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Objectives: Antibiotic resistance in bacterial pathogens is a serious clinical problem. Novel targets are needed to
combat increasing drug resistance in Escherichia coli. Our objective is to demonstrate that 2-(3,4-dimethoxy-
phenyl)-5-[5-(4-methylpiperazin-1-yl)-1H-benzimidazol-2yl]-1H-benzimidazole (DMA) inhibits E. coli DNA topo-
isomerase I more strongly than human topoisomerase 1. In addition, DMA is non-toxic to mammalian cells at
antibiotic dosage level.

Methods: In the present study, we have established DMA as an antibacterial compound by determining MICs,
post-antibiotic effects (PAEs) and MBCs for different standard as well as clinical strains of E. coli. We have
described the differential catalytic inhibitory mechanism of bis-benzimidazole, DMA, for human and E. coli topo-
isomerase I and topoisomerase II by performing different assays, including relaxation assays, cleavage-religa-
tion assays, DNA unwinding assays, ethidium bromide displacement assays, decatenation assays and DNA
gyrase supercoiling assays.

Results: DMA significantly inhibited bacterial growth at a very low concentration, but did not affect human cell
viability at higher concentrations. Activity assays showed that it preferentially targeted E. coli topoisomerase I
over human topoisomerase I, topoisomerase 1I and gyrase. Cleavage-religation assays confirmed DMA as a
poison inhibitor of E. coli topoisomerase I. This study illuminates new properties of DMA, which may be
further modified to develop an efficient topoisomerase inhibitor that is selective towards bacterial topoisomer-
ase L.

Conclusions: This is the first report of a bis-benzimidazole acting as an E. coli topoisomerase I inhibitor. DMA is a

safe, non-cytotoxic molecule to human cells at concentrations that are needed for antibacterial activity.
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Introduction

Urinary tract infection (UTI) represents one of the most common
diseases encountered in medical practice today, and occurs in all
age groups from neonates to the elderly."? The incidence of UTI
is higher in women than in men. E. coli is the most frequent
urinary tract pathogen, causing around 59% of all UTIs, as it is
present in the gastrointestinal tract and provides a pool for initi-
ation of UTIL. Frequent use of antibiotics for empirical therapy
leads to the development of antibiotic resistance in uropatho-
gens.? Multidrug-resistant pathogens travel not only locally but
globally, and newly introduced pathogens spread rapidly in
susceptible hosts.* Fluoroquinolones are the preferred initial
agents for empirical therapy of UTI in areas where antibiotic re-
sistance is of grave concern. The targets of fluoroquinolones and

aminocoumarins are DNA gyrase or topoisomerase IV,* with
gyrase the preferred target in E. coli. Owing to an increase in
antibiotic resistance, there is a requirement to explore new
targets, one of which is DNA topoisomerase 1.”

A large number of topoisomerase inhibitors are known to play
a major role as anticancer, antiparasitic and antibacterial
agents.® DNA topoisomerase I is a ubiquitous enzyme respon-
sible for the relaxation of DNA supercoils arising as a conse-
quence of processes such as transcription and replication.”
Type I topoisomerases change the DNA linking number by tran-
siently cutting a single DNA strand, whereas type II topoisome-
rases do so by transiently cutting both strands of duplex DNA.
In general, the catalytic activity of type I topoisomerase may
be divided into a series of steps, as follows: (i) non-covalent
binding to DNA; (ii) cleavage of a single strand with generation
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of a covalent phosphotyrosyl bond and a free hydroxyl; (iii)
passage of the intact strand through the nick; and (iv) religation.®
Type I topoisomerases fall into two categories (type IA and IB)
depending on the polarity of their covalent attachment.
Human topoisomerase I (HUTOPI) forms a 3’-phosphotyrosyl
bond with Tyr-723 (type IB) and can relax both positively and
negatively supercoiled DNA, whereas E. coli topoisomerase I
(ECTOPI) forms a 5'-phosphotyrosyl bond with Tyr-319 (type IA)
and can relax only negatively supercoiled DNA in the presence
of magnesium ions.” Topoisomerase I inhibition can be achieved
either by stabilizing the enzyme-DNA complex or by preventing
its formation.'°~*¢ Recently, we have evaluated a new bis-
benzimidazole, 2-(3,4-dimethoxyphenyl)-5-[5-(4-methylpiperazin-
1-yl)-1H-benzimidazol-2yl]-1H-benzimidazole (DMA), a synthetic
analogue of Hoechst 33342, which is less cytotoxic and does not
affect cell viability in mammalian cells up to a concentration of
100 M, but inhibits growth of E. coli cultures even at a concentra-
tion of 2 uM when grown in co-culture with human cells.** We have
synthesized several analogues of Hoechst 33342 with dichloro
{DCA, 2-(2,4-dichlorophenyl)-5-[5-(4-methylpiperazin-1-yl)-1H-
benzimidazol-2-yl]-1H-benzimidazole} and difluoro {DFA, 2-(2,4-
difluorophenyl)-5-[5-(4-methylpiperazinyl)-1H-benzimidazol-2-
yl]-1H-benzimidazole} substitutions on the phenyl ring and
evaluated their activity against HUTOPI (Figure 1).**

In the present study, we have evaluated DCA, DFA and DMA
for their antibacterial activity against standard E. coli and resist-
ant, clinical strains of E. coli isolated from UTI patients. The MIC
and MBC study showed that DMA is more active against most of
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Figure 1. Chemical structure of bis-benzimidazole derivatives.

the resistant E. coli strains. Our study demonstrated that DMA
can inhibit ECTOPI efficiently. In addition, DMA was found to in-
crease the DNA cleavage product formed by EcTOPI, identifying
DMA as a poison inhibitor of type IA topoisomerase. Our study
confirmed that DMA has no significant inhibitory effect on
HUTOPI and E. coli gyrase. Although DMA inhibited human topo-
isomerase II at higher concentrations, it did not act as a human
topoisomerase II poison inhibitor. Hoechst 33342 was found to
be mutagenic, clastogenic and cytotoxic to human cells, but
DMA appeared to be a safer molecule, as it is non-mutagenic
and non-cytotoxic to mammalian cells up to a concentration
of 100 wM.'® These results establish DMA as a good antibacterial
molecule selectively targeting ECTOPI over HUTOPI.

Materials and methods

Materials and enzymes

Camptothecin, etoposide and novobiocin were obtained from Sigma
(St Louis, MO, USA). Camptothecin and etoposide were dissolved in
DMSO, and novobiocin was dissolved in sterile water. Synthesis of the
bis-benzimidazole derivatives DCA, DFA and DMA has been described
previously.'* These derivatives were dissolved in methanol. Catenated
kinetoplast DNA (kDNA) and pBAD/Thio and pHOT1 plasmid DNA were
purchased from TopoGen Inc. (Port Orange, FL, USA). E. coli DNA gyrase
and its relaxed substrate were purchased from New England Biolabs
(GmBH, Germany).

Bacterial strains and growth of bacteria

ATCC 25922 strain and clinical strains of E. coli were used for the study.
These strains were chosen as they are resistant to the commercial anti-
biotics. Bacteria were grown in cation-adjusted Mueller-Hinton (MH)
broth. MICs (MICss) were determined in the same medium by the micro-
dilution method according to the CLSI. All the MIC, post-antibiotic effect
(PAE) and MBC experiments were done in triplicate and values shown are
averages of three experiments (+SD).

Determination of MICs, MBCs and PAEs

The MICsps of bis-benzimidazoles (DCA, DFA and DMA) were determined
by standard microdilution procedures in 96-well plates with low evapor-
ation lids (Falcon, Becton Dickinson) and bis-benzimidazoles were present
at concentrations of 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64 and 128 pM.
The MICsq value was defined as the minimal concentration that inhibited
growth to 50% at 24 h.

Cultures of E. coli were grown to early exponential phase (10° cells/
mL) in MH broth in a Versa Max spectrophotometer with shaking for
PAE determination. ODgop measurements were taken at 20 min intervals.
The bacterial cultures were diluted to 2x10° cells/mL in MH broth, and
80 wL aliquots from this dilution were added to the wells of a low-
attachment 96-well plate. Aliquots of 20 pL of each ligand (having five
times the MIC value of the ligand) were added to each well of a
96-well plate. The 96-well plate was incubated for 60 min at 37°C as
described above. Bacteria were harvested by centrifugation at 2300 g
for 5min, and cell pellets were resuspended in fresh pre-warmed MH
broth (100 wL). The rinse cycle was repeated twice and plates were incu-
bated for 24 h at 37°C. PAE duration was calculated by subtracting the
time taken for the control culture to reach 50% of the ODggp from the
time taken for antimicrobial-treated cultures to reach the same OD.'®!’

MBCs were calculated using the literature method.*® The MBC for each
strain was determined by pelleting the culture of the MICs, value and
three values beyond the MICsqy value. The pellet was resuspended in
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ligand-free MH broth and washed three times to remove the ligand. Then
the ligand-free pellet was again resuspended in 100 wL of fresh MHB and
plated on MH agar plates without ligand. MBC endpoints were read as the
lowest dilution of ligand with no growth (>99.9% killing) after overnight
incubation at 37°C using culture without ligand as a control.

Cloning, expression and purification of HUTOPI and
EcTOPI

The recombinant HUTOPI gene was amplified from cDNA synthesized
from the RNA of U87 cells and the ECTOPI gene was amplified from the
genomic DNA of E. coli K-12 by PCR, as described previously."® The amp-
lified HUTOPI gene was inserted in-frame into the multiple cloning site of
PGEX-4T-I between the BamHI and EcoRI sites. Similarly, the amplified
ECTOPI gene was inserted in-frame into the multiple cloning site of
pGEX-4T-I between the Xhol and Notl sites. This plasmid encodes the
entire topoisomerase I protein with the addition of a glutathione-
S-transferase at the N-terminal. The accuracy of cloning was confirmed
by DNA sequencing. Recombinant proteins were expressed in E. coli
DE3 and purified using glutathione Sepharose.’?

Relaxation assay of EcTOPI

EcTOPI was diluted with a buffer of 10 mM Tris-HCl, pH 8.0, 50 mM NaCl,
0.1 mg/mL gelatin and 0.5 mM MgCl,. DMA was added to 10 ng of the
diluted enzyme present in a volume of 10 pL, before addition of 10 pL
of the same buffer containing 250 ng of supercoiled pBAD/Thio plasmid
DNA purified by caesium chloride gradient centrifugation. The mixture
was incubated at 37°C for 30 min before termination of the reaction
and analysis by agarose gel electrophoresis as described previously.®
The ethidium bromide-stained gel was photographed over UV light for
densitometry analysis. The percentage relaxation was determined by div-
iding the distance between the negatively supercoiled band (SC) and the
weighted centre of the partially relaxed band (PR) by the distance
between the supercoiled band (SC) and the fully relaxed band (FR) [i.e.
(SC — PR)/(SC — FR)].?’ Percentage inhibition by DMA was then calculated
by subtracting percentage relaxation in the presence of DMA from 100%
relaxation obtained with enzyme only.

Assay of DNA cleavage-religation equilibrium of EcTOPI

The effect of DMA on the DNA cleavage-religation equilibrium of ECTOPI
was assayed using a 5'-*2P-labelled 216 bp single-stranded DNA sub-
strate generated by denaturation of a DNA PCR product prepared as
described previously.'® The labelled DNA (50 ng) was incubated with
100 ng of ECTOPI in 5 pL of 10 mM Tris, pH 8.0, at 37°C for 30 min to
allow DNA cleavage product to form. DMA was then added to each reac-
tion and incubated for 2 min followed by addition of 2 mM MgCl, to de-
termine whether DMA can inhibit the shifting of the cleavage-religation
equilibrium towards religation upon the addition of Mg?*. After further in-
cubation at 37°C for 5 min, the reaction was terminated by the addition
of 6.5 ulL of sequencing gel loading buffer. The level of DNA cleavage pro-
ducts was analysed by electrophoresis in a 7% sequencing gel followed
by Phosphor-Imager analysis of the dried gel.

Assay of DNA cleavage by HuTOPI

To observe the DNA cleavage product of HUTOPI, 5 U of enzyme was incu-
bated with 300 ng of supercoiled pBAD/Thio plasmid DNA in 20 pL of the
reaction buffer (10 mM Tris, pH 8.0, 150 mM NaCl, 0.1% BSA, 0.1 mM
spermidine and 5% glycerol) at 37°C for 30 min before the addition of
2 plL of 10% SDS/20 mg/mL proteinase K. Incubation was continued at
37°C for 30 min before analysis by agarose gel electrophoresis in the
presence of 0.5 wg/mL ethidium bromide.

DNA unwinding assay

The ability of ligand to bind to the minor groove of DNA was studied with
the topoisomerase I unwinding assay. The unwinding assay was per-
formed with 1 g of pHOT1 plasmid DNA in the presence or absence of
DMA, etoposide and adriamycin in 25 pL of reaction mixture. Relaxed
DNA was prepared by treating the supercoiled plasmid DNA with an
excess of HuUTOPI, and purified by proteinase K digestion at 37°C,
phenol/chloroform extraction and ethanol precipitation. After incubation
at 37°C for 15 min, reactions were terminated by the addition of
pre-warmed stop solution (5% SDS/0.25% bromophenol blue) and
electrophoresed on a 1% agarose gel. The DNA was stained with
0.5 pg/mL ethidium bromide and visualized by UV light.

Ethidium bromide displacement assay

DNA intercalation by DMA, N-4-9-acridinylamino-2-methoxyphenyl-
methanesulphonamide  (0-AMSA)  and  N-4-9-acridinylamino-3-
methoxyphenyl-methanesulphonamide (m-AMSA) was determined with
an ethidium bromide displacement assay modified from published proce-
dures.’® A 90 uL mixture of 28 mM MOPS, pH 6.5, 2.2 pM ethidium
bromide and 130.5 ng of fish sperm DNA was added to each well of a
96-well microplate. Dilutions of DMA, m-AMSA or 0-AMSA in water were
then added in 10 plL aliquots. Fluorescence was measured on a Cary
Eclipse Varian fluoresce spectrophotometer using excitation and emission
wavelengths of 545 and 595 nm, respectively.

Assay for inhibition of DNA relaxation by human
topoisomerase II o

DMA was added to 0.25 pg of supercoiled pBAD/Thio plasmid DNA before
addition of 2 U of human topoisomerase II « enzyme (from Affymetrix)
in a final volume of 20 plL of reaction buffer supplied by the manufactur-
er. The mixture was incubated at 37°C for 30 min before termination of
the reaction and analysis by gel electrophoresis as described for ECTOPI
relaxation activity.

Topoisomerase II o decatenation assay

Decatenation of kDNA was assayed by monitoring the appearance of
decatenated DNA in the presence of ligand of different concentrations.
One unit of human topoisomerase II « is defined as the amount of
enzyme required to fully decatenate 0.1 pg of kDNA in 15 min at 37°C.
Reactions were carried out in buffer of 30 mM Tris-HCl, pH 7.6, 3 mM
ATP, 15 mM 2-mercaptoethanol, 8 mM MgCl, and 60 mM NaCl in a final
volume of 20 pL. Reactions were incubated with 1 U of enzyme in the
presence or absence of the indicated inhibitor for 30 min at 37°C. The
reactions were terminated with 2 pL of 10% SDS, followed by proteinase
K treatment for 15 min at 37°C. After addition of 0.1 volume of loading
dye (50% glycerol/0.025% bromophenol blue), samples were extracted
once with an equal volume of chloroform/isoamyl alcohol (24:1). Follow-
ing a brief centrifugation in a microfuge, the blue upper layer was loaded
directly onto an agarose gel. The decatenated products were analysed by
electrophoresis in 1% agarose gels with ethidium bromide (0.5 ng/mL) at
100 V.*8 All the assays were conducted three times and ICs values are
shown as means + SD.

Assay of DNA cleavage by human topoisomerase II

Five units of human topoisomerase II a enzyme was incubated with
0.3 pg of supercoiled pBAD/Thio plasmid DNA in 20 pL of the relaxation
reaction buffer supplied by Affymetrix at 37°C for 20 min before the add-
ition of 2 pL of 10% SDS/20 mg/mL proteinase K. The samples were
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incubated further at 37°C for 30 min before analysis by agarose gel elec-
trophoresis in the presence of 0.5 wg/mL ethidium bromide.

E. coli DNA gyrase supercoiling assay

In a DNA supercoiling assay, 0.5 pg of relaxed plasmid DNA was incu-
bated with 1 U of E. coli DNA gyrase at 37°C for 30 min in 25 wL reactions
containing ligands at 1, 5, 10, 25, 50, 75 and 100 wM. Reactions were ter-
minated by adding 10 mM EDTA, 0.5% SDS, 0.25 pg/mL bromophenol
blue and 15% glycerol. Methanol concentrations in each reaction were
maintained at 1% by the addition of serially diluted drug stocks so as
to avoid solvent-mediated inhibition of gyrase.?’ The gels were stained
with 5 pg/mL ethidium bromide, destained in water and photographed
under UV illumination using an Alphalmager 2200.

Statistical analysis

Results are given as means+SD. An independent two-tailed Student’s
t-test was performed. Differences were considered statistically significant
at P<0.05.

Results

Effect of bis-benzimidazoles on growth of E. coli

We have previously reported that DMA, a novel bis-benzimidazole,
shows inhibition of ECTOPI and a low MICsq for E. coli K-12.% The
MICsq value of DMA was 8 uM and a PAE of >24 h was obtained

Table 1. Susceptibilities of E. coli strains to bis-benzimidazoles

for E. coli K-12.*% These results have driven us to undertake a
detailed systematic study of bis-benzimidazole ligands as antibac-
terial agents (Table 1). The lowest MICsq value of DMA determined
for clinical strains of E. coli was 3.74 mg/L (8 pM). Susceptibility of
bacteria to different classes of antibiotics was observed in the
range 0.125-128.0 uM, with varying MICsgs for different strains.
Interestingly, the MICsq values of DMA decreased from 3.74 to
3.06 mg/L and from 7.49 to 5.37 mg/L, respectively, when DH5«
and BL21 E. coli strains were transformed with the ECTOPI expres-
sion clone, whereas transformation with the vector without a
gene insert did not affect the MIC values for these two E. coli
strains.

E. coli strains 72, 118, 151, 360, 451, 59, 81, 85, 132, 401 and
555, obtained from patients suffering from UTIs, were tested in
the study and showed varying resistance patterns to antibiotics.
All were found to be susceptible to benzimidazoles with longer
durations of PAE (Table 1). It was observed that growth of the
E. coli reference and clinical isolates was inhibited after a brief ex-
posure of cultures to DMA at five times the MIC. All the E. coli
strains tested were found to be susceptible to benzimidazoles
with longer durations of PAE. The PAE of bisubstituted ligands
was observed to be longer than the PAE of other known antibio-
tics (result not shown).

DMA showed the lowest MICso/MBC and highest PAE for most
of the E. coli strains among the three ligands; thus, further
experiments were carried out on DMA only to elucidate its mech-
anism of growth inhibition in E. coli. We had already established

DCA DFA DMA

Strain MIC PAE MBC MIC PAE MBC MIC PAE MBC
description (wM)/mg/L) (h) (nM) (nM)/mg/L) (h) (nM) (nM)/mag/L) (h) (M)
E. coli 8.0+0.017/3.8 222+18 16.0 4.040.007/1.78 23.6+0.4 8.0 8.0+0.012/3.74 20.8+1.1 16.0

DH5a
E. coliBL21 16.0+0.072/7.6 21.9+42.1 32.0 8.0+0.013/3.55 22.04+2.0 16.0  16.0+0.032/7.49 23.840.2  32.0
ATCC 32.0+0.066/15.2 24+0.1 64.0 32.04+0.031/14.21  21.2428 64.0 32+0.054/1498  223+13 640

25922
E. coli 72R ND ND ND 32.0+0.057/14.21 ND 64.0 8.04+0.011/3.74 ND 16.0
E. coli 118R 32.0+0.057/15.2  >24+0.2 64.0 32.0+0.044/14.21  >244+0.1 64.0 8.0+0.042/3.74 24+09 16.0
E. coli 85% 64.0+0.055/30.4 ND 128.0 32.04+0.039/14.21 2440.2 64.0 8.0+0.015/3.74 2440.7 16.0
E. coli 360R 8.0 +£0.028/3.8 20.8+1.3 16.0 8.04+0.029/3.55 2.3+0.6 16.0 8.0+0.023/3.74 24+0.1  16.0
E. coli 451R 128+0.090/60.8 ND ND 64.0+0.077/28.43 ND 128.0 8.0+0.003/3.74 22+05 16.0
E. coli 59® 64.0+0.064/30.4 ND 128.0 16.0+£0.054/7.1 222416 320 16.04+0.072/7.49 1.6+01 320
E. coli 81R 64.0+0.069/30.4 ND 128.0 32.0+0.030/14.21  203+1.1 64.0 16.0+0.031/7.49 23.6+06 320
E. coli 132R 32.0+0.042/15.2 10+1.3 64.0 32.0+0.047/14.21 0.9+0.1 64.0 16.04+0.046/7.49 >2440.1  32.0
E. coli 151R 32.0+0.037/15.2  >24+0.1 64.0 32.04+0.041/14.21  15.6+1.4 64.0 16.04+0.033/7.49 21.6+04 320
E. coli 401R 32.0+0.029/15.2  >24+0.5 64.0 128.0+0.063/56.86 ND ND 32.0+0.023/14.98 16+15 640
E. coli 555® ND ND ND ND ND ND 32.04+0.071/14.98 24+2.2 640

AMP, ampicillin; CHL, chloramphenicol; CIP, ciprofloxacin; GEN, gentamicin; KAN, kanamycin; NAL, nalidixic acid; TMP, trimethoprim; TET, tetracycline;
ND, not determined.
All the MIC, PAE and MBC experiments were done in triplicate and values shown are averages of three experiments (+SD).
E. coli DH5a«, E. coli BL21 and E. coli ATCC 25922 were reference strains for E. coli susceptibility testing.
E. coli 72R, resistant to CIP; E. coli 118, resistant to AMP, TMP and NAL; E. coli 85F, resistant to CHL, AMP, KAN, TMP, CIP and NAL; E. coli 360R, resistant
to GEN, KAN, TET and NAL; E. coli 451X, resistant to AMP, TET and GEN; E. coli 59%, resistant to CHL, AMP, TMP, CIP and NAL; E. coli 81R, resistant to AMP,
KAN, TMP, TET, CIP and NAL; E. coli 132K, resistant to CHL, AMP, KAN, TMP, CIP and NAL; E. coli 151F, resistant to CHL, AMP, KAN, TMP, CIP and NAL; E. coli

401R resistant to AMP, CHL, CIP, GEN and TET; E. coli 555%, resistant to AMP, CIP, GEN and TET.
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the low cytotoxicity of DMA towards several cancer as well as
transformed cell lines.** Interestingly, in normal cell lines, the
ICso of DMA for HDF and MCF10A viability could not be deter-
mined up to 72 h post-DMA treatment.?’ These results suggest
that DMA is not cytotoxic towards normal cells at concentrations
much higher than the antibacterial concentrations.

Effect of DMA on the DNA relaxation activity of EcCTOPI

The effect of DMA on the relaxation activity of ECTOPI was inves-
tigated using negatively supercoiled plasmid DNA as a substrate.
The amount of enzyme present in each assay reaction (10 ng
of ECTOPI) was required for complete relaxation of 250 ng of
plasmid DNA after incubation at 37°C for 30 min. Inhibition of
ECTOPI relaxation activity by DMA was readily observed
(Figure 2). The ICso of DMA was found to be 3.8 uM from the
results of three independent experiments (Figure 2). These
results showed that DMA inhibits ECTOPI efficiently.

DMA dffects the cleavage-religation equilibrium of
EcTOPI and increases the accumulation of DNA cleavage
product

Many clinically important inhibitors of topoisomerase are known
to be topoisomerase poisons because they shift the DNA cleav-
age-religation equilibrium of topoisomerase towards DNA cleav-
age, resulting in increased accumulation of cleaved DNA and cell
death.?®?! We therefore determined whether DMA can act with
the mechanism of a poison inhibitor towards ECTOPIL. In the

case of type IA topoisomerase, Mgt is not required for DNA
cleavage, but is required for DNA religation and the complete
catalytic cycle of removal of the negative supercoil form
DNA.?>?3 The addition of Mg** after initial DNA cleavage by topo-
isomerase allows a DNA cleavage-religation equilibrium to be
established and only a low-level DNA cleavage product was
observed. The presence of DMA led to an increase in the level
of single-stranded DNA cleavage products (Figure 3). This
increased level of DNA cleavage product could be observed at in-
hibitor concentrations significantly below the ICsq value for inhib-
ition of the complete catalytic cycle, similar to previous results
for other topoisomerase poison inhibitors.?#?®> In separate
experiments, it was determined that the presence of up to
16 pM DMA had no effect on the formation of DNA cleavage
product in the absence of Mg** (Figure S1, available as Supple-
mentary data at JAC Online). Mg?* is required for the religation
step of the EcTOP1 catalytic cycle. Thus, the result suggests
that DMA inhibits the relaxation activity of ECTOPI by inhibiting
DNA religation. The interaction between DMA and the EcTOP1 co-
valent complex may stabilize the covalent complex and shift the
cleavage religation equilibrium, leading to an increase in the
accumulation of DNA cleavage product in the presence of Mg**.

DMA does not act as poison inhibitor of HUTOPI

To determine whether DMA can act as a poison inhibitor of
HUTOPI, the reaction mixture of HUTOPI and DNA was treated
with SDS and proteinase K to detect the cleaved DNA intermedi-
ate (Figure S2, available as Supplementary data at JAC Online).
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Figure 2. Inhibition of relaxation activity of ECTOPI by DMA. Lane 1, negatively supercoiled pBAD/Thio plasmid DNA; lane 2, relaxed plasmid DNA by
treatment with ECTOPI; lanes 3-10, plasmid DNA+ECTOPI in the presence of 1, 5, 7.5, 10, 12.5, 15, 20 and 30 uM DMA, respectively. FR, fully relaxed;
PR, partially relaxed; OC, open circle; SC, supercoiled. The percentage inhibition values were averages obtained from three independent experiments.
Error bars denote standard deviations.
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Figure 3. Phosphor-Imager analysis of cleavage products formed from
5'-32p-labelled single-stranded DNA by electrophoresis in a sequencing
gel. Lane 1, 5'-*?P-labelled single-stranded DNA; lane 2, 5'->?P-labelled
single-stranded DNA with enzyme; lanes 3-7, 5->?P-labelled
single-stranded DNA with enzyme in the presence of 0.12, 0.25, 0.5, 1
and 2 mM DMA, respectively. S, single-stranded DNA.

The HuTOPI poison inhibitor camptothecin®® was used as a
positive control to show the increase in the amount of nicked
DNA in the presence of a poison inhibitor. An increase in nicked
DNA was not observed in the presence of up to 50 uM DMA,
thus demonstrating that DMA does not act as a poison inhibitor
of HUTOPL.

Analysis of DMA-DNA binding

The ability of bis-benzimidazoles to bind to the minor groove of
DNA was determined by a topoisomerase I-catalysed unwinding
assay, which is based on the ability of intercalating compounds
to unwind the DNA duplex and thereby change the DNA twist.
Supercoiled pHOT1 plasmid DNA was treated with an excess of
topoisomerase IB (HUTOPI), such that no supercoiled DNA was
left in the reaction mixture. The relaxed DNA substrate was puri-
fled and used as a substrate for the unwinding assay. In the
presence of a strong intercalative drug, such as adriamycin,
supercoiling of the relaxed substrate DNA was induced at con-
centrations of 50, 100 and 300 uM. Conversely, no unwinding
of DNA was observed with the non-intercalative drug etoposide
and DMA at concentrations of 50, 100 and 300 pM (Figure 4).
Thus, DMA does not intercalate into DNA even at very high con-
centrations well above the inhibitory concentration for ECTOPI.

Analysis of ethidium bromide displacement assay

The intercalation of DNA by DMA was further evaluated using a
fluorescence intercalator displacement assay.'® The results

(Figure 5) showed that DMA exhibited negligible DNA intercal-
ation, as demonstrated by displacement of the intercalator eth-
idium bromide from DNA at concentrations well above the ICs
value for inhibition of ECTOPI activity. Less than 4% displacement
of ethidium bromide was observed at 100 puM DMA, while add-
ition of 25 uM of the well-known DNA intercalators m-AMSA
and 0-AMSA resulted in >50% displacement of ethidium
bromide. It was unlikely that the effect of DMA on ECTOPI activity
observed here was due to DNA intercalation. The weak DNA
intercalation activity of DMA was also consistent with its
limited side effects on HUTOPI and human cultured cell viability.

Effect of bis-benzimidazoles on type II topoisomerase
activities

DMA was found to inhibit the relaxation of negatively supercoiled
DNA by human topoisomerase II «, but to a lesser extent than
ECTOPI (Figure 6a). Based on quantified results from three inde-
pendent experiments, the ICsq concentration of 13 uM of DMA
corresponded to half of the maximal inhibition observed
(Figure 6a). Etoposide was used as positive control for inhibition
of the decatenation reaction. At a concentration of 100 uM,
30.254+ 1% decatenation inhibition of kDNA by etoposide was
observed (data not shown), whereas 53.88+2% decatenation
inhibition of kDNA was obtained in the presence of DMA at the
same concentration, suggesting less inhibitory potential of DMA
towards human topoisomerase II (Figure 6b).

Treatment of the reaction mixture of human topoisomerase 11
and DNA with SDS and proteinase K allowed detection of the
cleaved DNA intermediate. The human topoisomerase II poison
inhibitor m-AMSA was used in control reactions to demonstrate
the action of a topoisomerase II poison inhibitor for increasing
the amount of linear cleaved DNA.?> No increase in linear DNA
was observed in the presence of up to 50 uM DMA (data not
shown), indicating that DMA does not act as a poison inhibitor
of human topoisomerase II.

DMA also did not show any inhibition of DNA gyrase supercoil-
ing activity at up to a concentration of 100 uM DMA (Figure 7),
while novobiocin, as a positive control, showed complete inhib-
ition of DNA gyrase at 100 uM (Figure S3, available as Supple-
mentary data at JAC Online).

Discussion

Modifying known bioactive molecules and identifying novel cellu-
lar targets are the strategies to be followed to discover new anti-
biotics. On the basis of the knowledge of medicinal chemistry,
novel moieties can be developed to target either old cellular
targets or new targets.”® 3 We followed the first approach
and modified the old bioactive molecule (bis-benzimidazole) to
develop a non-cytotoxic, non-mutagenic and non-clastogenic
potent antibacterial agent targeting topoisomerase I in E. coli.
The type IA topoisomerase found in bacteria represents a
novel target that remained to be utilized for development of
much needed antibacterial therapy for drug-resistant patho-
gens.” Owing to the essential function of bacterial topoisomer-
ase I in removal of negative supercoils generated during
transcription,” poison inhibitors of bacterial topoisomerase I
should be highly effective during response to host defence and
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other antibiotics.! For the first time phenanthrene and fluorene
derivatives have shown good E. coli topoisomerase inhibition and
have been demonstrated to be poison inhibitors of type IA topo-
isomerase.*? These compounds have also been shown to be
poison inhibitors of the mitochondrial type II topoisomerase in
African trypanosomes.®® Recently, phenanthrene analogues
were reported to target Streptococcus pneumoniae topoisomer-
ase I without affecting human cell viability.>* These inhibitors
of S. pneumoniae topoisomerase I were found to be DNA interca-
lators and did not affect the growth of E. coli significantly.®* In
this study, a novel non-cytotoxic, non-mutagenic and non-
clastogenic potent antibacterial agent has been identified and
shown to act as a poison inhibitor of topoisomerase I in E. coli.

In continuation of an earlier study, DMA showed significant
E. coli growth inhibition even for multidrug-resistant (MDR)
strains of E. coli isolated from the patients with UTI, reported
in Safdurjung Hospital of New Delhi. The PAE results suggested
that the effect of the molecule lasted up to 24 h after treatment,
even in MDR strains of E. coli. The decrease in the MICsq value of
transformed E. coli cells in both DH5a and BL21 E. coli strains
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with the ECTOPI expression clone was consistent with the accu-
mulation of the topoisomerase I cleavage complex being respon-
sible for cell killing. Assays with topoisomerases established DMA
as a topoisomerase IA poison inhibitor that could inhibit human
topoisomerase II « at a higher concentration, but did not act as
a poison inhibitor of this class. It was previously reported that
Hoechst 33258 and 33342°>° specifically interrupt the break-
age-reunion reaction of mammalian DNA topoisomerase 1 by
trapping the reversible topoisomerase I-cleavable complexes
and stabilizing them. However, interaction of DMA with HUTOPI
did not result in poisoning of HUTOPI.

The 50% inhibition of ECTOPI relaxation activity was achieved
at a DMA concentration of around 3.8 wM. Our results suggest
that DMA inhibits the relaxation activity of ECTOPI by shifting
the cleavage-religation equilibrium and increasing the accumu-
lation of DNA cleavage product. DMA might act with the
mechanism of an interfacial inhibitor to account for the trapping
of the DNA-enzyme cleavage complex. Camptothecin has
been shown to act at the protein-DNA interface as an interfacial
poison inhibitor of HUTOPL'' Our experiments showed that
DMA does not act as a HuUTOPI poison inhibitor even
though the related bis-benzimidazoles Hoechst 33258 and
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75 and 100 wM DMA, respectively. FR, fully relaxed; SC, supercoiled.

33342 are known to be poison inhibitors of mammalian
topoisomerase 1.3°36

The selective action of DMA as a poison inhibitor of ECTOPI,
but not HUTOPI, and its low toxicity towards human topoisomer-
ase II could be important for the low cytotoxicity observed
against human culture cells. The increased level of EcTOPI-
DNA cleavage product was observed at DMA concentrations
that were below the ICsy value for inhibition of relaxation
activity. Other topoisomerase poison inhibitors, including
quinolones, have also been shown to increase the target topo-
isomerase cleavage product at concentrations below the con-
centrations required for inhibition of the complete catalytic
cycle.?*2>37 Attempts will be made to determine whether resist-
ance to DMA can be mapped to the topA gene encoding topo-
isomerase 1.

DMA did not show a significant effect on E. coli DNA gyrase ac-
tivity even at a concentration of 100 uM, suggesting that DNA
gyrase is not a target of the antibacterial activity of DMA.

Conclusions

This is the first report of a bis-benzimidazole acting as an EcTOPI
poison inhibitor. DMA is safe and non-cytotoxic for human cells
up to the concentration required for use as an antibiotic. The
finding that ECTOPI is more susceptible to this class of compound
than HUTOPI may be exploited in developing rational approaches
to treat E. coli infections. Bis-benzimidazoles can be developed
into more specific antibiotics targeting this pivotal enzyme.
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