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SUMMARY

DNA-binding antibiotics such as intercalators, narrow groove
binders, and other substances modify duplex DNA, making it an
altered substrate for DNA helicases. The intercalators daunorub-
icin, actinomycin D, echinomycin, and elsamicin, the narrow
groove binders distamycin and mithramycin, and the plant toxin
teniposide, each representing a different chemical class, block
SV40 large T antigen DNA helicase action with ICs, values
ranging from 4 x 1078 to 2 x 107 m. A partially purified human
HelLa cell DNA helicase is also potently blocked by daunorubicin,
distamycin, and teniposide. Because eukaryotic cells contain
helicases of varying abundance, specificity, and type, this site of
action for DNA-binding antibiotics may help explain antibiotic

potency and specificity for DNA or RNA inhibition. The antiheli-
case effect of the antibiotic-double-stranded DNA complex may
be central to the anticancer activities of these substances. An
additional interesting correlation is the antihelicase action of
DNA-intercalating antibiotics and their DNA-binding preference
for G-C base pair sites. The G-C base pair binding preference of
the intercalating antibiotics may result from evolutionary selection
because of the higher G-C binding stability, compared with A-T
binding stability. The combination of the higher base pair stability
at G-C regions and increased duplex DNA stability induced by
intercalating antibiotic yields a total additive stability of the inter-
calator-G-C base pair complex that resists helicase action.

DNA-binding antibiotics comprise a substantial proportion
of the clinically useful anticancer drugs. Most of these DNA-
binding antibiotics complex preferentially with double-
stranded (duplex) DNA (1). Several biochemical consequences
of this interaction between these antibiotics and duplex DNA
have been described and range from the inhibition of DNA
synthesis, RNA synthesis, and DNA repair to more recently
described inhibition of topoisomerases (2). Although structural
mechanisms for the binding of some of these antibiotics to
duplex DNA have been extensively characterized, the subse-
quent biochemical events that result from the physical binding
are controversial and not fully understood.

Duplex DNA must be converted to single-stranded DNA for
biochemical and molecular processing of the DNA base se-
quence information. A family of enzymes, the DNA helicases,
dissociate duplex DNA to provide single-stranded DNA tem-
plate, which is essential for the replication and transcription
processes (3).

Anthracyclines and other DNA-intercalating drugs increase
the melting temperature and, therefore, increase the stability
of the interstrand binding of double-stranded DNA (1). There-
fore, we postulated that the intercalated anthracyclines would
interfere with the enzymatic separation of the paired DNA
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double strands (4). In our investigations of this hypothesis, we
found that anthracycline antibiotics bind to double-stranded
DNA and potently block viral and eukaryotic DNA helicase
action on the double-stranded DNA. From these studies, we
presume that the intercalating anthracyclines bind and modify
the duplex DNA, resulting in an antibiotic-duplex DNA com-
plex that functions poorly as a helicase substrate.

Our evaluation of the relationship between the potency of
the helicase blockade by a series of anthracyclines (micromolar
ICso) and the increase in stability of DNA interstrand binding
produced by these anthracyclines (AT,) indicated that these
two factors may be related but that other factors must also
contribute to the antihelicase action (4). We also suggest that
a DNA-binding drug may show preference for inhibition of
DNA or RNA synthesis, depending on the type of helicase that
is principally affected by the drug-DNA complex. Although we
have established the antihelicase activities of the anthracycline
antibiotics with virally induced, human, and murine helicases,
we must yet evaluate DNA- and RNA-specific helicases to
determine preferential drug activities.

In addition to our studies with eukaryotic DNA helicases,
other studies have recently reported on the activities of pro-
karyotic DNA helicases and CC1065 and its analogs (5, 6) and
of several DNA-intercalating compounds (7).

We have expanded our investigation of the antihelicase ac-
tivity of DNA-binding antibiotic substances to include several
other classes of DNA intercalators, narrow groove binders, and
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other types of anticancer drugs. From our observations, we also
propose an explanation for the general G-C base pair binding
preference of DNA-intercalating antibiotics.

Materials and Methods

The DNA-binding agents we tested (Fig. 1) were obtained from
several sources. Actinomycin D and etoposide were obtained from
Sigma Chemical Co. Daunorubicin, distamycin, echinomycin, and ten-
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iposide were obtained from the Drug Synthesis and Chemistry Branch,
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Fig. 1. Structural formulae of DNA-binding anticancer

2102 ‘€ Jaqwaosag uo Alsianiun pesewwey] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

1066 Bachuret al.

each of irradiated calf and fetal bovine serum. The SV40 large T
antigen was purified from CV-1 cells infected with helper-dependent
recombinant adenovirus vector Ad-SVR 284 by a modification of the
immunoaffinity procedure of Simanis and Lane (8), as described pre-
viously (4). Helicases from HeLa cells and FM-3A cells were isolated
according to a modified method of Malkas et al. (9). Helicase substrate
preparations and the helicase assay were as described previously (4).
The antibiotic stock solutions were made in dimethylsulfoxide and
were stored at —20°. For the enzymatic assays, the antibiotics were
diluted in 10 mM Tris-HCIl, pH 7.4, before mixing with the helicase
M13-17-mer DNA substrate. Dimethylsulfoxide was tested at concen-
trations up to 0.028 M and did not affect control helicase reactions.

Results

We tested and compared representative examples of DNA-
intercalating antibiotics of four separate antibiotic classes, i.e.,
actinomycins, anthracyclines, chartarins, and quinomycins, for
their effects on SV40 large T antigen helicase action. Although
these intercalators represent different chemical structural fam-
ilies, they all contain a combination of planar ring systems and
peptide or glycoside moieties (Fig. 1). These chemical structures
contribute several functional characteristics to all the interca-
lating antibiotics. The planar ring systems provide hydrophobic
intercalating plates, and the peptide or glycoside provides hy-
drophilic polarity as well as narrow groove-binding and -stabi-
lizing characteristics. Another important similarity among
these intercalating antibiotics is their DNA-binding preference
for G-C base pairs. Daunorubicin (10), actinomycin D (11), and
elsamicin (12) bind preferentially to GpC sequences in duplex
DNA, whereas echinomycin (13) binds preferentially to CpG
sequences. However, these studies show that these antibiotics
also may bind to other G/C-containing sequences, such as GpG,
with lower affinities. Each of these DNA-intercalating agents
displayed high potency against the SV40 large T antigen DNA
helicase activity (Table 1). Actinomycin D blocked T antigen
helicase with an ICs, of 0.8 uM. The anthracycline antibiotic
daunorubicin had an antihelicase action ICs of 0.4 uM (Fig. 2;
Table 1). Elsamicin, a chartarin-based antibiotic, potently in-
terfered with helicase activity, with an ICs of 0.15 uM. Echi-
nomycin, a quinomycin bis-intercalator with a large peptidyl
moiety that occupies the minor groove, was the most potent
blocker of T antigen helicase, with an ICs, of 0.04 uM. We did

TABLE 1
Antihelicase action of DNA modifiers

ICs values are concentrations of modifiers needed to produce 50% inhibition of
the helicase. Values are the average + standard deviation of three to five experi-
ments.

1Cso
T antigen helicase Hewa cat
uM
Reversible intercalators
Actinomycin D 08 +0.14 ND*
Daunorubicin 04 +0.14 09 +0.14
Echinomycin 0.04 + 0.007 ND
Elsamicin 0.15 £ 0.07 ND
Narrow groove binders
Distamycin 2+1 45+07
Mithramycin 1+0.49 ND
Other
Teniposide 0.8 £ 0.07 70+20
Etoposide Not effective >80
* ND, not done.

not see a loss of inhibitory activity at higher concentrations of
these intercalators, as has been described for topoisomerase II
inhibition (14, 15).

Distamycin and mithramycin represent antibiotics of two
different chemical classes that bind in the narrow grove of
duplex DNA (16, 17) (Fig. 1). The T antigen helicase blockade
ICs, values shown by distamycin and mithramycin were 2 uM
and 1 uM, respectively (Fig. 2; Table 1). This helicase blockade
by the narrow groove binders was concentration dependent and
similar to the blockade by intercalators.

Another class of DNA-modifying substances, the epipodo-
phyllotoxins etoposide and teniposide, are potent topoisomer-
ase II inhibitors that bind to the topoisomerase proteins and
were recently shown to bind to DNA (18) (Fig. 1). Teniposide
blocked T antigen helicase with an ICs, value of 0.8 uM (Fig. 2;
Table 1). Although this compound is not commonly regarded
as a DNA ligand, this inhibitory activity provides evidence that
the agent does have DNA-binding capability. Interestingly, the
very structurally similar etoposide did not block T antigen
helicase significantly.

We also evaluated the sensitivity of human helicase activity
from HeLa cells to an intercalator, a narrow groove binder, and
the podophyllotoxins (Fig. 3). This human cell helicase activity
was less sensitive than the T antigen helicase to these DNA-
binding drugs but the blockade by the agents was still quite
potent. The ICs, of daunorubicin for HeLa helicase was 0.9 uM
or about twice that for the T antigen helicase. Similarly, the
ICs, of distamycin for HeLa helicase was 4.5 uM, again about
twice that for the T antigen helicase. Teniposide showed the
greatest difference between helicase sensitivities, with an ICs
for HeLa helicase of 7.0 uM, which is almost 10-fold the value
for the blockade of T antigen helicase (0.8 uM). Etoposide, an
analog of teniposide, again had very little activity against the
HeLa cell helicase, as with T antigen helicase.

To evaluate possible effects of the anticancer agents on the
T antigen helicase protein, we preincubated the agents with
the helicase rather than with the duplex DNA substrate. These
enzyme preincubation experiments showed no additional ef-
fects on the degree of helicase blockade.

Over the course of these experiments, we have conducted
many evaluations of control compounds. We found that nu-
merous anticancer drugs that do not bind to DNA effectively
also do not affect the helicase action of T antigen helicase.
Such anticancer drugs as methotrexate, porfiromycin, cyclo-
phosphamide, and vindescine did not block helicase at concen-
trations up to 100 uM.

Discussion

We previously showed that a series of anthracycline anti-
biotics block virally induced T antigen helicase, human HeLa
cell helicase, and murine FM-3A cell helicase activities (4).
Now we extend this fundamental mechanism of drug action to
include other families of DNA intercalators, DNA narrow
groove-binding antibiotics, and the epipodophyllotoxin teni-
poside. The antihelicase action of these disparate types of
antibiotics may be central to the anticancer activities of these
agents.

Although the increased stability of the intercalated anti-
biotic-duplex DNA complex alone may account for the blockade
of helicase action, both intercalating antibiotics and the narrow
groove binders modify duplex DNA in other ways that also may
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be detrimental to helicase action. The structural and topological
characteristics of DNA are modified by these ligands. The
ligands may increase the DNA helix rigidity and distort,
lengthen, and unwind the DNA helix (1). These induced dis-
tortions of the helical duplex DNA may reduce its suitability
as a helicase substrate.

Another major consideration of the antihelicase action is the
space-occupying characteristic of the ligands. For example,
structural groups of the intercalating antibiotics that may
contribute to the stabilization of intercalative binding, such as
the sugars of anthracycline (19) or the peptides of actinomycin
D (20), protrude into the narrow groove of the distorted DNA
helix and may interfere sterically with helicase movement and
function. Narrow groove binders may not stabilize the base pair
binding of duplex DNA as effectively as intercalators, but their
space occupation in the narrow groove may be important for
obstructing the processive movement of some helicases on the
DNA strands.

Both the intercalating and the narrow groove-binding anti-
biotics have base sequence specificity for DNA binding, which
must affect their inhibitory potency with our 17-mer-M13
duplex. Our standard DNA substrate, 5'-TCATGGTCA-
TAGCTGTT, contains one GpC binding site and one GpG site,
which may offer preferred intercalative binding. Intercalator
molecules may bind to these sites preferentially at low drug
concentrations, with cooperative binding of additional drug
molecules into other available positions until the 17-mer is
saturated with several intercalated drug molecules at higher
drug concentrations (21).

The narrow groove binders have specific binding sites avail-
able in the 17-mer-M13 duplex, such as the GpC and GpG pairs
for mithramycin (17, 22) and an ApTpA sequence for dista-
mycin (23). Although distamycin has shown preference for
longer A/T-rich binding sequences (16, 23), substantial block-

ade occurs with our 17-mer, containing only the 3-base pair
ApTpA. Therefore, we presume that the 3-base pair ApTpA
region provides sufficient binding characteristics for distamycin
interaction with our 17-mer-M13 duplex substrate. This short-
ened binding region for distamycin may account for the some-
what less effective antihelicase action of this narrow groove-
binding antibiotic, compared with the intercalators. Further
experimentation with A/T-rich binding regions of other lengths
can provide additional data on distamycin action, potency, and
specificity.

One possible reason for the different antihelicase effects of
the structurally similar teniposide and etoposide is DNA base
sequence preference for binding. Although no definitive DNA-
binding mechanism is known for the epipodophyllotoxins, there
may be differential binding in our 17-mer duplex model that
results in the different antihelicase activities.

DNA-binding antibiotics inhibit both DNA and RNA syn-
thesis, but to different degrees (24-27). A mechanism for such
preferential inhibition could reside at the level of helicase
blockade. Because different specific DNA helicases participate
during DNA replication and transcription (3), an antibiotic
bound to double-stranded DNA may block one type of helicase
more than another. This selective blockade would result in
preferential inhibition of DNA or RNA synthesis through
preferential blockade of helicase activities, even though the
antibiotics bind to duplex DNA as their primary mechanism.
Although both echinomycin and actinomycin D are more potent
inhibitors of RNA synthesis than DNA synthesis (26, 27), their
degrees of inhibition of our model T antigen helicase are not
equivalent to their published RNA-inhibitory activities. The
mechanism for preferential DNA or RNA inhibition remains
to be tested, by comparing replication- and transcription-spe-
cific DNA helicases for their sensitivities to these DNA-binding
antibiotics.
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Unlike Escherichia coli helicase II, which is reported to be
insensitive to actinomycin D (7), we find that T antigen helicase
is very sensitive to actinomycin D, indicating significant differ-
ences between these helicases (Table 1). Our findings show
other differences among prokaryotic, eukaryotic, and T antigen
helicases, because the prokaryotic helicases are not blocked by
distamycin bound to DNA (7), whereas both HeLa cell and T
antigen helicases are blocked by distamycin. From the previ-
ously published comparisons of prokaryotic helicase sensitivi-
ties to drugs (5-7), from our earlier comparisons of T antigen
and eukaryotic, HeLa, and FM-3A DNA helicases (4), and from
our present comparisons of T antigen and HeLa helicase sen-
sitivities to the epipodophyllotoxins teniposide and etoposide
(Figs. 1 and 2), it is clear that significant differences exist
among helicases in their sensitivities to different DNA-binding
substances.

Because of their enzymatic mechanisms in DNA replication
and transcription, helicases may be a particularly sensitive
target for DNA-binding antibiotics, compared with topoi-
somerases. Topoisomerases attach to DNA at a site and cata-
lyze duplex strand topological changes. Helicases attach to
DNA and process along the duplex DNA strands according to
their processivity characteristics. In theory, therefore, if an
antibiotic molecule is bound to duplex DNA at a site, the
topoisomerase may attach to a different site, not contact the
antibiotic, and perform its topological function without inter-
ference. In contrast, helicase moves along the entire duplex
DNA strand, traversing every site, and should encounter any
antibiotic molecule bound to the duplex DNA. These differ-
ences in enzyme mechanisms may make helicases more suscep-
tible to DNA-bound antibiotics. We find another difference
between helicases and topoisomerase II in their responses to
high concentrations of DNA-binding antibiotics. Unlike topo-
isomerase II, which may not be inhibited at high concentrations
of intercalating drugs (14, 15), we find no decrease of helicase
blockade at high drug concentrations. The helicases are directly
and stoichiometrically sensitive to DNA binders.

DNA-intercalating antibiotics stabilize duplex DNA and in-
crease the energy required to separate paired DNA strands (i.e.,
DNA melting) (17). The DNA-intercalating antibiotics dau-
norubicin (10), actinomycin D (11), elsamicin (12), and echi-
nomycin (13) bind preferentially at G-C base pairs of duplex
DNA, as do most natural intercalating antibiotics. G-C base
pairs in duplex DNA have much greater electronic complemen-
tarity than do the A-T base pairs and are the most stable of
the hydrogen-bonded base pairs, as seen in DNA melting. A
reasonable assumption is that the maximal DNA helicase cat-
alytic power is used to separate G-C base pairs. The combina-
tion of the high G-C base pair stability and the increased duplex
DNA stability produced by an intercalated antibiotic at a G-C
site increases the overall duplex DNA stability at the interca-
lator-G-C locus. This supernormal duplex DNA stability at the
intercalator-G-C locus may exceed the catalytic power exerted
by helicases to affect duplex DNA strand separation and may
thus slow or stop helicase action. The factor of G-C base pair
stability may have helped to determine the evolutionary selec-
tion of intercalating antibiotics for G-C-binding specificity.

The SV40 large T antigen helicase binds to our DNA sub-
strate on the 3’ side of the duplex DNA, with subsequent 3’ to
5’ translocation along the DNA to produce strand dissociation
(3). Possible modes of helicase inhibition by DNA-binding

antibiotics are interference with the nonspecific helicase bind-
ing to the DNA single-strand and/or interference with the
helicase translocation into the duplex DNA strands. Because
the antibiotics we are testing show preferential binding to
duplex DNA, we reason that the antihelicase action results
from interference with helicase translocation into the duplex
DNA region. We have also examined the possibility of direct
action of the antibiotics on the helicase proteins, by comparing
helicase reaction rates after preincubation of antibiotic with
the enzymes, and we see no effect on the inhibition character-
istics.

From our data on helicase blockade by DNA-binding anti-
cancer antibiotics, we have documented an important action of
these useful and important agents. The helicase process for the
dissociation of duplex DNA strands is a necessary step for the
cellular processes of DNA replication, transcription, and repair.
Because each of these helicase-centered processes is crucial for
the survival and propagation of the cells, it is possible that the
inhibition of helicase activity by structurally disparate but
functionally similar DNA-binding anticancer agents may ex-
plain their effectiveness against cancer cells.
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