-thiol conjugates (Légaré et al., in
preparation). The nature of these vesicles are currently
under investigation but resistance by sequestration of
metal-thiol conjugates via ABC transporters have already
been described in yeast (Ghosh et al., 1999; Li et al., 1997;
Ortiz et al., 1995; Tommasini et al., 1996).

A common mechanism of resistance to metals in
Leishmania is active efflux of the metal (Dey et al., 1994)
and studies of everted membrane vesicles have shown
that this system also recognizes metal-thiol conjugates
(Dey et al., 1996). This ATP-dependent efflux system is
not rate limiting however, and the rate of formation of the
substrate may be the rate limiting step and hence govern
the rate of efflux (Dey et al., 1996). PGPA is part of a
multigene family with at least 4 other members named
PGPB to PGPE all similar to MRP (Légaré et al., 1994). It
is possible that one of these genes may correspond to this
efflux system.

The sequence of the Leishmania genome is rapidly
progressing and several other ABC transporters are being
discovered. One for which considerable work has been
done is the Leishmania MDR1 gene (Henderson et al.,
1992). This gene, which is highly similar to the human P-
glycoprotein, is amplified in several Leishmania species
selected for a number of drugs part of the mammalian MDR
spectrum and transfection of the MDR1 gene indeed

bestow resistance to these drugs (Chiquero et al., 1998;
Chow et al., 1993; Gueiros-Filho et al., 1995; Katakura et
al., 1999). Leishmania is usually not in contact with these
drugs but the MDR1 gene product may provide resistance
against other xenobiotics related to these drugs. The
mechanism by which the Leishmania MDR1 confers
resistance is unclear although sequestration in vesicles
close to the mitochondria is one favored mechanism (Chow
and Volkman, 1998). The mechanism by which the
Leishmania MDR1 gene confers resistance appears
therefore to differ considerably from the mechanism found
in mammalian cells, which consists in active extrusion of
the drug. The nucleotide binding site of the Leishmania
MDR1 has been studied in details and the binding of
flavenoids to this sequence was shown to correlate with
the efficiency of reversal of daunomycin resistance,
suggesting a novel strategy to reverse resistance (Perez-
Victoria et al., 1999).

ABC Transporters in Other Parasites

ABC transporters are without any doubt present in every
parasitic protozoon. For a selected number of them, there
is either definitive or strong circumstantial proof that they
are involved in drug resistance. ABC transporters have
been found in Entamoeba histolytica, a protozoan causing
dysentery and liver abscesses. A P-glycoprotein homologue
was found to be overexpressed in cells resistant to emetine,
a second line drug against this parasite (Samuelson et al.,
1990). This P-glycoprotein is part of a large gene family
with at least 4 members and two pseudogenes (Descoteaux
et al., 1995) and the ability of EhPgp1 to lead to emetine
resistance in E. histolytica was confirmed by gene
transfection experiments (Ghosh et al., 1996).

Several ABC transporters have been described in
Trypanosoma brucei (Maser and Kaminsky, 1998), one is
highly similar to the Leishmania PGPA protein while another
is related to the Leishmania MDR1. The expression of these
genes appears not to be changed in drug resistant mutants,
however (Maser and Kaminsky, 1998). A Trypanosoma
cruzi ABC transporter, most likely the Leishmania PGPA
homologue has also been characterized (Dallagiovanna
et al., 1996) although its role in resistance is unknown. It
would be of interest to test by gene transfection if the PGPA
genes of trypanosomes were able of conferring resistance
to metals, since arsenicals, which are related to
antimonials, are the drug of choice in the treatment of late
stage African trypanosomiasis.

ABC transporters have been found in Trichomonas
vaginalis (Johnson et al., 1994), in Cryptosporium parvum
(Perkins et al., 1999) and in a number of parasitic worms
such as Schistosoma (Bosch et al., 1994) and Onchocerca
volvulus (Huang and Prichard, 1999) although the role of
any of these proteins in drug resistance needs to be
established. The situation seems to differ in the sheep
nematode parasite Haemonchus contortus in which
resistance to ivermectin and related drugs is an increasing
problem. The expression of a P-glycoprotein from H.
contortus was higher in ivermectin-selected than
unselected strains (Xu et al., 1998) and the multidrug
resistance reversing agent verapamil increased the efficacy
of ivermectin in resistant strains (Molento and Prichard,
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1999). Ivermectin is a likely substrate for a P-glycoprotein
since a disruption of the gene of a P-glycoprotein in mice,
results in hypersensitivity to ivermectin (Schinkel et al.,
1994).

Concluding Remarks

Drug resistance is an important problem in parasitic
diseases, which is exacerbated by the limited number of
drugs available. Studies on drug resistance can help in
order to find strategies to increase the efficacy or the life
span of the few drugs available. The isolation of genes
involved in drug resistance can allow the development of
tests to detect resistance rapidly which may reduce the
use of drugs that would be otherwise useless and may
limit the use of last resort drugs only when absolutely
required while dealing with resistant parasites. Our
understanding of drug resistance mechanisms can also
suggest novel therapeutic strategies. For instance, in the
PGPA mediated antimony resistance in Leishmania, thiols
are important and we found in vitro, that when reducing
thiol biosynthesis using specific inhibitors we can reduce
PGPA mediated resistance (Haimeur et al., 1999)(Légaré
et al., in preparation). A combination of thiol biosynthesis
inhibitors and antimony was therefore shown to revert
resistance in antimony resistant Leishmania. Combination
therapy has been suggested as a strategy to delay
antimalarial drug resistance (White, 1999). The
dichotomous action of pfmdr1 mutations on two categories
of drugs (quinine and chloroquine on one side, and
halofantrine, mefloquine and artemisinin on the other) may
suggests that a combination with a member of each group
of drugs could lead to a reversal of Pgh1 mediated
resistance. Strategies and inhibitors to modulate the activity
of efflux pumps are being developed and these could be
useful in the treatment of parasitic diseases when a
transport related mechanism, as the one described here,
may be the main resistance mechanism.
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