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Abstract-African trypanosomes (Trypanoson~~ brucei species) are parasitic protozoa that cause lethal diseases 
in humans and cattle. Previous studies showed that camptothecin, a potent and specific inhibitor of DNA 
topoisomerase I, is cytotoxic to African trypanosomes and related pathogenic hemoflagellates (Bcdley AL and 
Shapiro TA, Proc Nat1 Acud Sci USA 92: 37263730, 1995). In this study, a series of camptothecin analogs was 
tested against axenically cultured, bloodstream form, T. brucei. Modifications to the pentacyclic nucleus of 
camptothecin ablated antiparasitic activity. In contrast, activity could be increased by substituents added to the 
parent ring system (e.g. 10.1 I-methylenedioxy or ethylenedioxy groups; alkyl additions to carbon 7; or 9-amino 
or 9-chloro substituents). Cytotoxicity was correlated with the level of cleavable complexes in trypanosomes, 
implicating topoisomerase I as the intracellular target for these compounds. To obtain some indication of 
selective toxicity, ten compounds were also tested against L1210 mouse leukemia cells. The 9-substituted- 
10.1 I-methylenedioxy analogs caused a disproportionate increase in antiparasitic activity, compared with mam- 
malian cell toxicity. These findings provide a basis for designing further structural modifications and for 
selecting camptothecin analogs to test in animal models of trypanosomiasis. 
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20(S)-Camptothecin, a novel pentacyclic alkaloid from 
the stem wood of Camptotheca acuminota, was isolated 
and structurally characterized based on its powerful an- 
titumor properties [l]. Although studies attempting to 
determine the molecular mechanism of action of this 
drug began in the early 197Os, its cellular target, type I 
topoisomerase (EC 5.99.1.2), remained a mystery until 
1985 [2]. Topoisomerase I catalyzes changes in DNA 
topology by breaking one strand of a DNA duplex, al- 
lowing the second strand of the duplex to pass through 
the break, and then resealing the nick. This relaxation 
activity is required for removal of the supercoils gener- 
ated during cellular replication and transcription of DNA 
(see Refs. [3-6] for a review of topoisomerases). Camp- 
tothecin inhibits topoisomerase I by trapping the enzyme 
in a complex with DNA, termed the cleavable complex, 
which produces covalent protein-DNA linkages upon 
exposure to a protein denaturant ([2]; reviewed in [7]). 
The cytotoxic action of camptothecin is specific for 
topoisomerase I [8]; it is S phase specific [9, lo], and it 
appears to require an interaction between the cellular 
replication machinery and the drug-trapped, cleavable 
complex [ 11, 121. By the mid-1980s a substantial num- 
ber of camptothecin analogs had been prepared and eval- 
uated for antitumor activity, and these efforts were 
greatly stimulated by elucidation of the molecular mech- 
anism of action of camptothecin [ 13-181. 

Our research has focused on the interaction of camp- 
tothecin with African trypanosomes (Trypanosomo bru- 
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cei species). These unicellular parasites, transmitted by 
the bit of a tsetse fly, cause sleeping sickness in humans 
and a related disease in cattle [19]. Untreated African 
trypanosomiasis is ultimately fatal. Four drugs (suramin, 
pentamidine, melarsoprol and eflomithine) are currently 
available to treat trypanosomiasis (reviewed in [20]). Of 
these, only melarsoprol and eflomithine are effective 
against the meningoencephalitis that develops in the late 
stage of the disease. All four drugs require lengthy, par- 
enteral administration, and all but eflomithine have fre- 
quent, severe, toxic side-effects. Moreover, drug resis- 
tance is increasingly reported. Clearly, the development 
of new agents to kill trypanosomes is urgently needed. 

Topoisomerase I activity has been isolated from Try- 

panosomo cruzi [21] and other kinetoplastids (Leishma- 

nia donovani [22] and Crithidiu fmciculatu [23]). In 
previous studies with African trypanosomes, we found 
that treatment with 20(S)-camptothecin produced cova- 
lent adducts with nuclear and mitochondrial DNA, in- 
hibited DNA replication, and resulted in cell death [24]. 
Topoisomerase I thus appears to be a suitable target for 
antitrypanosomal chemotherapy. We also found that 
camptothecin effectively killed T. cruzi and L. donovani, 
closely related hemoflagellates that cause Chagas’ dis- 
ease and leishmaniasis, respectively. These observations 
suggest that topoisomerase I-targeting agents may have 
broad spectrum antiprotozoal activity. 

In light of the scant financial resources available to 
develop new antiparasitic drugs [19, 251, we hoped that 
the enormous battery of camptothecin analogs, already 
synthesized as potential antitumor drugs, might prove 
useful against trypanosomes. To explore this possibility, 
we studied the molecular and cytotoxic effects on T. 
brucei of twenty-nine camptothecin analogs. These com- 
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pounds were carefully selected to represent a spectrum 
of antitumor activity that correlates well with inhibition 
of purified mammalian topoisomerase I ([26-291 and 5). 
With these analogs, we have been able to delineate some 
of the structural features of camptothecin that are essen- 
tial for antiparasitic activity, and to identify substituents 
that increase this activity nearly @-fold. We also dem- 
onstrate that antitrypanosomal activity, as compared 
with mammalian cell toxicity, was selectively enhanced 
by the 9-substituted-IO, 11 -methylenedioxy-20(5)-tamp- 
tothecin analogs. 

MATERIALS AND METHODS 

Parasites 

Bloodstream form T. brucei (MiTat 1.2, strain 427) 
were grown axenically in HMI-9 medium containing 
phenol-red free Iscove’s modified Dulbecco’s medium 
(Mediatech, Inc.) [30]. L1210 mouse leukemia cells 
were cultured in Dulbecco’s modified minimal medium 
containing 4.5 g/L glucose, supplemented with 10% 
heat-inactivated horse serum and 20 mM L-glutamine. 
All cells were grown at 37’ in a humidified incubator, 
maintained at 5% CO,. 

Camptothecin analogs 

Camptothecin analogs, listed in Tables 1 and 2, were 
synthesized as described ([28, 29, 31, 321, and *). The 
compounds were analyzed for purity by TLC and HPLC, 
and characterized by i.r. UV, and NMR spectroscopy. 
For cytotoxicity assays, each analog was dissolved in 
DMSO (Aldrich, 99 + %) at stock concentrations rang- 
ing from 2 to 20 mM, depending on the solubility of the 
compound, and stored at -80”. Serial dilutions were 
made in DMSO. 

Cytotoxicio assay 

A modification of the acid phosphatase cytotoxicity 
assay was used? [33]. Briefly, exponentially growing T. 
brucei (199 pL, lo5 cells/ml) or L1210 cells (199 pL, 7 
x lo4 cells/ml) were added to each well of a 96-well 
microtiter plate containing inhibitor solutions for DMSO 
(1 @!well). Each concentration was tested in quadru- 
plicate. Plates were incubated at 37’ for 24 hr (T. brucei) 
or 48 hr (L1210). Acid phosphatase activity in the sur- 
viving cells was assayed by adding p-nitrophenyl phos- 
phate (20 pL of a 20 mg/mL solution in 1 M sodium 
acetate, pH 5.5, 1% Triton X-100>, and then continuing 
the incubation at 37“ for 4-6 hr. The enzymatic product 
(p-nitrophenol) was measured at 405 nm on a microtitre 
plate reader (Molecular Devices). The data were fit to 
the equation for the sigmoidal E,,, model [34] to obtain 
concentration-response curves and EC,, values. 

Precipitation of topoisomerase-DNA complexes 

The precipitation of topoisomerase-DNA covalent 
complexes was performed essentially as described pre- 
viously [35]. T. brucei were suspended in medium (3 x 
lo6 cells/ml) and radiolabeled with [3H]thymidine (340 
pCi/mL; 3 hr; 37’). Washed cells (0.75 mL; 2.7 x lo6 
cells/ml) were incubated with drug (30 min, 37”), and 

5 Wall ME and Wani MC, unpublished data. 
* Wall ME and Wani MC, unpublished data. 
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then were lysed with an equal volume of 2.5% SDS, 0.8 
mg/mL sheared calf thymus DNA, 10 mM EDTA. Co- 
valent DNA-protein complexes were precipitated with 
KC1 and counted. Samples were assayed in duplicate or 
triplicate. To measure total incorporation of [3H]thymi- 
dine (typically 33,000 cpm/106 cells), an aliquot of un- 
treated cells was transferred to Whatman 3MM filters; 
the DNA was precipitated with trichloroacetic acid, 
washed, and counted. 

RESULTS 

Antitrypanosomal activity of camptothecin analogs 

We tested camptothecin (19, Table 1) and twenty-nine 
of its analogs for cytotoxic activity against axenically 
cultured, bloodstream form T. brucei. All drug con- 
centrations were assayed in quadruphcate, and EC,, 

determinations were repeated two to five times. The 
R2 values obtained for curves fitted to the concentration- 
response data were always greater than 0.97, and the 
standard deviations in multiple determinations of EC,, 

values were less than 22% of the means. The compounds 
are numbered in order of antitrypanosomal potency, (1) 
being the most potent. 

The analogs were divided into two major groups: 
those that retain the parent ring system (Table l), and 
those with a change in the parent ring system or at C20 
(Table 2). Analogs that retain the parent ring system 
were subdivided further into those without or with a 
10,l I-methylenedioxy group (Table 1, a and b series, 
respectively). As we reported previously [241, the EC,, 
for camptothecin is 1.6 pM (Table 1, 19). The largest 
increase in antitrypanosomal activity occurred upon the 
addition of a 10,l I-methylenedioxy group to the A ring. 
Regardless of other substituents, the 10,l l-methylene- 
dioxy moiety caused a lo- to 20-fold increase in activity 
(Table 1, compare the a and b series). A 10,l l-ethyl- 
enedioxy addition (5) afforded a similar increase in cy- 
totoxicity. Two- to four-fold enhancement of activity 
resulted from the addition of an alkyl group to the 7 
position (12, 13, 2, 4), or of a chloro- or amino-substit- 
uent at carbon 9 (14,15,1,6). Nitro-substitution at car- 
bon 9 (20,9) or small substituents added to position 10 
(22,1% 17,21) generally had no significant effect. Sub- 
stituents at carbon 11 (25,28) or carbon 12 (24) mark- 
edly diminished activity. 

Modification of the pentacyclic nucleus of campto- 
thecin resulted in a substantial reduction, or total loss, of 
antitrypanosomal activity (Table 2). Analogs that pos- 
sess a ring D benzene substitution (27), that lack the A 
ring (29), or that have a lactam substitution in the E ring 
(30), were essentially inactive at soluble concentrations. 
Similarly, conversion of the 20(S)-hydroxy-group to an 
amino-group (26) abolished activity. 

Analogs trap cleavable complexes in trypanosomes 

To test whether cytotoxicity correlates with the pro- 
posed molecular mechanism of action, we used the 
KSDS method [35] to assess six compounds, with a wide 
range of antitrypanosomal activity, for their ability to 
promote the formation of covalent protein-DNA adducts 
(Fig. 1). Covalent adducts arise from cleavable com- 
plexes that form in the intact cell, and they reflect the 
intracellular inhibition of topoisomerase I activity [26, 
361. We found that the cytotoxicity of an analog corre- 
lated well with its ability to trap cleavable complexes 
(Fig. l), aftirming the notion that in trypanosomes, 
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Table 1. Antitrypanosomal activity of camptothecin analogs that retain the parent ring system 

(a) HO 0 (b) HO 0 

(a) 
20(S)-Camptothecin 

(b) 
10,l I-Methylenedioxy 

20(S)-camptothecin 

Modification EC,, (PM) Ratio* Numbert E% (@“f) Ratio* Number? 

Parent compound 
7-methyl 
7-ethyl 
‘I-propyl 
7-ethyl-9-amino 
7-ethyl-9-nitro 
7-ethyl-lOamino 
7-ethyl- IO-nitro 
9-chloro 
9-amino 
9-nitro 
lo-methyl 
lo-chloro 
IO-amino 
IO-nitro 
10.1 I-dimethoxy$ 
11 -amino 
12-amino 
7-methyl-10.1 I-ethylenedioxy 

1.6 1.0 19 

0.63 2.5 12 
0.80 2.0 13 
0.86 1.9 16 
2.7 0.59 23 
0.62 2.6 11 
0.60 2.7 10 
0.81 2.0 14 
0.84 1.9 15 
1.6 1.0 20 
2.3 0.70 22 
1.5 1.1 18 
1.2 1.3 17 
2.1 0.76 21 

>lOO.O co.02 28 
18.0 0.09 25 
12.0 0.13 24 
0.070 23 5 

0.16 10 7 
0.044 36 2 
0.060 27 4 

0.057 28 3 
0.17 9.4 8 

0.041 39 1 
0.074 22 6 
0.40 4.0 9 

* Et&, of 20(S)-camptothecin/EC/Ec,, of modified aIMlOg. 

t Compound number, ranked from the most potent (1) to the least potent (30). 
$ Mixture of 20(&Y) enantiomers. 

topoisomerase I is the cellular target for camptothecin 
analogs, The basis for the log-linear relationship is not 
clear, but it may reflect limitations of the cleavable com- 
plex assay, at the extremes of activity. 

Selective toxicity 

When searching for an antiparasitic drug, selective 
toxicity against the parasite relative to the host is essen- 
tial. To identify structural features that might prove more 
toxic to trypanosomes than to mammalian cells, we se- 
lected for comparison a variety of mono-, di-, and tri- 
substituted camptothecin analogs (Fig. 2). The antipar- 
asitic activity of these compounds ranged from 2- to 
40-fold greater than that of camptothecin (the potency 
ratio; black bars, Fig. 2). To obtain comparable values 
for mammalian cells, we used our assay to determine 
activity against murine Ll210 leukemia cells. L1210 
was chosen because it is a mammalian cell line against 
which many camptothecin analogs have already been 
tested. Our results with Ll210 are comparable to those 
reported previously for 7, 15, and 19 [32, 36, 371 (EC,, 
values for camptothecin and its 10,l 1-methylenedioxy 
analog were 0.12 and 0.016 p.M, respectively). In con- 
trast to the results with trypanosomes, against mamma- 
lian cells, none of these analogs was more than 20-fold 
more active than camptothecin (gray bars, Fig. 2). Re- 
BP 50:7-c 

cent studies indicate that camptothecin and its analogs 
are substantially more toxic to malignant, in comparison 
with normal, mammalian cells [38-40]. The EC,, values 
we found for L1210 cells are therefore likely to overes- 
timate the cytotoxicity to normal mammalian tissues. 

To obtain some measure of relative toxicity, we com- 
pared the potency ratios for trypanosomes with those for 
Ll210 cells. This comparison (depicted as a number 
above the columns in Fig. 2) provides a means to iden- 
tify structural modifications that improve antitrypanoso- 
mal activity relative to mammalian cell toxicity. Increas- 
ing numbers indicate an increase in the relative toxicity 
against trypanosomes. No compound had a ratio of less 
than 1, i.e. no analog showed a greater increase in tox- 
icity (relative to camptothecin) to mammalian cells than 
to trypanosomes. Most compounds had a ratio of 2 or 
less. Four of the analogs had ratios of 4 or more (Fig. 2; 
1, 3, 6, 8). All four of these have both the 10,l l-meth- 
ylenedioxy group and a substitution at carbon 9. Inter- 
estingly, selective toxicity appeared to be unrelated to 
antitrypanosomal activity, i.e. the most potent inhibitors 
were not necessarily the most selective. 

DISCUSSION 

Camptothecin, a well-characterized topoisomerase I 
inhibitor 171, has molecular and cytotoxic effects on Af- 
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Fig. 1. Correlation of cytotoxicity with cleavable complex for- 
mation in T. brucei. Camptothecin (19) and five of its analogs 
(2, 7, 12, 15, 26) with a range of antitrypanosomal activity 
(Tables 1 and 2) were chosen for analysis. Each compound was 
assayed at 0.5 p.M for its ability to promote covalent protein- 
DNA complex formation, by the KSDS method [35]. Increasing 
levels of cleavable complex formation correlated well with in- 
creasing antitrypanosomal activity (R’ = 0.929). The level of 
cleavable complexes from no drug control cells has been sub- 
tracted from the data. This value (12.9% total DNA) is a mea- 
sure of naturally occurring cleavable complexes, and is com- 

parable to those reported previously [24]. 

rican hypanosomes and closely related pathogens [24]. 
To extend this work we have now tested an array of 
camptothecin analogs for their ability to trap protein- 
DNA complexes and to kill trypanosomes in vitro. Many 

Table 2. Antitrypanosomal activity of camptothecin analogs 
with modifications in the parent ring system or at C20 

Compound (Z) Number* 

CamptothecIn 
20(S)-Aminc+camptothecin 
Ring D-benzo-20(S)- 

camptothecin 
Tetracyclic-20(s)- 

camptothecin 
Ring E-la&am-20(s)- 

camptothecin 

1.6 19 
160 26 

>lOO 27 

Inactive 29 

Inactive 30 

* Compound number, ranked from the most potent (1) to the 
least potent (30). 

of these analogs showed large increases in potency, 
ranging up to &fold more active than camptothecin 
(Table 1). Antiparasitic activity correlated well with the 
ability to promote the formation of covalent protein- 
DNA adducts (Fig. l), in accord with the concept that 
the cellular target of these agents is topoisomerase I. 

Fig. 2. Effect of substituents on potency and selectivity. The cytotoxicity of selected analogs, relative to 
camptothecin, against T. brucei (black bars) or Ll210 cells (gray bars) was determined. Compounds are arranged 
in groups with one, two, or three substituents, and within each group are displayed in order of increasing 
antiparasitic activity. Selective toxicity (numbers above the bars) is a ratio of the relative toxicities: [(camp- 
tothecin Ec,&nalog ac ) 50 T. ]/[(camptothecin br”cC, EC5,,hdOg ~c&,~,~]. Increasing numbers indicate an in- 
crease in relative potency against trypanosomes, compared with L1210 cells; compounds with the greatest 

increase are marked with an asterisk. MD = 10,l I-methylenedioxy. 
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To identify structural modifications that might impart 
selective toxicity, we assayed ten of the analogs against 
mammalian Ll210 leukemia cells. Interestingly, activity 
against trypanosomes (black bars, Fig. 2) and against 
mammalian cells (gray bars, Fig. 2) did not entirely par- 
allel one another. The discrepancy was most notable in 
the 9-substituted-10,l I-methylenedioxy analogs. These 
were ten to forty times as effective as camptothecin in 
killing trypanosomes, yet caused less than a IO-fold in- 
crease in mammalian cell toxicity (Fig. 2). Although 
these effects were not great enough to make any analog 
more toxic to trypanosomes than to mammalian leuke- 
mia cells, this discrimination between the two cell lines 
recommends the 9-substituted-lo,1 I-methylenedioxy 
structural motif as a starting point for attaining selective 
toxicity. Tumor cells, relative to their nonmalignant 
counterparts, are unusually sensitive to the toxic effects 
of camptothecin analogs [38-401. Indeed, nonmalignant 
cells in culture appear unaffected by concentrations of 
camptothecin analogs that kill tumor cells. Hence, we 
anticipate that normal mammalian cells would yield sig- 
nificantly higher EC,, values than those obtained for 
L1210 cells, providing a real margin of selective toxic- 
ity. However, the most meaningful test of selective tox- 
icity obviously lies in animal studies. 

Camptothecin lactone and at least four of its analogs, 
9-amino-20(S)-camptothecin, 9-[(dimethylamino)methyl]- 
IO-hydroxy-camptothecin (Topotecan), 7-ethyl-10-[4- 
(1 -piperidino)- 1 -piperidino]-carbonyloxy-20(S)-camp- 
tothecin (WI-1 1, Irinotecan), and 7-(4_methylpiperazi- 
nomethylene)- 10,l I -ethylenedioxy-20(S)-camptothecin 
(Gll47211) are currently in clinical trails [41-44]. It is 
hoped that the structure-activity information provided 
by in vitro antiparasitic assays will help us to identify 
truly selective inhibitors, and in conjunction with the 
encouraging data emerging from clinical trials, will pro- 
vide an efficient route toward developing much-needed 
new drugs for trypanosomiasis and related parasitic dis- 
eases. 

Acknowledgements-We thank Cecil Robinson for many 
thoughtful discussions and for reading this manuscript; Mike 
McGarry for technical assistance; A. Nicholas and G. Maniku- 
mar for assistance in providing the compounds; Barbara Soll- 
ner-Webb for L1210 cells; Paul Talalay for use of the microtiter 
plate reader; and Jared Cumming for help with illustrations. 
This work was sunoorted by USPHS Grants AI28855 CT.A.S.1 
and CA50529 (tiE.w.), UNDP/~~RLD BANWwH0 Spe: 
cial Program for Research and Training in Tropical Diseases 
(A.L.B.), and by a Burroughs Wellcome Fund Experimental 
Therapeutics Award (T.A.S.). 

REFERENCES 

Wall ME, Wani MC, Cook CE, Palmer KH, McPhail AT 
and Sim GA, Plant antitumor agents. I. The isolation and 
structure of camptothecin, a novel alkaloidal leukemia and 
tumor inhibitor from Camprorheca acuminatu. J Am Chem 
Sot 88: 3888-3890, 1966. 
Hsiang Y-H, Hertzberg R, Hecht S and Liu LF. Camptoth- 
ecin induces protein-linked DNA breaks via mammalian 
DNA topoisomerase I. J Biol Chem 260: 14873-14878, 
1985. 
Schneider E, Hsiang Y-H and Liu LF, DNA topoi- 
somerases as anticancer drug targets. Adv fhurmocol 21: 
149-183, 1990. 
Sutcliffe JA, Gootz TD and Barrett JF, Biochemical char- . 

topoisomerases. Antimicrob Agents Chemother 33: 2027- 
2033, 1989. 

5. Wane JC. DNA tonoisomerases: Whv so manv? J Biol 

6. 

7. 

8. 

9. 

10. 

Chei 266: 6659-6662, 1991. - - 
Champoux JJ, Mechanism of catalysis by eukaryotic DNA 
topoisomerase I. Adv Pharmacol49A: 71-82, 1995. 
Liu LF. Biochemistry of camptothecin. In: Camptothecins: 
New Anticancer Agents (JZds. Potmesil M and Pinedo H), 
pp. 9-19. CRC Press, Boca Raton, 1995. 
Nitiss J and Wang JC, DNA topoisomerase-targeting anti- 
tumor drugs can be studied in yeast. Proc Narl Acad Sci 
USA 85: 7501-7505. 1988. 
Horwitz SB and Horwitz MS, Effects of camptothecin on 
the breakage and repair of DNA during the cell cycle. Cun- 
cer Res 33: 2834-2836, 1973. 
Del Bino G, Lassota P and Darzynkiewicz Z, The S-phase 
cytotoxicity of camptothecin. Exp Cell Res 193: 27-35, 
1991. 

11. 

12. 

13. 

14. 

D’Arpa P, Beardmore C and Liu LF, Involvement of nu- 
cleic acid synthesis in cell killing mechanisms of topoi- 
somerase poisons. Cancer Res 50: 6919-6924, 1990. 
Holm C. Covey JM, Kerrigan D, Kohn KW and Pommier 
Y, Protection by DNA synthesis inhibition against cell kill- 
ing by topoisomerase blocking drugs. In: DNA Topoi- 
somerases in Cancer (Eds. Potmesil M and Kohn KW), pp. 
161-171. Oxford University Press, New York, 1991. 
Cai J-C and Hutchinson CR, Camptothecin. In: The Alka- 
loids (Ed. Brossi A), pp. 101-137. Academic Press, New 
York, 1983. 
Kingsbury WD, Boehm JC, Jakas DR, Holden KG, Hecht 
SM. Gallagher G, Caranfa MJ, McCabe FL, Faucette LF, 
Johnson RK and Hertzberg RP, Synthesis of water-soluble 
(aminoalkyl)camptothecin analogues: Inhibition of topoi- 
somease I and antitumor activity. J Med Chem 34: 98-107, 
1991. 

15. 

16. 

17. 

18. 

Sawada S, Okayima S, Aiyama R, Ken-ichiro N, Furuta T, 
Yokokura T, Sugino E, Yamaguchi K and Miyasaka T, 
Synthesis and antitumor activity of 20(S)-camptothecin de- 
rivatives: Carbamate-linked, water-soluble derivatives of 
7-ethyl-lo-hydroxycamptothecin. Chem Pharm Bull (To- 
kyo) 39: 1446-1454, 1991. 
Crow RT and Crothers DM, Structural modifications of 
camptothecin and effects on topoisomerase I inhibition. J 
h4ed Chem 35: 4160-4164, 1992. 
Wall ME and Wani MC, Camptothecin and analogs. In: 
Human Medicinal Agents from Plants (Eds. Kinghom AD 
and Balandrin MF), pp. 149-169. American Chemical So- 
ciety, Washington, DC, 1993. 
Wall ME and Wani MC, Camptothecin and analogs: From 
discovery to clinic. In: Cumptothecins: New Anticancer 
Agents (Eds. Potmesil M and Pinedo H), pp. 21-41. CRC 
Press, Boca Raton, 1995. 

19. 

20. 

21. 

77 

Warren KS, The global impact of parasitic diseases. In: The 
Biology of Parasitism @Is. Englund PT and Sher A), pp. 
3-12. Alan R. Liss, New York, 1988. 
Kuzoe FAS, Current situation of African trypanosomiasis. 
Acta Trap (Base0 54: 153-162. 1993. 
Riou GF: Gabillot M, Douc-Rassy S. Kayser A and Barrois 
M, A type I topoisomerase from Trypanosoma cruzi. Eur J 
Biochem 134: 479-484, 1983. 

II. Chakraborty AK, Gupta A and Majumder HK, A type I 
DNA topoisomerase from the kinetoplast hemoflagellate 
Leishmania donovani. Indian J Biochem Biophys 30: 257- 
263, 1993. 

23. Melendy T and Ray DS, Purification and nuclear localiza- 
tion of a type I topoisomerase from Crifhidia fasciculara. 
Mel Biochem Parasitol ?A: 215-225, 1987. 

24. Bodley AL and Shapiro TA, Molecular and cytotoxic ef- 
fects of camptothecin, a topoisomerase I inhibitor, on try- 
panosomes and Leishmania. Proc Nutl Acad Sci USA 92: 
3726-3730, 1995. 

25. Aldhous P, Fighting parasites on a shoestring. Science 264: 
1857-1859, 1994. 

actenstrcs and physiological significance of major DNA 26. Hsiang Y-H, Liu LF, Wall ME, Wani MC, Nicholas AW, 



942 A. L. BODLEY et al. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

Manikumar Cl, Kirschenbaum S, Silber R and Potmesil M, somerase I in cultured L1210 cells. Cancer Res 47: 1793- 
DNA topoisomerase I-mediated DNA cleavage and cyto- 1798, 1987. 
toxicity of camptothecin analogues. Cancer Res 49: 4385- 37. Wani MC, Ronman PE, Lindley JT and Wall ME, Plant 
4389, 1989. antitumor agents. 18. Synthesis and biological activity of 
Jaxel C, Kohn KW, Wani MC, Wall ME and Pommier Y, camptothecin analogs. J Med Chem 23: 554-560. 1980. 
Structun+activitv studv of the actions of camotothecin de- 38. Pantazis P. Earlv JA. Kozilski AJ. Mendoza JT. Hinz HR 

a . 

rivatives on mammalian topoisomerase I: Eidence for a 
specific receptor site and a relation to antitumor activity. 
Cancer Res 49: 1465-1469, 1989. 
Nicholas AW, Wani MC, Manikumar G, Wall ME, Kohn 
KW and Pommier Y, Plant antitumor agents. 29. Synthesis 
and biological activity of ring D and ring E modified ana- 39. 
logues of camptothecin. J Med Chem 33: 972-978, 1990. 
Wall ME, Wani MC, Nicholas AW, Manikumar G, Tele C, 
Moore L, Truesdale A. Leitner P and Besterman JM, Plant 
antitumor agents. 30. Synthesis and structure of novel 
camptothecin analogs. J Med Chem 36: 2689-2700, 1993. 
Carruthers VB and Cross GAM, High efficiency clonal 40s 
growth of bloodstream and insect form Trypanosomu bru- 
cei on agarose plates. Proc Nad Acad Sci USA 89: 8811 
8821, 1992. 
Wani MC, Nicholas AW and Wall ME, Plant antitumor 
agents. 23. Synthesis and antileukemic activity of camp- 

41 
’ 

tothecin analogs. J Med Chem 29: 2358-2363, 1986. 
Wani MC, Nicholas AW, Manikumar G and Wall ME, 
Plant antitumor agents. 25. Total synthesis and antileuke- 
mic activity of ring A substituted camptothecin analogues. 

42 

Structure-activity correlations. J Med Chem 30: 1774- 
1779, 1987. 
Martin A and Clynes M, Acid phosphatase: Endpoint for in 
vitro toxicity tests. In Vitro Cell Dev Biol 27A: 183-184, 
1991. 

43. 

Holford NHG and Sheiner LB, Understanding the dose- 
effect relationship: Clinical application of pharmacokinet- 
ic-pharmacodynamic models. Clin Pharmucokiner 6: 429- 
453, 1981. 44. 
Shapiro TA and Englund PT, Selective cleavage of kinet- 
oplast DNA minicircles promoted by antitrypanosomal 
drugs. Proc Nat1 Acad Sci USA 87: 950-954, 1990. 
Mattem MR. Mong S-M, Bartus HF, Mirabelli CK, Crooke 
ST and Johnson RK, Relationship between the intracellular 
effects of camptothecin and the inhibition of DNA topoi- 

and Giovanella BC, Regression of human breast carcinoma 
tumors in immunodeficient mice treated with 9-nitrocamp- 
tothecin: Differential response of nontumorigenic and tu- 
morigenic human breast cells in virro. Cancer Res 53: 
1577-1582, 1993. 
Pantazis P, Hinz HR, Mendoza JT, Kozielski AJ, Williams 
LI Jr, Stehlin JS Jr and Giovanella BC, Complete inhibition 
of growth followed by death of human malignant mela- 
noma cells in vitro and regression of human melanoma 
xenografts in immunodeficient mice induced by camptoth- 
ecins. Cancer Res 52: 3980-3987, 1992. 
Pantazis P, Kozielski AJ, Mendoza JT, Early JA, Hinz HR 
and Giovanella BC, Camptothecin derivatives induce re- 
gression of human ovarian carcinomas grown in nude mice 
and distinguish between non-tumorigenic and tumorigenic 
cells in vitro. Inr J Cancer 53: 863-871, 1993. 
Slichenmyer WJ, Rowinsky EK, Donehower RC and 
Kaufmann SH, The current status of camptothecin ana- 
logues as antitumor agents. J Natl Cancer fnst 85: 271- 
291, 1993. 
Emerson DL, Besterman JM, Brown HR, Evans MG, 
Leitner PP, Luzzio MJ, Shaffer JE, Stembach DD, Uehling 
D and Vuong A, In vivo antitumor activity of two new 
seven-substituted water-soluble camptothecin analogues. 
Cancer Res 55: 603-609, 1995. 
Takimoto CH, Klecker RW, Dahut WL, Yee LK, Strong 
JM, Allegra CJ and Grem JL, Analysis of the active lactone 
form of 9-aminocamptothecin in plasma using solid-phase 
extraction and high performance liquid chromatography. J 
Chromurogr B Biomed Appl655: 97-104, 1994. 
Stehlin JS, Natelson EA. Hinz HR. Giovanella BC, de Ip- 
olyi PD, Fehir KM, Trezona TP, Vardeman DM, Harris NJ, 
Marcee AK, Kozielski AJ and Ruiz-Razura A, Phase I 
clinical trail and pharmacokinetics results with oral admin- 
istration of 20(S)-camptothecin. In: Camptorhecins: New 
Anticancer Agents (Ms. Potmesil M and Pinedo H), pp. 
59-65. CRC Press, Boca Raton, 1995. 


