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I. INTRODUCTION 

The inhibitors of nucleic acid synthesis should be classified by their 
functions, such as their binding to template or primer D N A and to 
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the enzyme polymerase, and by their effects on chain initiation, polymer
ization, and termination. However, at present, information on these 
aspects is extremely limited except in a few cases. Hence, these sub
stances will be discussed as inhibitors of R N A synthesis, of D N A synthe
sis, and of both RNA and D N A synthesis. 

Many drugs inhibit replication of D N A (DNA synthesis) or transcrip
tion (DNA-dependent RNA synthesis) by combining with D N A itself 
rather than affecting polymerase activities, or by blocking the synthesis 
of nucleic acid precursors. Various antibiotics such as actinomycin, 
daunomycin, cinerubin, nogalamycin, chromomycin, mithramycin, and 
olivomycin form stable complexes with D N A (1) and inhibit DNA-de
pendent RNA synthesis. Newton (2) has extensively reviewed the vari
ous aspects of chemotherapeutic compounds that affect D N A structure 
and function including the intercalation of acridines, phenanthridines, 
chloroquine, and miracil D with DNA, interaction of actinomycins with 
D N A , binding of chromomycins, anthracyclines, and polyamines with 
DNA, and cross-linking of D N A by mitomycins. 

The following factors or agents that may inhibit nucleic acid synthesis 
are not dealt with in this chapter: nucleases, repressors, inhibitors of 
nucleotide formation, purine and pyrimidine analogs, hormones, physical 
means such as X irradiation and UV irradiation, and various chemother
apeutic agents with unknown mechanisms of function. Various reviews 
have appeared concerning nucleoside antibiotics (3, 4), D-arabinosyl 
nucleosides (5), hormones (#), ionizing radiations (7, S) , alkylating 
agents, and other chemical mutagens and carcinogens (9) that may in
hibit nucleic acid synthesis. 

Many drugs have been found which specifically inhibit RNA and/or 
D N A synthesis. A large number of these are antibiotics (see Chapter 
10). The mechanism of action of antibiotics described before 1966 has 
been extensively reviewed by various authors in a book edited by Gott
lieb and Shaw (10). More recent aspects of the relation between antibi
otics and nucleic acids will be found in a review by Goldberg and Fried
man (11). 

II. INHIBITORS OF RNA SYNTHESIS 

A. Actinomycin 

Actinomycins are peptide-containing antibiotics. Actinomycin at low 
concentration selectively inhibits DNA-dependent R N A synthesis. The 
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chemistry and the mechanism of action of actinomycins, as well as the 
mode of binding to DNA, have been reviewed several times {11-15). 

Actinomycin is known to bind strongly to D N A (16, 17). According 
to the model proposed by Hamilton et al. (18) based on their X-ray 
and model-building studies, actinomycin is visualized as being bound 
in the minor groove of the D N A helix, which is assumed to be the 
specific template site for RNA polymerase (19). Complex formation 
between actinomycin and D N A shows an absolute specificity requirement 
for deoxyguanosine residues (20). The stereochemistry of actinomycin 
binding to D N A has been recently reviewed by Sobell with elegant 
models (21). 

Earlier investigators showed that actinomycin D inhibits R N A synthe
sis without affecting D N A synthesis in bacteria (16), L cells (22), and 
Ehrlich ascites carcinoma cells (23). Later work showed that actinomy
cin D inhibits DNA-dependent R N A polymerase and that the inhibition 
can be reversed by the addition of D N A (24, 25). 

Although the primary action of actinomycin in cellular function is 
a specific and selective inhibition of cellular R N A synthesis, DNA-de
pendent D N A synthesis is also inhibited by actinomycin but is much 
less sensitive than DNA-dependent RNA synthesis; RNA-dependent 
RNA polymerase is not affected by this antibiotic (25). 

Actinomycin seems to act by blocking R N A chain elongation. At a 
concentration of 0.2 μΜ actinomycin D , DNA-dependent R N A synthesis 
in vitro starts rapidly but immediately begins to slow down and then 
stops within 5-20 minutes (26), suggesting that actinomycin must have 
less effect on the initiation of synthesis than on polymerization. Actino
mycin has no effect on the number of binding sites for the enzyme on 
D N A template (26). It reduces only slightly the number of molecules 
of R N A chains made, although the size of RNA molecules made is re
duced (27). 

Other work has shown that relatively low concentrations of actinomy
cin D inhibit R N A synthesis without affecting the initiation of R N A 
chains; e.g., a concentration of 0.2 actinomycin/ml causes 71% inhibi
tion of RNA synthesis without any effect on the chain initiation (28). 
The selective inhibition of chain elongation by actinomycin leads to 
a marked decrease in the average chain length of R N A formed. 

Perry (29) has shown that at low concentrations of actinomycin D , 
ΙΟ

-7
 Μ or lower, the synthesis of nucleolar and cytoplasmic RNA is 

irreversibly suppressed, whereas the synthesis of chromatin R N A is un
affected. A number of investigators have shown that, with low concentra
tions of actinomycin D , ribosomal R N A synthesis can be selectively 
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inhibited (30-82). The differential sensitivity of various RNA fractions 
to actinomycin enables one to study the synthesis of various forms of 
cellular RNA. Suppression of ribosomal RNA formation by low concen
trations of actinomycin permits the study of the synthesis of minor 
components of cellular R N A of mammalian origin, and at somewhat 
higher concentrations of actinomycin, e.g., 0.3-1 /xg/ml, the synthesis 
of almost all the cellular RNA, including messenger RNA, can be in
hibited. The R N A synthesized under such conditions, which might other
wise be missed under normal conditions, can be characterized (33-35). 

Several observations have suggested that actinomycin D may also 
produce multiple effects on cellular metabolism that are not explained 
by the inhibition of RNA synthesis. Actinomycin D has been reported 
to inhibit respiration and anaerobic glycolysis in human leukemic leuko
cytes (36), amino acid transport in bacteria (37), and phospholipid 
synthesis in chick embryo fibroblasts (38). 

B. Rifamycin 

The rifamycins comprise a large family of antibiotics, a few of which 
are of natural occurrence but the bulk of which are semisynthetic (39). 
The naturally occurring rifamycin B, which was isolated from Strepto-
myces mediterranei, and several chemically modified derivatives such 
as rifampicin (40) are known as active agents against gram-positive 
microorganisms. Rifamycin Β and rifampicin reduce the uptake of 
[

1 4
C] uracil by intact cells of Staphylococcus aureus and also inhibit 

the activity of DNA-dependent RNA polymerase from E. coli (41). 
[

1 4
C] Leucine uptake or [

1 4
C]phenylalanine incorporation into protein 

is slightly affected or not inhibited. Among several derivatives, rifampicin 
and 3-morpholinorifamycin SV are the most active inhibitors of R N A 
polymerase (41). A concentration of 2 χ ΙΟ

-8
 Μ is sufficient to inhibit 

50% of the R N A polymerase reaction. Rifamycin is about 10 times 
more active than actinomycin D , which is widely used to inhibit D N A -
dependent RNA polymerase. Even at a concentration of 0.8 Χ ΙΟ

-4
 M, 

DNA-dependent D N A polymerase from E. coli is not inhibited. These 
findings indicate that rifamycins do not inhibit R N A synthesis by inter
acting with the template; otherwise, DNA-dependent D N A synthesis 
should be affected. Similar observations have been made by various 
investigators. 

The effect of rifamycins on R N A synthesis is independent of the base 
composition of the D N A template (41), while the extent of inhibition 
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of R N A polymerase by actinomycin varies depending on the content 
of deoxyguanosine moieties in the template D N A . However, inhibition 
by rifamycins is dependent on the amount of enzyme present (42). 
Whereas the bacterial RNA polymerase is very sensitive to rifamycin, 
mammalian RNA polymerase is not inhibited or is affected only at high 
concentrations of the antibiotic (42-44). 

Earlier work showed that rifamycin does not exert any influence on 
the binding reaction between the enzyme and D N A (48), but it inhibits 
initiation of RNA synthesis after the R N A polymerase has already com
bined with the D N A (42, 48). However, the antibiotic has no effect 
on R N A synthesis when the antibiotic is added after the start of the 
reaction catalyzed by DNA-dependent R N A polymerase (45). Preincu
bation of the enzyme-DNA complex with purine nucleotides greatly re
duces the inhibitory activity of rifamycin (45). Apparently the en-
zyme-DNA-nucleotide complex once formed is resistant to rifamycin 
so far as R N A polymerization is concerned, but the enzyme-DNA-ri-
famycin complex is unable to catalyze the polymerization reaction. 
Rifamycin seems to act prior to the formation of the first phosphodiester 
bond (46). 

Although the growth of Staphylococcus aureus is inhibited by concen
trations of rifampicin 1000 times smaller than those required to inhibit 
the growth of E. coli, the activities of R N A polymerase prepared from 
the two bacteria differ only by a factor of 5-10 in their sensitivity 
toward the antibiotic (47). Wehrli et al. also found that the R N A poly
merase prepared from mutants of these two organisms, resistant to 
rifamycins, is not inhibited by the antibiotics. Rifamycin-resistant en
zyme preparations do not contain any factor that will destroy rifamycin 
or inhibit its activity (48, 49)· Isolation of rifamycin-resistant R N A 
polymerase is another indication that the mode of action of the antibiotic 
is by direct effect on the enzyme and not by interaction with the template 
DNA. Rifamycin-resistant mutants of E. coli, and other organisms with 
altered R N A polymerases that are not inhibited by rifamycin, have 
also been isolated by various investigators (48, 50). 

1 4
C-Labeled rifamycin forms a very stable complex with R N A poly

merase which results in loss of activity of the enzyme, but R N A poly
merase prepared from rifamycin-resistant mutants of E. coli does not 
form a complex with the antibiotic and is not inhibited (46, 51). The 
enzyme-rifamycin complex is very stable and there is little exchange 
between bound and free rifamycin. Since the rifamycin sensitivity varies 
with the origin of RNA polymerase, it appears that a highly specific 
configuration of the enzyme is needed for the interaction with the antibi-
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otic. Wehrli and Staehelin (52) have studied the relationship between 
chemical structure and action on RNA polymerase. Among the various 
rifamycin derivatives tested, compounds that are less effective in 
enzyme inhibition, e.g., hydrogenated rifamycins, are also bound to 
a lesser extent to R N A polymerase. Inactive compounds such as rifamy
cin Y do not form complexes with the enzyme at all. The parent com
pound, rifamycin B, although active as inhibitor of R N A polymerase, 
does not affect the growth of bacteria. This is possibly because bacterial 
cells are not permeable to rifamycin B. 

Bacterial RNA polymerase has a subunit, α2ββ'σ, which is composed 
of the core polymerase (2a -f- 1/3 + Ιβ') and the sigma factor (σ). The 
core enzyme is unable to proceed with the transcription reaction unless 
the sigma factor is added (53). Rifamycin has been used as a potent 
inhibitor of initiation for study of the mechanism of initiation catalyzed 
by RNA polymerase and of the function of sigma factor in the initiation 
reaction (46, 54). Although rifamycin does not inhibit the formation 
of the enzyme-DNA complex, it does prevent one of the first measurable 
steps in R N A synthesis such as the stabilization of the D N A - R N A poly
merase by the purine nucleotides (46). The core enzyme consisting of 
subunits α, β, and β' but not the sigma factor is apparently very sensitive 
to rifamycin inhibition. In this connection, the isolation of a rifamycin-
resistant RNA polymerase from E. coli altered in the β subunit indicates 
that the subunit β is the possible site involved in rifamycin inhibition 
(55). Zillig et al., with highly purified subunits (α, β, and β') of D N A -
dependent RNA polymerase from E. coli, reported that β is the subunit 
binding rifampicin and therefore is involved in a step in initiation (56). 
They have demonstrated, by sucrose density gradient centrifugation, 
that radioactive rifampicin binds to β and that there is no cosedimenta-
tion of labeled inhibitor with a and β'. Subunit β appears to specify 
the primary binding of enzyme to specific binding sites on D N A tem
plate, and σ does not specify the primary binding of polymerase to 
DNA. Such a binding to D N A is the prerequisite for σ function, which 
leads to the formation of the initiation complex resistant to inhibition 
by rifamycin. 

Rifamycin can be used as a tool to differentiate σ-specific or -unspecific 
active complexes of RNA polymerase and template D N A (57). Rifamy
cin has been used for studies of the in vivo initiation and the growth 
of a specific messenger RNA transcribed from the tryptophan operon 
of E. coli. The antibiotic inhibits transcription initiation but does not 
prevent the completion of the initiated messenger R N A chain (58). At 
a concentration of rifampicin sufficient to inhibit the replication of more 
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than 10
3
 vaccinia virus, the replication of VSV virus is unaffected (59). 

Such a selective inhibition of vaccinia virus, taken together with the 
low toxicity of rifampicin toward mammals, indicates that the antibiotic 
may prove to be a useful therapeutic treatment in poxvirus infections. 

Although animal R N A polymerase is known to be resistant to rifamy
cin, mitochondrial R N A polymerase, but not nuclear R N A polymerase, 
from rat liver is inhibited by rifamycin (60). The R N A polymerase 
isolated from yeast is also not inhibited by rifamycin (61, 62) but it 
is very sensitive to α-amanitin inhibition (62) (see Section II,C). One 
of the three fractions of DNA-dependent R N A polymerase isolated from 
the water mold Blastocladiella emersonii, a primitive eukaryote, is spe
cifically inhibited by rifampicin (68). This finding suggests that certain 
eukaryotes may retain a prokaryotic enzyme system representing transi
tion in evolution from earlier forms. 

C. a-Amanitin 

a-Amanitin, a bicyclic octapeptide whose structure has been eluci
dated by Wieland, is the main cytopathogenic toxin of the toadstool 
Amanita phalloides (64-66). It causes necrosis in the liver and kidney 
and produces lethal effects in mice. It is toxic to cells in culture and 
causes nuclear lesions as the first cellular alteration. 

In the nuclei from α-amanitin-treated mice, a significant decrease 
in R N A level occurs without significant changes in the protein and D N A 
content of the nuclei (67). The in vivo incorporation of orotic acid 
into R N A isolated from liver nuclei is decreased by about 45 and 65%, 
respectively, when the precursor is injected 30 and 60 minutes after 
α-amanitin administration (68). Stirpe and Fiume made the interesting 
observation that the R N A polymerase reaction activated by M n

2 +
- a m -

monium sulfate is decreased in activity by about 70% in nuclei isolated 
from mice given α-amanitin 1 or 3 hours before sacrifice; they also 
observed the in vitro effect of inhibition of this enzyme activity by 
the addition of α-amanitin to the reaction mixture (68). At the same 
time, the Mg

2 +
-activated R N A polymerase is not affected, in vivo or 

in vitro, by α-amanitin. During the course of purification of DNA-de
pendent RNA polymerase from calf thymus, Kedinger et al. found that 
α-amanitin is a very efficient and highly selective inhibitor of poly
merase B, one of the two R N A polymerase activities present in calf 
thymus (69). The inhibition is independent of D N A concentration but 
is dependent on the amount of enzyme, and it is not competitive with 
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nucleoside triphosphates. It acts on the enzyme by inhibiting chain elon
gation (69) and does not interfere specifically with initiation (70). In 
contrast to rifamycin, which inhibits R N A polymerase from E. coli but 
not that from animal tissue, α-amanitin does not inhibit RNA poly
merase from E. coli (69, 70). Yeast RNA polymerase, which is insensitive 
to rifamycin, is inhibited by α-amanitin, although the amount of the 
substance required is high (62). Yeast nuclear R N A polymerase is sensi
tive to α-amanitin but yeast mitochondrial enzyme is inhibited only 
slightly (71). 

The polymerase activities of whole nuclei isolated from rat liver and 
of the soluble enzyme preparation made from whole nuclei are, in the 
presence of ammonium sulfate and M n

2 +
, greatly inhibited by α-ama

nitin, whereas the polymerase activity of the nucleolar enzyme is only 
slightly affected (72). This finding indicates that the R N A polymerase 
of nucleoli may differ structurally from the chromatin-associated poly
merase extractable from whole nuclei. Roeder and Rutter have described 
the separation of three distinct DNA-dependent RNA polymerases from 
sea urchin embryos and two polymerases from rat liver. Polymerase 
I resides in the nucleolus and polymerases II and III reside in the nucleo
plasm (73). α-Amanitin is a potent inhibitor of R N A polymerase II 
from sea urchin, rat liver, and calf thymus but does not affect the activ
ity of polymerase I or polymerase III (74) · Therefore, by using α-ama
nitin, simultaneous or differential assay of RNA polymerae I and II 
in nuclei isolated from mammalian tissue may be possible to some extent 
(75). The inhibitory effects of various naturally occurring and chemically 
modified amatoxins on RNA polymerase of rat liver nuclei have been 
studied (76). α-Amanitin, the only example of a selective inhibitor 
of R N A polymerase from eukaryotes, has become an extremely useful 
tool for the study of the transcription mechanism in higher organisms 
which, at present, is far from clear. 

D. Proflavine 

Proflavine, acridine orange, and many other acridine derivatives inter
act with nucleic acids, both D N A and RNA (2, 77). Proflavine, up 
to 43 μΜ, inhibits progressively the synthesis of RNA, DNA, and protein 
of HeLa cells (78). The synthesis of RNA is most readily inhibited 
and the synthesis of protein is relatively insensitive. At a concentration 
of 22 μΜ, proflavine inhibits the synthesis of both R N A and D N A 
and the RNA is lost progressively from the nucleus and cytoplasm with
out any loss of DNA, or dry weight, from the cells (78). In the presence 
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of proflavine both the nuclear and cytoplasmic RNA are degraded, but 
the rapidly labeled RNA in the nucleus is preferentially degraded. Pro
flavine binds efficiently to D N A (25, 79). It inhibits DNA-dependent 
RNA and D N A synthesis but the degree of inhibition is dependent on 
the concentration of D N A (26). The DNA-dependent R N A synthesis 
is more sensitive to this drug than is the D N A synthesis. The synthesis 
of an abnormal RNA of chick fibroblasts in the presence of proflavine 
has been studied by Scholtissek (80). The R N A fractions synthesized 
in the presence of proflavine are abnormal with respect to base composi
tion and base sequence. Soluble R N A has been found to be extremely 
rich in pyrimidines in clusters of cytosine and uracil. The high molecular 
weight R N A fractions are rich in adenine and uracil. 

The synthesis of both RNA and protein in cells of chick fibroblast 
cultures is inhibited by proflavine, but two to three times as much pro
flavine is needed to inhibit protein synthesis to the same extent as that 
of RNA synthesis (77). This is in contrast to the action of actinomycin, 
which does not affect protein synthesis immediately after its addition. 
The inhibition of protein synthesis, however, may be a secondary process. 
Certain biological effects of the acridines may be related to their abilities 
to form complexes with R N A and thus to inhibition of cellular protein 
synthesis. In fact, proflavine, in the range of 5 Χ 10"

5
 M, markedly 

inhibits protein synthesis in a subcellular rat liver system (81), which 
is a consequence of proflavine binding to transfer R N A (82), and thereby 
directly interferes with protein synthesis. 

Kinetic experiments show that proflavine retards initiation of D N A -
dependent R N A polymerase reaction but, once started, the rate of syn
thesis is constant even though it is slightly retarded compared with 
the control (26). This indicates that proflavine has a greater effect on 
initiation than on polymerization. Proflavine appears to inhibit attach
ment of RNA polymerase to D N A , and it reduces the number of binding 
sites for RNA polymerase enzyme on the template D N A (26). It also 
limits the number of R N A molecules polymerized without affecting 
greatly the growth rate of RNA chains once initiated (27). Therefore, 
the mode of interaction between D N A and proflavine must differ from 
that between actinomycin and DNA. 

In contrast to actinomycin D , which inhibits R N A synthesis without 
affecting chain initiation, proflavine inhibits both chain initiation and 
R N A synthesis equally (28). Therefore, proflavine does not have a pro
nounced effect on the average chain length, in contrast to the selective 
inhibition by actinomycin, which leads to a marked decrease in average 
chain length (see Section ΙΙ ,Α). 
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Ε. Cordycepin 

Cordycepin (4, 83), isolated as a crystalline metabolic product from 
cultures of Cordyceps militaris, exhibits inhibitory activity toward the 
growth of many strains of Bacillus subtilis (84). It was first shown 
to contain 3-deoxypentose (85) and was later identified as 3'-deoxyaden-
osine (86, 87). Cordycepin, above a certain concentration, inhibits the 
incorporation of

 3 2
P-labeled phosphate into the nucleic acids in Ehrlich 

ascites tumor cells in vitro and, under such conditions, mono-, di-, and 
triphosphates of cordycepin accumulate in the cells with a decrease in 
concentration of adenosine phosphates (88). Cordycepin triphosphate 
(3'-dATP) was later shown to inhibit the activity of DNA-dependent 
RNA polymerase from ascites cells without any significant incorporation 
of 3'-dATP (89). 

Since 3'-dATP is a metabolic analog of ATP and competes with ATP 
during the synthesis of RNA, it is likely that 3'-dATP may be incorpo
rated into RNA chains without being detected. In fact

 1 4
C-labeled 3'-

deoxyadenosine 5'-triphosphate is incorporated to a limited extent into 
R N A by partially purified R N A polymerase from Micrococcus lyso-
deikticus (90, 91). After alkaline hydrolysis of the reaction products, 
practically all of the radioactivity appears in the nucleoside fraction, 
indicating that incorporation of 3'-dATP into nascent R N A chain pre
vents further elongation of the chain, due to the absence of a hydroxyl 
group on carbon 3 of the terminal nucleotide. In the presence of cor
dycepin triphosphate (3'-dATP), R N A polymerase in vitro synthesizes 
very short RNA chains that are acid soluble but that are retained on 
nitrocellulose filters (92). This is apparently because the 3'-dATP, re
sembling the ribonucleotides in the 2' position, which carries a hydroxyl 
group, can be inserted into the nascent R N A chain at the end. This 
results in a block of further chain elongation at the 3' position, where 
there is no free hydroxyl group for further polymerization. Incorporation 
of cordycepin, therefore, will stop the chain elongation immediately and 
result in the formation of small pieces of R N A molecules. Cordycepin 
apparently has different sensitivities toward different fractions of cellular 
RNA. It suppresses the labeling of messenger R N A in HeLa cells but 
has no effect on the labeling of nuclear heterogeneous RNA (93). 

Cordycepin inhibits the growth of human tumor cells in culture 
due to cytostatic rather than cytocidal effects (94). The inhibition 
by cordycepin can be prevented competitively by the addition of 
adenosine but cannot be reversed once the inhibition has occurred. The 
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human tumor cells, when exposed to a growth-inhibitory concentration 
of cordycepin (100 /Ag /ml), incorporate 1.5-3.0 times less adenosine than 
the control cells. Whether cordycepin really inhibits DNA-dependent 
synthesis is not clear. 

F. Streptolydigin 

Streptolydigin, an antibiotic isolated from the culture filtrates of 
Streptomyces lydigus, is active against Pasteurella multocida, Nocardia 
asteroides, mycobacteria, and several gram-positive bacteria, particularly 
Clostridia and streptococci (95, 96). The structure of the antibiotic has 
been determined (97). The mode of action of streptolydigin has been 
studied in detail by Siddhikol et al. and compared with that of rifamycin 
(98). Their study of the incorporation of radioactive precursors into DNA, 
RNA, and protein by intact cells of Bacillus megaterium indicates that 
the primary inhibitory effect of streptolydigin is presumably on R N A 
synthesis. Although, in intact cells, streptolydigin shows an inhibitory 
effect on amino acid incorporation into protein, this inhibition is possibly 
due to a secondary effect. In a cell-free extract, the antibiotic does not 
inhibit protein synthesis. Streptolydigin also inhibits bacterial DNA-de
pendent R N A polymerase in vitro but requires about 100-fold the con
centration of rifamycin for an equivalent inhibitory effect. However, 
in contrast to rifamycin, which is effective only if added to the reaction 
mixture prior to the addition of substrate nucleotides, streptolydigin 
can inhibit polymerization even after the reaction has started (see Sec
tion ΙΙ ,Β) . The inhibitory effect of streptolydigin is reversed by the 
addition of the enzyme R N A polymerase but not by the addition of 
D N A to the assay system. The inhibitory effect of streptolydigin seems 
to be reversible, as shown on removal of the antibiotic from the reaction 
mixture, whereas the inhibition by rifamycin is not. Streptolydigin-resis-
tant R N A polymerase has been isolated and characterized (99). Calf 
thymus polymerases A and Β are inhibited by streptolydigin, but high 
concentrations of this antibiotic are required to achieve a significant 
inhibition (100). To attain 50% inhibition of RNA polymerases A and 
Β from calf thymus, 800 ftg/ml or higher concentrations of streptolydigin 
are necessary in contrast to about 80 /Ag/ml for 50% inhibition of E. 
coli R N A polymerase. Under the same experimental conditions, neither 
polymerase A nor Β from calf thymus is inhibited by rifamycin. Strep
tolydigin inhibits chain elongation primarily by affecting the rate of 
phosphodiester bond formation and also affects the binding of U T P and 
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CTP to the enzyme-template complex (101). The addition of strepto-
lydigin at a concentration of 1.5 Χ ΙΟ

-4
 Μ to the E. coli RNA polymerase 

reaction immediately halts further RNA chain elongation, but the antibi
otic does not have an effect on the release of R N A chains during synthe
sis (101, 102). 

G. Streptovaricin 

Streptovaricin is an antibiotic having inhibitory activity against gram-
positive bacteria, including Mycobacterium tuberculosis, and the sub
stance B44P isolated from the culture filtrate of a variant of Strepto-
myces spectabilis is identical with streptovaricin (103). Streptovaricin 
inhibits both R N A and protein synthesis in intact bacteria but in a 
cell-free system of E. coli Β the primary inhibitory action of the antibi
otic appears to be against RNA synthesis and not against protein synthe
sis (104). Streptovaricin has no antitumor activity and, in agreement 
with this, the antibiotic does not inhibit the incorporation of radioactive 
precursors into protein and nucleic acid of Ehrlich ascites tumor cells. 
DNA-Dependent RNA polymerase prepared from Ehrlich ascites carci
noma cells is not inhibited by streptovaricin (105). Streptovaricin appar
ently does not bind to D N A and its inhibitory activity on DNA-depen
dent RNA polymerase is not competitive with respect to D N A and the 
substrate CTP (105). In the bacterial DNA-dependent R N A polymerase 
reaction, streptovaricin does not affect the formation of DNA-enzyme 
complex nor the polymerization process, but it inhibits the initiation 
of RNA synthesis (106). The antibiotic does not affect R N A synthesis 
once the polymerization reaction has started (1Q5). This resembles the 
action of rifamycin (see Section ΙΙ ,Β) . 

The activity of DNA-dependent RNA polymerase prepared from 
streptovaricin-resistant clones of E. coli Β is not inhibited by the anti
biotic (49). Streptovaricin-resistant mutants have been isolated from 
several other strains of E. coli and about two-thirds of these streptovari
cin-resistant strains are also resistant to rifamycin (107). Streptovaricin-
resistant mutants possibly modify the structure of R N A polymerase, 
resulting in the formation of an enzyme resistant to this antibiotic. 

H. Aflatoxin 

Aflatoxins are metabolites produced by certain strains of the mold 
Aspergillus flavus; they are hepatotoxic and are potent carcinogenic 
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agents in rat liver (108). Aflatoxin Blf the most toxic aflatoxin, inhibits 
in vivo incorporation of cytidine into rat liver nuclear RNA and lowers 
the ratio of nuclear R N A to D N A (109). Soon after aflatoxin B x is 
injected (1 mg aflatoxin/kg of body weight) there is a marked inhibition 
of DNA-dependent R N A polymerase in rat liver nuclei (110). The inhi
bition appears within 15 minutes to 2 hours and is reversed within 36 
hours after administration of the toxin. Anatoxins are capable of weak 
binding to single-stranded D N A , and the purine bases and the amino 
group may play a role in the binding of aflatoxins to D N A (111). 

The inhibitory effects of aflatoxin Bi on rat liver nuclear R N A poly
merase activity seem to be due to the interaction of the toxin, or its 
metabolic derivative, with components of chromatin and not to a direct 
action on the enzyme polymerase (112). Nuclei isolated from liver of 
rats injected with aflatoxin show a R N A polymerase activity less than 
that of control nuclei, and the inhibition by aflatoxin is much greater 
in regenerating liver nuclei than in normal liver nuclei (118). Pure 
aflatoxin has no effect on in vitro R N A synthesis by bacterial R N A 
polymerase using liver D N A as template (118). 

Aflatoxin B1 inhibits hydrocortisone induction of rat liver tryptophan 
pyrrolase and tyrosine transaminase when administered simultaneously 
with, or within 2 hours after, the inducer (114). These responses are 
qualitatively similar to those caused by actinomycin D but are different 
from those caused by puromycin, suggesting an impairment of D N A -
dependent R N A synthesis by aflatoxin. 

I. Nogalamycin 

Nogalamycin is a cytotoxic antibiotic produced by Streptomyces 
nogalater. At a concentration of 0.6 /xg /ml, it inhibits R N A synthesis 
in KB cells to a much greater extent than it does the synthesis of D N A 
or protein (115). Nogalamycin binds to D N A and increases the melting 
temperature (Tm) of DNA. The increase of Tm is dependent on the 
percentage of contents of adenine and thymine in the DNA. Bhuyan 
and Smith also showed that nogalamycin (10 /xg /ml) causes 99% inhibi
tion of RNA polymerase activity from E. coli when poly d(A-T) is 
used as the template; however, only 3% inhibition is obtained when 
poly d(G-C) is used as the template. In contrast to actinomycin, which 
binds to guanine of the D N A molecule, nogalamycin possibly binds to 
adenine or thymine (or both) moieties of DNA. 

Nogalamycin inhibits D N A polymerase from K B cells much less than 
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RNA polymerase and does not inhibit RNA-directed R N A synthesis 
(116). Nogalamycin inhibits in vivo synthesis of RNA, including messen
ger RNA, in rat liver to a much greater extent than D N A synthesis, 
with little or no inhibition of protein synthesis (117). 

J. Chromomycin 

Chromomycin A 3, the main variant of chromomycin (118), inhibits 
the synthesis of R N A in culture of mammalian cells, such as rabbit 
bone marrow cells and leukemic human leukocytes, without affecting 
the synthesis of D N A (119). Chromomycin A 3 possibly inhibits D N A -
dependent RNA synthesis by binding to cellular D N A (116, 120-122) 
and in particular by interacting with guanine in D N A (116, 123). 

Miura et al. (124, 125) showed that chromomycin A 3 inhibits the 
synthesis of nuclear R N A as well as soluble R N A in rat ascites hepatoma 
cells. The effect on D N A synthesis is not significant. 

K. Various Inhibitors 

Other antibiotics that are known to inhibit R N A synthesis are aurantin 
(126), mithramycin (118, 127), olivomycin (118), phytoactin (128), 
and toyocamycin (129). 

Various inhibitors, in addition to those mentioned above, are known 
to prevent initiation by lowering the affinity of the enzyme polymerase 
for D N A or to prevent elongation by releasing products from the en-
zyme-DNA complex. The best example is a high salt concentration such 
as 0.5 M. Other inhibitors that block initiation by preventing the enzyme 
from binding to D N A are polynucleotides such as tRNA (26,130). 

III. INHIBITORS OF DNA SYNTHESIS 

A. Hydroxyurea 

Hydroxyurea, a cancer chemotherapeutic agent, has antileukemic ac
tivity in mouse and man (131). The exact mechanism of its action 
is not known. Hydroxyurea and a number of related derivatives of hy-
droxylamine cause fragmentation of D N A and induce chromosomal aber-
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rations in mammalian cells in culture (132). Hydroxyurea is known 
to interfere with the synthesis of D N A in bacterial and animal cells, 
and the action can be reversed by removal of the drug. The drug has 
been shown to inhibit incorporation of thymidine into D N A of HeLa 
cells (133), regenerating rat liver (134, 135), ascites tumor cells (136), 
bacteria (137, 138), baby hamster kidney cells transformed by polyoma 
virus (139), and developing rat brain (140), without affecting R N A 
or protein synthesis. Hydroxyurea does not affect thymidine kinase or 
DNA-dependent D N A polymerase reactions (133, 140) and does not 
inhibit mRNA synthesis (138). 

Hydroxyurea causes the reduction of the ratio of D N A to RNA in 
cells (141)' The drug possibly inhibits cell division and cell proliferation 
through interference with D N A synthesis, while cell growth is inhibited 
to a lesser degree. In regenerating rat liver, hydroxyurea is not cytotoxic 
under the conditions tested where a rapid inhibition of the incorporation 
of thymidine into D N A is observed (134). However, following hydroxy
urea administration to rats, there is immediate cessation of D N A syn
thesis which is followed within 2 hours by karrhexis and necrosis of 
cells in the proliferative crypt region of intestinal epithelium (134). 
Hydroxyurea shows differential lethal effects on cultured mammalian 
cells and differential inhibitory effects toward D N A synthesis during 
the cell cycle (142). The toxicity of hydroxyurea to cells is restricted 
to cells in the DNA-synthesizing S phase of the division cycle, and 
the drug is without effect on the progression of cells through the phases 
when there is no D N A synthesis (142, 143). 

Nuclear histone and D N A are possibly synthesized during the same 
period of the cell cycle. Hydroxyurea may inhibit the synthesis of histone 
in addition to, or as a consequence of, its effect on D N A (135). 

The mode of action of hydroxyurea on D N A synthesis is probably 
connected with the conversion of ribonucleotides to deoxyribonucleotides, 
as Frenkel et al. (144) have found that the formation of dCMP from 
CMP is significantly altered in bone marrow removed from hydroxy-
urea-treated rats and from patients treated with hydroxyurea. On the 
other hand, Rosenkranz et al. (138) have found that the addition of 
deoxynucleosides cannot reverse either the bacteriostatic action of hy
droxyurea on E. coli or the reduced incorporation of thymidine into 
DNA. Further evidence has been presented to indicate that nucleotide 
reductase is not the enzyme affected by hydroxyurea in E. coli C 600 
(145). Yarbro showed that deoxynucleosides fail to reverse the hydroxy -
urea-induced inhibition of D N A synthesis and has suggested that hy
droxyurea may have an alternative site of action (llfi, 147). 



190 SHAN-CHING SUNG 

Addition of hydroxyurea to exponentially growing cultures of E. coli 
can cause concentration-dependent decreases in deoxyribonucleoside tri
phosphate pools of the cells (148). The comparable pools of ribonucleo-
side triphosphates are not affected, but there is a corresponding decrease 
in the rate of D N A synthesis. There is also a significant decrease of 
dGDP but not of GDP. Hydroxyurea-induced inhibition of thymidine 
incorporation by monolayers of HeLa cells can be partially prevented, 
and reversed, by the addition of deoxynucleosides, and the presence of 
all four deoxynucleosides is required for optimum effects (149). Adams 
and Lindsay (ISO) reported that addition of the four deoxyribonucleo-
sides may reverse completely the hydroxyurea effect in mouse fibroblast 
cells and suggested that failure of reversal by deoxyribonucleosides in 
other systems may be due to the failure of deoxyribonucleoside triphos
phates to be formed from exogenous deoxynucleosides. These findings 
seem to suggest that the limiting factor, for D N A synthesis is hydroxy-
urea-treated cultures of E. coli, is the size of the pool of precursors 
for D N A synthesis. Evidence that hydroxyurea inhibits ribonucleotide 
reductase in various animal systems and E. coli (151) has been presented 
to support the proposition that hydroxyurea inhibits D N A synthesis 
by interfering with ribonucleotide reduction. This was confirmed more 
conclusively when hydroxyurea was shown to inhibit a highly purified 
ribonucleoside diphosphate reductase from E. coli (152). 

Young et al. (153) have studied the effects of various hydroxylamine and 
hydroxamic acid derivatives on nucleic acid and protein synthesis in HeLa 
cells. They found that the following compounds, in order of potency, inhi
bit the incorporation of [

3
H]thymidine into D N A of HeLa cells without 

impairing significantly the cellular incorporation of [
3
H] uridine into RNA 

or [
3
H]leucine into protein: dihydroxyurea, iV-methylhydroxyurea, N-

acetylhydroxyurea, hydroxyurea, iV-hydroxyguanidine, iV-hydroxyur-
ethane, iV-ethylhydroxyurea, 3-phenyl-l-hydroxyurea, formamidoxime, 
iV-methylacetohydroxamic acid, iV-methylhydroxylamine and acetohydro-
xamic acid. Since hydroxyurea, in combination with X rays, seems to be 
a more effective toxic agent for Chinese hamster cells than treatment 
with hydroxyurea or X rays alone, combination therapy with hydroxy
urea given systematically, together with X rays administered locally to 
tumors may be most effective (154). 

Cytoplasmic D N A seems to be relatively resistant to inhibition by 
hydroxyurea. Vesco and Penman (155) have observed that, with 10~

3 

Μ hydroxyurea, thymidine incorporation into nuclear D N A of HeLa 
cells is less than 10% of the control whereas incorporation into cyto
plasmic D N A is still 60% of the control. 
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B. Mitomycin 

Mitomycin was first isolated' from Streptomyces and described by 
Hata et al. (156) in 1956. The chemistry of mitomycin and its effect 
on D N A have been extensively reviewed by Szybalski and Iyer (157). 
Mitomycin C has been shown to inhibit D N A synthesis in E. coli with 
little immediate effect on RNA or protein synthesis (158). The bacterio
cidal action of the antitumor antibiotic mitomycin C was first thought 
by Sekiguchi and Takagi (159, 160) to be caused by inhibition of D N A 
synthesis. The synthesis of D N A by phage-infected bacteria is not in
hibited by a concentration of mitomycin C that completely inhibits D N A 
synthesis by normal uninfected cells (160). 

Mitomycin causes degradation of D N A in either growing or resting 
cells of E. coli (161-168) and in mammalian cells in culture (164). 
It was suggested that depolymerization of D N A after administration 
of mitomycin C is caused by an activation of a cellular DNase (165). 
Increased activity of DNase has been found following treatment of E. 
coli with mitomycin C (166). However, mitomycin added directly to 
cell extracts has no influence on the DNase activities of E. coli (167). 
Treatment with mitomycin C results in increased activities of two 
DNases of HeLa cells, but the D N A content of the inhibited cells is 
not lowered and acid-soluble deoxyribose compounds do not accumulate 
to any extent (168). Therefore, it is doubtful whether the elevated 
DNase activity plays a part in the mechanism of the inhibitory action 
of mitomycin C on HeLa cells. 

Selective inhibition of D N A synthesis by mitomycin, with or without 
concomitant effects on RNA, including messenger R N A (169), or on 
protein synthesis, has been the subject of a number of studies (158-160, 
165, 166, 170,171). Selective inhibition of D N A synthesis, first described 
in 1959 (158, 159), is probably the result of steric hindrance to the 
replication process imposed by cross-links between complementary D N A 
strands (172, 173). Mitomycin C intercalates into the base pairs of 
helical D N A , and a higher content of guanine and cytosine seems to 
favor this cross-linking reaction (174). However, Kodama (175) has 
presented evidence indicating that mitomycin interacts preferably with 
purine bases rather than with pyrimidine bases. 

Since it is difficult to measure the inhibition of D N A synthesis in 
the presence of D N A depolymerization, the use of mitomycin as a selec
tive inhibitor of D N A synthesis needs much care. The difficulty can 
be overcome by using conditions under which mitomycin-induced D N A 
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breakdown is not observed. Mitomycin-induced 'breakdown of D N A may 
be a secondary phenomenon, since inhibition of D N A synthesis occurs 
immediately after the addition of the antibiotic when no breakdown 
of D N A is observed (169, 171, 176). However, other evidence indicates 
that D N A breakdown may be the primary event and that the inhibition 
of synthesis is its consequence (168). 

Exposure of E. coli cells to mitomycin C, at concentrations which 
produce lysogenic induction, results in a rapid alteration of D N A in 
the cells (177). This process apparently makes the cellular D N A a much 
poorer primer for D N A polymerase, but it does not affect the transcrip
tion process (177, 178). Messenger R N A isolated from E. coli treated 
with mytomycin C is found to be less efficient in forming hybrids with 
denatured D N A (169). 

C. Arabinosyl Nucleosides 

D-Arabinosyladenine (ara-A) (4, 5) is toxic to a purine-requiring strain 
of E. coli. It seriously inhibits the incorporation of [

1 4
C] adenine into bac

terial D N A and causes a marked decrease in the incorporation of radio
active adenine into purine deoxyribonucleotides (179). Inhibition with 
ara-A appears to be directed more specifically against D N A synthesis 
than RNA synthesis. It has been found that ara-A inhibits in vivo incor
poration of radioactive adenine into D N A of ascites tumor cells, with 
little or no effect on the incorporation of precursors into R N A (180). 
[8-

1 4
C]Arabinosyladenine is readily phosphorylated in vivo to triphos

phate and is incorporated into R N A but not DNA. Since ara-A can 
be phosphorylated to its triphosphate, ara-ATP may compete with the 
natural substrate. In cell-free extracts of TA3 ascites tumor cells, ara-
ATP inhibits the incorporation of labeled thymidine monophosphate 
into D N A (181). Neither ara-ATP (182) nor ara-CTP (188) serves 
as substrate for D N A and RNA polymerase, but they inhibit the activity 
of D N A polymerase prepared from calf thymus and bovine lymphosar
coma; nor do they inhibit E. coli D N A polymerase. The RNA poly
merase of both bacterial and animal cells is not inhibited by ara-ATP. 
The inhibition by ara-ATP and by ara-CTP appears to be competitive 
with dATP and dCTP, respectively (188). More recently, ara-CTP has 
been shown to be incorporated into D N A by D N A polymerase partially 
purified from calf thymus. The radioactive ara-C moieties are incorpo
rated into the 3-hydroxyl terminal end but not within the polynucleotide 
chain (184). 
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D. Phleomycin 

Phleomycin constitutes a group of copper-containing antibiotic pep
tides isolated from a culture of Streptomyces verticillius in 1956 (185). 
In 1963 Tanaka et al. (186, 187) showed that phleomycin, at the minimal 
growth-inhibitory concentration (2 / xg /ml ) , inhibits D N A synthesis with
out affecting RNA or protein synthesis in E. coli and HeLa cells. Later, 
Falaschi and Kornberg (188) showed that phleomycin inhibits D N A 
polymerase at a concentration where only a slight effect on RNA poly
merase is observed. Phleomycin action appears to be due primarily to 
the antibiotic binding to the D N A primer requiring adenine and thymine 
for binding. A D N A polymerase of tumor origin is also inhibited by 
phleomycin (189). Kajiwara et al. (190) showed that phleomycin ex
hibits two actions in synchronized cultures of HeLa cells, i.e., inhibition 
of D N A synthesis and prevention of cell division. Their results suggest 
that the antibiotic prevents the cells from entering prophase. 

E. Sarkomycin and Sulfhydryl Reagents 

Sarkomycin is an antitumor substance, with a weak antibacterial ac
tivity, produced by Streptomyces erythrochromogenes (191, 192). Sarko
mycin, at a concentration of 100 /ug /ml or higher, inhibits the rate of 
D N A synthesis in intact Ehrlich ascites carcinoma cells by over 90%, 
and R N A synthesis is inhibited by 20% (193). The inhibition of D N A 
synthesis may be prevented by reduced glutathione or cysteine. Sarko
mycin also inhibits the reaction catalyzed by D N A polymerase partially 
purified from Landschutz ascites tumor cells; inhibition by the antibiotic 
is noncompetitive and can be partially prevented by glutathione or 
2-mercaptoethanol (194) · 

Sulfhydryl reagents are inhibitory to various preparations of D N A 
polymerase isolated from animal sources such as that from Landschutz 
ascites tumor cells (194)- The activities of most, if not all, of the animal 
D N A polymerases are stimulated by the addition of sulfhydryl com
pounds, e.g., 2-mercaptoethanol or dithiothreitol. The recently discovered 
D N A polymerase II isolated from an E. coli mutant defective in D N A 
polymerase loses the activity completely in the presence of p-chloromer-
curibenzoate and is very sensitive to N-ethylmaleimide, in contrast to 
the D N A polymerase I isolated from E. coli that is not affected by 
sulfhydryl reagents (195,196). 
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F. Various Inhibitors 

Other substances that inhibit the synthesis of D N A are edeine (197), 
porfiromycin (170), xanthomycin (198), neocarzinostatin (199), carzino-
philin (200), and colchicine (2Q1). 

Actinomycin is a specific and selective inhibitor of RNA synthesis 
and is less inhibitory to D N A synthesis (22, 25, 140).  This is possibly 
because both actinomycin and RNA polymerase are situated in the minor 
groove of helical D N A whereas the D N A replication proceeds in the 
major groove (19). Keir et al. (202) have shown that D N A polymerase 
partially purified from Landschutz ascites tumor cells can be competi
tively inhibited by actinomycin D . Although the concentration required 
to inhibit D N A polymerase is much higher than that required to inhibit 
DNA-dependent R N A polymerase, 50% inhibition is obtained with 32 
/Ag actinomycin D / m l incubation mixture containing 200 /xg D N A / m l . 
Complete inhibition is observed when the molar ratio of actinomycin 
D to guanine residues in the primer D N A approaches unity. Actinomycin 
can be used to differentiate the replicative form of D N A polymerase 
from terminal addition enzyme because the former is much more sensi
tive than the latter (203). 

Increased ionic strength produces a marked inhibition of D N A poly
merase from E. coli (204)y calf thymus (205), and Landschutz ascites 
tumor cells (206). About 50% or greater inhibition is observed at salt 
concentrations greater than 0.1 M. The D N A polymerase reaction does 
not proceed in the absence of a bivalent cation such as M g

2 +
; however, 

Zn
2+
 is not only ineffective in replacing M g

2+
 but also is strongly inhibi

tory even in the presence of an optimum amount of M g
2+

 (194). 

IV. INHIBITORS OF BOTH RNA AND DNA SYNTHESIS 

Various compounds originally have been found to inhibit both RNA 
and D N A synthesis and many of them inhibit preferentially R N A or 
D N A synthesis. The compounds discussed in this section appear to in
hibit both R N A and D N A synthesis. Future investigation may show 
their preference as either RNA or D N A inhibitors. 

A. Ethidium Bromide 

Ethidium bromide is a phenanthridine dye which is known to interfere 
with cytoplasmic inheritance such as mutation of yeast mitochondria 
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(207) and morphogenic changes in Acetabularia (208). The dye has 
also been used to investigate the structure of D N A . The tertiary struc
ture of circular DNA, such as mitochondrial DNA, is extensively altered 
when the dye is intercalated (209, 210). The binding of ethidium bromide 
to D N A requires some form of base-paired secondary structure (211). 
Ethidium bromide seems to inhibit the transcription of circular mito
chondrial D N A by altering its tertiary structure, but the transcription 
of linear D N A , such as nuclear D N A , may be less sensitive since the 
dye does not produce large changes in linear D N A . Indeed, ethidium 
bromide at a concentration of 1/xg/ml inhibits selectively the synthesis 
of R N A associated with the mitochondria of HeLa cells (84, 212). At 
the same concentration, the dye has little or no effect on the synthesis 
of all other species of cellular RNA, D N A , or protein. 

Both ethidium bromide and the other DNA-intercalating dye, acri-
flavine, strongly inhibit the activity of rat liver mitochondrial D N A 
polymerase, while the D N A polymerase activity of nuclear origin is 
only slightly inhibited (218). Ethidium bromide has proven to be ex
tremely important as a selective inhibitor and may serve as a potent 
tool for investigating cytoplasmic R N A and D N A metabolism. 

B. Chloroquine 

Chloroquine is one of the various 4-aminoquinoline antimalarial com
pounds (2). The inhibition by chloroquine of in vitro reactions catalyzed 
by DNA-dependent D N A polymerase and by R N A polymerase appears 
to be related to its ability to form a complex with D N A . Double-stranded 
D N A causes marked changes in the absorption spectrum of chloroquine, 
and only minor changes occur with single-stranded D N A (214). The 
binding of chloroquine to D N A involves electrostatic attraction between 
the protonated ring system of chloroquine and the anionic phosphate 
groups of DNA, and a more specific interaction apparently involves 
the aromatic ring portion of chloroquine and nucleotide bases (215). 
Chloroquine elevates the Tm of native D N A (214, 215). 

The synthesis of D N A is inhibited more effectively than R N A synthe
sis. At the concentration of chloroquine where 50% inhibition of R N A 
polymerase is achieved, the D N A polymerase is completely inhibited 
(216). Inhibition of D N A replication may be the mechanism of the 
antimicrobial action. Although bacteria are relatively insensitive to the 
drug, addition of chloroquine to cultures of Bacillus megaterium in the 
phase of exponential growth results in rapid decline in bacterial viability 
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{217). Chloroquine inhibits D N A and R N A synthesis and causes the 
rapid degradation of ribosomal R N A in bacteria. The observed inhibi
tion of protein is possibly a secondary effect. 

C. Streptonigrin 

Streptonigrin is an antitumor antibiotic isolated from the broth of 
Streptomyces flocculus (218, 219). Net D N A synthesis is preferentially 
inhibited in Salmonella typhimurium by streptonigrin, and R N A synthe
sis is slightly affected (220). Streptonigrin inhibits cell division in tissue 
culture medium and causes changes in the morphological appearance 
of cell nuclei (221). The antibiotic inhibits the incorporation of [

1 4
C]gly-

cine into RNA, D N A , and protein fractions of mammalian cells in cul
ture and also inhibits the incorporation of [

3
H] uridine into R N A and 

that of [
3
H]thymidine into D N A to about the same degree (221). Both 

D N A polymerase and RNA polymerase are inhibited by the antibiotic. 
Streptonigrin appears to bind to D N A in vitro (222, 223), and more 
streptonigrin can be bound to denatured D N A than to native D N A 
(223). 

D. Daunomycin 

Daunomycin, a glycoside antibiotic from Streptomyces peucetius, is 
closely related to the anthracyclines (224). Daunomycin shows a peak 
absorbance at 475 τημ, but the addition of D N A reduces the optical 
density proportionally to the amount of D N A added (225). In Bacillus 
sub tilts, daunomycin causes a reduction of R N A content per milligram 
protein at a concentration of 1.4 jutg/ml, which has little effect on the 
growth of the test organism (121). 

Inhibition of D N A synthesis by daunomycin occurs in cultured HeLa 
cells, but RNA synthesis is less sensitive (226). Its inhibiting effect 
on the incorporation of nucleic acid precursors into D N A is due to its 
effect on the activity of DNA-dependent D N A polymerase (120). 

E. Various Inhibitors 

The other antibiotics that inhibit the synthesis of both RNA and 
D N A are cinerubin (224), colicin (227), novobiocin (228, 229), pluramy-
cin (230), and hedamycin (231). 
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V. RNA-DEPENDENT DNA SYNTHESIS 

The presence of RNA-dependent D N A polymerase in R N A tumor 
viruses was first reported by Temin and Mizutani (232) and Baltimore 
(283). The replication of the nucleic acid of R N A tumor virus was 
known to be different from that of other R N A viruses from the results 
of early experiments with various inhibitors, e.g., the sensitivity of virus 
production, infectivity, and growth of Rous sarcoma virus to actinomycin 
D , which is not inhibitory to RNA-dependent R N A polymerase. 

iV-Demethylrifampicin, an analog of rifampicin, has been found by 
M. Green (see ref. 234) to inhibit the RNA-dependent D N A polymerase 
of oncogenic R N A virions. Partially purified RNA-dependent D N A poly
merase from human acute lymphoblastic leukemic cells has also been 
found to be markedly inhibited by Λ^-demethylrifampicin and inhibited 
much less by rifampicin itelf (234). Streptovaricin, on the basis of its 
analogous action to rifampicin, has been tested for its possible inhibitory 
activity against RNA-dependent D N A polymerase isolated from murine 
leukemia virus. Streptovaricin complex (a mixture of seven macrolides) 
proved to be an extremely potent inhibitor of the purified RNA-depen
dent D N A polymerase from the oncogenic virus (235). 

The significance of the RNA-dependent D N A polymerase for carcino
genesis by R N A viruses is still not fully understood. However, if the 
presence of this enzyme is really unique to neoplastic cells, then its 
inhibition by agents such as N-demethylrifampicin or streptovaricin has 
obvious implications for chemotherapy. The search for more specific 
inhibitors of this enzyme should give good hope for successful chemother
apy of RNA-virus-induced cancer and, maybe, of other diseases such 
as neurological disorders caused by R N A viruses. 
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