
The Effects of Antimicrobial Agents on Ribonucleic Acid Polymerase

Mol. Pluarmucol. 1, 1-13 (1965)

1\i. J. WARING

Sub-dc part ment of Chemical Microbiology, Department of Bioclu e mist ry

Univerrity of Cambridge, Cambridge, England

(Received January 22, 1965)

SUMMARY

A range of antibiotics and other drugs was tested for possible inhibitory activity toward

the DNA-dependent RNA polymerase of Escherichia coli. Several agents believed to in-

terfere primarily with protein or DNA synthesis in microorganisms were shown to have no
significant effect on AMP incorporation into RNA by the enzyme system. Neomycin,

Antrycide, and pentamidine precipitated the DNA primer and gave substantial inhibition;

suramin, prothidium bromide, proflavin, and ethidium bromide were more powerfully in-
hibitory, and actinomycin D was the most potent inhibitor found. These results are dis-
cussed with reference to the probable modes of action of the drugs in vivo.

Inhibition by ethidium bromide was found to be related to the concentration of DNA,

as would be expected if the inhibition were due to the drug’s forming a complex with the
primer. Calculations of the expected level of binding of ethidium to DNA under the assay
conditions led to the conclusion that RNA polynierase activity was inhibited in direct

proportion to the amount of drug bound to the primer.

INTRODUCTION

Studies on the biosynthesis of RNA in a
variety of living organisms have shown that

RNA is synthesized from nucleoside tn-
phosphates by DNA-dependent enzyme

systems. These enzymes, RNA polymerases

(nucleosidetriphosphate: RNA nucleotidyl-

transferases, E.C. 2.7.7.6), have been dis-

covered in bacteria (1-5), plants (6, 7), and

animal tissues (8, 9). Several of the bac-

terial enzymes have been extensively puri-

fied (1-4). Their activity is dependent upon
the presence of DNA, which acts as a tem-
plate for the synthesis of the product so

that the base composition and nearest-
neighbor nucleotide frequency of the RNA
produced are complementary to those of

the DNA primer. Moreover, the RNA syn-
thesized in a reaction primed by bacterio-

phage T2 DNA was shown to form a stable
hybrid with denatured T2 DNA, indicating

that the base sequences of primer and prod-

1

uct must be at least to a large extent com-
plementary (10). RNA synthesized in vitro

on a template of double-stranded DNA is

able to stimulate the incorporation of amino
acids into protein by cell-free extracts (4,

11), and the evidence indicates that RNA

polymerase catalyzes the DNA -directed
synthesis not only of messenger RNA, but
also of the other forms of RNA in vivo (12).

The ability of actinomycin D to inhibit

the activity of DNA-dependent RNA poly-

merase has been studied in a number of
laboratories (5, 13, 14). This inhibition has

been shown to he due to complex formation
between the antibiotic and DNA and ap-

pears to represent the primary mode of ac-
tion of actinomycin against living cells
(13, 15, 16). Because of its specificity of
action, actinomycin has proved to he a
valuable tool for demonstrating the ex-

istence of DNA-directed RNA synthesis in

biological systems.
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�eveial workers have also noted inhibi-

tion of RNA polymerase by proflavin (12,
14. 17). \Vhile aet.inomyein is known to

inhibit. RNA synthesis more powerfully
han DNA synthesis in rivo and in vitro

14. 15 , profl�in is more inhibitory to
1)NA polyinerase activity (12). Neverthe-

less, proflavin has been used to measure the

iate of decay of messenger RNA in vivo

(17, 18).

This paper describes a survey of the ef-

fects of a range of antimicrobial agents on

the DNA-dependent RNA polymerase of
Escherichia coli. The results indicate inhibi-

tion by a number of substances, particularly

the trypanocidal drugs Antrycide, pentami-

dine, etlndium bromide, protliidium bro-

nude, and suramin.

MATERIALS AND METHODS

Materials. DNA from bacteriophage T2
was prepared according to the procedure of

Shedlovsky and Brenner (19). The purified
phage suspension was shaken with an equal

volume of water-saturated redistilled phenol

at room temperature for 2 mm and centri-

fuged at 12,000 rpm for 10 mm. The viscous
upper layer was reextracted with phenol
and centrifuged again. The DNA was pre-
cipitated with 2 volumes of ice-cold 95%

ethanol, collected on a glass rod, and dis-
solved in 0.01 M Tris-HC1 (pH 7.4) contain-
ing 0.01 M NaC1. A further phenol extrac-

tion was carried out, and the DNA was
reprecipitated after the NaCl concentration
had been adjusted to 0.1 �i. The precipitate
was redissolveci as above, extracted with
ether six times to remove traces of phenol,

freed from ether by bubbling air through
the solution, and stored at 0-4#{176}in the

presence of a few drops of chloroform.
Unlabeled nucleoside triphosphates were

obtained from the California Corporation
for Biochemical Research. 14C-laheled nu-
cleoside triphosphates were products of
Schwarz BioReseareh Inc. and were ad-
justed by addition of the unlabeled com-

pounds to give the following specific activi-
ties measure(l in an end-window counter:
ATP 262 cpm/m�mole, CTP 415 cpm/
m1�mole, GTP 487 cpm/m1imole, and UTP

469 cpm’ni1�mole. Neomycin sulfate (Myci-

fradlifl sulfate) � obtained from �p�ohn

Ltd., proflavin sulfate from British Drug
Houses; actinomycin D was a gift from

Dr. H. B. Woodruff of Merck, Sharp &
Dolime Ltdl.; Antrycide diniethosulfate,

pentamicline isethionate, and suramin (Na
salt) were kindly l)rovided by Dr. B. A.
Newton of this del)artment; ethidium bro-

mide was a gift from Dr. G. Woolfe of
Boots Pure Drug Co. Ltd. All solutions

used in the course of this work were pre-

pared with glass-distilled water.

Assa�j of RNA polymerase activity. RNA

I)olylllerase was isolated from log-phase
cells of E. coli B according to the procedure
of Chamberlin and Berg (1). Specific activi-
ties of the purified preparations (fraction
IV) were in the region of 2000 units per

milligram protein (1). Reaction mixtures
(0.25 ml) contained 10 j�moles Tris-HCI
buffer (pH 7.9), 1 1.tmole MgCI2, 0.1 j�mole
each of ATP, CTP, GTP, and UTP (one of

which was radioactively labeled), 3 /.Lmoles
/3-mercaptoethanol, T2 DNA as indicated,

and enzyme. The amount of enzyme added

was chosen such that it catalyzed the in-
corporation of 4-6 m,amoles of AMP under
the conditions used. After incubation at 37#{176}

for 10 mm the reaction was stopped by
heating at 100#{176}for 5 minutes. The mixture

was rapidly cooled to 0#{176},and 200 /Lg of a

crude yeast nucleic acid preparation was
added followed by trichloroacetic acid to a
final concentration of 5%. The mixture was
allowed to stand in ice for 4 minutes and

then filtered through a 2-em membrane fil-

ter; the precipitate was washed with 20 ml

of 5% trichloroacetic acid followed by 5 ml
of 1% acetic acid, and the filter was dried
and counted in an end-window counter. The
purpose of heating at the end of the incu-

bation period was to convert the T2 DNA

to the single-stranded form which permitted
more satisfactory precipitation of the reac-
tion mixture. Duplicate determinations were

performed; the agreement between the two
values was almost invariably within ±4%
of the mean. All incorporation results were
corrected for a “blank” determined by incu-

bating a complete reaction mixture without
enzyme, cooling to 0#{176},adding the enzyme,

heating at 100#{176}for 5 minutes, and assaying
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acid-insoluble radioactivity as usual. This
blank value lay in the range 13-19 cpm,

representing 1% of the incorporation ob-

tained with a complete system. The reaction
was completely dependent upon the addition

of DNA. When CTP, GTP, or UTP were
omitted from the reaction mixture either

singly or together, the incorporation of
‘4C-AMP was reduced to less than 4% of

the control incorporation. The incorporation
of radioactivity from 14C-CTP, “C-GTP or

‘4C-UTP was similarly sensitive to the

omission of other triphosphates. In the pres-
ence of 100 �g of DNA the reaction pro-

ceeded at a constant rate for at least 15 mm,
and the effect of enzyme concentration was

shown to be linear up to a concentration
catalyzing the incorporation of 5 m1�moles
of AMP in a 10-mm incubation.

RESULTS

Before antimicrobial agents were tested

on the RNA polymerase system, the effect

of DNA concentration on the reaction was
investigated. As shown in Fig. 1, variation

of the DNA concentration in the range 10-

100 �g per 0.25 ml reaction mixture had lit-

tle effect on the reaction rate; however,

when the concentration was reduced below

6
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10 pg the rate of reaction fell rapidly. Data
obtained in this way can be treated accord-

ing to the method of Lineweaver and Burk

(20) yielding quantitative information
about the association between the enzyme

and the DNA template (21) (see Figs. 7-9).
For work with antimicrobial agents the

DNA concentration chosen was 5 �g per

reaction mixture, equivalent to 16 mj.tmoles

as deoxynibonucleotides. At this level any
agent interfering with the ability of the
DNA to act as a template for RNA synthe-

sis would be expected to cause considerable
inhibition of the reaction rate (Fig. 1).

Moreover, the incorporation of 5 mj�inoles

of AMP corresponds to a total nucleotide

incorporation of almost 16 mttmoles, P10-

viding conditions approaching “net” syn-
thesis of product with respect to the amount
of DNA present.

E�ects of Antimicrobial Agents

Table 1 summarizes the effects of a

range of antimicrobial agents in the RNA
polymerase reaction mixture. Substances

other than those listed in Materials were
obtained from standard commercial sources.
Most of the agents tested showed no signifi-
cant effect on the incorporation of 1’C-AMP

00

Fia. 1. Effect of DNA concentration on the RNA polymerase reaction

Reaction mixtures contained 18 �g enzyme preparation. The values

amount of T2 DNA added to each 025-mi reaction mixture.

in the abscissa represent the
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TABLE 1

‘f he effects of antimicrobial agents on I?�’\A polyinciase

Standard assay conditions were used with 5 pg of T2 DNA and 22 pg of enzyme preparation.

Substance (‘o,oentration

AMP

incorporated

(mpmoles)

% of control

incorporation

Control (No addition 5. 11 (100)

Actidione So pg/mi 4.95 97

Actinomytin 1) 14 pg/mI <0.02 0

Antrycide dimetiiosuliate SO) pg/mi I 10 22

Aureomycin SO pg/mi 4.62 9()

Chioramphenicol SO) pg/mi 5.02 95

2,4-Dinitrophenol 4.5 X 10 ‘ 5.55 109

Erythrumyrin SO pg/mi 4.54 95

Etamycin SO) pg/mi 4.71 92

El hidium bromide 16 pg/mi <0.02 (0

Kanainycin So pg/mi 4.95 95

Mitomycin C 40 pg/mi 5.26 103

Neomycin 50 pg base/mi 0. 20 4

Pentamidine isethionate So pg/mi 2.03 40’

$-Phenethyl alcohol 0. 25� 4. 17 52

Proflavin sulfate 50 pg/mi <0.02 0
Prothiditim luromiub 40 pg/mi <0.02’ 0’

Puromycin So pg/mi 4.95 97

�taphylomycin S SO) pg/mi 5.05 99

Streptogramin SO pg/mi 4. 76 93

Streptomyciiu So pg base/mi 4.45 57

Suramin (Na salt) SO pg/mi <0. (12 0

Terramycin So pg/mi 5.07 99

Tetracycline SO pg/mi 5.55 109

a The primer was precipitated by the a(1(led agent..

into RNA; this was particularly true of the
antibiotics believed to interfere primarily
with protein synthesis in microorganisms,
such as chloramphenicol (22), the tetra-

cyclines including Aureomycin and Terra-
mycin) (22, puromycin (22, 23, strepto-

gralnin (24), and the related compounds
staphylomycin S and etamycin (25), ery-

thromycin 22, 26), and Actidione (cyclo-
heximide (27, 28). No effect was found
with streptomycin and kanamvcin; how-

ever, the related antil)iotie neomycin pre-
cipitated the DNA primer and causedl al-

most complete inhii)ition. These three
aminoglycoside antibiotics are believed to
have similar modes of action; they stimu-

late breakdown of RNA and excretion of
nucleotides by E. coli (29), but recent evi-

dence suggests that their primary effect is
to interfere with the interaction between

messenger 1(NA, soluble RNA, and ribo-

somes in protein synthesis (30). Hochster
and Chang (5) tested a number of inhibi-
tors of protein synthesis on their RNA
polymerase from Agrobacteriinn tumefa-

ciens and found no significant inhibitions.
The results in Table 1 confirm these au-

thors’ findings except for the inhibition by

neomyci n.
Negative results were also found with

initomvcin C. fl-phenethyl alcohol, and 2,4-
dinitrophenol. Lack of inhibition by mito-
mycin C has 1)een previously reported (12,

31). �-Phenethyl alcohol at a concentration

of 0.25% selectively inhibits DNA synthesis

in gram-negative bt cteria without affecting

RNA synthesis (32); the 18% inhibition by
this agent shown in Table 1 is significant,
hut so low as to be of little interest. Woese
et al (18) reported that 5 X 10-s M 2,4-
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dinitrophenol caused a rapid cessation of

the incorporation of radioactive uracil into

RNA in E. coil. A later report (33) showed

that at this concentration 2,4-dinitrophenol

gave a 10-20% inhibition of E. coli RNA
polymerase activity primed by calf thymus
DNA or E. coli DNA in vitro; however, no

inhibition was observed in the T2 DNA-

primed reaction studied here.

The Effect of Concentration of Inhibitory

Drugs

The remaining substances included in

Table 1 had significant inhibitory effects on

the polymerase system and were studied

further by investigating the effect of con-
centration of the inhibitor. Most of the

active agents are trypanocidal drugs; the
structures of these compounds are repro-

duced in Fig. 2. Figure 3 shows the inhibi-
tion of RNA polymerase produced by
increasing concentrations of neomycin, An-

trycide, and pentamidine. Because of the

XJ�JA�CH3

H3C CH, � �

Antrycide

uncertainty about the composition of neo-

mycin, the concentrations are expressed in

micrograms per milliliter. However, the
molecular weights of these substances are
all in the region of 600 so that the curves

give an approximate indication of their ef-
fectiveness on a molar basis. Each sub-

stance gave rise to 50% inhibition of AMP
incorporation at about 10� r�i and caused

visible precipitation of the DNA primer.
Low concentrations of Antrycide seemed to

have a different effect on the enzyme sys-
tem, giving an apparent 20% stimulation of

the reaction.

A second group of substances produced

50% inhibition of AMP incorporation at

concentrations in the region of 10-s M (Fig.

4). Neither ethidium bromide nor proflavin

caused visible precipitation of the primer,
but ethidium was 2-3 tunes more powerful

as an inhibitor than proflavin and com-
pletely inhibited the reaction at 2.6 X
10-s M. Inhibitory concentrations of pro-

Pentamidine

NH2

Ethidium bromide

Ftc. 2. Structures of trypanocidal drugs
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in;. 3. Inlithition of RNA polynurase by neo-

tnyctn. Antrycide, (171(1 pcntalni(Iine

Reaction mixtures contained 5 �tg T2 DNA and

29 �tg enzyme prei)nration, giving a. control incot-

porn) ion of 3.9 m�tino1es of AMP. Drug concentra-
ions are (xI)resse(i in micrograms per milliliter of

neoniycin a.s the free l)ase (0), Antryeide as the

dimethosulfate (S) and pen(amidine as the

isethionate (A).

thiidium bromide led to the appearance of

a precipitate, but as in the case of Antry-

cule low concentrations produced a slight
apparent stimulation of AMP incorporation.
Another drug with an inhibitory activity of

the same order of magnitude was suramin

Fig. 5 shows the effect of suramin coneen-

tration, and again a slight stimulatory effect

was apparent at low concentrations. Fifty

10cr cent inhibition by suramin occurred at
3.2 X 10#{176}M, which is lower than the con-
centration of ethidium bromide required to

p10(111cc the same effect; however, the
molecular weight of suramin is very high
compared with that of ethidium bromide,

and on a weight-for-weight basis suramin

was 2#{189}times less effective than the phen-
ant.hri(hmum compound.

The apparent stimulation of the reaction

I I
0 ) 2 3 4

Drug concentration,Mx

Fib. 4. In/ithition of R�\A /)olym(rusc by ct/i-

idiu lfl 1)001 ide, pro! It 0/il! in I) rum u/c, on d pro-

fin vet

Reaction mixtures contained 5 pg T2 DNA and
36 pg enzyme preparation, giving a control incor-

poration of 4.5 mpiiioles of AMP. fl, ethidium

#{149}, in’0t iiidiiiitt A, roflavin

by low concentrations of Antrycide, 1)10-
thidium, and suramin was reproducibly ob-
served, bitt further investigation of this
effect produced no conclusive results. It was
not due to nonspecific precipitation of 14C-
ATP in the presence of Antrycide. The pos-

sibility that it was due to interaction be-

tween tile drugs and the reaction product,
relieving possible inhibition of further syn-

thesis by the product as it :tcctimtiltited, was

investigated by measuring the time-course

of reaction in the presence and absence of

2.5 X 10 M Antrycide (14 /�gn1l). At all
stages of the reaction 10-20% stimulation
was appltieiit, but the hitTlits of accuracy of

the measurements did not permit any defi-
nite conclusion to be made.

The most potent inhibition of DNA-

dependent HNA polymerase activity found

was pi’O(hliee(l by net inOniy(in D (Fig. 6)
This ltntii)iotie gave 50% inhibition at a
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concentration of 8 X 10� M, which repre-
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ture of actinomycin: DNA-phosphorus of
0.00125: 1. Such a level of inhibition is in

close agreement with data i)reSented by
Reich (14) which indicate an inhibition of

50% at a molar ratio actinomycin: DNA-P

of 0.0012. It can be seen from Fig. 6 that
although 75% inhibition occurred with 1.5

X 10� M actinomycin the remaining incor-
poration of AMP was less sensitive to the
antibiotic and persisted until the actinomy-

cm concentration was raised to 1O� M. This
feature of the inhibition by actinomycin is

also apparent in the results of Reich (14)
and of Hurwitz et al. (12). The two-stage
nature of the actinomycin inhibition may be

correlated with the existence of two types

of site on the double-stranded DNA mole-
cule which are able to bind the antibiotic

(34), the initial inhibition arising from
binding to the “strong” sites (35), and the

i i i i i i 1,_.i_.. slower increase to 100% inhibition reflecting

0 2 4 6 8 10 12 7 binding to the secondary sites.
Suramin, Mx

The Relationship between Inhibition and
} ic. 5. inhibition of RNA polymerase by corn-

1).\ A Concentration

In the cases of the four drugs which pie-

cipitated the DNA primer, it seemed very
likely that this precipitation was responsi-

ble for the inhibitions observed. The ques-
tion whether ethidium bromide and suramin
also interfered with the pruning activity of

Fic. 6. inhibition of RNA polymerase by actinom,Iein D

Reaction mixtures contained 5 pg T2 DNA and 36 pg enzyme preparation, giving a control incor-
poration of 42 mpmoles of AMP. The scale of the abscissa is linear up to 3 x 10’ M and logarithmic
from 3 X 10’M to l0�t.
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DNA or whether they affected the activity

of the enzyme protein itself was investi-
gated by varying the concentration of DNA
in the presence and absence of the inhibitor.

Figure 7 shows a double-reciprocal plot of

a)
0

0

0
0
Ca-

U)
2)

0

1�
E

(pg DNA 1’

Fic. 7. Eqect of DNA concentration on the in-

hibition of AMP incorporation by ethidium bro-

mide

Reaction mixtures contained 22 pg enzyme

Preparation. The data are plotted according to the

method of Lineweaver and Burk (20). 9, Control:

S 6.25 X 10� M ethnhum bromide.

data obtained using a concentration of
ethidium bromide which gave 55% inhibi-
tion in reaction mixtures primed with 5 pg

of T2 DNA. This plot shows that the inhibi-
tion was related in a competitive fashion to
the amount of DNA present, but the values

from the mixtures containing the drug seem
to lie on a curve. When these results were

replotted in the form (incorporation)-1

against (pg DNA)2 the points fitted closely
to a straight line, suggesting some kind of

square-law relationship. The experiment
was repeated using 1.56 X 10’ M ethidium

bromide, a concentration which caused 15%
inhibition in the presence of 5 pg of T2
DNA. In this case the inhibited reaction

mixtures gave values lying on a straight
line intersecting with the control line on the

ordinate (Fig. 8), showing that ethidium
bromide had no effect on the enzyme itself,
but rather interfered with the priming of

the reaction by DNA. Similar effects were

observed when the synthesis of RNA was

.0

Fic. 8. Effect of DNA concentration on the in-

hibition of AMP incorporation by ethidium

bromide

Reaction mixtures contained 22 pg enzymc

preparation. The data are plotted according to thc

method of Lineweaver and Burk (20). 9, Control:
#{149},1.56 X 10� �t ethidium bromide.

followed using a different radioactively
labeled nucleoside triphosphate (Fig. 9).
Again, in both instances the inhibition by

ethidium bromide was related in a competi-
tive fashion to the DNA concentration, an(l
the higher drug concentration gave rise to

values lying on a curve. Figure 9 also in-
cludes results obtained in the presence of

suramin; in the case of this drug a straight
line w-as obtained, but. on extrapolation the
line (lid not intersect with the control line

on either axis, a result suggesting that t.he
inhibition by suramin was partly competi-
tive and partly nonconipetitive with respect
to DNA. This observation might be explica-
ble in terms of the known structure of sura-
mm (Fig. 2); being a large negatively

charged molecule, it might be able to corn-
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Fia. 9. Effect of DNA concentration on the

inhibition of GMP incorporation by ct/i idiom

bromide and surantin

Reaction mixtures contained 26 pg of enzyme

preparation. The data are plotted according to the

method of Lineweaver and Burk (20). A, Control;

A, 3.4 X 1O� M suramin; �, 5.0 X 106 �i ethidium

bromide; C. 2.5 x 10#{176}�r ethidium bromide.

005 0(0

Drug molecules bound per nucleotide
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l)ete with DNA for attachment to the “ac-
tive center” of the polymerase and at the
same time affect the reaction in some other -

w’ay-for instance, by int.erfering with the �

utilization of the nucleoside triphosphates. �

Hurwitz et cii. (12) have described experi- ‘S

ments similar to those reported here using �

actinomycin D and proflavin. Inhibition of �
DNA-dependent RNA polymerase by both �

these agents was shown to be related to the �

DNA concentration, and in double-recipro- �

cal plots each drug gave rise to a straight. �

line intersecting with the control line on the �
axis of reciprocal reaction velocity.

Inhibition ly Ethidium Bromide

Ethidium brom idle forms complexes with
DNA, RNA. and synthetic nucleotide homo-

polymers (36). Physical measurements of

the binding of ethidium to these materials
showed that the drug was tightly bound up

to a maximal level corresponding to 1 mole-
cule per 4-5 nucleotides and that under

conditions similar to those used in the assay

of RNA polymnerase the dissociation con-

stant for the ethidium-DNA complex was
7.4 X 10� M, expressing DNA concentration
in terms of molarity with respect to deoxy-
ribonucleotides (36). Using these values it
was possible to calculate the amount of

ethidium bound to the DNA primer in the

reaction mixtures employed to determine

the data of Figs. 4, 7, and 8, and thus to
interpret the results in terms of the amount

of drug bound to the primer rather than the

total amount added to the system. As pre-
viously reported in a preliminary note (37),

this approach showed that if the data in
Figs. 7 and 8 were expressed in the form of

percentage inhibition with respect to the

appropriate controls they could be com-
bined with the data in Fig. 4 to yield a plot

showing a linear relationship between en-

zyme inhibition and drug-binding by the
DNA template (Fig. 10).

Strictly speaking, Fig. 10 describes only
inhibition of AMP incorporation into RNA

caused l)y ethidiurn bromide, and the ques-

Fia. 10. Inhibition of RNA polymerase as a

function of binding of et/tidium to the primer

A Data from Fig. 4; #{149},data from Fig. 7: 0,
data from Fig. 8.



versible and the drug is able to form com-

plexes with RNA (36), the kinetics of RNA
synthesis by the polymerase system could
be complicated by the drug’s dissociating

from the primer and complexing with the
product. If this were the case, the inhibition

observed would be expected to decrease as

the product accumulated, especially since

most of the experiments reported here were
performed under conditions giving “net”

synthesis during the period of incubation.
Time-courses of RNA synthesis in the pres-

ence and absence of et.hidium bromide are

shown in Fig. 12; at any point on the curves

tion may be asked whether the drug prefer-

entially inhibits the incorporation of some
nucleot.ides into RNA more than the incor-

pomation of others, thus modifying the nor-
mal complemnentary relationship between

the base compositions of template and prod-
uct. This possibility was investigated by

studying the effect of ethidium bromide on
the incorporation of each nucleotide in

parallel experiments (Fig. 11). Clearly the
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Fia. 11. inhibition of incorporation of AMP.

CMP, GMP, and UMP by ethidium bromide

Reaction mixtures contained 5 pg T2 DNA and

26 pg enzyme preparation. Control incorporations

were (in mpmoles): AMP 4.5 (0), CMP 4.2 (�)

GMP 6.3 (A). UMP 7.7 (A).

drug had no differential effect on the incor-

poration of the four nucleotides, but inhib-
ited the incorporation of each to an equiva-
lent degree. It may therefore be concluded

that in the presence of ethidium bromide

the enzyme still synthesizes a product w-ith
base composition determined solely by that
of the DNA despite the presence of com-
plexed drug molecules, but that the rate of

RNA synthesis is decreased in direct pro-

portion to the amount of bound drug.
Since the ethidiumn-DNA complex is re-

a)
0

0
0.

0
0
C

a-

‘11
In
a)
0

:1,
E

Incubation time, minutes

40

Fia. 12. Kinetics of RNA synthesis in the pres-

ence of ethidium bromide

Reaction mixtures contained 5 pg T2 DNA and
22 pg enzyme preparation. 0, Control; #{149},8 X

10� M ethidium bromide.

the gradient is proportional to the rate of

RNA synthesis. It can be seen that over the

period of the first 15 mm the rate of synthe-
sis in the presence of the drug was consider-
ably depressed. During the first 5, 10, and

15 mm the percentage inhibitions were 64,
66, and 64% respectively. However, subse-

c�uently the rates of synthesis tended to-
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ward equality, and in fact between 30 and

40 mm the same amount of RNA was syn-

thesized in each system. This experiment

does not prove conclusively that the inhibi-

tion was decreasing because of complex for-

mation with the product as it accumulated,

but it seems that the present measurements

of inhibition after an incubation period of

10 ruin were not complicated by such an

effect..

DISCUSSION

The results on inhibition of RNA poly-

merase activity in vitro by the drugs in-
vestigated in this study prompt the question

whether these observations have any rele-
vance to the activity of the agents in vivo.

Three of the agents which precipitated the
DNA primer showed this effect only at

rather high concentrations, and it does not
seem likely that interaction with DNA

resulting in inhibition of RNA polymerase

activity represents their principal mode of

action against living cells. The similarity
between the mode of action of neomycin and

that of streptomycin (29, 30) suggests that

precipitation of nucleic acids is very prob-
ably a secondary effect. In the case of

Antrycide the position is not quite so clear;

it certainly affects RNA synthesis in

Strigomonas oncopeiti (38), and Newton
(39) has shown that the drug causes ag-
gmegation of ribosomnes from the same or-

ganism. However, the dual effect of Antry-

cide on E. coii RNA polymerase illustrated

in Fig. 3 is difficult to interpret, and the

concentrations required to produce substan-

tial inhibition were high. Again, although

there is reason to believe that pentamidine
is able to interact with nucleic acids in liv-

ing cells [see the review by Newton (40)],
the drug was by no means a potent inhibitor

of RNA polymerase in. vitro.
About the mode of action of prothidiurn

bromide very little is known. The similarity

between the structure of this drug and those

of Antrycide and ethidium (Fig. 2) suggests

that its activity in vito may be related to

those of the other quaternary ammonium
compounds. Although it produced a sub-

stantial inhibition of RNA polymerase, the
effect of prothidium �s’as not investigated

further because of tIme difficulty in working
with reaction mixtures containing precipi-

tates. By contrast, the powerful inhibition

of RNA polymerase seen with suramin is
somewhat surprising since previous work on

its mode of action has not. particularly im-
plicated it in interfeience with nucleic acid

metabolism (40). However, since suramin

has been shown to inhibit a number of

enzymes concerned in widely different meta-
bolic processes (40), the possibility remains

that the inhibition described here may be

neither specific nor related to the primary
site of action of the drug.

There are good reasons for believing that

the observations on inhibition of DNA-
dependent RNA polymerase by ethidium
bromide are related to the action of this

drug against living cells. Ethidium bromide
has been shown to inhibit nucleic acid syn-

thesis in bacteria (41), yeasts (27), and
protozoa (42). It also inhibits adenine in-

corporation by tumor cells in vitro (43). In

each of these systems the effect of the drug

on protein synthesis appeared to be minor
compared with its interference in nucleic

acid synthesis. However, in most instances
the drug was more inhibitory to DNA syn-
thesis than to RNA synthesis. Elliott (44)

described the inhibition of DNA polymerase

in vitro by ethidium bromide but produced

no evidence that the action of the drug on
the enzyme system was related to its ability

to interact with DNA. The present studies
have shown that ethidium inhibits RNA

polymerase activity as a consequence of
complex formation with the DNA template.

Comparison of the result.s reported here
with the data given by Elliott (44) indi-

cates that DNA polymerase is probably
more sensitive to ethidium-binding by the

template than is RNA polymnerase, cor-

relating with the rather greater effect of the

drug on the synthesis of DNA in vivo (41,

42). These results provide confirmation at.

the enzymic level for the suggestion of
Seaman and Woodbine (45) that dimnidium
bromide, the 10-methyl homolog of ethidium

bromide, acts on bacteria “by combining

with the nucleic acids of the organism so as

to disrupt both its metabolism and repro-

duction.”
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The fact that the highest concentrations

of ethidium bromide tested gave apparently

complete inhibition of RNA polymerase

activity is of interest. It is possible that this
was due to the use of acid-insolubility as a

criterion for RNA synthesis and that under

conditions of “complete” inhibition acid-

soluble oligonucleotides were still formned.
Goldberg et al (46) made a similar sug-
gestion to account for the persistence of an
exchange reaction between 32P-pyrophos-

phate and nucleoside triphosphates in the

presence of high concentrations of actino-

mnycin.
The most interesting feature of the pres-

ent results is the discovery that inhibition
of the RNA polymerase system by ethidium
was directly proportional to the amnount of
drug complexed to the DNA. In Fig. 10 the
inhibition is plotted against molecules of

(irug bound per nucleotide, but the method

of calculation gives no idea of the distribu-
tion of ethidium among the population of

DNA molecules. If the binding of ethidium

to DNA consisted of saturating some mole-

cules completely and leaving others un-
changed, rather than binding at independent

sites on different DNA molecules through-

out the population, then a given concentra-

tion of drug would give rise to a “bimodal

distribution” of DNA molecules-some

completely satuiated with the drug and
unable to act as primers and others free
fromn drug and able to prime in the normal

fashion. Such a mode of interaction would

also be expected to give results as in Fig. 10.
However, this possibility is unlikely for two

main reasons: first, the postulated mode of

binding would be expected to show at least

some characteristics of a cooperative p1�Oc-

ess, and there was no indication of such

characteristics in binding studies (36)

secondly, results from analytical ultracen-

trifugation of complexes with T2 DNA gave

no evidence for the existence of a bimodal

distribution of molecules (47). It seems

highly probable that the interaction be-

tween ethidium and DNA up to a binding

ratio of 0.2 drug molecule l)C� nucleotide
represents the binding of drug molecules to

independent sites in a random distribution

throughout the population of DNA mole-

cules.

We are left then with the situation that

the priming activity of a DNA molecule
was decreased in direct proportion to the

amount of ethidium complexed to it. Figure

10 suggests that priming activity was lost
altogether when one drug molecule was

bound for every 9 nucleotides; however, this
figure may not be particularly significant
since it may well be determined by ques-

tions of acid-insolubility. The interpreta-

tion of the relationship demonstrated by
Fig. 10 depends upon the mechanism of

action of RNA polymerase in vitro. If the

enzyme is able to “transcribe” any section
of a DNA molecule without defined starting

points or finishing points, the interpretation
would seem to be that inhibition by the
binding of ethidiuni consisted of restricting
the regions which were free to act as tem-

plates to the stretches between successive
drug molecules. As the binding ratio
increased so the regions available fom’

transcription would be diminished, and as

the average distance between drug mole-
cules decreased, a limit would l)e reached at

which the regions were so short that none

could act as temnplates or the oligonucleo-
tides produced were soluble in acid. On the
other hand, if the enzyme m’equires to start
at a definite point such as an end and then
proceed steadily along the DNA molecule,
it would be necessary to postulate that
when the enzymne reached a comnplexed drug
molecule its progress was not completely

stopped but merely retarded. This postulate

would be necessary to account for the 50%

remaining activity observed when an

average of one drug molecule was bound

for every twenty nucleotides.

Other model mechanisms can be con-
structed to explain the observations. Fur-
ther studies with inhibited systems similam

to that investigated here should throw light.
on the problem and at the same time yield

more detailed information on the mecha-

nism of RNA polymerase action.
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