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ABSTRACT

THE MITOCHONDRION OF PLASMODIUM FALCIPARUM AS A
SITE FOR CHEMOTHERAPEUTIC INTERVENTION

By

Alan Andrew Divo

Continuous cultivation of Plasmodium falciparum

presently requires the complex medium RPMI 1640 supplemented
with human, bovine, or rabbit serum. Metabolic studies,
identification and characterization of potential
antimalarial drugs, and radiolabeling macromolecules are
difficult using such a complex medium. The low-molecular-
weight, water-soluble nutrients required for parasite growth
in vitro have been determined. Using exhaustively dialyzed
human serum and reformulating the culture medium it was
found that only 7 of 19 amino acids and 1 of 11 vitamins are
required for continuous parasite growth.

Although of questionable physiological significance,
recent experiments demonstrating the inhibitory effects of
70S-specific ribosome inhibitors and an exquisite
sensitivity to riboflavin antagonists indicate that
mitochondria are critical for survival of the parasite. The
lack of TCA cycle enzymes have left the classical function

of the mitochondrion in P. falciparum in  doubt. The



Alan Andrew Divo
antimalarial activity of clindamycin was reported to be 02—
and time-dependent. This observation has been extended to a
variety of antibiotics whose only common mechanism of action
is the inhibition of protein synthesis on 70S ribosomes. 1In
96 h incubations, potency was increased by a factor of up to
106 over the first 48 h period and by a factor of up to 104
in 15% 02 versus 1% 02. The effects were specific; a wide
variety of antimalarial drugs 1lacked both O,- and time-

2
dependent toxicity. The effects of the 80S-specific protein
synthesis inhibitors cycloheximide and anisomycin were not
affected by oxygen.

The vital dye rhodamine 123 (Rh123) was used to probe
the functional status of the mitochondrion within the
asexual, intraerythrocytic stages of P. falciparum. Using
epifluorescence microscopy the development of a single
mitochondrion has been followed through the
intraerythrocytic cycle. The effects of uncouplers,
ionophores, and inhibitors of ATPase and electron transport
activities were examined by monitoring Rh123 accumulation
and retention. In most cases our results were similar to
those obtained in other eukaryotic cells. The importance of
the mitochondrion in P. falciparum has been exemplified
further by the toxicity exhibited by those agents which

affected Rh123 retention and by that of Rh123 itself.
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INTRODUCTION

Malaria due to the obligate intracellular parasite

Plasmodium falciparum continues to be a disease causing both

high morbidity and mortality (1). The once promising pros-
pect of world eradication of malaria has all but vanished.
The causes for the continuing decline in the world's malaria
situation include both social and biological factors (2).
The reduced susceptibility of the anopheline vector to
insecticides (3) and the increasing spread of chloroquine
resistant strains of P. falciparum (1, 4) have stimulated a
considerable effort toward the identification of new
antimalarial drugs. Except for the antifolates, most of
this effort has been directed toward drugs which are
modifications of the quinoline-containing antimalarial
agents quinine and chloroquine (5, 6, 7) which may not
escape the problem of resistance that plagues the proto-
types. The seriousness of the situation would be difficult
to overestimate (4, 8, 9, 10).

Although a tremendous effort has been made to under-
stand the immunology of malarial infection in the hopes of
developing a vaccine, many obstacles exist (11-15). Since
the prospects for a safe, effective, and commercially
feasible vaccine against P. falciparum remain uncertain,

chemotherapy is the primary defense against this disease.



The problem of drug resistance demands novel approaches
to chemotherapy, since resistance may develop rapidly
against drugs which are simply modifications of currently
available compounds. With the parasite readily available
for study (16-20), the identification and characterization
of new antimalarials has been facilitated considerably. As
well, a much more comprehensive understanding of the basic
biochemical and physiological processes required for the
survival of this organism may now be described. If
approached rationally, the inefficient practice of randomly
screening compounds for antimalarial activity will give way
to the design of new site-specific drugs.

Continuous cultivation of P. falciparum was originally
achieved using a nutritionally complex medium, RPMI 1640
(RP), supplemented with human serum (16, 17). Although some
success has been achieved in characterizing dialyzable (21,
22) and nondialyzable (22, 23, 24) serum factors essential
for the in vitro maintenance of this organism, little prog-
ress has been reported in the analysis of the components of
RP which are necessary for continuous culture. Employing
such a complex medium complicates metabolic studies, the
identification and characterization of potential antima-
larial drugs, and radiolabeling of macromolecules in the
parasite. Numerous attempts made to discover the
nutritional requirements of Plasmodium sSpp. (24-54)
illustrate the interest generated by this topic. However,

most of these studies were done in vivo; the effects of



nutrient depletion on the host were difficult to separate
from those on the parasite. Studies previously conducted in
vitro used parasites that could not survive in the culture
system and must be considered somewhat suspect. The
development of techniques for continuous culture of P.
falciparum has allowed us to determine the requirements for
some of the exogenously supplied water-soluble vitamins and
amino acids. Although exhaustive dialysis eliminates low-
molecular-weight water-soluble nutrients from human serum,
it is difficult to eliminate such compounds from intact
erythrocytes, which may provide the parasite with an
adequate supply of some nutrients (55, 56). Therefore, only
the amino acids and vitamins that are exogenously supplied
by serum or medium (RP) were examined. The contribution of
erythrocyte nutrients present endogenously was not examined
in the present study; but was examined in a later study
employing a series of vitamin antagonists (57).
Interestingly, the studies utilizing vitamin analogs
revealed that P. falciparum is extremely sensitive to
analogs of riboflavin and sensitive to the nicotinamide
analog, 6-aminonicotinamide (57) . These vitamins are
important for mitochondrial functions and malarial parasites
have been shown to possess flavin-linked dihydroorotate
dehydrogenase (74, 75) and NADH dehydrogenase and NADH
oxidase activities (187, 188). Additionally, antimalarial
activity has been demonstrated for some of the antibiotics,

many of which are active against P. falciparum in vitro at



relevant pharmacological concentrations (58, 59). The
active antibiotics have demonstratable antimalarial effects
in animal models (60-63), and tetracyclines (64-68) and
clindamycin (69-72) have been shown to be effective against
P. falciparum in humans. Although no data are available on
the mechanism(s) of antimalarial action of these drugs, it
has been suggested that they act on parasite mitochondria,
which like other eukaryotic mitochondria, probably contain
70S ribosomes (58, 73). However, the acristate morphology
(76, 77) and the apparent lack of most TCA cycle enzymes
(42, 78) have left the classical function of the mitochon-
drion in P. falciparum in doubt. Since definitive studies
have yet to determine the metabolic role (if any) of this
organelle in the erythrocytic stages of this parasite (42),
it is difficult to directly test the hypothesis that an
antimalarial drug acts at the mitochondrial level.

It has been shown that the antimalarial potency of some
antibiotics is influenced by the duration of exposure in
culture (58, 79) and, for clindamycin, by oxygen tension
(79) . The mitochondrial toxin hypothesis was indirectly
tested by using these two variables to compare the effects
of various antibiotics, mitochondrial inhibitors, and other
drugs on development of the sexual, intraerythrocytic stages
of P. falciparum in vitro. The functional status of the
mitochondrion was also probed using the vital dye rhodamine
123 (Rhl123). This cationic fluorescent dye accumulates

specifically in negatively charged subcellular compartments,



such as active mitochondria (80-82). Using epifluores-
scence microscopy the development of the mitochondrion of P.
falciparum has been described over the course of the asexu-
al, intraerythrocytic cycle. The effects of uncouplers (83-
85), ionophores (86), and inhibitors of ATPase activity (87,
88) and electron transport (89, 90) were examined by
monitoring the accumulation and retention of Rh123.

The literature review has been divided into three
sections: 1) biochemistry of the amino acids in erythrocytic
Plasmodium, 2) biochemistry of the water-soluble vitamins in
erythrocytic Plasmodium, 3) biochemistry of the carbohy-
drates and its relationship to mitochondrial function in
erythrocytic Plasmodium. The review concentrates on the
asexual, intraerythrocytic cycle; the sexual cycle or
gamatogony will not be reviewed. As well, the discussion
has been directed more towards mammalian than other species

of malarial parasites.



LITERATURE REVIEW

Biochemistry of the amino acids in erythrocytic

Plasmodium

Protein synthesis. The erythrocytic stages of the

malaria parasite acquire amino acids from three sources.
They arise from either QE‘EQXQ synthesis, digestion of host
cell hemoglobin, or the uptake of exogenous amino acids
present in the plasma of the host. Protein synthesis in
plasmodia appears to be typically eukaryotic. The cytoplas-
mic ribosomes and their associated RNA from both human and
nonhuman malarial parasites are typically protozoan by a
variety of methods such as base ratio analysis (91, 94),
velocity sedimentation (91-93, 95), and gel electrophoresis
(93, 94, 96, 97). Like other eukaryotic organisms, in the
absence of magnesium, the 80S ribosomal particle dissociates
into the large 59-60S and small 40-44S subunits (91, 93,
95). The high molecular weight 24.2-25S and 16.6-17.4S (92,
94, 96, 97) RNA species are typically protozoan by base
composition (G + C content 37-43 mole %; 92, 94, 96, 97),
sedimentation velocity, and molecular weight (92-94, 96-97).
Inhibitors of eukaryotic 80S ribosomes, such as cyclohexi-
mide (58) and anisomycin (59), have antimalarial effects

against P. falciparum in vitro. Mitochondrial ribosomes of

the malarial parasite have yet to be examined directly. The

synthesis of proteins in highly synchronizied cultures of P.



falciparum varies both quantitatively and qualitatively as
the erythrocytic parasite matures from the ring to schizont
stage (98-101).

Biosynthesis of amino acids. Malarial parasites synthe-

size glutamic and aspartic acids, methionine, and alanine by
CO2 fixation (102-105). Only small amounts of amino acids
synthesized de novo by plasmodia are in parasite proteins.

Digestion of host cell hemoglobin. Host cell hemoglobin

has been shown to provide the erythrocytic malarial parasite
with most amino acids required for protein synthesis (42,
105, 106). When radiolabeled RBC's were transfused into P.
lophurae or P. knowlesi infected hosts, parasites which
subsequently developed in the labeled cells were found to
have incorporated labeled host cell amino acids (106, 107,
108) . Hemoglobin determinations have indicated that a large
proportion of host cell hemoglobin is destroyed over the
period of parasite development (105). A number of genetic
conditions which affect hemoglobin (109-112) prevented or
limited the ability of P. falciparum to survive intracellu-
ularly. As well, compounds that covalently modify hemoglo-

bin, but do not interfere with normal O transport,

2,
inhibited the growth of P. falciparum in vitro (113). These
compounds were most inhibitory against mature parasites,
indicating that the requirements for hemoglobin-derived

amino acids are greatest during the later stages of

intraerythrocytic development.



Electron micrographs have illustrated that hemoglobin
is first phagocytized by a specialized organelle, the
cytosome, forming a phagolysosome (114, 115). Fusion of the
phagolysosome with a primary 1lysosome occurs to form the
parasite food wvacuole. Enzyme analysis has indicated that
hemoglobin probably first autooxidizes and is then acted on
by proteases (105, 116). All species of malarial parasites
appear to have one or several proteases (116-124), some of
which have been purified and are able to degrade hemoglobin
(118, 121-124). The released products of hemoglobin diges-
tion, hematin and associated protein fragments, accumulate
and form aggregates of the malarial pigment, hemozoin. The
exact composition of hemozoin has remained uncertain;
isolation procedures appear to affect the degree to which
proteins are associated with hematin (105)

Exogenous amino acids. The importance of exogenously

supplied methionine was recognized during early attempts to
cultivate P. knowlesi (26); later both methionine and
isoleucine were found to be essential for the growth of both
mammalian and avian malarial parasites (49-54). Glutamine
has been found to be beneficial for in vitro development of
P. knowlesi (125). Incorporation studies have indicated
that most exogenously supplied amino acids are utilized to
some degree by the malarial parasite (54). These investiga-
tions have demonstrated that isoleucine and methionine are
consistently taken up by mammalian species. Except for

these two amino acids, there appears to be little correla-






tion between the rate of amino acid uptake by the parasite
and the amino content of the host cell hemoglobin. For the
avian parasite, P. lophurae, amino acid incorporation was
similiar to that of the mammalian species, with the
exception of a higher rate for proline incorporation (42).
Data from transport studies have shown that malarial
parasites cause an alteration of host cell permeability to
amino acids (126, 127).

Amino acid metabolism. It has been postulated that

glutamate may be oxidized by a parasite-specific NADP-
glutamate dehydrogenase coupled to the enzymes of the citric
acid cycle to provide an ancillary energy source in the
avian malarias (105). Erythrocyte-free P. lophurae was
found to oxidize glutamate to CO2 (106) . Glutamate dehydro-
genase has also been identified in rodent malarias (128,
129) and is thought to be involved in NADP' reduction (105) .
The conversion of glutamate to alpha-ketoglutarate may be a
primary mechanism for regeneration of the NADPH needed for

reductive synthesis. All Plasmodium species synthesize

pyrimidines de novo (42, 75) and therefore, are likely to

require substantial amounts of glutamine and aspartic acid.
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Biochemistry of the water-soluble vitamins in

erythrocytic Plasmodium

Folates. Numerous experiments and observations (24-33)
have demonstrated that the plasmodial parasites synthesize
folate cofactors de novo, requiring only p-aminobenzoic acid
(PABA) for folate synthesis. The importance of PABA was
first recognized using sulfonamides to treat human malaria
infections (31). PABA was found to reverse the effects of

sulfanilamide on P. gallinaceum in vitro (31). The growth

of P. knowlesi in vitro required the addition of PABA to the

culture medium (26); inhibition of growth by sulfadiazine
was reversed by PABA. Parasitemias were suppressed in P.
berghei- and P. cynomolgi-infected animals maintained on
milk diets (28, 29); dietary PABA reversed this effect.
Pyrimethamine and sulfadoxine act synergistically against P.
falciparum (130). Testing P. falciparum in vitro has
revealed that significant differences 1in potency exist
between sulfonamides which are essentially equipotent as
antibacterials (131). The dihydropteroate synthetase of P.
falciparum may have significant differences in sensitivity
to inhibitors compared to the bacterial enzyme. Differen-
tial screening of the PABA analogs against bacteria and P.
falciparum in vitro may identify compounds which are
selectively toxic against only the malarial parasite.
Similar results were obtained wusing P. falciparum

infected Aotus monkeys (c.f. 31). Enyzmes associated with
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de novo folate biosynthesis have been identified in a number
of Plasmodium species (c.f. 31). Exogenously supplied fo-
lates were thought not to be utilized by the malarial para-
sites, but recently, enhanced activity against P. falciparum
was reported for PABA antagonists and dihydrofolate reduc-
tase (DHFR) inhibitors when tested in media which lack PABA
and folic acid (130, 132, 133). The potency of aminopterin
and pyrimethamine against P. falciparum was decreased by
increasing PABA or folic acid concentrations in the culture
medium (130, 133). Other Plasmodium lack folate reductase
(31); if true for P. falciparum, it is unlikely that folic
acid can be used directly by this parasite and drug reversal
is probably due to contaminating PABA or folinic acid.
Folinic acid is already reduced and other eukaryotes can use
folinic acid to partially bypass the blockade caused by DHFR
inhibitors (134).

Pantothenates. The importance of exogenously supplied

pantothenate was first noted during early attempts to
culture P. lophurae in duck erythrocytes (34). When calcium
pantothenate was added to a complex medium infectivity was
demonstrated after extended periods of in vitro incubation,
but without added pantothenate infectivity was quickly lost.
A dietary deficiency of pantothenate markedly inhibited

development of P. gallinaceum in chickens (35). In short-

term experiments with P. falciparum and P. coatneyi in
vitro, it was shown that antimetabolites of pantothenate

inhibited parasite development (36,39). In studies using
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erythrocyte-free P. lophurae, the one species of malarial
parasite that has been cultured free from its host erythro-
cyte (36), it was found that coenzyme A (CoA), but not pan-
tothenate, had a beneficial effect on extracellular parasite
development (37, 38). Furthermore, precursors of CoA, such
as pantothenate, were ineffective (135). Enzymes associated
with CoA synthesis could not be identified in P. lophurae,
although they were readily detectable in the duck RBC (40,
41). 1t was therefore concluded that the malarial parasites
require preformed CoA from the host erythrocyte.

Riboflavin. Although experiments in vivo (44, 46, 47)
indicated that riboflavin is important for the survival and
multiplication of both human and animal malarias, its
omission from the culture medium did not detract from the

growth of P. knowlesi in vitro (30). Very little has been

determined about the functional roles of FAD and FMN in the
metabolism of Plasmodium. It was suggested that riboflavin
acts indirectly by raising glutathione 1levels within the
host red cell (54); glutathione reductase is a flavin-linked
enzyme. Infected cells have been found to be sensitive to
oxidant stress (136) and thus must maintain adequate reduced
glutathione concentrations to support parasite growth.
Malarial parasites also synthesize pyrimidines de novo (42)
which requires the flavin-linked enzyme dihydroorotate
dehydrogenase (74). Although not conclusively demonstrated,

we predict that plasmodia require riboflavin for growth.
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Pyridoxine, thiamin, nicotinamide, biotin, and ascorbic

acid. A limited number of reports exist on the requirements

of these vitamins for Plasmodium growth. Detailed experi-

ments defining precise biochemical roles for these growth
factors have not been reported. Most experiments have been
conducted in vivo, where the cause-and-effect relationships
are most difficult to analyze. Dietary deficiencies of
thiamin (Bl) and pyridoxine (BG) in rats (44) and
nicotinamide in chicks (137) inhibited multiplication of P.
berghei and P. lophurae, respectively. Pyridoxal kinase has
been suggested to be provided by the host erythrocyte (43,
45) . Nicotinamide was found to favor the survival of
erythrocyte "free" P. lophurae in vitro (44). When examined

in wvivo an ascorbic acid deficiency suppressed the

development of P. knowlesi (42), but when omitted from
culture medium no apparent effect was observed (30).

Although the cultivation of P. falciparum (16) was

accomplished almost 10 years ago, to date, neither the
exogenous or endogenous vVvitamin requirements have been

investigated in vitro.
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Biochemistry of the carbohydrates and its relationship to

mitochondrial function in erythrocytic Plasmodium

Introduction. Knowledge of the fundamentally inter-

related processes of glucose utilization and energy trans-
duction remains speculative for P. falciparum. The earliest
studies of plasmodial biochemistry concentrated on
carbohydrates; but many of +these studies have Dbeen
justifiably criticized for numerous reasons (42, 55, 138).
Techniques were inadequate for maintaining parasite
viability in vitro; thus metabolic parameters were
determined on dying parasites. Since these cultures
contained host contaminants, such as immature erythrocytes,
platelets, and leukocytes, which all contributed to the
observed results, it was 1impossible to dissect the
metabolism of the parasite from that of the other cells.
Methods employed for removing unwanted cells from parasit-
tized blood varied in their degree of success (139, 140,
141); even "free" parasites prepared by saponin 1lysis
remained contaminated with host cell membranes (138, 142).
For these reasons many of the earlier reports on
carbohydrate metabolism were in error.

Transport and metabolism. Intraerythrocytic stages of

Plasmodium require simple sugars as an energy source; they
do not store glycogen as a carbohydrate reserve (139, 143).
This requirement was appreciated in early attempts to

culture malarial parasites in wvitro. In 1912, it was
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demonstrated that glucose was required for in vitro devel-
opment of P. falciparum and P. vivax (144). Infections of P.

gallinaceum in chickens were more severe when the animals

received intravenous injections of glucose (145). Studies
in wvitro have indicated that substrate wutilization is
species specific, but that all Plasmodium utilize glucose
(42). Infected erythrocytes consume dramatically more
glucose than uninfected cells (138, 139, 143, 146-152). To
accomodate this increased demand the infected erythrocyte
membrane undergoes permeability changes (147, 149-151);
simple diffusion and carrier-mediated transport are
affected.

Although erythrocytic glucose metabolism varies between
species, similar pathways exist within the mammalian and
avian groups of malarial parasites. In general, mammalian
species incompletely oxidize glucose producing organic
acids, predominantly lactate, as well as neutral volitiles,
and small amounts of succinate, and keto acids (139, 141,
146, 148, 152-159). Avian plasmodia oxidize glucose more

completely to yield CO, and organic acids (160-163). All

2
Plasmodium species possess the glycolytic enzymes typical of
the Embden-Meyerhof pathway (143, 154, 164-172), and that
only the avian species appear to possess the required
enzymes for the TCA cycle (163, 173-178). Electron micro-
scopy has shown that the avian parasites have cristate mito-

chondria (179), whereas in mammalian species the

mitochondria are typically acristate (180). It has been
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suggested that in addition to the conventional glycolytic
pathway, malarial parasites may be capable of enzymatic
cleavage of pyruvate to yield acetate and ATP (42).

The simian parasite, P. knowlesi, was not only shown to
oxidize glucose, but also lactate and pyruvate (153). Using
labeled lactate, radioactivity was found in
phosphoenolpyruvate (PEP), 3-phosphoglycerate, and malate.
A possible reaction sequence giving rise to these products
would involve the conversion of lactate into pyruvate and
pyruvate into oxalacetate, the latter being catalyzed by py-
ruvate carboxylase. Oxaloacetate can be converted into PEP
in the presence of GTP by the action PEP carboxykinase. The
two enyzmes participating in the CO2 fixation reaction have
been partially purified from P. berghei (181, 182). Direct
transformation of pyruvate into PEP by pyruvate phosphate

diphosphotransferase in the presence of ATP and inorganic

phosphate occurs 1in the protozoan Entamoeba histolytica

which lacks pyruvate kinase (183). Malate could be derived
from oxalacetate by the action of malate dehydrogenase; this
enzyme has been detected in P. berghei (173, 184).
Conversion of lactate into PEP may be significant since
this compound may serve as a source of ATP for the parasite.
The growth of cell-free P. lophurae was shown to be favor-
ed by the addition of a mixture of red cell extract contain-
ing either ATP and pyruvate of ADP and PEP (172). 1t may be
possible that some of these compounds which normally do not

cross the cell membrane enter the parasite by pinocytosis or
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related mechanisms. It has been proposed that the parasite
membrane may be extremely leaky and permit the passage of
large molecules (42). It appears that lactate metabolism in
malarial parasites is more complex than previously assessed.

Oxygen utilization and electron transport. Early

studies demonstrated that all plasmodia take up O but the

27
extent of O2 utilization by the parasite was difficult to
interpret due to the presence of host cell contaminants (42,
55, 138). Attempts to culture P. lophurae (80) and P.
knowlesi (26, 33) indicate that growth was favored at

reduced 02 tensions and that high concentrations of O, were

2
detrimental to parasite survival. The Trager and Jensen
method (16, 17) has been used to determine that P.

falciparum is an obligate microaerophile, optimum parasite

growth occurred in an atmosphere of 3% C02, 1% O2 and the
balance N2 (186) . Growth was inhibited under anaerobic
conditions or when O2 was greater than 21%. Oxygen

utilization, was stimulated in P. knowlesi-infected
erythrocytes by glucose, lactate, and pyruvate (153). The
infected cells were able to utilize both glucose and lactate
as a source of energy, since ATP levels were high in the
presence of either of these substrates. In comparison with
lactate, pyruvate gave lower respiratory rates and it was
also less efficient for maintaining intracellular ATP
levels. The reason for this difference has not been
examined directly, but it 1is thought that 1lactate 1is

converted to pyruvate by lactate dehydrogen- ase, a reaction
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that would give rise to the reduced nucleo- tide NADH (153).
Furthermore, NADH oxidation may be 1linked to electron
transport and oxidative phosphorylation. Al- though
experimental evidence for oxidative phosphoryation 1in
malarial parasites 1is not available, the presence of NADH
dehydrogenase and NADH oxidase has been demonstrated in
mammalian parasites (187, 188).

The role of O, in the mammalian malarial parasite and

2
its relationship to mitochondrial function remains unclear.
It has been suggested that electron transport in plasmodia
is coupled to de novo synthesis of pyrimidines and serves as
a disposal for excess reducing equivalents. (74). As well,
the increased glycolytic rate observed for infected
erythrocytes would result in depletion of NAD® unless it is
quantitatively regenerated by the reduction of pyruvate to
lactate. However, for P. knowlesi (143), under aerobic
conditions lactate accounts for not more that 50% of the
metabolized glucose and could not completely regenerate
NaD'. Again, it has been suggested that electron transport
may serve to dispose of excess reducing equivalents and
serve to regenerate oxidized NAD (153). Oxygen has been
postulated to act as the terminal electron acceptor.

The composition of the electron transport chain has
been, at best, partially described. Cytochrome oxidase ac-

tivity has been identified in P. knowlesi and P. falciparum

(139, 189) and histochemically 1localized in the mitochon-

dria of P. berghei (190). Ubiquinone-8 has been con-
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sistently identified in other mammalian species (191, 192)
and analogues of this compound are inhibitory to parasite
development (193, 194). The electron transport inhibitors
antimycin and KCN inhibited development of P. knowlesi, P.

berghei, and P. gallinaceum in vitro (74). The antima-

larial drugs primaquine and menoctone were found to cause
mitochondrial swelling in erythrocytic stages of P. berghei

(195). Recent experiments using P. falciparum have

indicated that the mitochondrion may be the site of action
for many antibiotics. The parasite has been found to be
sensitive to pharmacologically relevant concentrations of
inhibitors of protein synthesis on 70S ribososmes (58-72).
Although no data are available on the mechanism(s) of
antimalarial action of these drugs, it has been suggested
that they act on parasite mitochondria, which 1like other
eukaryotic mitochondria probably contain 70S ribosomes (58,
73) . To accurately define the physiological role of the

mitochondrion in P. falciparum will require detailed

biochemical studies using isolated organelles; to date such

studies have yet to be reported.
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CHAPTER 1

NUTRITIONAL REQUIREMENTS OF PLASMODIUM FALCIPARUM IN

CULTURE. I. EXOGENOUSLY SUPPLIED DIALYZABLE

COMPONENTS NECESSARY FOR CONTINUOUS GROWTH

Alan A. Divo and James B. Jensen

Abstract

Continuous cultivation of Plasmodium falciparum

presently requires the nutritionally complex medium, RPMI

1640. A basal medium of KCl, NacCl, NaZHPO4, 3)2,

glucose, reduced glutathione, HEPES buffer,

Ca (NO
Mgso,,
hypozanthine, phenol red (in RPMI 1640 concentration), and
10% (v/v) exhaustively dialyzed pooled human serum was used
to determine which vitamins and amino acids had to be
exogenously supplied for continuous cultivation.
Supplementation of basal medium with calcium pantothenate,
cystine, glutamate, glutamine, isoleucine, methionine,
proline, and tyrosine was necessary for continuous growth.
This semi-defined minimal medium supported continuous growth
of four isolates of P. falciparum at rates slightly less

than those obtained with RPMI 1640. Adding any other

36
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vitamin or amino acid did not improve growth.
Incorporation of several non-essential amino acids,
particularly phenylalanine and leucine, into proteins was
markedly enhanced in the minimal medium compared to RPMI

1640.
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INTRODUCTION

Continuous cultivation of P. falciparum was originally
achieved with a nutritionally complex medium, RPMI 1640
(RP), supplemented with human serum (55). Although some
success has been achieved in characterizing dialyzable (15,
25) and non-dialyzable (25, 33, 52) serum factors essential
for the in yvitro maintenance of this organism, little
progress has been reported in the analysis of the components
of RP that are necessary for continuous culture.
Experiments with other Plasmodium species, mostly in vivo,
have suggested that pantothenic acid (3, 4, 6, 47, 49-54),
biotin (44,48), pyridoxine (9, 32, 54), p-aminobenzoic acid
(pABA) (1,2,5,16,22,23,30,44,52,56), riboflavin (39,46,54),
folic acid (16, 42, 52), and certain amino acids,
particularly isoleucine and methionine (7, 36, 37, 40-45,
56), are important for survival and multiplication. The
numerous attempts made to discover the nutritional require-
ments of Plasmodium spp. illustrate the interest generated
by this topic; however, most of these studies were done in
vivo; the effects of vitamin depletion on the host were
difficult to separate from those on the parasite, except for
PABA. Studies conducted in vitro used parasites that could
not survive in the culture system and must be considered

somewhat suspect. The development of techniques for
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continuous culture of P. falciparum (26, 55) allowed us to
investigate the requirements for some of these nutrients.
Exhaustive dialysis of human serum eliminates low-
molecular-weight, water-soluble compounds; dialyzed serum is
inadequate for culture (18, 25) unless supplemented with
hypoxanthine (15). It is difficult to eliminate such
compounds from intact erythrocytes, which may provide the
parasite with an adequate supply of some nutrients (34, 35).
Therefore, only amino acids and vitamins that must be must
be exogenously supplied by serum or medium (RP) were
examined; the contribution of erythrocyte nutrients present

endogenously was not determined.

MATERIALS AND METHODS

Parasites. Cultures of the FCRy,, strain of P.
falciparum (27) were used in most experiments. Additional
strains examined included FCMSUl/Sudan (Divo and Jensen, in
preparation), Viet Nam Smith (VNS), and Hondutasllcnc.
Parasites were routinely maintained in candle jars according

to established techniques (26).

Serum and erythrocytes. Pooled human serum A" (PHS)

and pooled bovine serum (PBS) were prepared as previously

described (14). Pooled human serum was dialyzed (DPHS) at

e}

4°Cc for 3 days against phosphate-buffered saline plus

glucose (PBSG) (NaCl, 8.78 g/l; NaZHPO4,
4’ 1.42 g/liter; glucose, 2.0 g/liter; pH 7.4) to a

0.68 g/liter;

KH, PO

2
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final serum:buffer ratio of 1:106 (Spectrapor tubing, 6000-
8000 MW cutoff). Erythrocytes obtained from volunteers by
venipuncture were stored in citrate-phosphate-dextrose (8)
and used when 1-4 weeks old. Immediately prior to use, all
cells were washed 3X with 100 vol PBSG.

Media preparation. All reagents and chemicals were
obtained from Sigma Chemical Co. Experimental media were
prepared in triple glass-distilled water and always
contained the following components (final concentrations,
mg;liter): D-glucose, 2000: KCl, 400; NaCl, 6000; MgSO4,
48.84; Ca(NO

“4H.0, 100; NaZHPO4'7H 0, 1512; hypoxanthine,

3274 2
4.1; glutathione, 1.0; phenol red, 5.0; and HEPES, 5940.
They were combined and used as a 10X concentrated stock
solution. Most concentrations are the same as in RP (GIBCO,
Grand Island, NY, Cat. #H-18); hypoxanthine and HEPES were
supplements.

Amino acids (L-isomers) and vitamins were prepared at
concentrations 100- or 1000-fold greater than final
concentrations. When added to experimental media, the final
concentrations in mg/liter, equal to RP were: arginine, 200;
asparagine, 50; aspartic acid, 20; cystine, 50; glutamic
acid, 20; glutamine, 300; glycine, 10; histidine, 15;
isoleucine, 50; leucine, 50; lysine HC1l, 40; methionine, 15;
phenylalanine, 15; proline, 20; serine, 30; threonine, 20;
tryptophan, 5; tyrosine, 20; valine, 20; biotin, 0.2;
calcium pantothenate, 0.25; choline Cl1, 3.0; folic acid,

1.0; inositol, 35.0; nicotinamide, 1.0; p-aminobenzoic acid,
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1.0; pyridoxine HC1l, 1.0; riboflavin, 0.2; thiamin HC1l, 1.0;
and vitamin Bl2 (cyanocobalamin), 0.005.

Briefly, 1 liter of medium was prepared by mixing 100
ml of the 10X stock solution, 10 ml of the appropriate amino
acids, 1 ml of the appropriate vitamins, and enough triple-
distilled H,0 to make 960 ml. The pH was adjusted to 6.65
and media were sterilized by passage through 0.45-um
cellulose acetate filters (Schleicher and Schuell, Inc.).
Then 40 ml of 5% (w/v) NaHCO3 was added. Final preparations
also included 10% (v/v) PHS, 5 or 10% (v/v) DPHS, or 10 or
20% (v/v) PBS. Control cultures grown in RP were
supplemented with 10% (v/v) PHS (RP-10) or 10% (v/v) DPHS
(RP-10D) plus 4.1 mg/liter hypoxanthine. Medium containing
all amino acids and vitamins was termed "reconstituted" and
was supplemented with 10% (v/v) DPHS (Recon-10D).

It should be noted that four Selectamine Kits (GIBCO)
of two different lots failed to support parasite growth even
when fully reconstituted; the reasons for this failure were
not investigated. Stability of both refrigerated and frozen
reconstituted medium was comparable to RP in preliminary
experiments.

Assessment of parasite growth. In some experiments,

the incorporation of [3H]hypoxanthine (10 Ci/mmole, New
England Nuclear Corp.) into parasite nucleic acids was used
to monitor parasitemia in 96-well microtiter plates (Flow
Laboratories, Inc.) by standard techniques (10, 13, 19, 21,

28). Each well contained 200 ul of the appropriate medium
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and 2 ml infected erythrocytes. Cultures were grown in a
candle jar for 48 or 96 h. In 48-h experiments, [BH]hypo—
xanthine (10 uCi/ml final concentration) was included in
each well for the entire incubation period. Experiments
were  begun with parasites in the schizont stage,
synchronized (28) by a combination of sorbitol 1lysis (29)
and gelatin flotation (24), at 0.8-1.0% parasitemia. In 96-
h experiments, incubation was initiated with synchronous
schizonts at 0.2% parasitemia. These cultures were grown
for 48 h in the absence of [3H]hypoxanthine as before.
These cultures were allowed to grow for an additional 48 h.
At the end of the incubation period, cultures were harvested
with a Bellco Microharvester onto fiberglass filters.
Filters were dried, immersed in Formula 963 scintillation
fluid (New England Nuclear Corp.), and counted in a Beckman
LS 7500 liquid scintillation spectrometer.

In long term experiments cultures were grown in 35 mm
plastic petri dishes (Corning) in candle jars (26) and
parasitemias were determined by microscopic evaluation of
Giemsa-stained thin blood films. Such experiments were
initiated with schizonts synchronized as above at 0.1-0.2%
parasitemia. Parasites were subcultured every 96 h to
parasitemias of 0.1-0.2%.

Amino acid incorporation. Incorporation of 13H]amino

acids (New England Nuclear Corp.) into parasite proteins was
determined in 96-well microtiter plates during 48-h

exposures. Cultures were prepared and harvested, and
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radioactivity was determined as described above. All

[3H]amino acids were used at 10 uCi/ml.

RESULTS

The effects of omission of single amino acids or
vitamins from Recon-10D medium on parasite growth for 48 and
96 h are presented in Table I. Growth was markedly reduced
when no amino acids were present. Deletion of cystine,
glutamate, or glutamine reduced [3H]hypoxanthine incorpora-
ation by 40-60% at 96 h, and deletion of proline or tyrosine
caused slight but significant decreases by 96 h. When all
amino acids were present but all vitamins were eliminated,
growth was poor. This effect was reversed by the addition
of Ca2+ pantothenate; deletions of other vitamins had no
effect on [3H]hypoxanthine incorporation in 96-h cultures.

When pantothenate and various amino acids were added to
the basal medium, continuous growth was observed only if
cystine, glutamate, glutamine, isoleucine, methionine,
proline, and tyrosine were added (Table II). Cysteine could
replace cystine completely (data not shown). Addition of
other amino acids or increased concentrations of
pantothenate, glutathione, or hypoxanthine was of no benefit
(data not shown).

Basal medium containing pantothenate and these 7 amino
acids (minimal medium) was used to culture parasites for 20

days. Comparative growth rates in RP-10, Recon-10D, and
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minimal medium supplemented with 10% (v/v) DPHS (minimal-
10D) are presented in Fig. 1. Continuous growth was
obtained in minimal-10D at rates slightly lower than in RP-
10. Mean increase in parasitemia per 48 h for these groups
was: RP-10, 10.56; Recon-10D, 9.30; minimal-10D, 8.05.
Similar results were observed with 3 other strains (Table

I111). Cultures of FCR have been maintained in minimal-

3TC
10D for up to 6 weeks at constant growth rates.
Incorporation of [3H]amino acids was compared in
parasites grown in RP-10 and minimal-10D for 48 h (Table
Iv). Leucine, phenylalanine, 1lysine, and arginine were
incorporated to a much greater extent in minimal-10D medium
compared to RP-10. Using undialyzed serum did not eliminate
the requirements for the amino acids in the minimal medium
(Table V). Although considerable growth was observed for
96 h in basal medium supplemented with pantothenate,
isoleucine, methionine, and 10% (v/v) PHS, continuous
culture was not obtained; however, parasites could be kept
in basal medium supplemented only with 10% (v/v) PHS or 20%
(v/v) PBS for up to 2 days; when these parasites were

transferred to RP-10, normal growth was observed (data not

shown) .
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Fig. 1 Growth curves for the FCR3TC isolate of Plasmodium
falciparum in culture. Parasitemids determined by counting
the number of parasites in 5000 erythrocytes in Gismsa-
stained thin blood films. Each group was subcultured every
96 h. Each point represents the mean of 4-6 observations in

one experiment; similar results were obtained in three
similar experiments.
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TABLE IV. Incorporation of [3H]amino acids into proteins of

the FCR3TC isolate of Plasmodium falciparum
during 48-h exposures.
. b,c
Incorporation (cpm)

Amino acig?® Minimal-10D medium RP-10 medium
Arginine (43) 14,633.0 + 258 1223.8 + 115
Asparate (34.4) 325.5 + 17 136.4 + 8
Glutamate (60) 301.3 + 17 209.1 + 35
Glycine (49) 3299.5 + 95 3112.2 + 176
Histidine (56) 5121.4 + 257 3556.6 + 132
Isoleucine (113) 7467.2 + 594 9424.7 + 391
Leucine (71) 47,072.7 + 3727 8803.8 + 377
Lysine 75) 15,213.2 + 657 2836.5 + 70
Methionine (80) 1120.1 + 142 1961.9 + 188
Phenylalanine (82) 65,595.2 + 2374 16,220.6 + 915
Proline (114) 6654.9 + 470 5119.1 + 403
Threonine (57) 2030.1 + 100 741.6 + 66
Tyrosine (45) 14,522.1 + 449 11,553.5 + 605
Valine (32) 17,711.8 + 766 7384.0 + 213

a

Each amino acid was added at 10 uCi/ml; specific
activities in Ci/mmol give in parentheses.

b The experiment was initiated with synchronous
schizonts at 0.92% parasitemia. Each value represents
the mean + SEM of six observations.

€ Mean cpm (six observations) for other potential
nutrients in these experiments were (minimal-10D vs.
RP-lO):[3H]hypoxanthine, 16,974 vs. 24,806; [3H]guanosine
(5' - [3H], 25.1 cCi/mmol, 20 uCi/ml, 1975 vs. 176;
(}4cirivose (1-1*%c], 53 mci/mmol, 2 uci/ml), 486 vs.
305; [14C]acetate (1,2-[14C], 54.15 mCi/mmol, 2 uCi/ml),
790 vs. 641; [ %c] alpha-ketoglutarate (1-['%c], 15

mCi/mmol, 2 uCi/ml, 2 uCi/ml), 328 vs. 440.
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DISSCUSSION

Although growth of "cell-free" P. lophurae was obtained
in a special medium supplemented with red cell extract (49),

it is currently impossible to culture P. falciparum outside

of erythrocytes. The structural and metabolic functions of
the erythrocyte that are «critical for development and
multiplication have not been well characterized. For
instance, erythrocytes contain considerabe concentrations of
many amino acids and vitamins (35) that may be important to
the parasite. It is difficult to determine if experimental
manipulations that decrease viability do so because of
effects upon the parasite itself or upon erythrocytes which
render them unfit hosts for survival or invasion. Thus, it
is not possible to determine if nutrients identified as
crucial for parasite cultivation are required for
erythrocytes, parasites, or both. For instance, glutamate,
glycine, and cysteine, the components of glutathione, are
necessary for long-term survival of erythrocytes in culture
(17) .

Currently, in vitro cultivation of P. falciparum

requires a complex medium, such as RP, containing at least
5% (v/v) PHS, PBS, or rabbit serum (14, 26, 38). The medium
contains a variety of 1low molecular weight components,
including vitamins and amino acids, while serum supplies
similar compounds which are dialyzable and others, probably

proteins, which are non-dialyzable (MW 6000-8000). The
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present studies have only examined low-molecular-weight
compounds. The finding that hypoxanthine (or other purines)
is the major dialyzable serum component necessary for
parasite culture (15) allowed exhaustive dialysis to
eliminate other serum-derived low molecular weight compounds
in the culture medium.

Preliminary experiments had shown that adequate
concentrations of glucose and glutathione were necessary
(data not shown). These compounds were thus present in all
media at concentrations found in RP. Hypoxanthine was added
to all media at 4.1 mg/liter, a concentration which is
adequate to support cultures (15). Changes in electrolyte
or salt concentrations were uniformly deleterious (data not
shown) and so these components were always present at RP
concentrations.

When vitamins were deleted singly from a totally
reconstituted medium, only omission of pantothenate impaired
viability (Tables I, 1I). When amino acids were deleted in
similar experiments, cystine, glutamine, glutamate,
isoleucine, methionine, proline, and tyrosine were
identified as necessary for continuous cultivation (Tables
I, 1I). When these components were added to the basal

medium, four strains of P. falciparum grew continuously at

rates only slightly lower than those observed with RP (Fig.
1, Table III). Whether the discrepancy between growth rates
is due to variability in medium formulation, to the

advantages of exogenous supplies of Hb-derived amino acids,
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or to the absence of some trace element or other compound is
not clear. It is possible that some adaptation might have
occurred during these experiments so that substrains of
parasites able to grow in the minimal medium were selected,
but careful consideration of the data presented in Fig. 1
and in Tables II and III does not reveal any evidence of
this phenomenon since parasite multiplication rates were
consistent in RP and the minimal medium.

The importance of an exogenous source of pantothenate

for Plasmodium species is well documented (3, 4, 6, 47-54).

Absence of acetyl CoA inhibited the development of

erythrocyte-free P. lophurae in vitro and dietary deficiency

of pantothenate markedly reduced parasitemias in birds (3,
4, 6, 50, 53). Pantothenate dependence also illustrates the
complexity of the erythrocyte-parasite relationship; the
host cell supplies the enzymes for the synthesis of acetyl
CoA from pantothenate, which are lacking in the parasite
(3,6). It is thus not surprising that pantothenate must be

exogenously supplied for P. falciparum cultivation.

Other investigators, primarily using in vivo models,
have demonstrated that dietary deficiencies of other
vitamins, including p-aminobenzoic acid (1, 2, 5, 16, 22,
23, 30, 44, 52, 56), riboflavin (39, 46, 54), and biotin
(43, 48) can reduce parasitemias. Observations on the
distribution of inherited deficiencies of enzymes involved
in pyridoxine metabolism have led to the suggestion that

this vitamin is important for human Plasmodium species (9,
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32). During prolonged dietary deficiency, concentration of
these vitamins in serum and in tissues, including
erythrocytes, drop markedly (12) to a point where parasite
multiplication is prevented; however, in healthy individuals
it appears likely that erythrocyte stores of these compounds
are sufficient for the parasite. Extensive washing of red
cells in vitamin-free buffer did not impair growth. Thus,
simply depleting vitamins from culture medium may not
identify some compounds that are <c¢ritical for parasite
success. The observation that the absence of biotin
decreased the early in vitro development of P. knowlesi in
rhesus monkey erythrocytes (44) cannot be extended to P.

falciparum. These observations illustrate the benefits of

an in vitro culture system for such analyses, since studies

in wvivo are plagued by difficulties in accurately

determining extra- and intracellular vitamin levels in test
animals and the complications of vitamin deficiency on the
general health of the host. Furthermore, in vitro studies
with organisms such as P. knowlesi were always marred by the
inability of available culture systems to maintain such
species continuously. Despite these extensive observations,
none of these vitamins were required for growth of P.

falciparum in culture.

It is possible that vitamins could leak from uninfected
erythrocytes during the 96-h incubation period, providing a
secondary source for the parasites. Although there are

relatively few data relating specifically to vitamin
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pharmacodynamics in human erythrocytes, other systems
provide ample evidence that vitamins such as riboflavin,
nicotinamide, pyridoxine, and thiamin are quickly (if not
simultaneously) metabolically activated by phosphorylation
and /or adenylation upon transport (11, 31, 35, 58). Such
forms are relatively impermeant and would be expected to
have a low rate of efflux from the erythrocyte.

Growth of P. falciparum in Waymouth's medium, which

lacks PABA, has recently been reported (5). This medium
contains folic acid, which may serve as a PABA source (16),
and the experiments used undialyzed human serum which
contains PABA. It is clear from the antimalarial effect of
the sulfonamides, which are PABA antimetabolites, and
dihydrofolate reductase inhibitors such as pyrimethamine,

that PABA metabolism to folate is essential for Plasmodium

Spp. The finding that neither vitamin is required for
cultivation indicates that intraerythrocytic stores of PABA
are adequate for parasite success; for PABA, exogenous
requirements do not reflect actual endogenous requirements
in these strains.

Amino acid uptake and incorporation have been studied

in a variety of Plasmodium species (7, 36, 40-45, 56); these

parameters are not always correlated with relative amino
acid abundance in hemoglobin (43) and do not necessarily
identify the amino acids that must be exogenously supplied
for parasite culture. Isoleucine, methionine, glutamine,

and cystine have been identified as amino acids which
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enhance the success of short-term cultures of P. knowlesi
(7, 36, 37, 42, 45, 55); glutamate, proline, and tyrosine
must be added to these for continuous cultivation of P.

falciparum. Short-term growth of P. falciparum was obtained

when the only source of amino acids was undialyzed PHS or
PBS; viable parasites were present even after 48 h. Longer
cultivation, however, could only be obtained with more
extensive supplementation. As with the vitamins, the
contribution of erythrocyte stores of amino acids is
difficult to determine in these experiments.

The relationship between the incorporation of an amino
acid and requirements for continuous cultivation is not
clear. Competition between labeled and unlabeled isoleucine
occurred even in the minimal medium, depressing
incorporation. Furthermore, it is known that several amino
acids may share the same transport process, and interactions
at this level may have decreased incorporation of some amino
acids in RP and in the minimal medium (59). There 1is
evidence that parasite infection as well as simple
cultivation procedures alters erythrocyte transport of
tryptophan (20), another factor which must be considered.

Leucine, lysine, phenylalanine, and arginine demon-
strated the greatest difference in incorporation in minimal-
10D compared to RP-10; however, these amino acids are not
required for continuous culture and do not improve growth
when added to the minimal medium. Leucine, lysine, and

phenylalanine are among the most prevalent amino acids in
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human hemoglobin (Hb) (57) and are also present in blood at
nearly millimolar concentrations (57). Arginine, while
somewhat less abundant in Hb, is also found in considerable
concentrations in blood. These four amino acids are not
distinguished by Hb abundance or blood concentrations from
valine, threonine, histidine, or glycine, which do not
demonstrate large differences in incorporation between
minimal-10D and RP-10. Whereas 1isoleucine, methionine,
cystine, and glutamine are present in at best very 1low
amounts in Hb, proline, tyrosine, and glutamate are fairly
abundant. Selective transport facilities may exist for any

or all of these amino acids in P. falciparum; evidence from

other Plasmodium species suggest that this is not the case

for all (40, 50).

These results have several implications. First, the
minimal medium represents a less expensive alternative to
commercially available media, which may be difficult to
obtain in some areas. The observation that parasite
viability can be maintained for at least 2 days in serum-
supplemented basal medium may help to prevent culture loss
when supplies of medium are temporarily exhausted or un-
available. Second, the use of [3H]1eucine or [3H]pheny1-
alanine in this medium enhances radiolabeling of parasite
proteins. Third, a variety of metabolic studies are
feasible in a simple medium in which levels of nutrients can
be easily manipulated. Finally, this medium allows the

characterization and identification of potential
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antimalarial antimetabolites in a system free of high

concentrations of target vitamins.
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CHAPTER 2

OXYGEN- AND TIME-DEPENDENT EFFECTS OF ANTIBIOTICS
AND SELECTED MITOCHONDRIAL INHIBITORS ON

PLASMODIUM FALCIPARUM IN CULTURE

Alan A. Divo and James B. Jensen

Abstract

Several antibiotics which inhibit protein synthesis on
70S ribosomes, including clindamycin, pirlimycin, 4'-pentyl-
N-demethyl clindamycin, four tetracyclines, chloramphenicol,
thiamphenicol, and erythromycin, had antimalarial effects

against Plasmodium falciparum in culture which were greatly

influenced by the duration of drug exposure and by oxygen
tension. In 96-h incubations, potency was increased by a
factor of up to 106 over the first 48 h period and by a

4

factor of up to 10 in 15% O versus 1% 02. Two

2
aminoglycosides, kanamycin and tobramycin, had no
antimalarial activity. Rifampin and nalidixic acid, which
inhibit nucleic acid synthesis, were not similar to the 70S

inhibitors. The mitochondrial inhibitors Janus Green,
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rhodamine 123, antimycin Al, and 8-methylamino-8-desmethyl
riboflavin had activities which were influenced by duration
of exposure and oxygen tension. Quinoline-containing
antimalarial agents, ionophores, and other antimalarial
drugs were influenced to a minor extent by the duration of
exposure but were not affected by oxygen tension. These
data can best be explained by the hypothesis that
“antimalarial 708 ribosome-specific protein synthesis
inhibitors are toxic to the parasites by acting on the

mitochondrion.
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INTRODUCTION

The increasing spread of chloroquine-resistant strains

of Plasmodium falciparum (30, 55) has stimulated
considerable effort toward the identification and
characterization of new antimalarial drugs. Except for

antifolates, most of this effort has been directed toward
drugs which are modifications of the quinoline-containing
antimalarial agents quinine and chloroquine (29, 38, 47),
which may not escape the problems of resistance that
currently plague the prototypes.

Antimalarial activity is present in some antibiotics,

many of which are active against P. falciparum in vitro at

relevant pharmacological concentrations (16). Rifampin (2),
chloramphenicol (12, 39), and erythromycin (53) have
demonstrable antimalarial effects in animal models, whereas
tetracyclines (11, 13, 32, 36, 54) and clindamycin (7, 10,
26, 37) have been shown to be effective against P.

falciparum in humans. Although no data are available on the

mechanism(s) of antimalarial action of these drugs, it has
been suggested that they act on parasite mitochondria which,
like all eucaryotic mitochondria, probably contain 70S

ribosomes (16). Recently, we have shown that P. falciparum

contains a functional mitochondrion which, by virtue of its
ability to concentrate rhodamine 123, actively maintains a

high transmembrane potential (A. A. Divo, T. G. Geary, H.
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