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The purpose of the present study was to identify the cellular processes
and targets affected by treatment with bis-benzimidazole derivatives with
chloroalkyl and bromoalkyl moieties (1–4) in the estrogen receptor-negative
MDA-MB-231 human breast cancer cells. Treatment of the cells revealed
that these compounds inhibited DNA synthesis and irreversibly inhibited the
proliferative activity of the cells. All drugs 1–4 inhibited relaxation of pBR
322 DNA induced by both topoisomerases, although topoisomerase I was 2-
to 9-fold more sensitive than topoisomerase II. This suggests that DNA-
binding may be implicated in the cytotoxicity of bis-benzimidazole deriva-
tives with alkylating moiety, possibly by inhibiting interactions between to-
poisomerases and their DNA targets.
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INTRODUCTION

Distamycin, DAPI and Hoechst 33258 have
long served as model compounds for biochemical
and biophysical studies of drugs that bind to the
DNA minor groove [13, 14]. The typical binding
sites for these minor groove binding drugs are four
consecutive AT base pairs, where a particularly
narrow groove with a floor lacking amino groups
permits an optimization of van der Waals’ contacts
and hydrogen bonding [13, 14]. Although various
factors are known to be responsible for minor
groove binding, their importance can vary from
ligand to ligand and no simple rules have emerged
yet. Targeting reactive moieties to DNA by attach-
ment of a DNA minor groove binding carrier such
as Hoechst 33258 reduces the loss of active drug
due to reaction with other cell components and
makes it possible to direct the alkylation both se-
quence specifically and regiospecifically [8, 12].
This approach provides a suitable route to guide a
cytotoxic agent to a selected sequence in DNA. In
the course of our investigations of minor groove
binding drugs, we reported a cytotoxicity and DNA-
binding ability of bis-benzimidazole derivatives with
chloroalkyl and bromoalkyl moieties 1–4 (Fig. 1) in
cultured breast cancer MDA-MB-231 cells.

Recently published data suggest that DNA-
binding drugs might exert their biological effects

by interfering with DNA-protein interactions [4,
11]. The parent compound Hoechst 33258 has been
reported to act at the cellular level by poisoning the
enzymes, DNA topoisomerases I, or possibly by
stabilizing the cleavable complexes formed by
DNA and DNA topoisomerases I and II, which is
generally believed to be related to their affinity for
DNA [4, 11]. These enzymes are crucial for cellular
genetic processes, such as DNA replication, tran-
scription, recombination, and chromosome segre-
gation at mitosis [6, 7]. It has long been accepted
that topoisomerases are valuable targets for cancer
chemotherapeutic agents. Several classes of topoi-
somerase inhibitors have been introduced into can-
cer clinics as potent anticancer drugs, including
camptotecins inhibiting topoisomerase I, anthracy-
clines, epipodophyllotoxins, aminoacridines, and
ellipticines targeting topoisomerase II [1, 9]. The
DNA-binding ability of compounds 1–4 were stud-
ied employing the topoisomerase I/II inhibition as-
say and the ultrafiltration method using poly(dA-
dT)� and poly(dG-dC)� [2, 3, 10].

MATERIALS and METHODS

Materials

The synthesis of compound 1 (2-[2-(4-((2-chlo-
roethyl)carbamoyloxy)phenyl)-6-benzimidazolyl]-6
-(1-methyl-4-piperazinyl)benzimidazole trihydrochlo-
ride), compound 2 (2-[2-(4-((2-bromoethyl)carba-
moyloxy)phenyl)-6-benzimidazolyl]-6-(1-methyl-4-
-piperazinyl)benzimidazole trihydrochloride), com-
pound 3 (2-[2-(4-((3-chloropropyl)carbamoyloxy)
phenyl)-6-benzimidazolyl]-6-(1-methyl-4-piperazi-
nyl)benzimidazole trihydrochloride) and compound
4 (2-[2-(4-((4-chloromethylphenyl)carbamoyloxy)
phenyl)-6-benzimidazolyl]-6-(1-methyl-4-piperazin-
yl)benzimidazole trihydrochloride) has been detailed
in the previous paper [3].

Hoechst 33258, 3-(4,5-dimethylthiazole-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), prote-
inase K, topoisomerase I, homopolymers poly(dA-
dT)�poly(dA-dT), and poly(dG-dC)�poly(dG-dC)
were purchased from Sigma Chemical Co. (USA).
Topoisomerase II was purchased from Amersham
Pharmacia Biotech. Stock cultures of breast cancer
MDA-MB 231 were purchased from the American
Type Culture Collection, Rockville, MD. Dulbec-
co’s minimal essential medium (DMEM) and fetal
bovine serum (FBS) used in cell culture were prod-
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Fig. 1. The chemical structure of Hoechst 33258 and
compounds 1–4



ucts of Gibco (USA). Glutamine, penicillin and
streptomycin were obtained from Quality Biological
Inc. (USA). [�H]-thymidine (6.7 Ci/mmol) was the
product of NEN (USA).

MDA-MB 231 cell culture

Breast cancer MDA-MB 231 cells were main-
tained in DMEM supplemented with 10% fetal bo-
vine serum (FBS), 50 U/ml penicillin, 50 �g/ml
streptomycin at 37°C. Cells were cultured in Costar
flasks and subconfluent cells were detached with
0.05% trypsin and 0.02% EDTA in calcium-free
phosphate buffered saline, counted in hemocytome-
ters and plated at 5 × 10� cells per well on 6-well
plates (Nunc) in 2 ml of growth medium (DMEM
without phenol red with 10% CPSR1). Cells
reached about 80% of confluence at day 3 and in
most cases such cells were used for the assays.

Cell viability assay

The assay was performed according to the
method of Carmichael et al. [5] using MTT. Sub-
confluent cells, cultured for indicated period of
time with various concentrations of the studied
drugs in 6-well plates were washed three times
with PBS and then incubated for 4 h in 1 ml of
MTT solution (0.5 mg/ml of PBS) at 37°C. The
medium was removed and 1 ml of 0.1 mol/l HCl in
absolute isopropanol was added to the attached
cells. Absorbance of converted dye in living cells
was measured at a wavelength of 570 nm. Cell vi-
ability of MDA-MB 231 cells in the presence of
drugs was calculated as a per cent of control cells.

DNA synthesis assay

To examine the effect of the studied compounds
on cells proliferation, MDA-MB-231 cells were
seeded in 6-well plates and grown as described
above. Cell cultures were incubated with varying
concentrations of compounds 1–4, or Hoechst
33258 and 0.5 �C of [�H]thymidine for 24 h at
37°C. The cells were then harvested by trypsiniza-
tion and washed (with cold phosphate-buffered sa-
line) with centrifugation for 10 min at 1500 × g
several times (4–5) until the dpm in the washes
were similar to the reagent control. Radioactivity
was determined by liquid scintillation counting.
[�H]thymidine uptake was expressed as dpm/cell.

Relaxation assay of topoisomerases I and II

PBR322 plasmid DNA (0.083 �g) was incu-
bated with 1 unit of human topoisomerase I (reac-
tion buffer: 50 mM Tris-HCl (pH 7.9), 1mM
EDTA, 0.5 M NaCl, 1 mM dithiothreitol) or human
topoisomerase II (reaction buffer: 10 mM Tris-HCl
(pH 7.9), 1 mM ATP, 50 mM KCl, 5 mM MgCl�,
50 mM NaCl, 0.1 mM EDTA, and 15 �g/ml bovine
serum albumin) in the presence of varying concen-
trations of the test compound. The mixture was in-
cubated at 37°C for 1 h and the reaction was termi-
nated by addition of 2 �l of 10% SDS and 2 �l of
proteinase K (1 mg/ml). The reaction mixture was
subjected to electrophoresis on a 0.8% agarose gel
containing 0.5 mg/ml of ethidium bromide in TBE
buffer (90 mM Tris-borate and 2 mM EDTA). The
gels were stained with ethidium bromide and pho-
tographed under UV light. For the quantitative de-
termination of topoisomerase activity, photo-
graphic negatives were scanned and the area repre-
senting supercoiled DNA, migrating as a single
band at the bottom of the gel was measured using
UVI-KS4000i gel documentation and analysis sys-
tem (SyngenBiotech, San Carlos, CA, USA). The
concentrations of the inhibitor that prevented 50%
of the supercoiled DNA from being converted into
relaxed DNA (IC�� values) were determined by av-
eraging the data from at least three experiments.

Ultrafiltration method

A test compound (100 �M) was mixed with
DNA (0.5 mM as base pairs) in 1 ml TB buffer (10
mM TrisHC1 (pH 8) – 1 mM EDTA containing
0.15 M NaCl). The mixture was allowed to stand at
room temperature overnight. The mixture was
ultrafiltered using a ultrafree-MC centrifugal filter
unit (PLCC NMWL 5000, Millipore) at 20°C, then
the content of the test compound in the filtrate was
determined by UV-absorption measurement
(Abs.����) and this value was taken as the concen-
tration of free compound ([comp]����). The same
procedure was carried out with a solution of the test
compound in the absence of DNA as the control
(Abs.���	 and [comp]���	, respectively). Measure-
ments were made with a Unicam/Helios gamma
UV-vis spectrophotometer at �
�� = 341 for com-
pounds 1–4 and Hoechst 33258. Results are the
means of three independent experiments. The
DNA-binding ability of the test compound was de-
fined by the following equation:
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DNA binding ability (%) =
(1 – [comp]�2.4/[comp]�2.5) × 100 =

(1 – Abs�2.4/Abs�2.5) × 100.

Statistical analysis

In all experiments, the mean values for three as-
says ± standard deviations (SD) were calculated.
The results were submitted to statistical analysis
using the Student’s t-test. Differences were consid-
ered significant when p < 0.05. Mean values, SD
and the number of measurements in the group (n)
are presented in the figures.

RESULTS

We studied the effect of compounds 1–4 and
Hoechst 33258 on DNA synthesis in human
MDA-MB-231 breast cancer cells (Fig. 2). Meas-
urement of [�H]thymidine incorporation during
DNA synthesis by proliferating MDA-MB-231
breast cancer cells showed that these compounds
inhibited DNA synthesis in a dose-dependent man-
ner. The concentrations of 1, 2, 3, and 4 needed to
inhibit [�H]thymidine incorporation into DNA by
50% (IC��) were found to be 48 ± 2 �M, 38 ± 2
�M, 25 ± 3 �M and 17 ± 3 �M, respectively, sug-
gesting higher cytotoxic potency compared to
Hoechst 33258 (IC�� = 68 ± 2 �M). Compound 4,
the most active of the series, is approximately 4
times more potent than Hoechst 33258.

Cell viability of breast cancer MDA-MB-231
cells was measured by the method of Carmichael et
al. [5] using tetrazolium salt (Fig. 3). In terms of re-
duction in cell viability, the compounds rank in the
order 4 > 3 > 2 > 1 > Hoechst 33258. The concen-
trations of 1, 2, 3, 4 and Hoechst 33258 needed to
50% reduction in cell viability in breast cancer
MDA-MB-231 (ED��) was found to be 69 ± 2 �M,
54 ± 2 �M, 43 ± 2 �M, 22 ± 2 �M, and 98 ± 2 �M,
respectively.

A number of minor-groove binding drugs are
dual inhibitors of topoisomerase I and II [4, 11].
These data suggest that these topological enzymes
read DNA structure at least in part through the mi-
nor groove [6, 7]. The ability of compounds 1–4 to
inhibit topoisomerase I and II activity was quanti-
fied by measuring the action on supercoiled
pBR322 DNA substrate as a function of increasing
concentration of the ligands by the use of agarose
gel electrophoresis. The concentrations of the in-
hibitor that prevented 50% of the supercoiled DNA
from being converted into relaxed DNA (IC�� val-
ues) were determined (Tab. 2). All drugs 1–4 inhib-
ited relaxation of pBR 322 DNA induced by both
topoisomerases, although topoisomerase I was 2- to
7-fold more sensitive than topoisomerase II. Com-
pound 4 was the most potent topoisomerase I in-
hibitor, with 50% inhibitory concentrations (IC��)
of 4 ± 2 �M. The fact that compound 4 is more po-
tent than 1–3 indicates that topoisomerase inhibi-
tion is selective and sensitive to the nature of the al-
kylating moiety of the compounds. The increase of
the total size occupied by the compound 4 com-
pared to 1–3 could afford greater opportunity for
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Fig. 2. Cytotoxic effects of Hoechst 33258 and compounds 1–4
on the cultured breast cancer MDA-MB-231 cells as measured
by inhibition of [�H]thymidine incorporation into DNA. Mean
values ± SD of 3 independent experiments (n = 4) done in
duplicates are presented
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inhibiting topoisomerase activity. The flexible na-
ture of bis-benzimidazole ring system permits the
compounds 1–4 to assume an optimum conforma-
tion, thus binding effectively to double-stranded
DNA. It is possible that compounds 1–4 act differ-
ently, perhaps through inducing a conformational
change in the DNA and hindering the formation of
the cleavable complex.

The homopolymer DNA-binding data reported
in Table 2 characterize the affinity of the com-
pounds 1–4 for a more limited set of DNA-binding
sites and can give an indication of base-sequence
specificity for DNA-binding molecules. Hoechst
33258 is known to form hydrogen bonds along the
minor groove of DNA through the benzimidazole
moiety, both by hydrogen acceptor and donor. The
presence of the guanine NH� sterically impedes the
drug from binding across GC pairs, although foot-
printing studies indicate that a GC base pair is gen-
erally present at the end of the binding site [13, 14].
Compounds 1–4 were found to interact with a GC
base pair though the binding affinities were weak
compared with that for an AT base pair (Tab. 2).
The substitution of Hoechst 33258 nucleobase
would decrease the stability for the AT base pair by
a steric hindrance of alkylating moiety.

DISCUSSION

The binding of foreign molecules to DNA
causes substantial alterations in the normal tran-

scriptional machinery of the genes [4, 11, 15]. The
interaction between transcription factors and spe-
cific DNA motifs present in the promoters of
eukaryotic genes represents a crucial step in the
transcriptional activation of genes in a cell-cycle-
or differentiation-specific way. Recent in vitro

studies indicate that the inhibitory activity of minor
groove binders as distamycin, netropsin, Hoechst
33258, etc., are rather limited to proteins which re-
side within the minor groove [4, 11]. We have
shown in the present study that compounds 1–4 are
potent catalytic inhibitors of both topoisomerase
I and II. Thus, the mechanism underlying the in-
hibitory activity of the bis-benzimidazole deriva-
tives with alkylating moiety against topoisomerase
I and II may be the same as that of Hoechst 33258
in general.

Our experimental studies have demonstrated
that treatment with compounds 1–4 prevented the
exponential growth and decreased the number of
viable cells in both estrogen receptor-positive [3]
and estrogen receptor-negative breast cancer cells.
Because the antiproliferative effect of bis-benzi-
midazole derivatives with alkylating moiety is in-
dependent of the estrogen receptor status of the
breast cancer cells, these potent inhibitors are po-
tential pharmacological agents for the treatment of
both hormone responsive and nonresponsive breast
cancer cells.

Our studies demonstrate a close correspondence
between the early inhibition of DNA synthesis and
the subsequent effects on cell proliferation by bis-
benzimidazole derivatives with alkylating moiety.
The inhibition of DNA synthesis could result from
interference with progression of the DNA replica-
tion fork by the stabilized topoisomerase I–DNA
complex or the proposed activation of an S-phase
checkpoint, i.e. as an early event in the signaling
pathway responding to drug-induced DNA damage.

It cannot be assumed from these data that the
mechanism associated with the cytotoxicity of
compounds 1–4 is exclusively mediated through
their potential as topoisomerase I/II inhibitors. It is
likely that cellular uptake and pharmacokinetics
play an important role in determining cytotoxic po-
tency. Moreover, there might be other possible tar-
gets, such as other enzymes, involved in DNA me-
tabolism and/or transcription factors because their
activities were inhibited by some DNA minor
groove binders [4, 11].
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Table 1. Inhibitory effect on topoisomerase I/II and base pair
specificity of Hoechst 33258 and compounds 1–4

Compound Inhibition of
topo I (�M)�

Inhibition of
topo II (�M)�

DNA-binding
ability (%)�

AT GC

Hoechst 33258 30 ± 2 36 ± 2 81.4 41.5

1 20 ± 2 40 ± 2 76.2 42.0

2 16 ± 2 36 ± 2 74.4 39.0

3 12 ± 2 36 ± 2 76.6 30.2

4 4 ± 2 36 ± 2 78.5 28.9

� The concentrations of the inhibitor that prevented 50% of the
supercoiled DNA from being converted into relaxed DNA (IC��

values) were determined by averaging the data from at least
three experiments. �DNA-binding ability of Hoechst 33258 and
compounds 1–4 was determined by ultrafiltration assay. AT re-
fers to poly(dA-dT)�poly(dA-dT) and GC to poly(dG-
dC)�poly(dG-dC)



It will be important to extend these preliminary
findings and characterize how compounds 1–4 and
other analogues may modulate Hoechst 33258
mechanisms of cytotoxicity. From the theoretical
point of view, these data support the hypothesis that
certain DNA-binding drugs could be considered as
sequence-selective modifiers of molecular func-
tions and interactions. We believe the findings pre-
sented herein can contribute to the development of
alkylating agents that bind DNA effectively and
with controlled sequence-selectivities.
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