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SUMMARY

Hycanthone methanesulfonate, an antischistosomal agent, is an effective

frameshift mutagen in Salmonella typhimurium but did not induce auxotrophic

mutations in Serratia marcescens HY, even at high concentrations (25,000

"g/ml). The mutagenic action of hycanthone in S. typhimurium is not dependent

on a functional excision repair system but is enhanced by the plasmid pKM10,

which mediates the inducible error-prone repair system. Hycanthone, like

proflavin, intercalates between the stacked bases of DNA. Upon replication,

DNA lesions are generated which induce error-prone repair. It is suggested

that S. marcescens HY is insensitive to the mutagenic action of hycanthone

because it lacks an error-prone repair system.
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INTRODUCTION

Schistosomiasis, a chronic illness caused by flukes of the genus

Schistosoma, can result in liver and spleen damage or in urinary tract

disease. World-wide incidence of schistosomiasis has been estimated at more

than 200 million cases (Bueding and Batzinger, 1977), and at least 500 million

people are at risk (De Cock, 1984). Lucanthone (Miracil D), and its main

metabolic product, hycanthone (Etrenol) are widely used antischistosomal

agents (Rosi et al., 1967). Hycanthone methanesulfonate is highly effective

against the parasitic worms Schistosoma haematobium and S. mansoni but is

ineffective in S. japonicum infections (Berberian et al., 1967; Hillman et

4 al., 1977). The therapeutic dose of hycanthone methanesulfonate is 1.5 to 3.0

mg/kg of body weight, not to exceed 200 mg, given as a single intramuscular

injection (Gilles, 1981); serum concentrations of 3 vg/ml are commonly

achieved. Batzinger and Bueding (1977) estimated that from 1971 to 1977 over

one million people were treated with hycanthone.

Waring (1970) presented evidence, based on changes in the sedimentation

coefficient of hycanthone-treated DNA, that the planar aromatic ring structure

of hycanthone intercalates between the stacked base pairs of DNA, resulting in

uncoiling of the DNA double helix. This was confirmed by Hirschberg and

Weinstein (1971), who reported that hycanthone and lucanthone exhibit

equivalent activity in increasing the melting temperature and relative

viscosity of DNA. Cioli et al. (1985) have recently proposed that hycanthone

is activated to form a reactive ester which, upon dissociation, intercalates

Into and alkylates DNA, forming a covalently bound drug-DNA complex.

.2-
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Although some biological test systems are ineffective in detecting the

mutagenic effects of hycanthone (Arenaz, 1977; Russel and Kelly, 1973; Smith,

1973), overwhelming evidence has accumulated indicating that hycanthone is a

potent mutagen (Ong, 1978). Hycanthone was first shown to be a frameshift

mutagen in Salmonella typhimurium (Hartman et al., 1971), inducing mutations

at a drug concentration as low as 0.1 Ag/ml with an estimated 105 mutations

per 108 cells per microgram of hycanthone (Ames et al., 1972; Hartman et al.,

1973). Lucanthone produces frameshift mutations in S. typhimurium only after

metabolic hydroxylation of its methyl side chain, which converts lucanthone to

hycanthone (Hartman et al., 1975; Hernandez et al., 1971). In yeast,

hycanthone induces base substitutions (Meadows et al., 1973) and intragenic

recombination (Von Borstel and Quah, 1973) in addition to frameshift mutations

(Lucchini et al., 1980). Pronounced increases in the frequency of sex-linked

recessive lethals in Drosophila melanogaster given a dose of hycanthone of 50

mg/kg body weight have been reported (Knaap and Kramers, 1974; Kramers, 1981;

Kramers et al., 1983), while lucanthone was shown to induce chromosome loss in

Drosophila male germ cells (U, 1972). Rats given intraperitoneal injections

of hycanthone methanesulionate at 40 mg/ky and killed after 6 hours, showed a

significant increase in chromosomal aberrations such as gaps and exchanges in

bone marrow cells (Graen et al., 1973). Hycanthone methanesulfonate also

produced teratogenic effects in mice at doses as low as 30 my/ky body weight

(Moore, 1972), possibly by depressing DNA synthesis at a critical period of

oryanoyenesis (Sieber a,,u 'amson, 1975). Hycanthone methanesulfonate was

reported to be mutagenic in cultured mouse lymphoma c ]ls at conoentratiuns as

low as b 1,y/il (I x 10- t M) for 2 hours (Clive et al., 1972; Clive, 1974), and

chromosomal aberrations were produced in cultured human leukocytes after

treatment witn b x 1 -8 M hycanthone methanesulfonate for 24 nr (Cbe, 1973).
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The strong correlation between mutagenesis in bacterial tests and

carcinogenesis in animals also applies to hycanthone. An increased incidence

of hepatocellular carcinomas was observed in hycanthone-treated mice infected

with S. mansoni (Haese et al., 1973; Haese and Bueding, 1976). Rat embryo

cell cultures infected with Rauscher leukemia virus are transformed

morphologically after treatmert with hycanthone at concentrations as low as

0.1 rg/ml (Hetrick and Kos, 1973).

Kohno and Roth (1974) lave suggested that proflavin, which has a planar

triple ring structure similar to hycanthone, interacts with DNA, which upon

replication generates a structure that is recognized by the inducible, recA+

lex + dependent, error-prone repair pathway (Kohno and Roth, 1974). We have

previously reported (G. B. Knudson and W. Belser. 1979. Abstr. Annu. Meet. Ain.

Soc. Microbiol., H7, p. 120) that Serratia marcescens HY lacks an inducible

error-prone repair pathway and that proflavin is ineffective in inducing

specific locus mutations in S. marcescens HY. This report extends this study

to the mutagenic effects of hycanthone on S. marcescens HY. Salmonella

typhimurium his tester strains, which lack excision repair, were used as

positive controls in testing the mutagenicity of the hycanthone and to assess

the effects of the plasmid pKM1O1 on the mutation frequency.

6t-I -
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MATERIALS AND METHODS

Bacterial strains. S. marcescens HY is a wild type strain which has been

previously described (Hutchinson and Belser, 1969). All GK-Trp" mutants were

derived from S. marcescens HY by treating log phase cells slispended in tris-

maleic buffer (pH 5.9) with N-methyl-N'-nitro-N-nitrosoguanidine at 1 my/ml

for 30 min (Adelbery et al., 1965). S. marcescens GK-16 has a base

substitution mutation in the Trp B gene which codes for the beta subunit of

tryptophan synthetase. S. marcescens GK-12 has a base substitution mutation

in the Trp E gene which codes for anthranilate synthetase. S. marcescens HYC

is a strain which was isolated in our lab by curing strain HY of its resident

lysogenic bacteriophage with mitomycin C induction followed by growth at high

temperatures, as previously described (Kaplan and Brendel, 1969; Steiger,

1973).

Salmonella typhimurium histidine-requiring mutants were kindly supplied

by Bruce Ames, Department of Biochemistry, University of California,

Berkeley. Strains TAIO0 (which contains the plasmid pKMI0I to increase

mutability) and TA1535 were used to test for base-pair substitution

mutations. Strains TAIOO, TA98 (which also contains pKMI01), TA1537, and

TA1538 were used to detect frameshift mutations. Each strain also lacks the

normal lipopolysaccharide cell surface barrier (rfa ) and is excision-repair

deficient (uvrB), which greatly increases their sensitivity to mutagens

(Alper and Ames, 1975; Ames et al., 1973, 1975; McCann et al., 1975). All

tester strains were routinely confirmed for the uvrB deletion by checking

sensitivity to ultraviolet radiation, for the deep rough mutation by checking

sensitivity to crystal violet, and for the presence of pKM1I0 in TA98 and

TAI)J ty ampicillin resistance.

I



Media and reagents. LB medium is a maximally supplemented broth

containing yeast extract and Bacto tryptone (Schleif and Wensink, 1981). SM

is a minimal synthetic medium, similar to that used in previous studies

(Belser and Bunting, 1956), composed of dibasic potassium phosphate, 8.0 gm;

dibasic ammonium citrate, 5.0 gm; magnesium sulfate heptahydrate, 0.5 yin;

ferric chloride stock, 1.0 ml (stock consisting of 1 ml molten ferric chloride

.- in 49 ml water); glycerol, 20 ml; and glass-distilled water to make 1.0

liter. SMA medium consists of SM supplemented with 1% vitamin-free acid-

hydrolyzed casein. SME medium consists of SM medium supplemented with 2.5 gn

peptone, 2.5 gm casitone, and 2.5 gm yeast extract per liter of SM medium.

SMME medium consists of SM medium supplemented with 0.02% each of peptone,

casitone, and yeast extract. Vogel-Bonner minimal salts medium (Vogel and

1-* " Bonner, 1956) was supplemented with I g/ml biotin and glucose (autoclaved

separately) to give a final concentration of 5 gm per liter and solidified

with 1.5t agar (Difco). Top agar consists of 0.6% Difco agar and 0.5% NaCI in

. ylass-distilled water. Before use, 10 ml of filter-sterilized 0.5 mM L-

histidine hydrochloride and 0.5 mM biotin is added to 100 ml of melted top

agar at 500C. Adding this supplement allows histidine-requiring bacteria to

undergo several rounds of division which, in many cases, is necessary for

ifnutayenesis.

Hycanthone methanesulfonate was a generous gift from F. C. Nachod,

Sterling-Winthrop Research Institute, Rensselaer, New York. Fresh filter-

sterilized stock solutions of hycanthone methanesulfonate were prepared in

saline for each trial.

Preparation of rat-liver S9. A microsome fraction (S9) was prepared from

livers of male Sprague-Dawley rats essentially as described by Venitt et al.

(19d4). Rats were injected i.p. with a polychlorinated biphenyl mixture,

|-- ..
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Aroclor 12b4 (500 my/kg), 5 days prior to removing their livers, to induce

drug-metabolising enzymes (Alvares et al., 1973). S9 mix (Maron and Ames,

1983) consists of 41 S9 in 8 mM MgC1 2 , 33 mM KCI, 5 mM glucose-6-phosphate, 4

mM NADP, 100 mM sodium phosphate, pH 7.4. S9 mix was made fresh for each

mutagenicity assay. Each tester strain was tested with standard diagnostic

mutagens (N-nethyl-N'-nitro-N-nitrosoyuanidine, sodium azide, benzo (a)

pyrene, and the acridine half-mustard ICR-191) with and without metabolic

activation, as previously described (Pitts et al ., 1978).

h°
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RESULTS

K'-

Spot test for reverse mutation in Serratia marcescens. SM agar plates,

supplemented with 0.5 ,g/ml tryptophan, were inoculated with 1 x i0 S.

marcescens tr_ auxotrophs (GK-12 and GK-16). A crystal of nitrosoguanidine

was placed in the center of one set of plates and 0.2 my hycanthone was

spotted in the center of a second set of plates. After incubating at 290C for

3 days, nitrosoguanidine had induced reverse mutations in both GK-12 trp and

+
GK-16 tC-, resulting in a ring of red trp revertant colonies surrounding a

clear zone of inhibition. In contrast, hycanthone failed to revert either

trp strain of S. marcescens. Furthermore, the hycanthone failed to produce a

clear zone of inhibition in the faint lawn of cells that grew on the minimal

nedium supplemented with a limiting amount of tryptophan.

Endpoint titration. The survival of S. marcescens exposed to increasing

concentrations of hycanthone for various times is shown in Fig. 1. Four tubes

of SME broth containing hycanthone concentrations of 0, 250, 2500, and 25,000

lg/ml, respectively, were inoculated with 3 x 106 log phase cells of S.

-- marcescens HY. After 0, 12, 24, 48, and 96 hours of incubation, serial

dilutions were made in saline from each of the four tubes, and 0.1 ml of the

appropriate dilutions were plated on SM + 1 u.g/ml Trp plates. Cell counts

--- were taken after 4 days of incubation at 290C. As shown in Fig. 1, there was

an increase in the lag phase for cells grown in high concentration of

hycanthone. However, there was little toxic effect as reflected in the

terminal cell concentration. After incubating 96 hours in SME medium

containing 25 ,)00 g/ml hycanthone, the S. marcescens cell count had reached

I 101 cells/mi. The cell count for the control culture, in the absence of

°. °

*1. 
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hycantnone, was 4.8 x 10 10. A total of 500 small, putative tr colonies were

replicate-transferred from these plates to SM minimal plates and to plates of

SM + 50 y/mnl Trp. All of these colonies grew on SM plates in the absence of

tryptophan, indicating that they were not t__p auxotrophs.

Ethylenediaminetetraacetate (EDTA) was used to test the possibility that

hycanthone was not transported into Serratia due to a permeability barrier

(Leive, 1965; Leive and Kollin, 1967). Two strains of S. marcescens (HY and

HYC) at log phase in SME were centrifuged and resuspended in tris buffer (pH

6.J, 0.1 M) at 1 x 105 cells/if.l The cell suspension was divided in half; one

half was treated with EDTA for 3 in at a final concentration of 0.01 M while

the other half served as a control. Hycanthone was added to the EUTA-treated

and control cells to give final concentrations of: 0, 50, 500, and 2500

* 1 /rl. After 24 and 48 hours of incubation at 290C, the cells were diluted in

0.85Y, saline, plated on SME, and the plates incubated at 290C for five days.

There were no statistically significant differences in colony counts between

the control and EDTA-treated cultures at any of the hycanthone concentrations

tested.

Test for forward mutations. Tubes containing SME plus 1U and 500 ly/ml

hycanthone, respectively, were inoculated with log phase S. marcescens HYC

cells and aerated for 4 hours at 29 C. The cells were centrifuyed,

resuspended in 0.85" saline, and the appropriate dilutions were plated on SMME

agar plates. After incubating at 290C for five days, the plates were screened
fir auxotruphi, mutants by replicate-transferring all of the very small

colonies from the limiting plates (SMME agar plates) to SM, SM + 5U jg/ml Trp,

and SME plates. Out of a total of 1000 smnall colonies tested, none proved to

,e an auxotrophic mniitant.



Ampicillin counterselection. S. marcescens HY was grown in SME

containing 25,000 Ig/ml nycanthone for 130 hours, centrifuged, washed three

times with 0.85% saline, resuspended in SME to Klett 20, and allowed to grow

to Klett 40. Growth was monitored turbidimetrically with a Klett-Surnnerson

colorimeter with a red filter (transmission 640 to 700 nm). The cells were

centrifuged and suspended in SMA to Klett 10 and grown with aeration for 2.5

hours (to Klett 57) to exhaust their endogenous tryptophan pools. To enrich

for trp auxotrophs, ampicillin was added to a final concentration of 100

1g/ml, and the cells were aerated for an additional 90 in. The cells were

centrifuged and resuspended in distilled water to lyse the frdgile trp

cells. The cells were diluted in saline and plated on SM + 1 ug/ml Trp

plates. After incubating these plates for 5 days at 290C, 5O0 small colonies

were replicate-transferred to SM and SM + 50 ug/ml Trp plates. All colonies

tested grew on both the SM and SM + Trp plates, indicating that none were trp

mutants.

Test for reversion to histidine independence in Salmonella typhimurium.

S. typhimurium tester strains were spot-tested with hycanthone. Log phase

0 cells grown at 370C in LB-broth on an orbital shaker were adjusted to 1 x 109

cells/ml to reduce experiment-to-experiment variability (Belser et al.,

1981). One-tenth ml of cells was added to 2.0 ml molten top agar in a 45°C

water batn. Contents were quickly mixed and poured onto a minimal Vogel-

Bonner plate which was tilted to evenly distribute the top agar. Crystals of

hycanthone were applied directly onto the surface of the plate which was then

incubated at 370C for 2 days. Hycanthone effectively induced reverse

mutations in the frameshift tester strains TA1537, TA1538, TA98, and TA100,

but not with strain TA1535, which detects base substitutions. On each plate,

a ring of his revertant colonies surrounded a zone of inhibition around the

..;. . . . . . . . . . . . . .
_ . --. . .'& ,, J. . . . . . ~ ' * * . *..t
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point where the crystals of hycanthone had been applied.

Quantitative tests for hycanthone mutagenesis were carried out by adding

hycanthone, at various concentrations, to top agar and the bacterial tester

strain, with and without added S9 mix, before pouring on the Vogel-Bonner

plates (Maron and Ames, 1983). In each experiment, all strains were plated

for spontaneous mutation frequency, and this value was subtracted from the

plate counts for each strain. A New Brunswick Biotran II colony counter was

- used for all plate counts. Hycanthone appeared to be a more potent mutagen in

the presence of pKM1O1. Strain TA98 was derived from strain TA1538 by the

addition of the plasmid pKM101. This plasmid enhances error-prone DNA

repair. The mutagenic activity of hycanthone at 125 Wg/plate was 1.5 times

higher with TA98 than with TA1538 (Table 1). By examining the background lawn

resulting from the trace of histidine in the top agar, TA1537 and TA1538

appeared to be more sensitive to the toxic effects of hycanthone than TA98.

This difference in sensitivity to hycanthone was also seen by comparing the

decrease in the number of revertants of TA1537, TA1538, and TA98 at high

concentrations of hycanthone (Table 1). There was a linear dose-response for

TA1537, TA1538, and TA98 over a range of hycanthone concentrations from 0 to

125 ug/plates (Fig. 2). In agreement with observations of Batzinger and

Bueding (1977), rat liver microsomes (S9) did not alter the mutagenic activity

of hycanthone.

sq*
_ .

o
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K
DISCUSSION

The absence of an inducible error-prone repair pathway in S. marcescens

HY was previously demonstrated by showing that it can not support W-

reactivation of UV-irradiated phage (Knudson, 1977). Conjugal transfer of

plasmid pKM101 into S. marcescens HY mediates enhanced host survival following

UV irradiation and supports W-reactivation (Knudson, 1983). This paper

reports that hycanthone was not effective in inducing either forward or

reverse mutation in derepressed genes of the tryptophan operon of S.

marcescens HY. When ampicillin counterselection was used to enrich for tp-

auxotrophs, following incubation with hycanthone, no mutants were detected.

These results are consistent with those of Clarke and Shankel (1974), who

reported that hycanthone inhibits the excision repair system of E. coli, but

does not inhibit, or only weakly inhibits, the action of the error-prone, and

hence mutagenic, post-replication repair system.

.' When EDTA was used to increase the cells permeability to hycanthone, we

found that EDTA-treated and untreated cells responded equally to hycanthone,

suggesting that penetration of the drug was not a factor in the lack of

i. mutagenesis in S. marcescens HY. At high concentrations (25,000 ug/ml),

hycanthone extended the lag period and prolonged the doubling time, but did

"-" not affect the final cell concentration at stationary phase.

In confirmation of earlier studies (Hartman et al ., 1971, 1973; Cook and

Goldman, 1975), we showed that hycanthone is a potent frameshift mutagen in S.

typhimurium strains TA98, TA1537, and TA1538. Each of these strains is

deficient in DNA excision repair due to a deletion of the uvrB locus. The

plasmid pKM101, which enhances inducible error-prone DNA repair, increased

-. °. . .* ., . . . .. . .-
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mutagenesis and bacterial survival after hycanthone treatment. At 125

ug/plate, the mutagenic activity of hycanthone was 1.5 time higher in TA98,

which contains the plasmid pKMI01, than in its parent strain TA1538, which

lacks pKMIOI.

Our data suggest that the lack of sensitivity of S. marcescens HY to

hycanthone results from the absence of an inducible error-prone repair system

and that a functional excision repair system is not essential for the

mutagenic action of hycanthone.

i

.-.

'op

SN

eq-

S.-...............~-.



-15-

REF ERE NCE S

1. Adelbery, E. A., M. Mandel, and G. C. C. Chen. 19b5. Optimal conditions

for mutagenesis by N-methyl-N'-nitro-N-nitrosoguanidine in Escherichia

coli K12. IBiochem. Biophys. Res. Comm. 18:788-795.

2. Alper, M. D., and B. N. Ames. 1975. Positive selection of mutants with

deletions of the gal-chl region of the Salmonella chromosome as a

screening procedure for mutagens that cause deletions. J. Bacteriol.

121:259-266.

3. Alvares, A. P., D. R. Bickers, and A. Kappas. 1973. Polychlorinated

biphenyls: a new type of inducer of cytochrome P-448 in the liver. Proc.

Natl. Acad. Sci. USA 70:1321-1325.

4. Ames, B., E. G. Gurney, J. A. Miller, and H. Bartsch. 1972. Carcinogens as

frameshift mutagens: metabolites and derivatives of 2-acetylaminofluorene

and other aromatic amine carcinogens. Proc. Natl. Acad. Sci. USA 69:3128-

3132.

5. Ames, B., J. McCann, and E. Yaauasakl. 1975. Methods for detecting

carcinogens and mutayens with the Salmonella/mammalian-inicrosome

inutagenicity test. Mutat. Res. 31:347-364.

6. Ames, B. N., F. 0. Lee, and W. E. Durston. 1973. An improved bacterial

test system for the detection and classification of mutagens and

carcinogens. Proc. Natl. Acad. Sci. USA 70:782-786.

7. Arenaz, P. 1977. The ineffectiveness of hycanthone methanesulfonate in

inducing somatic crossing over and mutations in Glycine max. Mutat. Res.

48: 187-190.



-16-

"p.

8. Batzinger, R. P. and E. Bueding. 1977. Mutagenic activity in vitro and in

vivo of five antischistosomal compounds. J. Pnarinacol. Exp. Ther. 200:1-9.

9. Belser, W., and M. Bunting. 1956. Studies on a mechanism providing for

genetic transfer in Serratia marcescens. J. Bacteriol. 72:582-592.

10. Belser, W. L. Jr., S. D. Shaffer, R. D. Bliss, P. M. Hynds, L. Yamamoto,

J. N. Pitts, Jr., and J. A. Winer. 1981. A standardized procedure for

quantification of the Ames Salmonella/mammalian-microsome mutagenicity

test. Environ. Mutagen., 3:123-139.

11. Berberian, D. A., H. Freele, D. Rosi, E. W. Dennis, and S. Archer. 1967.

A comparison of oral and parenteral activity of hycanthone and lucanthone

in experimental infections with Schistosoma mansoni. Am. J. Trop. Med.

Hyg. 16:487-491.

12. Bueding, E., and R. P. Batzinger. 1977. Hycanthone and other

antischistosomal drugs: Lack of obligatory association between

chemotherapeutic effects and mutagenic activity. Origins of Human

Cancer. Edited by H. H. Hiatt, J. D. Watson, and J. A. Winsten. Cold

Spring Harbor, New York. pp. 445-462.

13. Clarke, C. H. and D. M. Shankel. 1974. Effects of ethidium, quinacrine

and hycanthone on survival and mutagenesis of UV-irradiated HCR + and HCR-

strains of E. coli B/r. Mutat. Res. 26:473-481.

14. Cioli, D., L. Pica-Mattoccia, S. Rosenberg, and S. Archer. 1985. Evidence

for the mode of antischistosomal action of hycanthone. Life Sciences

37:161-167.

15. Clive, 0. 1974. Mutagenicity of thioxanthenes (hycanthone, lucanthone and

four indazole derivatives) at the TK locus in cultured mammalian cells.

Mutat. Res. 26:307-318.

as- , -



-17-

16. Clive, D., W. G. Flamm and M. R. Machesko. 1972. Mutagenicity of

hycanthone in mammalian cells. Mutat. Res. 14:262-264.

17. Cook, T. N. and C. K. Goldman. 1975. Hycanthone and its congeners as

bacterial mutagens. J. Bacteriol. 122:549-556.

18. De Cock, K. N. 1984. Human schistosomiasis and its management. J.

Infect. 8:5-12.

19. Gilles, H. N. 1981. The treatment of schistosoniasis. J. Antimicrob.

Chemother. 7:113-114.

20. Green, S., F. N. Sauro, N. S. Legator. 1973. Cytogenetic effects of

hycanthone in the rat. Mutat. Res. 17:239-244.

21. Haese, W. H., 0. L. Smith, and E. Bueding. 1973. Hycanthone-induced

hepatic changes in mice infected with Schistosoma mansoni. J. Pharmacol.

Exp. Ther. 186:430-440.

22. Haese, W. H. and E. Bueding. 1976. Long-term hepatocellular effects of

hycanthone and of two other antischistosomal drugs in mice infected with

Schistosoma mansoni. J. Pharmacol. Exp. Ther. 197:703-713.

23. Hartman, P. E., H. Berger, and Z. Hartman. 1973. Comparison of hycanthone

("Etrenol"), some hycanthone analogs, myxin and 4-nitroquinoline-l-oxide

as frameshift mutagens. J. Pharmacol. Exp. Ther. 186:390-398.

24. Hartman, P. E., P. B. Hulbert, E. Bueding, and D. 0. Taylor. 1975.

Microsomal activation to mutagens of antischistosomal methyl

S. thioxanthenones and initial tests on a possible non-mutagenic analogue.

Mutat. Res. 31:87-95.

25. Hartman, P. E., K. Levine, Z. Hartman, and H. Berger. 1971. Hycanthone: a

frameshift mutagen. Science 172:1058-1060.

26. Hernandez, P., E. W. Dennis, and A. Farah. 1971. Metabolism of the

schistosomicidal agent hycanthone by rats and rhesus monkeys. W.H.0.

Bull. 45:27-34.

,L-->-~~~~~~~~~~~~~~~~~~~.>...' . .. :.".-... ---.-. .- "-..-...-. ............. .... .- '---.-.... .-. "..----



r-18-

27. Hetrick, F. M., and W. L. Kos. 1973. Transformation of Rauscher virus-

infected cell cultures after treatment with hycanthone and lucanthone.

J. Pharmacol. Exp. Ther. 186:42b-429.

28. Hillman, G. R., W. B. Gibler, and J. B. Anderson. 1977. Comparative

effects of hycanthone in Schistosoma mansoni and Schistosoma japonicum.

Am. J. Trop. Med. Hyg. 26:238-242.

29. Hirschberg, E. and 1. B. Weinstein. 1971. Comparative ability of

hycanthone and miracil 0 to interact with DNA. Science 174:1147-1148.

30. Hutchinson, N. A., and W. L. Belser. 1969. Enzymes of tryptophan

biosynthesis in Serratia marcescens. J. bacteriol. 98:1U9-115.

31. Kaplan, k., and M. Brendel. 1969. Formation of prototrophs in mixtures of

two auxotrophic mutants of Serratia marcescens HY by transduciny

bacteriopha 2 produced by some auxotrophs. Molec. Gen. Genet. 104:27-39.

32. Knaap, A. G., and P. G. Kramers. 1974. Mutagenicity of hycanthone in

-'- tProsophila melanogaster. Mutat. Res. 22:b5-b2.

33. Knudson, G. B. 1977. A study of error-prone repair in species of

Serratia. Ph.D. Thesis, University of California, Riverside, CA.

34. Knudson, G. B. 1983. The role of inducible DNA repair in W-reactivation

and related phenomena. In Progress in Molecular and Subcellular Biology,

ed. F. E. Hahn, 8:22-40. New York, Springer-Verlag.

3b. Kohno, T. and J. R. Roth. 1974. Proflavin nutayenesis of oacteria. J.

Mol. Biol. 89:17-32.

36. Kraiers, P. G. 1981. Mutagenicity of nycanthone in Drosophila: additional

results and a comparison with some analogs. Mutat. Res. 8Z:111-123.

.• . .•-•-•

" .- - - .



37. Krainers, P. G., A. P. Schalet, E. Paradi, and L. Huiser-Hoogteyliny 1983.

Highproorton f mltilocs dletonsamong hycant hone- induced X-

linked recessive lethals in Drosophila melanogaster. Mutat. Res.

107:187-201.

38. Lelve, L. 1965. Actinoinycin sensitivity in Escherichia coli produced by

EUTA. Biochen. Biophys. Res. Commn. 18:13-17.

39. Leive, L., and V. Kollin. 1967. Controlling EDTA treatment to produce

permeable Escherichia coli with normal metabolic processes. Biochem.

Biophys. Res. Comm. 28:229-236.

40. Lucchini, G., S. Sara, and L. Panzeri. 1980. Hycanthone as a specific

frameshift inutagen in Saccharomnyces cerevisiae. Mutat. Res. 72:397-404.

41. Mar-on, D. M. and B. N. PAmes. 1983. Revised methods for the Salmonella

mutayenicity test. Mutat. Res. 113:173-215.

42. McCann, J., N. E. Spingarn, J. Kobori, and B. N. Ames. 197b. Detection of

carcinogens as mutagens: bacterial tester strains with R factor

plasmids. Proc. Natl. Acad. Sci. 72:979-983.

43. Meadows, H. G., S. K. Quah, and R. C. von Borstel. 1973. Mutayenic action

of hycdnthone and IA-4 on yeast. J. Pharmacol. Exp. Ther. 187:444-450.

44. Moore, J. A. 1972. Teratogenicity of hycanthone in mice. Nature 239:107-

109.

@145. Obe, G. 1973. Action of hycanthone on human chromosomes in leukocyte

cultures. Mutat. Res. 21:287-288.

46. Ong, T. M. 1978. Genetic activities of hycanthone and some other

antischistosomal drugs. Mutat. Res. 55:43-70.

47. Pitts, J. N. Jr., K. A. Van Cauwenberghe, D. Grosjean, J. P. Schmid, 0.

R. Fitz, W. L . Belser, Jr., G. B. Knudson, and P. M. Hynds. 1978.

Atmospheric reactions of polycyclic aromatic hydrocarbons: facile

formation of inutayenic nitro derivatives. Science 202:515-519.



L -20-

48. Rosi, D., G~. Peruzzotti, E. W. Dennis, D. A. Berberian, H. Freele, B. F.

Tullar, and S. Archer. 1967. Hycanthone, a new active metabolite of

lucanthone. J. Med. Chem. 10:867-876.

49. Russel, W. L. and E. M. Kelly. 1973. Ineffectiveness of hycanthone in

induciny specific-locus mutations in nice. Mutat. Res. 21:14.

50. Schleif, R. F. and P. C. Wensink. 1981. Practical Methods in Molecular

Bioloy Sprinyer-Verlay, New York. p. 196.

51. Sieber, S. M. and R. H. Adamson. 19/b). Evaluation of the teratoyenic

activity of fycanthone in mice and rabbits. J. Toxicol . Environ. Hea.lth.

1:309-322.

52. Smith, R. H. 1973. Lack of mutayenicity of fycanthone in Hab obracon

serinopae females. Mutat. Res. 21:279-281.

53. Steiger, H. 1973. Genetic studies with two prophayes naturally resident

in Serratia marcescens HY. Molec. Gen. Genet. 122:34S-352.

64. U, R. 1972. Enhancing effect of lucanthone (Miracil D) on the frequency

* of X-ray-induced chromosome loss in Drosophila male yerm cells. Mutat.

* Res. 14:315-324.

5. Venitt, S., C. Crofton-Sleigh, and R. Forster. 1984. Bacterial mutdttion

assays using reverse i. :ation. In MutagenIcity Test4,ny: A Practical

Approach, eu. S. Venitt and J. M. Parry. IRL Press, Washinyton, O.C. pp.

@4 4b-98.

oS. Vogel, H. J. and D. M. Bonner. 1956. Acetylornithinase of Escherichia

col i: partial puri fication and some properties. J. t3iol oyical Chem.

218:97-1%6.

bl. Von Borstel, R. C. and S. K. Quah. 1973. Induction of mutations in

Saccharomnyces with hycanthone. Mutat. Res. 21:52.

b8. Waring, M. J. 1970. Drugs and DNA: uncoiling of the DNA double helix as

evidence of 7,ntercalation. Humanyenetik 9:234-236.



-21-

Table 1. Mutagenic activities of hycanthone on S. typhimurium TA1537, TA1538,

and TAYS.

Averaye Number of Revertants in excess of controlsa

Amount TA1S37 TA1538 TA98

uy/pl ate

*10 0 0 0

3.9 93 86 48

7.c6 246 173 78

15.6 387 278 174

31.3 670 411 355

62.5 1409 731 1300

125 2517 1573 2383

250 1426 795 3500

boo 0 858 3569

3 Revertants were computed per 108 cells plated. Averaye titers were 4.6 x10

-efl s/11O for rA1537, 6.25 x 10 8cells/mi for TA1538, and 5.8 x 108 cells/ml

for TA98 . Spontaneous reversion values for each strain were subtracted.



Figure 1. Growth inhibitory activity of hycanthone. Survival of Serratia

marcescens HY was determined after exposure to hycanthone for various times

at: 0 ug/nl (0;250 1 g/ml ();2500 ;,g/ml ();25,000 1 /ml (A) Each

point was the average of at least three plates.
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Ap

Figure 2. Dose-response curves. Mutagenic activity of hycanthone in the Ames

assay is shown with strains TA98 (M), TA1537 (0,and TA1538 (A) Each

point is the mean of at least triplicate plate counts and represents the

nube ofmtnspr18 cel ls/pl ated, corrected for background mutant

* . frequency.
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