MOLECULAR PHARMACOLOGY, 6, 335-344

Effect of 2, 2’ -(9, 10-Anthrylenedimethylene )bis (2-thiopseudourea)
on Nucleic Acid Synthesis in Bacteria

PrisciLa P. SAUNDERS AND GRADY F. SAUNDERS

From the Departments of Pathology and Developmental Therapeutics, The University of Texas
M. D. Anderson Hospital and Tumor Institute at Houston, Houston, Texas 77025

(Received February 24, 1970)

SUMMARY

The mechanism of action of 2,2’-(9,10-anthrylenedimethylene)bis (2-thiopseudourea)
(ATPU or pseudourea) has been investigated in bacterial systems. Inhibition of the growth
of Bacillus subtilis by ATPU was reversed by the addition of nucleic acids. The synthesis
of DNA and RNA in vivo was markedly inhibited by the drug. RNA synthesis in vitro
catalyzed by purified DNA-dependent RNA polymerase (nucleosidetriphosphate:RNA
nucleotidyltransferase, EC 2.7.7.6) of Bacillus stearothermophilus was sensitive to ATPU
in a concentration-dependent manner. This inhibition was reversed by increasing the con-
centration of DNA primer. Evidence for a drug-DNA interaction was obtained from viscos-
ity and cesium chloride buoyant density studies, which suggested the possible formation
of intercalation complexes between DNA and ATPU.

INTRODUCTION

2,2'-(9, 10-Anthrylenedimethylene)bis (2-
thiopseudourea) (pseudourea) (Fig. 1) has
been shown to possess significant growth-
inhibitory activity against Leukemia L1210
(1) and is currently undergoing preliminary
clinical trials in patients with metastatic
cancer.! A microbiological assay for the drug
has been developed by Pittillo and Woolley
(2). The mechanism of action of ATPU, how-
ever, is unknown.

This report demonstrates the activity of
ATPU? toward Bacillus subtilis and describes
experiments relevant to the mechanism of
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anthrylenedimethylene)bis(2-thiopseudourea).

action of the drug in this organism and in
Bacillus stearothermophilus. The experiments
presented indicate that ATPU is an effective
inhibitor of the DNA-primed RNA polym-
erase of B. stearothermophilus.

MATERIALS AND METHODS

B. subtilis 168 was grown in a minimal
medium described previously (3). Growth
was carried out in 250-ml nephelometer
flasks (19 X 130 mm side arms) with incuba-
tion at 37° in a New Brunswick G-77 water
bath shaker. Absorbance measurements were
made on a Bausch and L.omb Spectronic 20
colorimeter at 420 mu.

B. stearothermophilus strain 10 was grown
in 24-liter batches in Trypticase medium (4)
until the middle of the logarithmic phase of
growth. The cells were then chilled with ice,
harvested by continuous flow centrifugation,
and washed once with 0.05 m Tris-HCI, pH
7.5.

For short-term growth studies, as previ-
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F1G. 1. Structure of 2,2'-(9,10-anthrylenedimeth-
ylene)bis(2-thiopseudourea)

ously described (5), cells were grown to an
absorbance of approximately 0.35 and di-
vided into 10-15-ml portions. The desired
additions were made, and incubation was
continued for 2-3 hr. Growth was monitored
by absorbance readings at appropriate time
intervals. Viable cells were determined as
described previously (3). The methods used
in the colorimetric determinations of the
levels of DNA, RNA, and protein in growing
cells have been described elsewhere (3).
Standard assay mixtures for RNA polym-
erase contained 15 mM magnesium acetate,
120 mm ammonium acetate, 0.01 m Tris-HCI
(pH 8.3), 4.8 mM 2-mercaptoethanol, 1.6 mm
concentration each of GTP, CTP, UTP, and
*H-ATP (5 uCi/umole), 28 ug/ml of calf
thymus DNA, and 0.49-1.0 ug of RNA
polymerase (described below) in a final vol-
ume of 0.25 ml. The salt concentrations, pH,
and incubation temperature used were those
described by Remold-O’Donnell and Zillig
(6) as optimal for B. stearothermophilus RNA
polymerase and were verified in our labora-
tory. Incubation was carried out for 30 min
at 45° and the reaction was terminated by
the addition of 2 ml of cold 5% trichlor-
acetic acid. Bovine serum albumin, 100 ug,
was added as carrier. After 15 min at 4°,
precipitates were collected on Reeve Angel
glass fiber filters (2.4-cm diameter, grade
934AH), washed four times with 5-ml por-
tions of cold 5% trichloracetic acid, dried,
and counted in a Packard Tri-Carb liquid
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scintillation spectrometer. The counting
solution contained 0.01% 1,4-bis[2-(4-
methyl-5-phenyloxazolyl)]benzene and 0.4 %
2,5- diphenyloxazole in toluene.
DNA-primed RNA polymerase of B.
stearothermophilus was prepared essentially
by the method of Remold-O’Donnell and
Zillig (6), except for the omission of one step,
centrifugation through a layered glycerol
gradient in low salt buffer, which resulted in
considerable losses of enzyme activity. The
procedure involved suspending 30 g of cells
in 30 ml of standard buffer containing 10 mm
Tris-acetate, 22 mm NH,Cl, 10 mmM mag-
nesium acetate, 1 mm 2-mercaptoethanol,
and 0.25 mM EDTA, and blending for 15
min with 90 g of glass beads (0.1-mm i.d.).
The temperature was maintained below 12°
by immersing the container in ice water at
1.5-min intervals. Cell debris was removed
by centrifugation at 15,000 rpm for 30 min
in a Sorvall RC2-B refrigerated centrifuge.
The supernatant fluid was then centrifuged
for 20 hr at 34,000 rpm at 4° in a Spinco 50Ti
rotor. The supernatant fraction was dis-
carded, and the DNA-enzyme layer was
peeled from the ribosomal pellet and dis-
solved in 20 ml of standard buffer. This solu-
tion was then adsorbed on an amount of
DEAE-cellulose (equilibrated with standard
buffer) equal to the wet weight of starting
material. The cellulose was then washed
three times with 300-ml portions of a special
buffer (50 mm Tris-acetate, 10 mM mag-
nesium acetate, 110 mm NH,CI, 0.25 mm
EDTA, and 1 mm 2-mercaptoethanol, pH
7.3), packed into a column, and eluted with
a linear gradient from 0.11 to 0.70 m NH,Cl
in special buffer (500 ml of each concentra-
tion.) The enzyme-containing fractions were
combined and brought to 50% (NH,).SO,
saturation. After centrifugation at 15,000
rpm for 10 min, the supernatant fraction was
brought to 70 % saturation. The precipitate
was collected by centrifugation in the same
manner, dissolved in 2 ml of special buffer
containing 0.5 M NH,Cl, and dialyzed
against 200 ml of the same buffer for 2 hr.
One-half the resulting solution was layered
onto two 34-ml linear gradients of 55-10 %
glycerol (w/w) in the special buffer contain-
ing 0.5 M NH,Cl and centrifuged in an SW 27
rotor for 40 hr at 4° in a Spinco model L2-65
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Fi1c. 2. Effect of ATPU on growth (A) and viability (B) of B. subtilis
Concentrations refer to micrograms of ATPU per milliliter. Incubation was carried out, with
shaking, at 37°. Growth was measured by absorbance at 420 mu, and viability was determined by
plating appropriate dilutions on a complete medium as described previously (3).

ultracentrifuge. The tubes were pierced, and
1-ml fractions were collected. Enzyme-con-
taining fractions were combined, stored at
—20°, and used without further treatment.
The enzyme preparation, containing 49 ug
of protein per milliliter, catalyzed the in-
corporation of 3.26 umoles of ATP per milli-
gram of protein in 30 min under the standard
assay conditions with a saturating level of
calf thymus DNA template (68 ug/ml).

Viscosity measurements were made at 20°
with a Zimm-Crothers low-shear viscometer
(7) (Beckman Instruments) at a shear rate
for H,O of 1.4 sec™.

ATPU (NSC 56054; mol wt 463.5) and
daunomyecin (NSC 82151; mol wt 560) were
obtained from the Cancer Chemotherapy
National Service Center, National Cancer
Institute. ATPU was obtained in the form
of a solution at 3 mg/ml in propylene glycol.
Before use, it was diluted to the desired con-
centration with deionized water. 3H-ATP
and *H-UTP were purchased from Schwarz

BioResearch. Actinomycin D was purchased
from Calbiochem.

B. stearothermophilus bacteriophage TP-84
DNA was prepared as previously described
(8). Escherichia coli DNA was purified by
the method of Marmur (9), and human DNA
derived from leukocytes of patients with
chronic lymphocytic leukemia was purified
by the method of Kirby and Cook (10).

RESULTS

Inhibition of B. subtilis by ATPU. The ef-
fect of ATPU on growth of B. subtilis is
shown in Fig. 2A. At a concentration of 5
ug/ml, the drug was slightly inhibitory, as
indicated by the decreased growth rate.
ATPU at 10 ug/ml caused a dramatic decline
in viability (Fig. 2B) after 30 min of incuba-
tion, even though the cell mass (as measured
by absorbance) continued to increase for
another hour of incubation. These growth-
inhibitory effects of ATPU are quite repro-
ducible from one experiment to the next,
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F1a. 3. Effect of ATPU on levels of protein (B),
RNA (C), and DNA (D) in growing B. sublilis

Minimal medium containing the appropriate
additions was inoculated as described in MATE-
RIALS AND METHODS and dispensed into nephelom-
eter flasks (50 ml/flask). Incubation was carried
out as described in the text. At the designated
intervals, one flask from each set was removed,
divided into duplicate 25-ml portions, and placed
in ice, and concentrated trichloracetic acid was
added to 59,. The samples were allowed to stand
overnight at 4° (the recovery was not altered by
this step), and the precipitate was harvested by
centrifugation and washed twice with cold 5%,
trichloracetic acid. The pellet was resuspended
in 3 ml of 59, trichloracetic acid, heated at 98°
for 30 min, cooled in an ice bath for 30 min, and
centrifuged. The pellets were dissolved in 0.2 N
NaOH by heating in boiling water for 5-10 min
and were assayed for protein by the method of
Lowry et al. (11). The supernatant fractions were
assayed for RNA by a modified orcinol reaction
(12) with ribose as the standard. DNA was deter-
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provided that the amount of inoculum is the
same. Slight variations in the number of cells
present (A sz0) at the onset of the experiment
influence the degree of inhibition observed
and the shapes of the growth curves. S-
Methylthiuronium sulfate, a compound com-
parable to the side chains of ATPU, was also
tested and found to have no inhibitory ac-
tivity at concentrations up to 50 ug/ml.
Propylene glycol alone had no effect on the
growth of the cultures.

Effect of ATPU on protein, RNA, and
DNA synthests. When a growing culture of
B. subtilis was exposed to a slightly inhibi-
tory level of ATPU, 5 ug/ml, little or no ef-
fect was observed on macromolecular syn-
thesis (Fig. 3). A higher level of the drug,
however, appeared to halt DNA synthesis
immediately. RNA accumulation increased
gradually during the first 60 min of incuba-
tion and then ceased, while protein synthesis
continued slowly. Thus, it appears that
inhibition of synthesis of DNA and RNA
may be considered the primary sites of action
of ATPU.

Prevention of inhibition of growth by
ATPU. The site of drug action is often indi-
cated by determining the compound or class
of compounds which will reverse the inhibi-
tory effects of the drug. Several substances
(i.e., deoxyguanosine, AMP, ATP, and
nucleic acids) were tested in short-term
growth experiments with B. subtilis for their
ability to reverse the inhibitory effects of
ATPU. Of these, only nucleic acids were ef-
fective. Figure 4 shows that while calf thy-
mus DNA had essentially no effect on growth
in the absence of ATPU, it could reverse
ATPU inhibition at appropriate concentra-
tions. A relatively high concentration of
DNA, 200 ug/ml, was necessary to reverse
completely the inhibition of growth caused
by 10 ug/ml of ATPU.

When DNA was added to cultures at vari-
ous times after the introduction of ATPU,
as shown in Fig. 5, an apparent reversal of

mined by the method of Burton (13), using calf
thymus DNA as the standard. Amounts of protein,
RNA, and DNA are given in micrograms per
milliliter of medium. Numbers on the curves refer
to micrograms of ATPU per milliliter of growth
medium.



EFFECT OF ATPU ON NUCLEIC ACID SYNTHESIS

339

1.9] witnour APy ,/

9 200ug DNA //
/

420 my

Absorbance At

10ug/mil ATPU /

v
0 0.5 1.0 1.8 20

LI} L
250 0.5 1.0 1.8 2.0 28
HOURS

INCUBATION

Fic. 4. Effect of DNA on inhibition of growth of B. subtilis by ATPU
Concentrations refer to micrograms of calf thymus DNA per milliliter. The experiment was con-

ducted as described for Fig. 2.

inhibition was observed even when the DNA
was introduced up to 60 min after ATPU.
The abrupt decrease in absorbance (presum-
ably due to cell lysis) following the addition
of DNA at 30 to 60 min is difficult to explain
without additional experiments; however,
since Fig. 2 shows that the absorbance of an
ATPU-inhibited culture can increase while
the number of viable cells decreases, it is
possible that the portion of the population
that lysed may reflect those cells that were
not viable. The remainder of the population
was then able to continue growth without
interference by ATPU. The most likely ex-
planation of this reversal of inhibition is that
the DNA interacted directly with ATPU,
thus preventing its entrance into the cell.
DNA has been shown to reverse the growth-
inhibitory activities of certain other drugs,
such as actinomycin (14), which were later
found to exert their effects through the
formation of DN A-drug complexes.

Effect of ATPU on RN A polymerase. The

results shown in Fig. 3 indicate that the syn-
thesis of both DNA and RNA in whole cells
is markedly inhibited by ATPU. If ATPU
does interact directly with DNA, as sug-
gested by the reversal experiments, it might
be expected to produce such a result by in-
terfering with the enzymatic synthesis of
either or both of these polynucleotides. This
possibility was tested by measuring the ef-
fect of ATPU on cell-free RNA synthesis
catalyzed by purified DNA-dependent RNA
polymerase. Initial experiments were carried
out with purified E. coli RNA polymerase;
however, the work described here, which was
carried out in more detail, employed the
RNA polymerase from B. stearothermophilus,
an obligate thermophile. The B. stearother-
mophilus enzyme is quite similar to the E. colt
enzyme in its general properties (6) and
sensitivity to ATPU, but is considerably
more stable. Table 1 shows the comparative
inhibitory activities of daunomycin, actino-
mycin D, and ATPU in this RNA-synthe-
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F16. 5. Effect of time of addition of DN A on its reversal of inhibition by ATPU
Inhibition was effected with 7 ug/ml of ATPU. Growth was measured as described for Fig. 2, with the
addition of 100 ug/ml of calf thymus DNA simultaneously with ATPU (A), or 15 min (B), 30 min (C),
or 60 min (D) after ATPU was added.
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TABLE 1

Inhibition of B. stearothermophilus RNA
polymerase by ATPU
Incubation mixtures contained 7 ug of calf
thymus DNA and 0.98 ug of RNA polymerase in
the standard assay described in MATERIALS AND
METHODS. Incubation was carried out for 30 min
at 45°.

DNA Drug  *H-ATP

primer Additions con:ie:;n- l;on::{e- Inhibition
"] mumoles %

+ — 2.46 0
- — 0.16

+ ATPU 2.72 1.42 423
— ATPU 2.72  0.19

+ ATPU 13.6 0.78 68.3
— ATPU 13.6 0.16

+ ATPU 40.8 0.28 93.5
— ATPU 40.8 0.13

+ Daunomycin 4.0 1.11 54.9
—  Daunomycin 4.0 0.10

+ Daunomycin 10.0 0.40 83.7
—  Daunomycin 10.0 0.16

+ Daunomycin 20.0 0.23 90.6
—  Daunomycin 20.0 0.14

+  Actinomycin D 0.32 1.09 55.7
—  Actinomycin D  0.32 0.14

+ Actinomycin D 3.20 0.57 76.8
— ActinomycinD  3.20 0.14

+ Actinomycin D 16.00 0.25 89.8
— Actinomycin D 16.00 0.15

sizing system. Actinomycin D is obviously
the most inhibitory of the three compounds,
giving 76 % inhibition at a level of 3.2 mm.
The ability of ATPU to inhibit RNA polym-
erase was somewhat less than that of dauno-
mycin, but inhibition was nevertheless
relatively efficient and depended on drug
concentration. In subsequent experiments it
was found that the DNA concentration em-
ployed in Table 1 was below saturation; how-
ever, all the reaction mixtures containing
DNA were identical in this respect.

The incorporation of *H-UTP was also in-
hibited by ATPU, as shown in Table 2. This
suggests that ATPU does indeed interfere
with over-all RNA synthesis rather than
specifically inhibiting ATP incorporation. In
several experiments, the addition of ATPU,
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TABLE 2

Inhibition of RNA polymerase by ATPU as
measured by 3H-UTP incorporalion

Incubation mixtures contained 17 ug of calf
thymus DNA and 0.49 ug of RNA polymerase in
the standard assay described in MATERIALS AND
METHODS. Incubation was carried out for 30 min
at 45°. The labeled nucleotide was *H-UTP (1
uCi/umole) instead of SH-ATP.

3H-UTP incorporated

Incubation mixture

Without With 40.8
ATPU wM ATPU
mumoles
Complete 2.4 0.29
Complete; omit DNA 0.03 0.02
TABLE 3

Effect of mucleotide concentrations on inhibition
of RNA polymerase by ATPU
Incubation mixtures contained the designated
concentrations of nucleotides, 17 ug of DNA, and
0.49 ug of RNA polymerase in the standard assay.
Incubation was carried out for 30 min at 45°.
Each value is the average of duplicate analyses.

_ SH-ATP
incorporated bl,':l!li'
. .. tion
Incubation mixture \:’i':::- %‘g‘ A%U
ATPU |\ 4Py
mumoles %
Complete (1.6 mm each ATP,
GTP, CTP, UTP) 1.66| 0.39| 76.5
Complete (1.6 mm each ATP,
GTP,CTP, UTP); omit DNA| 0.11} 0.09
Complete (3.2 mm each ATP,
GTP, CTP, UTP) 1.70| 0.43| 74.7
Complete (3.2 mm each ATP,
GTP,CTP, UTP); omit DNA| 0.15| 0.18

at concentrations somewhat higher than
those used here, resulted in slight precipita-
tion of nucleotides. This complication was
avoided by using low concentrations of the
drug.

In order to rule out the possibility of
ATPU-nucleotide complex formation as the
mechanism of inhibition, the experiment de-
scribed in Table 3 was carried out. Doubling
the nucleotide concentration of the incuba-
tion mixture did not significantly influence
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TABLE 4

Effect of DN A concentration on inhibition of RNA
polymerase by ATPU
Incubation mixtures contained various levels
of calf thymus DNA and 0.49 ug of RNA poly-
merase in the standard assay. Incubation was
carried out for 30 min at 45°. Each value is the
average of duplicate analyses.

DNA .
content in "H-ATP incorporated Inhibition
,smbiafd Without  With40.8 with ATPU
Incubation  ATpy nu ATPU
mixture
ug mumoles %%
0 0.06 0.04
17 1.29 0.46 64.4
34 1.18 0.81 31.4
51 1.18 1.04 11.9
68 1.16 1.25 0
TABLE §

Poly A synthesis by B. stearothermophilus RNA
polymerase, and effect of ATPU
Incubation mixtures contained various levels
of calf thymus DNA and 0.49 ug of RNA poly-
merase in the standard assay. Incubation was
carried out for 30 min at 45°. Each value is the
average of duplicate analyses.

3H-ATP incorporated

With ATPU

Incubation mixture With- " "

out S| .ol .8

ATPU( 32 | 2 |3 |

S<| 3|3 2

motes | mote| % | mote| %

Complete 1.84(0.98(46.8(0.52(71.8
Complete; omit DNA 0.08

Complete; omit CTP,
GTP, UTP
Complete; omit CTP,

0.99(0.60]39.4/0.26(73.8

GTP, UTP, DNA 0.18
Complete; omit CTP,

GTP 0.41
Complete; omit GTP,

UTP 0.32

the degree of inhibition produced by a con-
stant level of ATPU. Conversely, 64 % in-
hibition of RNA polymerase by ATPU could
be reversed completely by increasing the
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F1G. 6. Effect of ATPU (A) and daunomycin
(B) on viscosity of DNA

0O, TP-84 bacteriophage DNA; O, E. coli
DNA; A, human DNA. The DNA concentration
was 10 pg/ml in a solvent containing 1072 M Na,-
HPO, and 10~* M EDTA, pH 7.6. Relative viscos-
ity = (viscosity of DNA + drug)/(viscosity of
DNA).

concentration of the DNA primer 4-fold
(Table 4).

Table 5 describes the synthesis of poly-
riboadenylic acid (poly A) by B. stearother-
mophilus RNA polymerase in the absence of
CTP, GTP, and UTP. Poly A synthesis was
dependent on the addition of DNA primer
and was partially decreased by the addition
of CTP or UTP. ATPU appeared to inhibit
poly A synthesis to approximately the same
extent as this compound inhibited RNA syn-
thesis in the complete incubation mixture.

Effect of ATPU on viscosity and buoyant
density of DN A. Direct evidence for the in-
teraction of ATPU with DNA was obtained
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TABLE 6.

Effect of added ATPU on buoyant density of DNA
in a CsCl density gradient

Increasing amounts of ATPU were added to 4
ml of 32P-labeled phage (B. subtilis phage SP02)
DNA in a solvent containing 10-* M Na,HPO,
and 10~* M EDTA, pH 7.6. Solid CsCl was added
to give an initial buoyant density of 1.690 g/ml.
Samples were centrifuged for 24 hr in the SW 50.1
rotor at 45,000 rpm and 18° in a Spinco L2-65B
ultracentrifuge. Fractions (0.15 ml) were collected
directly into counting vials, and radioactivity
was monitored by Cerenkov counting (16). The
buoyant density was computed from refractive
index measurements. Radioactive phage SP02
DNA was kindly provided by Mr. Bruce Dishman
and had a p of 1.704 and a G 4+ C content of 437,.
Each tube contained 2.5 ug of DNA (2.5 X 10’ cpm
of #P).

ATPU added Buoyant density shift
ug g/ml
0 0
30 0.006
120 0.010
180 0.016
240 0.020

from viscosity studies. The addition of
ATPU to DNA solutions (10 ug/ml) results
in a marked increase in viscosity (Fig. 6).
Measurements were limited to low ATPU
concentrations, since considerable variation
in viscosity was observed at 10 ug/ml (22
uM) ATPU (sometimes completely stopping
the viscometer rotor). The compositional
difference in the DNAs studied was not
great, and the effect of the nucleotide base
composition of the DNA on the viscosity of
drug-DNA complexes did not appear to be
profound, since E. coli DNA (50% G + C)
was only slightly more responsive than hu-
man chronic lymphocytic leukemia leucocyte
DNA (40% G + C) or bacteriophage TP-84
DNA (42% G + C). The enhanced viscosity
of drug-DNA complexes satisfies one of the
major requirements for intercalative drugs
(15). Further evidence for intercalation of
ATPU is shown by the decrease in buoyant
density of DNA in a CsCl density gradient
(Table 6). Since these measurements were
made in a high salt (7.7 M CsCl) medium, the
decreased viscosity is presumptive evidence
for tight binding, i.e., intercalation of the
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drug with DNA. Satisfaction of other re-
quirements for the intercalation of DNA by
drugs, such as reduced sedimentation coeffi-
cient, spectral shifts, and increased melting
temperature, are complicated by the ex-
tremely high absorption of ATPU at 260 mg.
The changes in viscosity and buoyant
density strongly support the thesis that
ATPU could, indeed, exert its effect through
the formation of DNA-ATPU complexes.

DISCUSSION

The essence of this report can be summar-
ized as follows: (a) ATPU is an effective in-
hibitor of the growth of B. subtilis; (b) it in-
terferes with the accumulation of protein,
DNA, and RNA in vivo; (c) it can inhibit
the activity of B. stearothermophilus RNA
polymerase in vitro, presumably as the result
of a DNA-ATPU interaction, as shown by
viscometry ; and (d) viscosity and CsCl buoy-
ant density studies suggest that ATPU may
form intercalative complexes with DNA
similar to those obtained with daunomyecin,
ethidium bromide, and nogalamyecin (8, 15,
17).

The presence of an anthracene nucleus in
ATPU may facilitate binding with nucleic
acids by intercalation similar to that found
with actinomycin, daunomyein, ethidium,
and related antibiotics. Presumably this oc-
curs by insertion of the planar anthracene
nucleus between adjacent base pairs in the
DNA helix (14). Conventional methods of
detecting such interactions depend primarily
upon ultraviolet absorption measurements
(i.e., changes in the drug absorption spec-
trum, DNA melting profile, DNA buoyant
density in CsCl solution, and sedimentation
coefficient). ATPU, however, has a much
higher molar extinction coefficient than
DNA at the same wavelength (5 ug/ml of
ATPU gives Az¢0 2.0), thus making DNA ab-
sorbance studies ineffective for this purpose.
It was possible, however, to detect changes
in DNA buoyant density in CsCl by using
isotopically labeled DNA. DNA viscosity
changes in the presence of ATPU have also
provided a simple means of detecting an in-
teraction, although this method is not ade-
quate for a detailed characterization of the
complex formed.

Although one cannot generalize regarding
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the biological effects of drugs which interact
with nucleic acids, it may be informative to
compare the structural and inhibitory prop-
erties of certain well-studied antibiotics with
those of ATPU. The ability of ATPU to
interfere with both DN A and RNA synthesis
parallels that of ethidium bromide (18) and
proflavine (19, 20). The latter two com-
pounds have been shown to form complexes
by intercalation between adjacent base pairs
of the DNA helix (21, 22).

The chromophores of actinomycin and
daunomyecin are intercalated between the
base pairs of DNA; however, they preferen-
tially inhibit RNA synthesis rather than
DNA synthesis (21-23). Controversy over
the effects of actinomycin on the hydrody-
namic properties of DNA (14, 23) has led to
the finding that the molecular weight of the
DNA used can influence the results obtained
(24). Low molecular weight DNA-actino-
mycin complexes behave as true intercalated
DNA (increased viscosity and decreased
sedimentation coefficient), while the addition
of actinomycin to larger DNA molecules
(mol wt 108) results in a decrease in viscosity.
Miiller and Crothers (24) attributed the
behavior of the high molecular weight DNA
complexes to side effects due to the peptide
rings.

It is of interest that an excellent correla-
tion exists between the ratios of concentra-
tions required to produce a given degree of
RNA polymerase inhibition for the various
drugs and the ratios of the doses found to be
safe, but to produce some degree of toxicity
in man. For example, the tolerated dose of a
5-day course of ATPU is 750 mg/m? of body
surface; for daunomycin, 150 mg/m?; and for
actinomycin D, 1.5 mg/m23? This general
ratio also obtains in toxicity studies in ro-
dents. The ratio corresponds closely to the
concentrations required to inhibit RNA
polymerase in vitro. This is also true for the
drug concentrations required to produce in-
hibition of B. subtilis cell growth (15). These
correlations suggest that inhibition of DNA-
dependent RNA biosynthesis may be the
primary mechanism of action; that is, the

3 E. Frei, III, personal communication.
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one responsible for the growth-inhibitory
activity of these compounds.
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