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SUMMARY: 
The DNA-intercalating dyes ethidium bromide and acriflavin strongly in- 

hibit the enzymatic synthesis of DNA catalyzed by rat liver mitochondrial DNA 
polymerase. Nhen compared with the nuclear polymerase, the mitochondrial 
enzyme is much more sensitive to these dyes. These observations are in accord 
with the well known effects of these dyes in producing cytoplasmic (mitochon- 
drial) but not nuclear mutations in yeast and trypanosomes. A possible 
mechanism for the mutagenic effect of the dyes is discussed. 

INTRODUCTION: 

Ethidium bromide and some acriflavins, dyes which intercalate between 

the bases of DNA, are known to cause cytoplasmic mutations in certain organ- 

isms (l-8). In yeast, the mutation is expressed by the disappearance of mito- 

chondrial respiratory enzymes (3,9&O). An examination of the mitochondrial 

DNA in a number of these petite mutants provides evidence for both a decrease 

in the amount of mitochondrial DNA (11) and an alteration in its base compo- 

sition (12- 14). In Trypanosomes, the kinetoplast shows an alteration in 

structure and a decrease in its DNA content (5-8). At low concentrations of 

these dyes, the mutagenic process is specific in that only cytoplasmic mu- 

tations occur; no nuclear mutations are observed. A possible mechanism for 

the mutagenesis could involve a direct effect on the organelle DNA polymerase 

reaction. The availability of purified rat liver mitochondrial DNA poly- 

merase (15,16) provided an opportunity of testing this possibility. 
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The results of these experiments show that acriflavin and, more effec- 

tively, ethidium bromide severely inhibit the activity of the enzyme. More- 

overt when mitochondrial and nuclear DNA polymerases were compared, it was 

found that the dyes exerted a selective inhibitory effect on the mitochon- 

drial enzyme; under optimal assay conditions for each enzyme, the mitochon- 

drial DNA polymerase was 31-fold more sensitive than the nuclear polymerase 

to ethidium bromide and 11-fold more sensitive to acriflavin. These obser- 

vations could offer at least a partial explanation for the selective muta- 

genicity of these dyes toward organelle DNA. 

We have recently presented evidence that the mitochondrial and nuclear 

DNA polymerases of rat liver are distinct enzymes (15). The present results 

offer further evidence in support of this view. 

MATERIALS AND METHODS: 

Rat liver mitochondrial and nuclear DNA polymerases were purified from 

the isolated orqanelles by procedures slightly modified (17) from those des- 

cribed previously (15). The mitochondrial enzyme at this stage of purifi- 

cation (fraction Mt-III) is at least 150-200-fold purified from the isolated 

orqanelle and 600~800-fold purified based on whole liver as the starting 

material. The nuclear DNA polymerase (fraction NC-III) is at least 75-fold 

purified from the isolated organelle and 900-fold based on whole liver. 

Enzyme assays and other methods were performed as described previously 

(15). DNA concentrations were determined by the diphenylamine reaction (18) 

or by ultraviolet absorption, Calf thymus DNA was obtained from Worthington 

Biochemical Corp., deoxyribonucleoside triphosphates from Calbiochem or Sigma 

Chemical Co., and H3-thymidine triphosphate (specific activity 15.7 C/mMole) 

from New England Nuclear Corp. Neutral acriflavin, a mixture of proflavin 

(2,E-diamLnoacridine sulfate) and euflavin (2,8-diamino-lO-methylacridinium 

chloride), was obtained from Sigma Chemical Co. Ethidium bromide, manufact- 

ured by Boots Pure Drug Co., Nottingham, England, was a gift of Dr. J. 

Vinograd. 
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RESULTS : 

The inhibition of the mitochondrial and nuclear DNA polymerases as a 

function of ethidium bromide concentration is shown in Fig. 1. The mito- 

chondrial and nuclear polymerase results illustrated in curves A and C 

were obtained under optimal assay conditions, that is, using single and 

80 

60 

40 

20 

0 

ETHIDIUM BROMIDE (pM) 

Fig. 1. Inhibition of Nitochondrial and Nuclear DNA Polymsrase by Ethidium 
Bromide. The reaction mixtures consisted of 25mM Tris-HC1 pH 6.0 (25O), 
100 pg/ml calf thymus DNA, 0.015mM each of dATP, dCTP, dGTP and H3-TTP 
(specific activity 450 me/m mole), 7.5 mM Mg acetate, 5mM B-mercaptoethanol, 
0.5mM EDTA, and either 0.15M NaCl (mitochondrial assay) or 0.025M KC1 
(nuclear assay). The reactions were run in a final volume of 125 ~1 
which contained 25 ~1 of enzyme (15 fig NC-III or 10 Dg Mt-III). The con- 
centration of ethidium bromide was as given in the figure. The tubes were 
incubated 1 hr. at 37O and acid-insoluble radioactivity determined by a 
slightly modified filter paper disk method (22). 100% activity was eguiva- 
lent to 93 Wmoles for A, 36 !&moles for B, 137 upmoles for C, and 72 
bumoles for D. Curve A: mitochondrial enzyme, denatured DNA primer; curve 
B: mitochondrial enzyme, native primer1 curve C: nuclear enzyme, native 
primer1 curve D: nuclear enzyme, denatured primer. 

240 



Vol. 34, No. 2, 1969 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

double-stranded DNA respectively**. Clearly, the mitochondrial enzyme is 

much more sensitive to the presence of ethi.dium bromide than is the nuclear 

enzyme. This is particularly evident at low concentrations of the dye 

(about 1 PM) at which there is virtually no effect on the nuclear polymerase 

reaction while the mitochondrial enzyme shows an inhibition of 50-60%. 

Since different forms of the primer are normally used for the nuclear 

and mitochondrial enzyme assays, we have extended the above experiments to 

include all combinations of enzyme and primer. A comparison of curves B 

and C or B and D shows that the selective inhibition of the mitochondrial 

polymerase is observed irrespective of which primer is used. It is note- 

worthy, however, that although ethidium bromide is an intercalating dye 

which has been shown to bind preferentially to double stranded DNA (19), it 

inhibits the mitochondrial polymerase more strongly when denatured DNA is 

used as the primer. This raises the question of whether, in addition to its 

intercalating properties, the dye may inhibit by acting directly on the 

enzyme. Further work is required to substantiate this possibility. 

Acriflavin also inhibits the two DNA polymerases, but appreciably 

higher concentrations of this dye are required than with ethidium bromide 

(Table I.). Here again, a selective effect is observed. Under optimal 

assay conditions, the mitochondrial polymerase is 11 times more sensitive 

than the nuclear enzyme to acriflavin; in comparison, a 37-fold difference 

is seen with ethidium bromide. AS was found with the latter dye, the differ- 

ential inhibition is observed regardless of which form of primer is used. 

DISCUSSION: 

The results show that the mitochondrial DNA polymerase reaction is con- 

**Recent experiments using mOre highly purified enzyme preparations than 
were described initially (15) combined with studies on a wide variety of our 
own carefully prepared as well as commercial DNA samples, indicate a primer 
preference in favor of single stranded DNA for the mitochondrial DNA poly- 
merase (17). The extent of this preference varies greatly with the integ- 
rity of the primer and the extent of contamination of the polymerase pre- 
paration with nuclease activity. The preference of the nuclear polymsrase 
is for double-stranded DNA (15). 
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TABLE1 

COMPARISON OF THE INHIBITORY EFFECTS OF ETHIDIUM BROMIDE 
AND ACRIFLAVIN ON RAT LIVER MITOCHONDRIAL AND NUCLEAR 

DNA POLYMERASES 

ENZYME PRIMER CONCENTRATION OF DYE (MM) 
PRODUCING 50% INHIBITION 

ETHIDIUM ACRIFLAVIN 
BROMIDE 

MITOCHONDRIAL DENATURED DNA 1 11 

MITOCHONDRIAL NATIVE DNA 7 27 

NUCLEAR DENATURED DNA 54 127 

NUCLEAR NATIVE DNA 37 123 

The assay conditions were as given in the legend to Fig. 1. except 
that acriflavin was substituted for ethidium bromide in some exper- 
iments. 

siderably more sensitive to the inhibiting dyes used than is the nuclear 

polymerase reaction. The observations lend additional support to the pre- 

vious conclusion that the nuclear and mitochondrial DNA polymerases of rat 

liver are different enzymes (15). The results further suggest the interest- 

ing possibility of using these dyes to probe the relationship between 

nuclear and mitochondrial DNA replication in higher cells. 

Although the enzymes studied here are derived from rat liver, it is 

nevertheless intriguing that the differential inhibitory effect of the dyes 

on the two polymerases is in accord with their well known effect in produc- 

ing cytoplasmic (mitochondrial) but not nuclear mutations in yeast. More- 

over, the relative effectiveness of ethidium bromide and acriflavin in pro- 

ducing cytoplasmic mutations (4,20) parallels their relative effectiveness 

in inhibiting the ncLtochondria1 DNA polymerase reaction. Thus, it is tempt- 

ing to speculate that a selective inhibition of the mitochondrial DNA poly- 

merase, such as observed here, could play a casual role in the dye-induced 
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cytoplasnric mutations. While a partial inhibition of the mitochondrial 

polymerase could result in the replication of incomplete DNA molecules (par- 

ticularly when the inhibition results from dye intercalation) and thereby 

produce deletion mutations, it is somewhat more difficult to use this hypo- 

thesis to explain the small changes in buoyant density (and therefore, prob- 

ably in base composition) of the DNA which hafre been observed (11,13,14). 

It is much more difficult to explain the large buoyant density shifts ob- 

tained (12,13). The buoyant density changes could more easily be accounted 

for by the suggestion (21) that the binding of the dye to the polymerase 

molecule alters the specificity of the enzyme so that it acquires a prefer- 

ence for a particular base or bases and inserts these contrary to the spec- 

ifications of the template strand. Such a hypothesis can now be tested. 
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