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SUMMARY

The mechanisnu of actions of 2, 2’-(9, 10-anstinryienedimethsylene)bis (2-thiopseudourea)
(ATPU or pseudourea) has been investigated in bacterial systems. Inslnibition of the growth
of Bacillus subtilis by ATPU was reversed by the ad(hition of nnucleic acids. The synntinesis

of DNA and RNA in rico was markedly inhnibited by the drug. RNA synthiesis in vitro

catalyzed by purified 1)NA-dependenit H NA polynnerase (niucleosidetriphsosphate: 11 NA
nnucleotidyltrannsferase, EC 2.7.7.6) of Bacillus stearotherinoph ilus was sennsitive to ATPU

in a corscenstration-depensdenst mannner. This inhibitionn was reversed by inncreasing tine cons-
centration of DNA I)rimer. Evidensce for a drug-1)NA interactions was obtained from viscos-

ity annd cesium cinloride buoyant density studies, whnicin suggested the possible fornssations
of intercalnitions complexes between 1)NA arid ATPU.

I NTROI)UCTION

2, 2’-(9, 10-Anthnrylenedinsethnylene)bis (2-

thniopseudourea) (pseudourea) (Fig. 1) has
beers showin to possess significant growths-
inhibitory activity against Leukenuia 141210

(1) and is currently undergoing preliminary

chiisical trials ins patients witis meta.static

cancer.’ A microbiological assay for tine drug
has beers developed by Pittihlo ansd \Voolley
(2). The mechanism of actionn of ATPU, how-

ever, is unnkniowns.
This report dcmonsstrates tine activity of

ATPU2 toward Bacillus subtilis annd describes

experiments relevntnst to tine mecii,snism of
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2 The abbrevi at iou muse(l is : ATPU, 2,2’- (9, 10-

ant hryleunedinnet inyleuie)bis (2-t hiopseudomurea).

action of tine drug ins this orgnsnsisnu and ins
Bacillus stearothermoph ilus. TIne experi niensts

presensted iln(hcate that ATI�U is an effective
insinibitor of tine 1)XA-primed RXA polym-

erase of B. stearotheimophilus.

SIATERnAr4S ANI) METIIOt)5

B. subtilis 168 was growni ins a nnsinnimal
mcdiii nu described previously (3). 0 rowtis

was carried out ins 230-mi nsephelometcr
flasks (19 X 130 mnui side arms) withs inscuba-

tion at 37#{176}ins a New I3runnswick 0-77 water
baths slnaker. Absorbansce measuremeum ts wen.t’

made on a Bauscin and Lomb Spectronsic 20

colorimeter at 420 mis.
B. stearoth-erniophilus straimn 10 was grown

ins 24-liter batches ins Trvpticase mediumsu (4)

unntii the middle of tine logarithmic pinase of

growtin. Tine cells were tinen cinilied witin ice,

isarvested by constiusuous fi ow cenit ri fugat ion,

arid wasined olice witln 0.05 M TrisH(’i pH
7.3.

For shnort-term growth studies, as prevm-
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Fma. 1. Structure of 2,2’- (9, 10-anthrylenedimeth -

ylene)bis (2 -th iop.se udourea)

ously described (5), cells were grown to ann

absorbansce of approximately 0.35 arid di-
vided unto 10-iS-mi portions. The desired
additiomns were made, aisd inscubation was
coistinsued for 2-3 hr. Growths was nuonitored

by absorbansce readirsgs at appropriate time
intervals. Viable cells were determined as

described previously (3). The nuethods used
in the colorimetric determinatiorss of the
levels of DNA, RNA, and proteins in growinug

cells have been described elsewhuere (3).
Standard assay mixtures for RNA polym-

erase constained 13 nuu magisesium acetate,
120 m�i ammonsium acetate, 0.01 M Tris-HC1
(pH �.3), 4.8 m�r 2-mercaptoetlsanol, 1.6 m�i

conscenstrations each of GTP, CTP, UTP, anud

3H-ATP (5 �Ci/�mole), 28 �g/ml of calf
tisymus DNA, and 0.49-1.0 �g of RNA

polymerase (described below) us a final vol-
ume of 0.23 ml. The salt concentrationss, pH,
arid inncubationn temperature used were those
described by Remold-O’Donnell and Zillig
(6) as optimal for B. stearothermophilus RNA

polymerase and were verified ins our labora-

tory. Incubations was carried out for 30 mm
at 45#{176},and tine reaction was terminated by
the addition of 2 ml of cold 5 % triclnior-

acetic acid. Bovine serum albumins, 100 ig,
was added as carrier. After 13 mm at 4#{176},

precipitates were collected on Reeve Angel
glass fiber filters (2.4-cm diameter, grade
934AH), washed four times witis 5-ml por-
tionis of cold 5 % trichloracetic acid, dried,
arid consisted inn a Packard Tri-Carb liquid

scintillation spectrometer. Tine counting
solutions corstainsed 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’Donnehl and
. 2 H20 Zihiig (6), except for the omissions of one step,

centrifugations 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 stanndard buffer containing 10 m�t
Tris-acetate, 22 m�i NH4C1, 10 m�i nsag-
nnesium acetate, 1 m�i 2-mercaptoethsanoi,

and 0.25 msI EDTA, and blensdinng for 15
mm with 90 g of glass beads (0.1-mm i.d.).
Tue temperature us-as mairstainied below 12#{176}

by immersing the container in ice water at
1.3-mini intervals. Cell debris was removed

by censtrifugation at 13,000 rpm for 30 mini
in a Sorvall RC2-B refrigerated centrifuge.
The supernatanst fluid was then ceistrifuged
for 20 hr at 34,000 rpm at 4#{176}in a Spinsco 5OTi
rotor. The supernsatanut fractions was dis-
carded, and tue DNA-enzyme layer was

peeled from thse ribosomal pellet and dis-
solved ins 20 ml of standard buffer. This solu-
tion was then adsorbed on an amounnt of
DEAE-celiulose (equilibrated witin stanndard
buffer) equal to the wet weight of starting
material. The cellulose was then washed

thnree times with 300-mi portions of a special
buffer (50 m�r Tris-acetate, 10 m�t nuag-
nesium acetate, 110 mM NH4C1, 0.25 m�t

EDTA, and 1 m�n 2-mercaptoethansol, pH
7.3), packed into a column, arid eluted with

a. linear gradient from 0.11 to 0.70 M NH4C1
ins special buffer (300 ml of each concenntra-

tion.) The enszyme-containing fractions were
combined and brought to 50 % (NH4)2S04
saturations. After centrifugation at 13,000
rpnu for 10 mm, the supernatant fraction was

brought to 70 % saturation. The precipitate
was collected by centrifugations in the same
manner, dissolved in 2 ml of special buffer

containsing 0.3 M NH4C1, and dialyzed
against 200 ml of tue same buffer for 2 Fir.
One-half tine resulting solution was layered
onito two 34-ml linear gradients of 55-10 %
glycerol (w/w) irs the special buffer contains-
iisg 0.3 M NH.1Cl amnd censtrifuged iii an SW 27
rotor for 40 hr at 4#{176}in a Spinsco model 142-63
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Fio. 2. Effect of .1 i’PU on growth (.1 ) and u’iability (B) of B. subtilis

Conceuit matioums refer to nnicrogranis of ATPU per milliliter. luicmubatioui was (arrie(l out, with

slinking, at. 37#{176}. ;��th w�t� uneasured by absorbance at 420 nn�, aui(I viability was deternniined by

plat iung appropuint e dil mit iouis on a complete mediunn as described previously (3).
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ultracenntrifuge. The tubes were pierced, ansd
1-mi fractions were collected. Erszyme-cons-
t.ainuing fractiorns were combined, stored at

- 20#{176},arid used withiout further treatmenst.
The enzyme preparations, constainsinsg 49 j�g

of proteins per milliliter, catalyzed the in-

corporation of 3.26 �nuoles of ATP per milli-
granu of proteins irs 30 nsiis under tue standard
assay conditionns with a saturating level of
calf tinymus DNA template (68 /2g/ml).

Viscosity nueasurememsts were nuade at 20#{176}
withs a Zimm-Crotlsers low-smear visconseter
(7) (Beckmais Insstrunnensts) at a smear rate
for H20 of 1.4 sec’.

ATPU (NSC 36034; nuol � 463.5) and

daunsomycinu (NSC 82151; nuol wt 560) were
obtained fronu the Cancer Cinemotinerapy
National Service Censter, National Cancer
Institute. ATPU was obtained in tine form

of a solution at 3 mg/nil in propylene glycol.
Before use, it was diluted to tine desired con-
ceistration with deionsized water. 3H-ATP
arid 3H-UTP were purcinased fronu Schnuvarz
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BioResearcin. Actinsonuvcins 1) W�55 innrciiaseri

from Calbiocisem.

13. stearothermoph ilus bacteriopinage Ti )�54

DNA was prepared as previously described

(8). Escherichia coli DNA us.as purified by
tine metlnod of �\Iarnmsr (9), arid hunsans 1)NA

derived from heukocvtes of I)atiensts with
chronic ivnsiphocvtic leukemia was purified
by tine methnod of Kirby annd Cook (10).

RESULTS

Inhibition of B. subtilis by A TPU. Tine ef-

fect of ATPU on growths of B. subtilis is
sisowms ins Fig. 2A. At a corscentration of 5
pg/mi, tine drug us-as sligistly inhibitory, as
indicated by tine decreased growths rate.

ATPIJ at 10 �g/ml causei a dranuatic dechnse
in viabilit (Fig. 2B) after 30 mm of inscuba-
tionn, evens though tine cell mass (as measured

by absorbansce) continued to inscrease for
ansotiner hour of incubations. Thiese growths-
ininibitory effects of ATPU are quite repro-
ducible from omse experimenit to tIne next,
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Fin. 3. Effect of AIPI on levels of protein (B),

JINA (C), and DN_1 (D) in growing B. subinlis

Minimal mediunnn count ainilig the appropriate

additions w15 inocmilated as described iii MATE-

RIALS AND METHODS and dispensed into unephelom-

eter flasks (50 nil/flask). Iuicmibat ioun is-IS carried

out as described iii tine text. At tine designated

iuntervals, ouie flask from each set was removed,

divide(1 unto duplicate 25-unl portiouns, and placed

iii ice, and couiceuit rated I richloracet ic i(id �

added o 5( . The samples were allowed to st aund

overnigint at 4#{176}(tIne recovery was unot altered by

this step), 1111(1 tIne precipitate was harvested by

centrifmigatiouu and washed twice with ((11(1 5(�,
trichloracetic acid. Tine pellet was resuspeunded

in 3 nil of 5(� richloracet ic acid - heated at 98#{176}

for 30 miii, cooled iii nun ice bath for 30 nnniui, Iiui(I

ceuntrifuged. Tine pellets were dissolve(1 iii 0.2 N

NaOH by heating in boiling water for 5-10 unin

annd were assayed for proteiun by tine metinod of

Lowry et al. (11). Tue smuperuintaunt fractions were

assayed for ItNA by a unodified orciunol reaction

(12) wit ii ribose as tine st aundard. I )NA � deter-

prOvide(l that tine amount of inoculum is the

same. Slight variations in the number of cells

present (A 420) at the onsset of the experiment
influence tine degree of inhibition observed

ansd tine shapes of the growtii curves. 8-
Methyltisiuronium sulfate, a compound com-
parable to the side chiains of ATPU, was also
tested amid found to have no inhibitory ac-

tivity at concentrations up to 50 �ng/ml.
Propylene glycol alone Isad no effect on the
growths of tine cultures.

Effect of A TPU an protein, RNA , and

1)N44 synthesis. When a grow-ing culture of
B. subtilis was exposed to a slightly insisibi-

tory level of ATPU, 5 �ig/ml, little or no ef-
fect was observed on macromolecular syn-
thesis (Fig. 3). A Inigher level of the drug,

however, appeared to halt DNA synthiesis

immediately. RNA accumulation increased

gradually during the first 60 mm of incuba-
tion ansd then ceased, while protein synnthsesis
continued slowly. Thus, it appears that
inshibition of syntinesis of DNA and RNA

j may be considered the primary sites of action

of ATPU.

Prevention of inhibition of growth by

ATPU. Tine site of drug actions is often indi-
cated by determininng tine compouisd or class
of compounsds which us-ill reverse the inhibi-
tory effects of the drug. Several substances
(i.e., deoxyguanosinse, AMP, ATP, and
nucleic acids) were tested ins short-term

growth experiments with B. subtilis for thieir

ability to reverse tue inhibitory effects of
ATPU. Of these, only nucleic acids were ef-
fective. Figure 4 shows that winile calf thy-
mnss DNA mad essenstially no effect on growth
in the absence of ATPU, it could reverse
ATPU inhibition at appropriate coiscenstra-

tionss. A relatively highs conscenstration of

1)NA, 200 �.sg/ml, was isecessary to reverse

completely the inhibition of growths caused
by 10 �g/ml of ATPU.

Wlnenn DNA was added to cnsltures at van-
otis times after tine introduction of ATI�U,
as shsowns in Fig. 5, an appareist reversal of

mi led! by the method of Burt oun (13), musiuig calf

thyninus I )NA as the St aundard. Amomuunt s of proteiun,

1tNA, auid I)NA are giveui jun micrograms per

milliliter of nniediuni. Nmuinibers on I lie cmirves refer

to microgrmnuns of ATPU per milliliter of growtln

nnnedi mini.
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Fun. 4. Effect of DNA on inhibition of growth of B. subtitis by ITPU

Conceunt.rat iouis refer to micrograms of calf thu-inns 1)NA pe� mnilliliter. Tine experimeunt was con-

ducted as described for Fig. 2.

inshibition was observed evens when tue DNA

was introdnnced up to 60 mm after ATPU.

The abrupt decrease in absorbance (presuns-
ably due to cell lysis) followinsg the addition
of DNA at 30 to 60 mini is difficult to explains
withsout additionsal experimensts; however,

sinsce Fig. 2 shnows that the absorbaisce of an
ATPU-inshuibitetl culture can inscressse whnile

tue number of viable cells decreases, it is

possible that the portion of tine populations

that lysed nsay reflect. tinose cells thirst uvere

nsot viable. Tine remainder of tine populations
was thens able to continue growths without.
insterferensce b�’ ATPU. Tine most likely cx-
plansations of tisis reversal of inhibitions is that

tine DNA interacted directly w-ith AT PU,

thnus preventing its entrance into tine cell.
1)XA hias beers sinown to reverse tine growths-
inshuibitory activities of certains ot.hsen drugs,

such as actinsonsiycins (14), wlsichs were later
found to exert tlneir effects through tise
formation of D N A-drnng compiexes.

LJJect of ATPU on RNA polyinerase. Tine

results shsown in Fig. 3 insdicate that tine syn-
thsesis of both DNA ansd RNA ins whole cells

is markedly inhibited by ATPU. If ATPU
does insteract directly withs DNA, as sug-

gested by tine reversal experiments, it nsighst
be expected t.o produce suchu a result by ins-
terferinig witis the enszymatic syntinesis of
either or both of these polynucleotides. This
possibility was tested by measuring tine ef-
fect of ATPU ons cell-free RNA synthesis

catalyzed by pnnnified DNA-dependent RNA
polynuerase. Initial experiments were carried
out withs purified E. coli RNA polynserase;
however, the work described here, whiich was

carried out inn more detail, employed the
R NA polymerase from B. stearoth.erm.ophilus,

an obligate tinermopinihe. Tine B. stearother-
mop/n ilus ennzynse us quite sinsilar to the E. coli

enzyme ins its general properties (6) and
sernsitivity to ATPU, but. is coinsiderably
more stable. Table 1 shows the comparative

ininibitorv activities of daunnonuvcinn, act imno-

mycims D, amid ATPU inn this RNA-synthe-
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FIG. 5. Effect of time of addition of DNA on its reversal of inhibition by ATPU

lunhibitioun was eflected with 7 �g, nil of ATPIJ. Growth is.as nieasmired as described for Fig. 2, witin line

addition of 1(X1i JAg nil of calf tiiynnims 1)NA simull auneomusl-,- with ATPU (A), or �5 mm (B) - 30 mimi (C),

or GO miii (I)) after ATPU was added.
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TABLE 1

Inhibition of B. stearothermophilus 1?.VA

polymerase by A TP(.’

Imncubatioun mixtures couitaiuned 7 � of calf

hvmus I )NA arid 0.98 �g of BNA polynuerase iun

tine staundard assay described iii MATERIALS �NI)

METHODS. luncubation was carried out for 30 niiui

at 45#{176}.

!)XA:
prumer

Additions
Drug

concentra-
tion

‘II-ATP
incor-

�orated
!nhibition

�&sf rn�.tmoles �‘

+ -- 2.46 0

- - 0.16

+ ATPU 2.72 1.42 42.3

- ATPIJ 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

+ i)auunonnyciun 4.0 1.11 54.9

- 1)auunonuyciun 4.0 0.10

+ 1)auinonsycium 10.0 0.40 83.7

- I )amuumomyci in 10.0 0.16

+ I)amnnonuyciun 20.0 0.23 90.6

- l)auunomyciun 20.0 0.14

+

-

Actiunomyciun I

Actinomyciun I

) 0.32

) 0.32
1.09

0.14
55.7

+ Actiunomyciui I ) 3.20 0.57 76.8

- Actiunomyciun I ) 3.20 0.14

+ Actiinounyciin I ) 16.00 0.25 89.8

- Actiunomyciun I ) 16.00 0.15

sizinsg system. Actinsomycins D is obviously

tue most inshnibitory of tine three compounds,
giving 76 % insinibition at a level of 3.2 mut.
Tlse ability of ATPU to inhibit RNA polym-

erase was someuvinat less than that of daurso-
mycin, but ininibition was isevertheless

relatively efficient ansd depended on drug
concentrations. In subsequent experimersts it
was found that tine DNA concentration em-
ploved in Table 1 was below saturations; isow-

ever, all the reactions mixtures constaininsg

DNA were identical in this respect.
Tue incorporation of 3H-UTP us-as also in-

hsibited by ATPU, as shown in Table 2. This

suggests that ATPU does indeed interfere
withs over-all RNA synthesis rather than
specifically inhibitinsg ATP incorporation. In
several experimenits, the addition of AT1�U,

TABLE 2

Inhibition of RN.t polymerase by ATP(T as

imieasured by 3H-ti ‘7’P incorporation

Incubation mixtures countained 17 JAg of calf

thmus 1)NA amid 0.49 JAg of RNA polymerase jut

the staundard assay described inn MATERIALS AND

METHODS. luncubation was carried out for 30 mm

at 45#{176}.TIne labeled unucleotide was .‘H-UTP (1

JLCi/Mmole) iunstead of .‘II-ATP

Incubation mixture

.‘H-UTP incorl)orated

%Vithout With 40.8
ATPU �sM ATPU

m;zp.moles

Complete 2.4 0.29

Connplete; omit i)NA 0.03 0.02

TABLE 3

Effect of nucleotide concentrations on inhibition

of RN1 polymnerase by .1 TPU

IuictiI)at join mixtures cont aiuned t lie designated

counceunt rations of unucleot ides, 17 �g of 1)NA, and

0.49 JAg of IINA polymerase in tine standard assay.

Incubation was carried out for 30 miii at 45#{176}.

Each value is the average of duplicate analyses.

Incubation mixture

‘H-ATP
incorporated

,

\%uth

o�t� 40.8
ATPU A�PU

Inhi-
bition

by
ATPU

tiu�nioles

Comnnplete (1.6 HiM cacti ATP,

(;TP, CTP, UTP) 1.66 0.39
Complete (1.6 inM each ATP,

CiTP,CTP,UTP);omitDNA� 0.11 0.09

Complete (3.2 inM each ATP,

GTP, CTP, UTP) 1.70 0.43

Complete (3.2 mxn each ATP,

(1TP, CTP, UTP); oniit DNA� 0.15� 0.18

‘�;.

76.5

74.7

at concenstrationss somewhat higher thsans

those used here, resulted in slighit precipita-
tion of isucleotides. This complication was

avoided by using low conscenstrations of the
drug.

Ins order to rule out tue possibility of

ATPU-nucleotide complex formation as the

mechnanism of inshuibitiors, tue experiment de-
scribed in Table 3 was carried out. Doubling
the nsucleotide concentrations of tine inscuba-
tions mixture did not significanstly influence



TABLE 4

Effect of D.V1 concentration on inhibition of ILVt

polymerase by ATPU

luncubation mixtures couitaiused various levels

of calf thynnus l)NA and 0.49 jsg of RNA poly-

merase in the standard assay. luncubatious was

carried out for 30 miii at 45#{176}.Each value is the

average of duplicate auialvses.

DNA
content in

standard
incubation
mixture

5’

N
0
U

jsg nzJAmoles 1, �

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

DRUG CONCENTRATION (pM)

342 SAUNDERS AND SATJNI)ERS

3H-ATP incorporated
Inhibition

Without With 40.8 with ATPU
ATPU JAM ATPU

N

N

TAnILE 5

Poly A synthesis by B. stearotherm.ophilus l?.VA

polymerase, and effect of A TPU

Incubation mixtures contained various levels

of calf thymus I)NA arid 0.49 JAg of RNA poly-

merase in the standard assay. lincubation was

carried out for 30 mm at 45#{176}.Each valise is the
average of duplicate analyses.

3H-ATP incorporated

With ATPU

Incubation mixture . -__________________
With- 0 0

out .2 �
ATPU 8D .�an4 .� *1.4 .0

�
0 0

Complete
Complete; omit 1)NA

Complete; omit CTP,

GTP, UTP

Complete; omit CTP,

GTP, UTP, DNA

Complete; omit CTP,

GTP
Complete; omit GTP,

UTP

��l’-

moles

1.84
0.08

0.99

0.18

0.41

O.32�

,,tP-

mole

0.98

0.60

�

,.�

�

46.8

39.4

�

I

�

m5-
mole

0.52

0.26

�

�
�

c.,
/o

71.8

73.8

the degree of innisibition produced by a con-
stant level of ATPU. Conversely, 64 % in-
hibitions of RXA polymerase by AT1�U could

be reversed completely by increasing tue

FIG. 6. Effect of A TPU (.1) and daunoinycin

(B) on viscosity of DNA

0, TP-84 bacteriophage 1)NA; 0, E. coli

DNA; �, hunuan 1)NA. The 1)NA concentrat.ioui

was 10 ,zg/mI in a solveunt contaiuninug 10.’ M Na5-

HPO4 and 10#{176}M EI)TA, pH 7.6. Relative viscos-

ity = (viscosity of DNA + drmug)/(viscosit.y of

1)NA).

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

Table 5 describes tine synthuesis of poly-
riboadenylic acid (poly A) by B. stearother-

mophilus RNA polymerase ins the absence of

CTP, GTP, and UTP. Poly A synstisesis was
dependent on the additions of DNA primer
and was partially decreased by the additions
of CTP or UTP. ATPU appeared to inhibit

poly A synthesis to approximately thse same
extent as this compound inhibited ItNA syn-
thesis in tue complete incubation mixture.

Effect of ATFU on viscosity and buoyant
density of DNA. Direct evidensce for tine inn-

teractiors of ATPU with DNA us-as obtansed
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TABLE 6

Effect of added A TPU on buoyant density of DNA

in a CsCl density gradient

Iuncreasiuig aniouunts of ATPU were added to 4

ml of 32P-labeled phage (B. subtilis phage 5P02)

I)NA un a solveint countaiuniung 10� xn Na2IIPO4

amid 1O� M EDTA, p11 7.6. Solid CsCl was added

to give aun iusitial bm.soyauit deunsity of 1.690 g/ml.

Samples were centrifuged for 24 hr jun tIne SW 50.1

rotor at 45,000 rpm aund 18#{176}in a Spiunco L2-65B

ultracentrifuge. Fractious (0.15 nil) were collected

directly iunto countiung vials, aund radioactivity

was momnitored by Cerenkov counting (16). The

buoyant deunsitv was conuputed frons refractive

iuidex measurements. Radioactive phage 5P02

DNA was kiuidly provided by Mr. Bruce I)ishmaui

and had a p of 1.704 amid a G + C countent of 43�.

Each tube count ained 2.5 pg of DNA (2.5 X 10� cpm

of 32P).

ATPU added Buoyant density shift

pg g/ml

0 0
30 0.006

120 0.010

180 0.016

240 0.020

from viscosity studies. The additioms of
ATPU to DNA solutionns (10 �g/ml) results
ins a marked inscrease in viscosity (Fig. 6).

Measurements us-crc limited to low AT1�U

corscentrations, since considerable variation
ins viscosity was observed at 10 �g/ml (22
,�ui) ATPU (sometimes completely stopping
the viscometer rotor). The conupositional
difference ins the DNAs studied uvas nsot
great, and tue effect of the nsucleotide base
composition of the DNA ons the viscosity of

drug-DNA complexes did not appear to be

profound, since E. coli DNA (50 % G + C)
usas only slightly more responsive thuars mu-
man chronsic lympinocytic leukemia leucocyte

DNA (40 % G + C) or bacteriopisage TP-84
DNA (42 % G + C). The enhanced viscosity
of drug-DNA complexes satisfies one of the

major requirements for instercalative drugs
(15). Further evidence for irstercalations of
ATPTJ is slnouvn by the decrease in buoyant

density of DNA in a CsCl density gradient
(Table 6). Since thuese measuremersts us-crc
made in a high salt (7.7 u CsCl) medium, the
decreased viscosity is presumptive evidensce
for tight binding, i.e., intercalations of the

(Irug with DNA. Satisfaction of other re-

(luirements for the intercalations of DNA by
drugs, such a.s reduced sedimentation coeffi-
cienst, spectral shifts, arid increased nselting

temperature, are complicated by the cx-
tremely high absorption of ATIU at 260 m�.
The changes in viscosity and buoyant

density strongly support tine thesis that
ATPT.J could, indeed, exert its effect through
tlse formation of DNA-ATPU complexes.

DISCUSSION

Thse essence of this report can be sumnsar-
ized as follosvs: (a) AT1�U is an effective mi-
hibitor of the growtin of B. nubtilis; (b) it ins-
terferes uvith the accumuhatioms of protein,
DNA, and RNA in vivo; (c) it cans inshuibit
the activity of B. stearotherrnoph.ilus RNA
polymera�ne in vitro, presumably RS the result
of a DNA-ATPU interaction, as shown by
viscometry ; arid (d) viscosity and CsCl buoy-
ant (leisSity studies suggest thuat ATPU may
form instercalative complexes witlu DNA
similar to those obtained usiths daunsonuycirs,
ethnidium bromide, amid inogalamycin (5, 1 5,

17).
The presence of an arsthuracene nucleus irs

ATPU may facilitate binding with isucleic

acids by intercalation similar to that founsd
with actinsomycin , daunsomycins, ethnidiunu,

and related antibiotics. Presumably thus oc-
curs by insertion of the plaisar amsthracense
nucleus betuveen adjacenst base pairs ins the

DNA helix (14). Conventional methiods of
detectinsg suds intera.ctionns depend primarily
upon ultraviolet absorption measuremeints
(i.e., changes in the drug absorptions spec-

trum, DNA meltinng profile, DNA buoyanst
density ins CsCl solution, arid sedimeistation

coefficient). ATPU, however, hias a much
Isigher molar extirsctiors coefficienst than
DNA at the same wavelenngthn (5 �g/ml of
ATPU gives A260 2.0), thins making I)NA ab-

sorbance studies ineffective for this purpose.
It was possible, however, to detect cisansges
in DNA buoyant derssity in CsCI by usinsg
isotopicalhy labeled DNA. DNA viscosity

changes in the presence of ATPU inave also

provided a simple meanss of detectimsg ans inn-

teraction, although this methnod is niot ride-

quate for a detailed chnaract.erizatiomn of tine

complex formed.
Altinough onse carsmsot getserahize regarding
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tine biological effects of drugs whsicls interact
with nsucleic acids, it may be informative to

compare the structural and inhibitory prop-

erties of certain uvell-studied antibiotics us-itis
those of ATPU. The ability of ATPU to
interfere with both DNA and RNA syinthesis

parallels that of ethidium bromide (18) arid
proflavine (19, 20). The latter two corn-

pounds have been shown to form complexes

by intercalation between adjacent base pairs
of tue DNA helix (21, 22).

The chromophores of actinsomycin arid
daunsomycin are intercalated between the

base pairs of DNA; however, tisey preferen-
tially inhibit RNA synthesis rather than

DNA synthesis (21-23). Controversy over
the effects of actinomycins on the hydrody-
nnamic properties of DNA (14, 23) has led to

the finsdinsg that the molecular weight of the
DNA used can influence tise results obtained
(24). Low molecular us-eight DNA-actino-
mycin complexes behave as true intercalated

DNA (inscreased viscosity and decreased

sedimentation coefficient), us-hile tine addition

of actinomycin to larger DNA molecules
(rnol wt 108) results in a decrease ins viscosity.
MUller and Crothers (24) attributed the
behavior of the high molecular us-eight 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 inshibition for the various
drugs and the ratios of tine 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/rn2 of body

surface; for daunornycin, 150 mg/rn2; and for
actinomycin D, 1.5 mg/rn2.3 This general
ratio also obtains in toxicity studies in ro-

dents. The ratio corresponds closely to the
conscentrations required to inhibit I�NA
polymerase in vitro. This is also true for the
drug conscenstrations required to produce in-
hibitiors of B. subtilis cell growth (15). These

correlations suggest thnat inhibitions of DNA-
dependeist RNA biosynthesis may be the
primary mechanism of action; that is, the

one responsible for tine growth-inshibithry
activity of tinese compounds.
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