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ABSTRACT. Currently, the treatment of falciparum malaria is seriously compromised by spreading drug
resistance. We studied the effects of camptothecin, a potent and specific topoisomerase [ inhibitor, on
erythrocytic malaria parasites in witro. In Plasmodium falciparum, camptothecin trapped protein~-DNA complexes,
inhibited nucleic acid biosynthesis, and was cytotoxic. These results provide proof for the concept that

topoisomerase | is a vulnerable target for new antimalarial drug development.
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Malaria afflicts over 300 million people, and the inexorable
spread of drug-resistant Plasmodium falciparum has greatly
increased the need to identify molecular targets for antima-
larial chemotherapy [1, 2]. Among the possible candidates
are the topoisomerases, enzymes that are recognized targets
for clinically important antitumor and antibacterial agents
[3, 4]. Topoisomerases are essential for nucleic acid metab-
olism: they relax supercoiled DNA by breaking one (type I)
or both (type II) strands of duplex DNA, and then allowing
the passage of a second strand through the break before
resealing the break [5]. During the catalytic cycle, a
transient covalent complex (the “cleavable complex”)
forms between the topoisomerase and its DNA substrate.
Cleavable complexes may be trapped permanently by the
addition of a strong protein denaturant, such as SDS, to
yield covalent adducts comprised of denatured topoisomer-
ase molecules linked to the cleaved DNA substrate. In the
cell, the collision of DNA tracking machinery (e.g. during
DNA synthesis or RNA transcription) with drug-promoted
cleavable complexes initiates a series of cellular events that
culminate in cell death.

Camptothecin, a naturally occurring plant alkaloid, is
the parent compound of a family of drugs currently in
clinical trials. The cellular target of camptothecin is DNA
topoisomerase 1 (EC 5.99.1.2), and numerous analogs have
been synthesized as potential therapeutic agents [6]. The
remarkable specificity of camptothecin for topoisomerase |
was elegantly demonstrated by gene deletion experiments
in yeast [7]. For malaria parasites, work on topoisomerases
has focused largely on the type Il enzyme [8, 9]; however,

§ Corresponding author: Dr. Theresa A. Shapiro, The Johns Hopkins
University, School of Medicine, 303 Hunterian Building, 725 North
Wolfe St., Baltimore, MD 21205-2185. Tel. (410) 955-1888; FAX (410)
955-2634; E-mail: theresa.shapiro@qmail.bs.jhu.edu

Received 20 June 1997; accepted 19 September 1997.

topoisomerase I has been isolated from P. berghei [8], and
the gene has been cloned from P. falciparum [10]. Here, we
report the molecular and cytotoxic effects of camptothecin
on P. falciparum.

MATERIALS AND METHODS
Cleavable Complex Formation

P. falciparum was maintained in vitro at 37°, in O™ eryth-
rocytes, under 3% O,, 4% CO,, 93% N, [11]. Parasitized
cells (NF54 strain; 10 mL; 2.4% hematocrit; 4.5% para-
sitemia) were treated with 100 uM camptothecin or 0.33%
DMSQO, the drug solvent, and then were lysed with 0.83%
SDS and 42 mM EDTA (final concentrations). The lysate
was digested with 1.67 mg/mL proteinase K at 55° for 1 hr
and then were extracted sequentially with phenol and 24:1
chloroform:isoamyl alcohol. DNA was precipitated with
ethanol, resuspended, separated by electrophoresis [1.5%
agarose; 90 mM Tris-borate (pH 8.3), 2.5 mM EDTA, 1
pg/mL ethidium bromide; 17 hr; 1.4 V/cm], visualized by
ultraviolet transillumination, and photographed. Images
were scanned (Adobe Photoshop 3.0), and the bands were
quantitated (Fuji MacBas 2.2).

Inhibition of Nucleic Acid Biosynthesis

Parasitized erythrocytes (NF54 strain, 1.5% hematocrit,
0.15% initial parasitemia) were incubated with or without
100 pM camptothecin (Sigma) in the presence of [PH]hy-
poxanthine {(DuPont NEN; 2.8 wCi/mL, 16 Ci/mmol). At
predetermined times, duplicate 100-pL aliquots of the
cultures were removed and deposited onto Whatman 3MM
filter paper, and the nucleic acids were precipitated with
ice-cold 5% trichloroacetic acid. Simultaneously, duplicate
75-uL samples were lysed in 0.95% SDS, 24 mM EDTA
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FIG. 1. Camptothecin-promoted cleavable complex formation in
P. falciparum. Parasitized erythrocytes were treated with 100
M camptothecin (lanes 1 and 2) or DMSO, the drug solvent
(lanes 3 and 4), and then were lysed with SDS. Each lysate was
divided; one half was extracted immediately with phenol (lanes
2 and 4); the other half was digested with proteinase K prior to
extraction (lanes 1 and 3). Each lane contained DNA from 107
parasitized erythrocytes. In three experiments, the average
intensity of bands for camptothecin-treated samples not digested
with proteinase K (lane 2) was 62% of the proteinase K-treated
control (lane 1).

and treated with 0.95 mg/ml RNase A and 1900 units/mL
RNase T1 (37°, 60 min); then the remaining RNase-
insensitive nucleic acids were precipitated with trichloro-
acetic acid. Incorporation into erythrocytes was less than
04% of that into infected erythrocytes. Results were
analyzed with statistical tools provided in Microsoft Excel

5.0.

Cytotoxicity Assay

Camptothecin sensitivity of early log phase cultures of
NF54 chloroquine-sensitive and FCR3 chloroquine-resis-
tant P. falciparum was evaluated by monitoring hypoxan-
thine incorporation, as described previously [12], with the
following modifications. Cell cultures (100 pL aliquots;
2.4% hematocrit; 0.25 or 0.5% parasitemia, for NF54 or
FCR3, respectively) were placed into each well of a 96-well
microtiter plate, already containing 100 pL of varied
concentrations of camptothecin, 0.4 or 1.0% DMSQO, or
medium alone. Each drug concentration was tested in
quadruplicate. The plates were incubated for 48 hr, then
[PHlhypoxanthine (25 wL of 25 wCi/mL stock) was added,
and incubation was continued for 18 hr. The parasites were
harvested (Brandel harvester) onto glass fiber filter paper,
lysed with water, and label incorporated into nucleic acids
adherent to the filters was measured. As described previ-
ously [13], the data were fit using the Marquardt algorithm
to derive ECso! values.

RESULTS AND DISCUSSION

To obtain evidence for topoisomerase | inhibition by
camptothecin, we used a DNA depletion assay [14] (Fig. 1).
Parasitized erythrocytes were treated with camptothecin (to
form intracellular cleavable complexes) and then were

I Abbreviations: ECsq, concentration that achieves a 50% effect.
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FIG. 2. Effects of camptothecin on nucleic acid biosynthesis and
on survival of P. falciparum in vitro. (a) Incorporation of
radioactivity from [*H]hypoxanthine into nucleic acids was
monitored as a function of time in the presence of 100 uM
camptothecin ([J, ©) or 0.5% DMSO (M, ®). Squares represent
total incorporation and diamonds indicate RNase-insensitive
incorporation (DNA). Results are standardized to cpm/100 pL
of culture. Duplicates varied by less than 9% of their average;
error bars for each point fall within the symbols. Based on an
analysis of variance (two factor with replication), camptothecin
inhibited total incorporation (P < 0.0001) and incorporation
into RNase-insensitive nucleic acid (P < 0.0001). (b) Cultures
of chloroquine-sensitive (A) and -resistant (@) parasites (2.4%
hematocrit; 0.25 or 0.5% parasitemia, respectively) were ex-
posed to camptothecin or DMSO for 48 hr. Data were fit to yield
ECsg values of 32 uM (v%, 0.983) and 36 pM (R?, 0.995) for
the sensitive and resistant strains, respectively. The standard
deviation for each set of quadruplicate drug concentrations was
=10% of the mean; in duplicate assays, EC5, values varied by
less than 2% of the mean.

lysed with SDS (to generate a covalent linkage between
topoisomerase I and its DNA substrate). The lysate was
divided, and one half was not treated with proteinase K
prior to phenol extraction. During extraction, DNA co-
valently linked to protein partitioned between the aqueous
and organic phases and was not collected with the aqueous
phase for further processing. Lysates containing covalent
DNA-—protein adducts were thus depleted of DNA. By this
method, the sample treated with camptothecin but not
digested with proteinase K exhibited a substantial reduction
in DNA content (Fig. 1, lane 2), the expected result if
camptothecin traps topoisomerase | in cleavable complexes
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in vivo. This finding indicates that the drug gains access to
the enzyme in living cells, and that the parasites have
drug-sensitive topoisomerase | activity.

In eukaryotic cells, inhibition of topoisomerase I activity
reduces DNA synthesis and RNA transcription [3]. To
determine whether camptothecin affects these processes in
erythrocytic P. falciparum, we monitored the incorporation
of label from [PH]hypoxanthine into nucleic acids, in the
presence and absence of camptothecin (Fig. 2a, compare
open to closed symbols). In control samples, 38-48% of the
total incorporated radioactivity was present in DNA (nu-
cleic acid stable to digestion by RNases). Camptothecin
virtually halted the synthesis of both RNA and DNA.

To determine whether camptothecin is cytotoxic to
erythrocytic P. falciparum, we used chloroquine-sensitive
(NF54 strain; ECsg, 5 nM) and chloroquine-resistant (FCR3
strain; ECso, 45 nM) parasites, and monitored the incorpo-
ration into nucleic acids of radioactivity from [PH]hypox-
anthine. Camptothecin was cytotoxic to P. falciparum, with
an ECsg value of 32 pM for NF54 (Fig. 2b) and 36 pM for
FCR3. To ensure that the reduction in hypoxanthine
incorporation was a faithful indicator of cell death, these
results were confirmed by microscopy. In contrast to their
well-characterized resistance to quinoline antimalarial
drugs [15], the FCR3 parasites retained full sensitivity to
camptothecin.

Our experiments indicate that camptothecin gains access
to the erythrocytic forms of P. falciparum; promotes cleav-
able complex formation; inhibits nucleic acid biosynthesis;
and ultimately kills the parasite. With an ECsq value in the
micromolar range, camptothecin itself is an unlikely can-
didate for therapy. However, it may be regarded as a lead
compound, which supports the concept that topoisomerase
[ is a susceptible target for antimalarial drug development.
Some camptothecins avoid the cellular pumps involved in
cross-resistance [16], which may provide additional lever-
age against multidrug-resistant parasites. Among the many
analogs that have been synthesized, there are almost cer-
tainly some with greater potency, and perhaps selectivity,
against P. falciparum.
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