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SUMMARY

Miracil D (1-diethyiaminoethylamino-4-methyl-10-thiaxanthenone) is effective

against schistosomiasis in man and against experimental tumors in mice, but its mode
of action had not been defined. The present study indicates that at 20 �tg/iul the drug

arrests the growth of Bacillus subtilis. This antibacterial action is also exhibited by a
tumor-inhibitory derivative, but not by a derivative devoid of carcinostatic activity.
Incubation of B. subtilis with 14C-uracil, thymidine, or leucine in time presence of 20

�g/m1 of Miracil D indicated a complete inhibition of RNA synthesis, immediate but
less severe inhibition of protein synthesis, and no inhibition of DNA synthesis. The drug

has absorption maxima at 442 and 330 m�.t. In the presence of native DNA there is
quenching of absorption at these wavelengths, with a shift in the maxima to 450 and

337 m�. In heat-denaturation studies, Miracil D raised the T�1 of DNA by 15#{176}.Similar

studies gave evidence for a lesser affinity between Miracii D and sRNA. These results

indicate that time major action of this drug in B. subtilis is to complex with DNA,

thereby blocking DNA-dependent RNA synthesis.

INTRODUCTION

Miracil D, a lO-thiaxanthenone, is an

effective agent in the treatment of schisto-

somiasis (1). In addition, studies by
Hirschberg et at. (2) have established the

cytotoxicity of timis drug in tissue culture
and the antitumor effect in mice bearing a
variety of transplantable neoplasms. De-
spite clinical interest in timis drug and its

derivatives, the mode of action of this class
of compounds has not been previously
elucidated.

The structures of this drug and two of its

analogs are shown in Fig. 1. Miracil D and

a cytotoxic analog, compound II, have in

the R1 position time dialkylaminoalkylamimino
side chain which is cimaractenistic of several

series of biologically active compounds (2,

3). Conmpound III, by contrast, imas an
side cimain wimich does not have a ternminai-

2t)7

CH2CH3
-N(CHS)CHZCHZCH2N: CHZCH3

-N(CH2CH3)CH2CH2OH H

FIG. 1. Structure of Miracil D and two related

analogs (compound II and compound III)

substituted amino group and it is not cyto-

toxic for aninial cells (2). TIme fact that
NIiracil D shares certain structural features
with time acridines and actinomycin D, corn-



298 WEINSTEIN, CHERNOFF, FINKELSTEIN, AND HIRSCHBERG

Mo!. Pharmnaeol. 1, 297-305 (1965)

pounds which are known to interact with
DNA (4, 5) , suggested to us the possibility

that its mode of action miglmt be similar to
that of timese conmpounds.

\\Te imave found that Miracil D is an
effective inimibiton of time growth of Bacittus

subtilis, and this organism imas been utilized

to study DNA, RNA, and protein synthesis
in time presence of the drug. Timough the
syntimesis of all three of these macrommmole-

cules is eventually inimibited and time cells
lyse, the initial effect is a dramatic inhibi-

tion in time synthesis of RNA. There is also
an immediate but less profound inhibition
in protein synthesis. Under the same condi-

tions DNA syntimesis renmains uninhibited

for at least 20 mm. In addition, evidence
has 1)een obtained for a physical interaction

between Miracil D and DNA and also
between Miracil D and RNA. A prelim-

mary report of timese studies has been

presented (6).

METHODS

Miracil D (Nilodin, Lucanthmone) was
obtained from Burrougims-Welicome Conm-
pany timrougim time courtesy of Dr. George
Hitchings, an(I coummpounds II and III were

kinthly supplied l)y Dr. Edward Elsiager of
Parke, Davis and Company. Time following
nmaterials were oi)tained fromn commercial
sources: calf timymus DNA (Worthington

Biochemical Corporation’) , E. coli B sRNA

(General Biocimenmicals, Inc.) ; uracil-2-14C

and t.imymidine-2-14C were iroducts of New

England Nuclear Corporation, anti ran-
donmly labeled leucine-11C was prepared by

Scimwarz B ioHesearcim , I nc . Polyadenylic

acid (poly A), i)olylmri(lylic acid (poly U),
anti polycytitlylic acid (poly C) were pun-

chased froimm Miles Laboratories. Bacillus
SUI)tiliS strain imo. 1 68 i� � ol)tained from

Dr. Steven Zaimmenimof anti grown in Penn-
assay Brotim (Difco) su�)plemmmented with

0.5 g % glucose. Escimerichia coli strain no.

47 was obtained fronm Dr. Salvadore Lunia
and grown in LB brotim containing 0.2 g %
glucose. Sitiearmmm growtim flasks of 125 mmml

volunme, coimtaining 10 mmmlof culture mcdi-
unm, were nmoculmtted witim 0.4 mmmlof a 16-imr
culture and incubated at 37#{176}on a gyro-
rotary simaker. Growtim was nmeasured by

reading turbidity in a Klett-Sumnmerson

colonimeten (filter no. 42). Aqueous solu-

tions of the drugs were prepared at 1 mg/
ml on the day of the experiment and, unless

indicated otherwise, were added to the cul-

tune at mid-exponential pimase. Subsequent
growth readings were corrected for absorp-

tion by the drug.
In isotope incorporation experiments,

unacil-2-14C (1.8 nmC/mmole) and leucine-

1.mC (6 mC/mmole) were added to the me-
dium at a final concentration of 0.1 �.tC/rn1
and thymidine-2-1�C (29 mC/mmole) at a
final concentration of 0.2 �tC/ml. Isotopes

were added at the mid-exponential phase of

growtim to control cultures or to cultures
which had received drug 30 sec previously.

One-milliliter aliquots were removed at
subsequent times and processed for incorpo-

nation of radioactivity into RNA, DNA,

or protein essentially as described by
Roodyn and 1’sIandel (7) . Optical density
profiles were determined at room temper-

ature (22#{176})on a Cary model 14 recording
spectrophotometer, and heat denatunation

studies were performed essentially as de-
scnibed by Marmur and Doty (8) . The lat-
ter studies were done in a buffer of low

ionic strength, which had the following
composition: 3.3 X 10� M sodium phos-

phate, 1)H 6.8; 1 X 10� M disodium ethyl-

enediamine tetraacetate; 3 X 10� �i sodium

chloride.

RESULTS

Effect of Miracil D on the #{231}jrowthof
B. subtilis and E. eoli

Time effect of Miracil D on growth wimen

atided at nmid-logaritimnmic phase of a cul-

tune of B. svbtilis is indicated in Fig. 2a
At a final concentration of 5 �tg/ml the

drug produced no tletectable growth inhibi-
tiolm, but. at 10 �g/mmml it produced a marked
inhibition in growtlm rate. At 20 �g/ml

growtim was arrested, and after 20-30 mm
lvsis of time culture, immanifested by a loss

of turi)idity, becaimme apparent.

Figure 2b indicates that commmpound II,

wimicim differs frommm Miracil D i�y having a

chlorine group in position 7 and a 3-di-
ethylarninopropylmethylammmino ratimer than
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FIG. 2. Effect of Miracil D (a), compound II (b), and compound III (c) on growth of B. subtilis

Drug added at Klett ioo.� #{149}Control; L�-� 5 �g/ml of drug; fl-EJ 10 pg/mi of drug;

Q-O 20 gig/mi of drug.

a diethylaminoethyiamino side chain (see
Fig. 1 ) , was somewhat more active than the
parent compound. In contrast to Miracil D

and compound II, compound III, which has

an ethyi(2-hydroxyet.hyl) amino side chain,

did not inhibit growth, even at 20 �tg/mi.
In additional studies the drug was intro-

duced at the time of inoculation of the
flask and the subsequent growth curve was
plotted. Miracil D, at 10 �g/ml, delayed

the onset of exponential growth for 150
mm beyond time control flask. Thereafter

there was “escape” witim growth at approx-
imately the same rate as the control cui-

tune. At 20 and 45 �g/ml there was com-
plete inhibition of growtim. Under the same

conditions, compound II caused complete
growth inhibition at 10 �g/rnl. Compound

III was totally inactive at 10 and 20 �.mg/

ml ; at 45 j�g/ml exponential growth pro-

ceeded at approximately 90% of the control
rate.

The results obtained in a similar study

utilizing Escherichia coli are indicated in

Fig. 3. It is apparent timat �vIiracil D and

compound II were inhibitory, whereas
commmpound III was not. E. coli were more
resistant timan B. subtilis since 50 �g/ml

of Miracil D and compound II were re-
quired to inhibit the former and, in contrast

to the latter, time cells did not lyse with
Miracil D. Comimpound II, at 50 j.�g/ml, did

cause some lysis of E. coli.

The growth-inimibitory activity of Miracil
D and compound II in time B. subtilis and

E. coti systems and the relative inactivity

I,)

0

Fio. 3. Effect of Miracil D (a), compound II (b), and compound III (c) on growth of E. coli

Drug added at Klett 100. #{149}-�, Control; A-A, 10 �g/ml of drug; N-s, 20 �sg/m1 of

drug ; O-O, 50 �g/m1 of drug.
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of compound III parallel previous results
obtained witim nmammalian systenms (2).

Effects of Miracil D on RNA, DNA, and

protein synthesis in B. subtilis

When adtled at a final concentration of

20 �tg/mnl, Minacil D caused an almost com-
plete inhibition of the incorporation of

unacil-1�C into total cellular RNA (Fig.
4a). Time effect was apparent within 1 mm

without at time same time inhibiting DNA
syntimesis, is reminiscent of time effects of

actinomycin D (5, 9) . The delayed inhibi-
tion of protein synthesis whicim occurs with
actinomycin D has been attributed to a

consequence of the inhibition of RNA syn-

thesis (5, 9) . However, the immediate

inhibition of incorporation of leucine-14C

obtained with Minacil D suggests that, in

addition to inhibiting RNA synthesis, this

E

-J

C.)

C.)

Fxa. 4. Effect of Miracil D on RNA (a), DNA (b), and protein (c) synthesis

#{149}#{149},Control; O-O, 20 pg/mi of drug added at time zero.

after addition of the drug and, during the
subsequent 20 mm, incorporation by the

treated culture was never greater than 2%

of the control culture. Because of subse-

quent lysis of the cells in the treated cul-
tune, experiments were terminated at 20

mm. In contrast to its effects on uracil-14C
incorporation into RNA, Miracil D did not
inhibit the incorporation of thymidine-14C
into DNA (Fig. 4b) . Indeed, when com-

pared to the control culture, the drug
caused a slight stimulation of thymidine-
14C incorporation. The lack of inhibition
by Miracil D was observed consistently;
the stimulation of thymidine incorporation

was variable, ranging from 0 to 13% of

the control value.
Under the same conditions, Miracil D

caused a partial inhibition of the inconpo-
ration of leucine-14C into protein (Fig.

4c) . Timis inhibition was less profound than

that occurring in RNA synthesis but in-
creased with time, from 46% at 2 mm to
84% at 20 mm. The ability of Minacil D to
cause an immediate and almost complete
inhibition of RNA synthesis in B. subtitis,

drug nmay exert a direct effect on protein
synthesis.

In additional experiments, unidine-2-14C
and anginine-14C were used instead of ura-

cil-2-14C and leucine-14C, with qualitatively

similar results.

Effect of nucleic acids on the optical

density profile of Miracit D

In view of the in vivo effects of Miracil
D on nucleic acid and protein synthesis,
it was of interest to seek evidence for a

physical interaction between the drug and
nucleic acids. With respect to the drug it-

self, it was found that free Minacil D (10
�tg/m1) in buffer had absorption maxima
at 330 and 442 m� (Fig. 5) . The drug had
a third peak at 255 m1�, but because this
peak overlaps with the absorption max-
imum of nucleic acids it was not used in

the optical density profile studies. In the

presence of native DNA (50 �g/ml) , there
was an appreciable cimange in time optical
density profile of Minacil D with a shift in
the previous absorption maxima to 337 and

450 m1�. The DNA alone gave no detect-
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m�

Fia. 5. Effect of DNA (50 pg/ml) on optical

density profile of Miracil D (10 pg/ml)

, Miracil D ; , Miracil D + DNA.

able absorption in the 300-600 m� range.

When Miracil D and DNA were placed in
separate cuvettes and the light was allowed
to pass sequentially through both cuvettes,

the absorption profile was the same as that
of Miracil D alone, indicating that the
observed change required physical inter-

action between the two components.
Quenching of absorption at 330 and 442

m� was approximately proportional to the

�.1

00�oo 0 20

DNA (jig/mi)

Fia. 6. Effect of DNA on Miracil D (10 pg/mi)
absorption at 330 and 44.� mp

#{149} #{149},Native calf thymus DNA ; O-O,
denatured calf thymus DNA.

concentration of DNA added in the range
of 2 to 25 �g/ml ; there was no significant

difference between native and denatured
DNA (Fig. 6).

In view of the fact that in vito time drug
inhibited not only RNA hut also protein

synthesis, the effect of RNA on the spectral

properties of Miracil D was examined. It

was found that several RNA’s, both natural
and synthetic, produced cimanges in the

absorption profile of �Iiracil D which were

qualitatively similar to those obtained with
DNA. Quantitative differences between

nucleic acids were found, however, when

they were compared with respect to their
ability to induce a shift in the absorption

maximum of Miracil D from 330 to 337
m�. At 25 and 50 j.�g of nucleic acid per
milliliter, the relative effectiveness of

nucleic acids (in decreasing order) was:
DNA > sRNA > polyadenylic acid > poly-
uridylic acid � polycytidylic acid (Fig. 7).

NUCLEIC ACID (pg/mi)
Fia. 7. Shift in absorption maximum of Mira-

50 cii D (10 pg/mi) induced by various nucleic acids

At a lower concentration (10 jzg/ml) poly-

adenylic acid appeared to be the most

effective. This suggests timat, in terms of
nucleotide specificity, time drug immay have a
high affinity for adenylic acid residues. This
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finding is of interest in view of previous
studies by Hinsclmberg et al. which mdi-

cated timat time in vivo cytotoxicity of NIira-
cil D to tumor cells was reversed by
adenine ( 10) . The relative effectiveness
of nucleic acids which differ markedly with
respect to guanine content remains to be

determined. When nucleic acids were corn-
pared with respect to their effect on the
shift of the 442 m�t absorption peak of
Miracii D to 450 m1�, the differences were
not as striking as those shown in Fig. 7.

At 10, 25, and 50 �tg of nucleic acid per
milliliter, the relative effectiveness (in de-

creasing order) was: DNA = sRNA>
polyadenylic acid � polyunidylic acid �

polycytidylic acid.
When the 2’,3’-mononucleotides of ade-

nine, guanine, cytosine, and unidine were

tested in amounts equivalent (with respect
to imioles of nucleotide residues) to 2, 10,
25, and 50 �Lg of nucleic acid, they did not

significantly affect the absorption of Mira-

cii D at 330, 337, 440, or 450 m1�. Timese
results indicate time importance of the poly-
nucleotide structure for effective intenac-

tion with Miracil D.

Effect of Miracil D on the heat

dertaturation profile of DNA and sRNA

Time above studies provided evidence for

a physical interaction between Miracil D

and nucleic acids. It was therefore of in-
terest to determine the effect of this inter-

action on the secondary structure of the

nucleic acid. When assayed in buffer alone,
the heat denaturation profile of calf thymus

DNA (25 �g/nml) revealed a Tm (8) (50%

of total hyperchrornicity) of 56#{176}.The
presence of only 2 p.g/ml of Miracil D

caused a marked increase in heat stability

with a shift in Tm tO approximately 71#{176}
(Fig. 8) . Miracil D at 4 1�g/nml increased
the T�, to 79#{176}.The slope of the melting

curve was considerably less steep in the
presence of the drug. In the presence of
Miracil D, the total hyperchrornicity was

also somewhat greater than in its absence.
In part, this may simply reflect the con-

tribution by the drug to the total absorp-
tion at 260 m�. However, when the 260 m�

absorption of the same amount of free
Miracii D (measured at 90#{176}) was sub-
tracted from time absorption at 260 mj�
obtained at the end of the melt of DNA
plus Miracil D, this effect persisted. It is

possible, therefore, that at high temper-
atunes this compound causes an actual
increase in the hypercimromicity of DNA.
The above studies were done in a buffer of
low ionic strength. ‘When studied in

standard saline citrate (8) (0.15 M sodium

chloride ; 0.015 M sodium citrate, pH 7.0),

Miracil D did not appreciably affect the

FiG. 8. Effect of Miracil D on heat denaturation of ,iative calf thymus DNA

, DNA (25 pg/mi) ; , DNA (25 pg/mI) + Miracil D (2 pg/mI).
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heat denaturation curve of calf thymus
DNA. This suggests that Miracil D may

not interact with DNA in a medium of
moderate salt concentration, perhaps be-

cause of competing ions. Alternatively,
since the Tm Of calf thymmmus DNA is 88#{176}
in standard saline citrate as compared to

56#{176}in low-ionic-strength buffer, it is pos-

sible that the drug forms a heat-labile
complex with DNA and that in the pres-
ence of saline-citrate timis coniplex dissoci-
ates prior to the critical temperature at
which melting occurs.

Figure 9 indicates the effects of i\Iiracil
D on the heat denaturation of E. coti

strengtim buffer. Like Miracil D, compound

II caused a nmarked increase in Tm, a de-

crease in time slope of time melting curve,
and an increase in total hyperchromicity.

On time otimer imand, colmipound III, which

had little or no biologic activity, raised time
T,,� of DNA by only tlmree degrees, only
slightly decreased time slope of the melting

curve, and did not produce an increase in
total imyperchromicity.

DISCUSSION

Fso. 9. Effect of Miracil D on heat denaturation of sRNA

, E. coli B sRNA (25 pg/mi) ; , sRNA (25 pg/ml) + Miracil D (2 pg/nml).

sRNA. The drug causes a small increase
in Tm of sRNA as well as an increase in
total hypercimnomnicity. These results sup-

port the previous evidence timat the drug
can conmplex with RNA as well as DNA.

The effect of 1\liracil D on the Tm of
sRNA is not nearly as great as that ob-
served with DNA. The significance of this
difference is not clear since interpretation

of heat denatunation profiles of a nmixture
of sRNA’s is considerably nmore compli-
cated than in time case of DNA (11).

Effect of compounds II and III on heat

denaturation of DNA

Figure 10 indicates the effects of com-

pounds II and III on time heat denaturation

profile of calf thymus DNA in low-ionic-

inhibit time template activity of DNA with

respect to RNA synthesis and, to a lesser

extent, inhibit time function of RNA’s in
protein synthesis. As an inhibitor of RNA
syntimesis, this drug is considerably less

Potent timan actinonmycin D (5, 9). Time
iimmmediate effect of Miracil D on protein
synthesis and time in vitro expenimmients in-

dicating timat Miracil D complexes with

RNA’s as well as DNA suggest timat time
drug nmay not be as specific in its inter-

action with nucleic acids as is actinomycin
D.

It must be enmpimasized that thus far the
evidence that Miracii D inimil)its RNA and

l)rOtein syntimesis is restricted to time fact
timat it blocks time incorporation of

14C-labeled precursors ; time possibility
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Fia. 10. Effect of Miracil D analogs on heat denaturation of native calf thymus DNA

, DNA (25 pg/mi); , DNA (25 pg/mi) + compound II (2 pg/mi); , DNA (25
pg/nml) + compound III (2 pg/ml).

that the drug directly affects precursor
utilization has not been excluded. Further

studies on the effects of Miracil D on
macromolecular synthesis in intact bacterial

and mammalian cells and in subcellular
systems are in progress.

In a recent communication, Coimen and
Yielding reported that chioroquine and a

series of related antimalarial 4-amino-

quinolines inhibit both the DNA and RNA

polymerase reactions when studied in vitro
witlm purifieti enzymes (12) . These authors

have reviewed previous evidence timat these

compounds inhibit the incorporation of
radioactively labeled precursors in DNA
and RNA of intact cells and bind both to

DNA and RNA in vitro. Allison et al. have
presented additional evidence for the

formation of a conmplex between chioro-
quine and double-stranded DNA (13) and

Lernman has described the interaction be-

t�veen time acridine derivative quinacnine

and DNA (4) . All these compounds have

structural features which are grossly sim-
ilar to time biologically active immenmbers of

the Miracil D series, i.e., a dialkylamino-
alkylamino side cimain attacimed to a hetero-

cyclic ring system (2, 3). Further studies
on time molecular basis of interaction of
Miracil D and related l0-timiaxantlmenones
witim nucleic acids will be required to

clarify the role of these functional groups
and to provide information with respect to

certain structural features of the nucleic
acids which are necessary for biologic
activity.
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