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Abstract
A series of bisintercalating DNA binding bisanthrapyrazole compounds containing piperazine
linkers were designed by molecular modeling and docking techniques. Because the
anthrapyrazoles are not quinones they are unable to be reductively activated like doxorubicin and
other anthracyclines and thus they should not be cardiotoxic. The concentration dependent
increase in DNA melting temperature was used to determine the strength of DNA binding and the
bisintercalation potential of the compounds. Compounds with more than a three-carbon linker that
could span 4 DNA base pairs achieved bisintercalation. All of the bisanthrapyrazoles inhibited
human erythroleukemic K562 cell growth in the low to submicromolar concentration range. They
also strongly inhibited the decatenation activity of topoisomerase II and the relaxation activity of
topoisomerase I. However, as measured by their ability to induce double strand breaks in plasmid
DNA, the bisanthrapyrazole compounds did not act as topoisomerase II poisons. In conclusion, a
novel group of bisanthrapyrazole compounds were designed, synthesized, and biologically
evaluated as potential anticancer agents.
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1. Introduction
DNA binding anticancer drugs such as doxorubicin and the other anthracyclines, amsacrine
and mitoxantrone are some of the most widely used and efficacious anticancer drugs.
Typically these DNA intercalating drugs inhibit DNA topoisomerase II and induce DNA
double strand breaks and cell death.1,2 Drugs that intercalate into DNA might also be
expected to inhibit cell growth through interference with topoisomerase I and other DNA
processing enzymes. Doxorubicin and the other anthracyclines are quinones and can be

© 2011 Elsevier Ltd. All rights reserved.
*Corresponding author. Tel.: +1 204 474 8325; fax: +1 204 474 7617. B_Hasinoff@UManitoba.ca (B. B. Hasinoff) .
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Bioorg Med Chem. Author manuscript; available in PMC 2012 December 1.

Published in final edited form as:
Bioorg Med Chem. 2011 December 1; 19(23): 7023–7032. doi:10.1016/j.bmc.2011.10.012.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reductively activated to produce damaging reactive oxygen species that may lead to a
potentially fatal cardiotoxicity. However, the anthrapyrazoles, while structurally similar to
the anthracyclines, do not contain a quinone moiety and cannot be reductively activated, and
thus they should not be cardiotoxic. In previous studies, using molecular modeling and
docking techniques, we designed monointercalating3 and bisintercalating4,5 anthrapyrazole
analogs of losoxantrone and piroxantrone that exhibited potent cancer cell growth inhibitory
effects. More recently, we reported the synthesis and biological evaluation of
monointercalating anthrapyrazole combilexins with DNA minor groove binding netropsin-
like oligopyrrole carboxamide side chains.6 In principle, bisintercalating molecules should
be able to interact more strongly with DNA and thus should have a prolonged residence time
on DNA allowing them to interfere with DNA processing enzymes.7-10 Bisintercalators
should also, in principle, have enhanced DNA sequence specificity compared to
monointercalators or minor groove binders. However, because intercalators typically only
have a slight preference for GC base-pairs, sequence specificity may not necessarily be
achieved. Bisintercalating compounds, as exemplified by echinomycin, occur naturally and
it and several purely synthetic compounds have progressed into clinical trials as antitumor
agents.7,9-12

In this study we have designed, synthesized and biologically evaluated a series of mono- and
bisanthrapyrazole compounds containing piperazine linkers (Fig. 1) based on the DNA
intercalating anthrapyrazoles. Piperazine-containing linkers have been previously used with
bisintercalating imidazoacridone,13 phthalazine,14 and quinoline, cinnoline and phthalimide
moieties.15 The bisanthrapyrazoles were designed with tertiary amines in the linkers so that
they would be positively charged at physiological pH in order to favor electrostatic
interactions in the minor groove with the anionic phosphate DNA backbone. Also because
some tumor cells preferentially take up polyamines via the polyamine transport system,16,17

a polyamine piperazine linker would be expected to facilitate uptake of the piperazine-linked
bisanthrapyrazoles. The polyamine-linked etoposide analog F14512 that targets
topoisomerase II has been specifically designed to exploit this transport system.17 In
addition to measuring the cell growth inhibitory effects of these compounds, we also
measured their ability to bind to DNA, to inhibit topoisomerase I, topoisomerase II, and to
induce topoisomerase II -mediated DNA cleavage.

2. Results
2.1 Synthesis of the mono- and bisanthrapyrazole piperazines

The piperazine-linked bisanthrapyrazoles 15-18, 21 and piperazine-modified
anthrapyrazoles 23, 24 were synthesized as shown in Fig. 1. The bispiperazine intermediates
10-13 were prepared in 70 - 90% yields via reaction of commercially available t-Boc
protected piperazine 1 with the dibromoalkanes 2, 3, 5 and (E)-1,4-dibromobut-2-ene 4
followed by deprotection of the t-Boc group under acidic conditions as described.18 The
bispiperazines 10-13 were then reacted with mesylated anthrapyrazole 14 in the presence of
K2CO3 to afford bisanthrapyrazoles 15-18 in 40-45% yields. Using the same method the
reaction of piperazine with anthrapyrazole 19 yielded the bisanthrapyrazole 21 in 30% yield.
Anthrapyrazole 23, with a methylpiperazine side chain was afforded in 57% yield by the
reaction of 19 with 1-methylpiperazine. Mesylated anthrapyrazole 14 reacted with excess
piperazine to afford the monoanthrapyrazole 24 in 50% yield.

2.2 Effect of the mono- and bisanthrapyrazole piperazines on the thermal denaturation of
DNA

The increase in DNA melting temperature Tm with increasing concentration of the newly
synthesized compounds is shown in Figs. 2A and 2B. Table 1 reports the Tm of sonicated
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calf thymus DNA induced by 1 M of the mono- and bisanthrapyrazole piperazine
compounds. Three of the compounds, 17, 18, and 21, increased Tm more than the positive
control, the strong DNA intercalator doxorubicin, which increased Tm by 8.4 °C.
Compounds 17, 18, and 21 are all bisanthrapyrazoles that have longer linkers. The
compound that increased Tm the most (Tm of 14.9 °C) was the bisanthrapyrazole 21 which
contained a single piperazine and 2 methyl amino groups in the linker. These tertiary amines
would be partially protonated at biological pH, which should result in an enhanced
electrostatic interaction with anionic DNA. Compounds 23 and 24, which are
monoanthrapyrazoles with a piperazine-containing side chain, had Tm values of 5.1 and 5.3
°C, respectively, indicating that they bound to DNA more weakly than their respective
bisanthrapyrazole congeners, 21 and 17 - 18.

In our previous studies on the analogous ester- and amide-linked bisanthrapyrazoles4,5 we
showed that the slope of drug concentration vs. Tm plot for a bisintercalator is approximately
twice that of its corresponding monomeric monointercalator. This has also been shown from
a comparison of the Tm values of the bisintercalator dye YOYO and its monomeric form
YO-PRO.19 This is due to the bisintercalator occupying twice the number of intercalation
sites on the DNA and is based on a simple model in which the different intercalation sites
contribute equally and independently to the free energy difference between the hybridized
and melted states. In this model, the presence of an intercalator at a site lowers the free
energy of the hybridized state by a fixed, site-independent amount.19 Thus, the increase in
the melting temperature of a DNA duplex should increase in proportion to the number of
intercalated groups. Given the assumptions this is, of course, a highly simplified model.
Under the limiting conditions used, the value of Tm is directly proportional to the logarithm
of the equilibrium constant and hence the free energy.20 The concentration dependence of
Tm for monomeric 24 and the bisanthrapyrazoles 15, 16, 17 and 18 are shown in Fig. 2A. A
t-test comparison of the slopes showed that compounds 17 and 18 had slopes that were
significantly different (p = 0.0008 and 0.005, respectively) than monomer 24. The slopes of
the plots of 17 and 18 were 1.8 ± 0.3 and 1.8 ± 0.3-fold (mean ± SEM) larger, respectively,
than that for the monoanthrapyrazole 24 which suggests that 17 and 18 achieved good
bisintercalation. The SEMs were calculated from a propagation of errors analysis.
Compound 16 with a three-methylene linker had a slope that was 1.4 ± 0.2 fold larger and
only just significantly different (p = 0.03) than that of 24 which suggests that 16 formed a
mixture of mono- and bisintercalating complexes. Together these results suggest that
compounds with a bispiperazine linker needed at least a four-carbon linker to achieve
bisintercalation. The concentration dependence of Tm for monomeric 23 and the
bisanthrapyrazole 21 are shown in Fig. 2B. The slope for 21 was 2.9 ± 0.1 fold larger than
for 23, a result which suggests that 21 achieved bisintercalation as well. Compound 15 with
a two-carbon linker had a slope that was significantly less (p = 0.005) than the monomer 24.
This result suggests that 15 may not have achieved bisintercalation into DNA.

2.3 Effect of the mono- and bisanthrapyrazole piperazines on the inhibition of the
decatenation activity of topoisomerase II, on the stabilization of the covalent
topoisomerase II -DNA cleavable complex, and the inhibition of the relaxation activity of
topoisomerase I

The torsional stress that occurs in DNA during replication and transcription and daughter
strand separation during mitosis can be relieved by topoisomerase II. Topoisomerase II
alters DNA topology by catalyzing the passing of an intact DNA double helix through a
transient double-stranded break made in a second helix.21,22 The ability of 20 M of the
compounds to inhibit the decatenation of concatenated kDNA by topoisomerase II was
determined as previously described.6,23 Densitometry of the fully decatenated open circular
DNA bands in the gel image of Fig. 3A was used to calculate the percentage inhibition data
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of Table 1. As shown in Table 1 all of the compounds, including the monoanthrapyrazoles,
strongly inhibited the decatenation activity of human topoisomerase II. For comparison,
doxorubicin (at 20 M) inhibited the decatenation activity of topoisomerase II by 30%.

The decatenation assay is a measure of the ability of these compounds to inhibit the catalytic
activity only. Thus, this assay is not a measure of whether these compounds acted as
topoisomerase II poisons as do some widely used anticancer drugs such as the
anthracyclines, piroxantrone, losoxantrone, mitoxantrone and etoposide.21,22,24,25 These so
called topoisomerase II poisons exert their cytotoxicity through their ability to stabilize a
covalent topoisomerase II-DNA intermediate (the cleavable complex). Stabilization of the
covalent complex leads to double strand DNA breaks that are toxic to the cell. Thus, DNA
cleavage assay experiments,26 as we previously described3-6,27 were carried out to see
whether 50 M of the compounds stabilized the cleavable complex using etoposide as a
positive control. As shown in Fig. 3B the addition of etoposide (lane 10) to the reaction
mixture containing topoisomerase II and supercoiled pBR322 DNA induced formation of
linear pBR322 DNA. Linear DNA was identified by comparison with linear pBR322 DNA
produced by action of the restriction enzyme HindIII acting on a single site on pBR322
DNA (not shown). Based on integrated band intensities of linear DNA in Fig. 3B, the
compounds of Table 1 induced little or no measurable formation of linear DNA. Thus, at
least compared to etoposide, they did not act as topoisomerase II poisons through
stabilization of the covalent DNA-topoisomerase II cleavage complex.

Experiments to determine if the compounds of Table 1 could inhibit the topoisomerase I
relaxing activity of supercoiled pBR322 DNA were carried out as we previously
described.6,28 Topoisomerase I is a DNA processing enzyme29 that relieves torsional stress
in DNA. Unlike topoisomerase II, topoisomerase I does not require an ATP cofactor.
Topoisomerase I relaxes DNA through a transient single strand break in DNA as compared
to the transient double strand break in DNA induced by topoisomerase II.29 As shown by the
gel image in Fig. 4, the monoanthrapyrazoles 23 and 24 (at 20 M) strongly inhibited the
relaxation activity of topoisomerase I towards supercoiled pBR322 DNA. The well known
topoisomerase I inhibitor camptothecin at 20 M was used as a positive control.29 It was not
possible to determine whether the bisanthrapyrazoles (15 - 18 and 21) tested were also
topoisomerase I inhibitors due to band shifts and smearing on the gel. The band shifting and
smearing was likely due to the strong binding of these compounds to DNA that changed
their electrophoretic mobility. This assay was run in the absence of ethidium bromide in
order to obtain sufficient separation between the relaxed and supercoiled DNA. After
electrophoresis the gel was treated with ethidium bromide to visualize the DNA.

2.4 Cell growth inhibitory effects of the mono- and bisanthrapyrazole piperazines on
human leukemia K562 cells and K/VP.5 cells with a decreased level of topoisomerase II

Cancer cells can acquire resistance to topoisomerase II poisons by lowering their level and/
or activity of topoisomerase II.21,30 We previously used3-6 a clonal K562 cell line selected
for resistance to etoposide as a screen to determine the ability of compounds to act as
topoisomerase II poisons. The etoposide-selected K/VP.5 cells are 26-fold resistant to
etoposide and contain reduced levels of both topoisomerase II (6-fold) and topoisomerase
IIß (3-fold).31,32 In addition, these cells are cross resistant to other known topoisomerase II
poisons.33 If there is less topoisomerase II in the cell, fewer DNA strand breaks are
produced by topoisomerase II poisons which results in reduced cytotoxicity.

As shown in Table 1 all of the mono- and bisanthrapyrazole piperazines potently inhibited
the growth of K562 and K/VP.5 cells in the low- to submicromolar range as measured by
their IC50 values. Compound 18, which contains a six-carbon linker, was the most potent.
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The bisanthrapyrazoles 17 and 21 with longer linkers also achieved submicromolar IC50
values.

Most of the compounds in Table 1 displayed little or no cross resistance to K/VP.5 cells. In
contrast, K/VP.5 cells were found to be 15.9-fold resistant to the intercalating topoisomerase
II poison, doxorubicin.6 Thus, both these results and the results of the cleavage assay (Table
1, Fig. 3B) indicate that none of these compounds inhibited cell growth by acting as
topoisomerase II poisons.

2.5 Docking of the mono- and bisanthrapyrazole piperazines into DNA
In order to determine possible DNA binding conformations, the mono- and
bisanthrapyrazole piperazines were docked into an X-ray structure of DNA (Fig. 5). The X-
ray structure used (PDB ID: 1DA9)34 is a complex with two molecules of doxorubicin
separated by 4 base pairs intercalated into duplex DNA. In this structure the planar
doxorubicin molecule induces outward bulges in the base pairs directly above and below it.
The docking of 18 into the 1DA9 structure (Fig. 5A) showed that both anthrapyrazoles
docked with their aromatic rings coplanar with the DNA bases in a configuration similar to
doxorubicin. However, compound 15 with the shortest linker (2 methylene groups) did not
achieve bisintercalation (Fig. 5B). While one anthrapyrazole moiety of 15 was well
intercalated, the other anthrapyrazole moiety was positioned mainly in the minor groove.
While compound 17 with a four-carbon linker also achieved a good bisintercalation pose,
compound 21 displayed a pose in which one of the anthrapyrazole groups was largely, but
still only partially, intercalated into the second binding site (Fig. 5C). Likewise, compound
16 was only partially, intercalated into the second binding site (structure not shown).
Compound 15 was also docked into an X-ray structure of a netropsin-DNA complex (PDB
ID: 195D)35 in order to see if this compound, which did not dock as a bisintercalator, could
bind to DNA in the minor groove. Netropsin is a well known minor groove binder.35

Compound 15 docked into the minor groove and had good overlap with the netropsin in the
minor groove (structure not shown). Thus 15 may have functioned both as a minor groove
binder and a monointercalator.

2.6 QSAR correlation analyses of DNA binding affinity and K562 cell growth inhibition
A correlation analysis was carried out on the Tm values vs. the K562 log IC50 values for the
mono- and bisanthrapyrazoles 15, 16, 17, 18, and 24 of Table 1. The Tm values were
correlated with the K562 log IC50 values with a r2 of 0.74 and a p value for the slope that
was close to statistically significant (p of 0.06). The slope of a separate plot for compounds
23 and 21, the mono- and bisanthrapyrazoles with methyl amino groups in the side chain or
the linker, respectively, was nearly parallel to that of the other plot (both −0.14 log units/°).
These results suggests that the strength of DNA binding was, in part, responsible for the
growth inhibitory activity of these compounds. We previously found that the Tm values were
well correlated with K562 log IC50 values for a series of monoanthrapyrazoles with amino
side chains3 and with netropsin-like oligopyrrole side chains,6 though there was no
correlation found for a series of ester- and amide-linked bisanthrapyrazoles.4,5

3. Discussion
A series of monoanthrapyrazoles with piperazine side chains and bisanthrapyrazole
derivatives containing piperazine linkers were synthesized and compared for their ability to
inhibit K562 and K/VP.5 cell growth. Most of the compounds (16, 17, 18, 21 and 24)
achieved submicromolar IC50 values. The bisanthrapyrazoles with longer linkers (16, 17, 18,
and 21) were the most potent in inhibiting cell growth (Table 1). Compound 18 with a six-
carbon linker was the most potent compound tested. Depending upon the particular
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compound, the piperazine amino groups and/or the methyl amino groups would be partially
mono- or diprotonated at physiological pH which would contribute to DNA binding through
electrostatic interactions. It was calculated (ChemAxon, http://www.chemaxon.com) that for
compounds 15 and 24 the major microspecies would be monoprotonated, whereas for all of
the other compounds (16, 17, 18, 21 and 23) the major microspecies would be diprotonated
and hence dicationic. For example, for compound 16 the two equivalent major diprotonated
species at pH 7.4 are 46% of all species. For these two species the piperazine nitrogen
closest to the anthrapyrazole is protonated, and the piperazine nitrogen furthest away from
the other anthrapyrazole is as well. The two equivalent monoprotonated species for
compound 16 are on the piperazine nitrogen furthest away from the anthrapyrazole for a
total of 34% of all species. The fact that the dications 16, 17, 18, and 21 displayed
submicromolar potency suggest that the dications were readily able to enter the cells to exert
their growth inhibitory effects.

All of the compounds tested (Table 1) strongly inhibited the decatenation activity of
topoisomerase II (Fig. 3A). However, these compounds, at least compared to the etoposide
positive control, produced little or no measurable linear DNA and thus were not potent
topoisomerase II poisons (Fig. 3B). It should also be noted that doxorubicin, which is
generally acknowledged to target topoisomerase II and act as a poison,36 did not, as we
previously showed,6 cause DNA cleavage indicative of topoisomerase II -DNA covalent
complex formation (Table 1). Thus, if these compounds were growth inhibitory by acting on
topoisomerase II, they likely exerted their action primarily by inhibiting topoisomerase II
catalytic activity, and not by stabilizing the DNA-topoisomerase II cleavage complex. The
lack of cross resistance to the K/VP.5 cell line with reduced topoisomerase II levels also
supports the conclusion that these compounds did not act as topoisomerase II poisons. This
result is in contrast to several of the mono- and bisanthrapyrazoles and anthrapyrazole-
netropsin combilexins we previously studied which do act as topoisomerase II poisons.3-6

Compounds that bind strongly to DNA generally inhibit the catalytic activity of
topoisomerase II, probably by interfering with formation of the topoisomerase II-DNA
complex.

Compounds 23 and 24, both monoanthrapyrazoles, strongly inhibited the relaxation activity
(Table 1) of topoisomerase I (Fig. 4). Again, it is likely that the inhibition of the
topoisomerase I catalytic activity was due to these two compounds binding to DNA and
interfering with the relaxation reaction. Thus, both the mono- and bisanthrapyrazoles may be
inhibiting cell growth through their ability to inhibit both topoisomerase I and topoisomerase
II.

The results of docking the compounds into the X-ray structures of a doxorubicin-DNA (Fig.
5A, 5B and 5C) complex showed that compound 15 with a two-carbon linker could only act
as a monointercalator. Compound 15, however, docked well into the minor groove of an X-
ray structure of the netropsin-DNA complex. It was not possible, therefore, to distinguish
between these two possible binding modes based on the docking studies. Thus, compound
15 may be a minor groove binder, or possibly even a mixed minor groove binder-
monointercalator. However, compound 16 appeared to achieve at least partial
bisintercalation, whereas compounds 17, 18 and 21 with longer linkers could readily dock
into the DNA and achieve bisintercalation. These conclusions are also supported by the
results of Fig. 2 in which the concentration dependence of Tm was compared for the mono-
and bisanthrapyrazoles, and in which it was shown that the bisintercalators with sufficiently
long linkers had slopes that were approximately 2-fold or more greater than their
corresponding monoanthrapyrazoles. There is no physical proof that 23 and 24 are
monointercalators rather than groove binders as it is possible that the changes in Tm could be
due to groove binding. The best argument in favor of monointercalation is that 23 and 24 are
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planar aromatic tri-cyclic compounds structurally similar to doxorubicin which has been
shown by X-ray to be an intercalator (www.rcsb.org/pdb/; PDB ID: 1DA9).34 The second
argument is that these compounds preferentially docked into the doxorubicin binding site
rather than in the DNA groove.

Log IC50 values for K562 cell growth inhibition for both mono- and bisintercalators were
reasonably well correlated with Tm (Fig. 6), indicating that the strength of DNA binding was
a reasonable predictor of cell growth inhibition. However, the strength of DNA binding was
probably not the only factor that determined cell growth inhibitory activity. All of the mono-
and bisanthrapyrazoles strongly inhibited the catalytic activity of topoisomerase II (Fig. 3).
Because all these compounds bound to DNA to varying degrees, it was not surprising that
they interfered with the catalytic activity of both topoisomerase I and topoisomerase II
which utilize DNA as their substrate. The mono- and bisanthrapyrazoles, by virtue of their
ability to bind to DNA, may also have inhibited other DNA processing enzymes which
could also contribute to inhibition of cell growth. Biological and physical evaluation data for
the most growth inhibitory ester- or amide-linked bisanthrapyrazoles (25 and 26,
respectively) previously synthesized,4,5 are compared in Table 1. The most potent
piperazine-linked bisanthrapyrazole 18 was about 5 - 20 fold more growth inhibitory
towards K562 cells than our ester- or amide-linked bisanthrapyrazoles 25 and 26,
respectively.4,5 Compound 18 achieved an IC50 value equal to that for losoxantrone.4
Compound 18 was also about as potent towards K562 cells as some of our most potent
anthrapyrazole-netropsin combilexins.6 Also, neither 25 nor 26 increased Tm as much as
compound 18, nor did they inhibit topoisomerase II decatenation activity as much.

In summary, a series of monoanthrapyrazoles with piperazine side chains and
bisanthrapyrazole compounds containing piperazine linkers were synthesized and tested for
their ability to inhibit cancer cell growth. The bisanthrapyrazoles were designed to both
bisintercalate and bind in the DNA minor groove through interaction with the positively
charged piperazine linkers. As predicted from the docking results, the bisanthrapyrazoles
that achieved bisintercalation were those that had 3 or more carbon linkers enabling them to
span 4 DNA base pairs. The compounds also bound DNA the strongest and had the greatest
cell growth inhibitory activity. The compounds that were predicted to be dications through
protonation of the amino groups in the linkers or side chains were also much more potent in
inhibiting cell growth than the mono cationic compounds.

Finally, it is of some interest that an X-ray structure of etoposide bound to the covalent
DNA-topoisomerase IIß cleavable complex has just been published.37 Etoposide is a weak
DNA intercalator (dissociation constant 11 M).38,39 However, in this newly published
structure two molecules of etoposide separated by 4 intervening base pairs, are intercalated
into the cleaved duplex DNA in which the base pairs directly next to the etoposide
molecules bulge out to accommodate the bound etoposide molecules. Bisintercalators
similar to compounds 17 and 18 that are capable of spanning 4 DNA base pairs could, in
principle, similarly bind to a covalent DNA-topoisomerase II cleavable complex. Hence, our
forward development of bisintercalators similar to those synthesized in this study may lead
to more efficacious topoisomerase II inhibitors.

4. Experimental
4.1 Biological assays

4.1.1. Materials, cell culture, growth inhibition assays—The plasmid DNA and the
absorbance-based cell proliferation assay and other materials were as previously
described.4-6 Human leukemia K562 cells, obtained from the American Type Culture
Collection and K/VP.5 cells (a 26-fold etoposide-resistant K562-derived sub-line with
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decreased levels of topoisomerase II mRNA and protein)30 were maintained as suspension
cultures in MEM (Minimal Essential Medium Alpha, Invitrogen, Burlington, Canada)
containing 10% fetal calf serum. The spectrophotometric 96-well plate cell growth
inhibition 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) CellTiter 96 AQueous One Solution Cell Proliferation assay, which
measures the ability of the cells to enzymatically reduce MTS after drug treatment, has been
described.3,6 The drugs were dissolved in DMSO and the final concentration of DMSO did
not exceed an amount that had any detectable effect on cell growth. The cells were
incubated with the drugs for 72 h and then assayed with MTS. The IC50 values for cell
growth inhibition were measured by fitting the absorbance-drug concentration data to a four-
parameter logistic equation as described.4-6 The errors quoted are standard error of the
means (SEMs) and typically gave % SEMs of about 20%.

4.1.2. Topoisomerase II kDNA decatenation, pBR322 DNA relaxation and
cleavage assays—A gel assay as previously described6,23 was used to determine if the
compounds of Table 1 inhibited the catalytic decatenation activity of topoisomerase II.
kDNA, which consists of highly catenated networks of circular DNA, is decatenated by
topoisomerase II in an ATP-dependent reaction to yield individual minicircles of DNA. The
assay conditions and the expression, extraction and purification of recombinant full-length
human topoisomerase II were previously described.4-6,40 The percentage decatenation was
obtained through densitometric analysis of the bands relative to that obtained for the fully
decatenated closed circular DNA alone (arbitrarily set to 100% for the control in the absence
of drug). The percentage inhibition was calculated from 100 minus the percentage relative
integrated band intensity.

Topoisomerase II-cleaved DNA complexes produced by anticancer drugs may be trapped by
rapidly denaturing the complexed enzyme with sodium dodecyl sulfate (SDS).26 The drug-
induced cleavage of double-stranded closed circular pBR322 DNA to form linear DNA at 37
°C was followed by separating the SDS-treated reaction products using ethidium bromide
gel electrophoresis essentially as described, except that all components of the assay mixture
were assembled and mixed on ice prior to addition of the drug.4-6,26 The percentage
cleavage was obtained through densitometric analysis of the linear DNA bands relative to
that obtained for linear DNA produced by 50 M etoposide (arbitrarily set to 100%) less the
amount produced by the no-drug control.

4.1.3. Topoisomerase I inhibition of pBR322 DNA relaxation assay—A gel assay
as previously described28 was used to determine if the compounds of Table 1 inhibited
topoisomerase I. The pBR322 DNA was from MBI Fermentas (Burlington, Canada).
Cellular nuclear extract, prepared as described,41 was used as the source of topoisomerase I.
The 20 L assay mixture contained 60 ng of pBR322 DNA, 50 ng of nuclear extract protein
and 20 M of the test drugs. After a 20 min incubation at 37 °C in assay buffer the reaction
was terminated with 0.05% (v/v) SDS. Electrophoresis was carried out as for the
topoisomerase II cleavage assay, except that neither the gel nor the running buffer contained
ethidium bromide in order to obtain good separation of the relaxed and supercoiled DNA. In
the absence of ethidium bromide the supercoiled DNA runs ahead of the relaxed DNA. The
percentage inhibition was obtained through densitometric analysis of the supercoiled bands
relative to that obtained for pBR322 DNA alone (arbitrarily set to 100%) in the absence of
enzyme.

4.1.4. Thermal denaturation of DNA assay—Compounds that either intercalate into or
bind in the minor groove of DNA stabilize the DNA double helix and increase the
temperature at which the DNA denatures or unwinds.20,42,43 The effect of 0, 0.1, 0.2, 0.4,
1.0 and 2 M of the compounds on the increase in DNA melting temperature, Tm, of
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sonicated calf thymus DNA (5 g/mL or 7.7 M in base pairs) was measured in 10 mM Tris-
HCl buffer (pH 7.4) in a Cary 1 (Varian, Mississauga, Canada) double beam
spectrophotometer by measuring the absorbance increase at 260 nm upon the application of
a temperature ramp of 1 °C/min as we previously described.3-6 Doxorubicin, which is a
strong DNA intercalator, was used as a positive control.3-6 A plot of the drug concentration
vs. Tm was used to obtain linear least-squares calculated fits to the equation Tm = slope
[Anthrapyrazole]. Because Tm was determined multiple times and was known much more
accurately, the intercepts in the plots were forced through the origin. The best-fit calculated
slopes were used to calculate Tm values at a drug concentration of 1 M. The SEMs of the
slopes were typically about 1 °C/ M. The experiments were designed using relatively low
anthrapyrazole concentrations to yield linear plots.

4.2 Molecular modeling and docking
4.2.1. Docking of the mono- and bisanthrapyrazole piperazines into an X-ray
structure of DNA and calculation of protonated microspecies—The molecular
modeling and the docking were carried out as previously described.4,6 The major protonated
microspecies present at pH 7.4 were docked either into the doxorubicin binding site of a 6-
base pair X-ray crystal structure of 2 molecules of doxorubicin bound to double stranded
DNA, d(TGGCCA)/doxorubicin, (www.rcsb.org/pdb/; PDB ID: 1DA9)34 or in the case of
15 into a 12-base pair X-ray structure of a molecule of netropsin (PDB ID: 195D)35 bound
to the minor groove of double stranded DNA, d(CGCGTTAACGCG)/netropsin, using the
genetic algorithm docking program GOLD version 3.244 with default GOLD parameters and
atom types and with 500 starting runs as previously described.4-6 The two doxorubicin
molecules in the 1DA9 DNA X-ray structure are separated by four intervening base pairs.
The first and second base pairs buckle out to accommodate the bound doxorubicin in this
structure.34 The DNA structures were prepared by removing the doxorubicin or netropsin
molecules and the water molecules to avoid potential interference with the docking. Ligand
structures were energy minimized before docking and local optimization of the ligand
conformation was done at the end of the run. Hydrogens were added to the DNA with the
SYBYL Biopolymer module.45 The binding site (6 Å radius) was defined using a previously
docked amide-linked bisanthrapyrazole that docked both intercalated and in the minor
groove5 for the 1DA9 structure or netropsin in the 195D structure. Doxorubicin and
netropsin docked back into their respective DNA structures with a heavy atom root-mean-
squared distance of 1.3 Å and 0.32 Å, respectively, compared to their X-ray structures.34,35

Values of 2.0 Å or less in the extensive GOLD test set are considered to be good.46 The
graphic was prepared with DS Visualizer 2.5 (Accelrys, San Diego, CA). MarvinSketch and
its associated calculator plugins were used for displaying the mono- and bisanthrapyrazoles
and calculating their pKa values and the major protonated microspecies present at pH 7.4
(Marvin version 5.3.6, 2010, ChemAxon, http://www.chemaxon.com).

4.3 Chemistry
4.3.1. General—1H and 13C nuclear magnetic resonance (NMR) spectra were recorded at
300 K in 5 mm NMR tubes on a Bruker Avance 300 MHz NMR spectrometer operating at
300.13 MHz for 1H NMR and 75.5 MHz for 13C NMR, respectively, in CDCl3. Chemical
shifts are given in parts per million (ppm) (± 0.01 ppm) relative to tetramethylsilane (0.00
ppm) in the case of the 1H NMR spectra, and to the central line of CDCl3 (77.0) for the 13C
NMR spectra. Melting points were taken on a Gallenkamp (Loughborough, England)
melting point apparatus and were uncorrected. The high resolution mass spectra were run on
an Agilent 6210 Accurate-Mass Time-of-Flight (TOF) LC/MS system (Agilent
Technologies, Mississauga, Canada) using electrospray ionization. The samples were
dissolved in methanol and were infused into the mass spectrometer with an Agilent 1200
HPLC using acetonitrile/water containing 0.1% (v/v) formic acid as the mobile phase. TLC
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was performed on plastic-backed plates bearing 200 m silica gel 60 F254 (Silicycle, Quebec
City, Canada). Compounds were visualized by quenching of fluorescence by UV light (254
nm) where applicable. The reaction conditions were not optimized for reaction yields. All
chemicals were from Aldrich (Oakville, Canada) and were used as received.7-Chloro-2-(2-
methanesulfonyloxyethyl)anthra[1,9-cd]pyrazol-6(2H)-one 14 and 7-chloro-2-[2-[(2-
chloroethyl)methylamino]ethyl]anthra[1,9-cd]pyrazol-6(2H)-one 19 were prepared as we
previously described.5,6 The procedures for making the t-Boc-protected bispiperazines 6-9
and their deprotection to obtain the bispiperazines 10-13 were as described.18 The synthesis
of compounds 6 and 10 were prepared as described.18 Compounds 7, 9, 11 and 13 have been
previously reported,47 and were also made as described.18 The structures of compounds 6, 7,
9, 10, 11 and 13 were confirmed by 1H NMR and MS (ESI).

4.3.2. 1,4-Bis(4-((tert-butoxyl)carbonyl)piperazin-1-yl)-2-trans-butene (8)—
Compound 8 was prepared using the procedures described.18 tert-butyl piperazine-1-
carboxylate 1, (E)-1,4-dibromobut-2-ene 4 and potassium carbonate in ethanol were
refluxed overnight. After working up as described18 and recrystallization in ethanol/water
(1:1 v/v), compound 8 was obtained as needle-shaped white crystals in 80% yield; mp:
115-116 C; 1H NMR (CDCl3) 5.64 (m, 2H), 3.41 (t, J = 4.9 Hz, 8H), 2.96-2.98 (m, 4H),
2.35 (t, J = 4.9 Hz, 8H), 1.44 (s, 18H); 13C NMR (CDCl3) 154.75, 130.31, 79.64, 60.53,
52.89, 28.44; HRMS (ESI), m/z (M+H)+: calcd 425.3122, obsd 425.3126.

4.3.3. 1,4-Bis(piperazin-1-yl)-2-trans-butene (12)—Compound 8 was treated with
trifluoroacetic acid/dichloromethane (1:3 v/v)18 to give compound 12 as a white solid in
98% yield; mp: 107-108 C; 1H NMR (CDCl3) 5.67 (m, 2H), 2.98 (m, 4H), 2.90 (t, J = 4.8
Hz, 8H), 2.41 (br, 8H); 13C NMR (CDCl3) 130.30, 61.18, 54.45, 46.07; HRMS (ESI), m/z
(M+H)+: calcd 225.2074, obsd 225.2076.

4.4.1. General procedure for the syntheses of the anthrapyrazole-piperazine
compounds—The anthrapyrazoles 14 and 19 were reacted with the corresponding
piperazines or bispiperazines in acetonitrile in the presence of K2CO3 at 60 C overnight. The
mixtures were then cooled to room temperature, filtered and the solvent was removed under
vacuum. The desired products were purified by column chromatography (silica gel) using
dichloromethane/methanol/triethylamine (10:1:2 v/v/v) as an eluant.

4.4.2. 1,2-Bis(N-(2-(7-chloro-6-oxo-6H-dibenzo[cd,g]indazol-2-yl)-ethyl)-
piperazin-1-yl)ethane (15)—The bispiperazine 10 was reacted with 14 in a 1:2.2 molar
ratio to produce 15 as a reddish-orange solid in 42 % yield; mp: 106-107 C; 1H NMR
(CDCl3) 8.20 (dd, J1 = 6.5 Hz, J2 = 2.5 Hz, 2H), 8.00 (d, J = 6.9 Hz, 2H), 7.61-7.72 (m,
4H), 7.51-7.58 (m, 4H), 4.62 (t, J = 6.7 Hz, 4H), 2.95 (t, J = 6.7 Hz, 4H), 2.47-2.56 (m,
20H); 13C NMR (CDCl3) 182.74, 139.33, 138.29, 137.25, 134.76, 132.93, 132.66, 129.16,
128.50, 127.01, 122.80, 121.79, 120.97, 114.95, 57.82, 55.85, 53.61, 53.41, 48.23; HRMS
(ESI), m/z (M+H)+: calcd 759.2724, obsd 759.2751.

4.4.3. 1,3-Bis(N-(2-(7-chloro-6-oxo-6H-dibenzo[cd,g]indazol-2-yl)-ethyl)-
piperazin-1-yl)propane (16)—The bispiperazine 11 was reacted with 14 in a 1:2.2 mole
ratio to produce 16 as a reddish-orange solid in 45 % yield; mp: 98-100 C; 1H NMR
(CDCl3) 8.19 (dd, J1 = 6.5 Hz, J2 = 2.5 Hz, 2H), 7.99 (d, J = 6.6 Hz, 2H), 7.60-7.71 (m,
4H), 7.51-7.58 (m, 4H), 4.62 (t, J = 6.7 Hz, 4H), 2.96 (t, J = 6.7 Hz, 4H), 2.57 (br, 8H), 2.42
(br, 8H), 2.32 (t, J = 6.7 Hz, 4H) 1.66 (m, 2H); 13C NMR (CDCl3) 182.69, 139.29, 138.22,
137.21, 134.74, 132.90, 132.52, 129.12, 128.47, 126.95, 122.76, 121.78, 120.93, 114.95,
57.82, 55.85, 53.61, 53.41, 48.23; HRMS (ESI), m/z (M+H)+: calcd 773.2881, obsd
773.2890.
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4.4.4. 1,4-Bis(N-(2-(7-chloro-6-oxo-6H-dibenzo[cd,g]indazol-2-yl)-ethyl)-
piperazin-1-yl)-2-trans-b utene (17)—The bispiperazine 12 was reacted with 14 in a
1:2.2 mole ratio to produce 17 as a reddish-orange solid in 40 % yield; mp: 110-111 C; 1H
NMR (CDCl3) 8.20-8.23 (m, 2H), 8.01 (d, J = 6.9 Hz, 2H), 7.74-7.53 (m, 8H), 5.63-5.69 (m,
2H), 4.65 (dt, J1 = 6.6 Hz, J2 = 1.9 Hz, 4H), 2.95-3.03 (m, 8H), 2.54-2.62 (m, 8H),
2.40-2.48 (m, 8H); 13C NMR (CDCl3) 182.74, 139.35, 138.30, 137.26, 134.77, 132.94,
132.57, 129.18, 128.55, 128.52, 127.02, 122.81, 121.80, 120.98, 114.97, 60.40, 60.35,
57.82, 53.38, 53.04, 48.24, 48.22, 45.84; MS (ESI m/z): HRMS (ESI), m/z (M+H)+: calcd
785.2881, obsd 785.2910.

4.4.5. 1,6-Bis(N-(2-(7-chloro-6-oxo-6H-dibenzo[cd,g]indazol-2-yl)-ethyl)-
piperazin-1-yl)hexane (18)—The bispiperazine 13 was reacted with 14 in a 1:2.2 mole
ratio to produce 18 as a reddish-orange solid in 50 % yield; mp: 93-94 C; 1H NMR (CDCl3)
8.19 (dd, J1 = 6.4 Hz, J2 = 2.5 Hz, 2H), 7.98 (d, J = 6.9 Hz, 2H), 7.60-7.71 (m, 4H),
7.50-7.57 (m, 4H), 4.62 (t, J = 6.8 Hz, 4H), 2.96 (t, J = 6.8 Hz, 4H), 2.58 (br, 8H), 2.27-2.45
(m, 12H), 1.39-1.54 (m, 4H) 1.24-1.36 (m, 4H); 13C NMR (CDCl3) 182.67, 139.30, 138.21,
137.20, 134.75, 132.90, 132.51, 129.12, 128.47, 126.95, 122.76, 121.79, 120.92, 114.98,
58.64, 57.85, 53.43, 53.21, 48.21, 27.51, 26.80; HRMS (ESI), m/z (M+H)+: calcd 815.3350,
obsd 815.3355.

4.4.6. N,N-Bis(2-((2-(7-chloro-6-oxo-6H-dibenzo[cd,g]indazol-2-yl)ethyl)-
methylamino)ethyl) piperazine (21)—The piperazine 20 was reacted with 19 in a 1:2.2
mole ratio to produce 21 as a reddish-orange solid in 38 % yield; mp: 90-92 C; 1H NMR
(CDCl3) 8.18 (dd, J1 = 5.6 Hz, J2 = 2.3 Hz, 1H), 7.96 (d, J = 7.0 Hz, 1H), 7.50-7.70 (m,
4H), 4.58 (t, J = 6.6 Hz, 2H), 3.00 (t, J = 6.6 Hz, 2H), 2.56 (t, J = 6.9 Hz, 2H), 2.34-2.39 (m,
13H), 2.23 (s, 3H); 13C NMR (CDCl3) 182.68,? 139.40, 138.13, 137.20, 134.78, 132.92,
132.50, 129.10, 128.53, 126.93, 122.72, 121.77, 120.91, 115.08, 57.49, 56.05, 55.18, 53.04,
48.60, 42.79; HRMS (ESI), m/z (M+H)+: calcd 761.2881, obsd 761.2879.

4.4.7. 7-Chloro-2-[2-[(2-(4-methyl-piperazin-1-yl)ethyl)methylamino]ethyl]-
anthra[1,9-cd]pyrazol -6(2H)-one (23)—1-Methylpiperazine 22 was reacted with 19 in
a 1:1.1 mole ratio to produce 23 as a reddish-orange solid in 57 % yield; mp: 113-115 C; 1H
NMR (CDCl3) 8.16 (dd, J1 = 5.6 Hz, J2 = 2.3 Hz, 1H), 7.96 (d, J = 7.0 Hz, 1H), 7.50-7.70
(m, 4H), 4.58 (t, J = 6.6 Hz, 2H), 3.00 (t, J = 6.6 Hz, 2H), 2.56 (t, J = 6.9 Hz, 2H), 2.34-2.39
(m, 13H), 2.23 (s, 3H); 13C NMR (CDCl3) 182.67, 139.32, 138.14, 137.18, 134.75, 132.90,
132.48, 129.09, 128.50, 126.92, 122.72, 121.76, 120.91, 114.96, 57.51, 56.27, 55.27, 54.86,
53.38, 48.65, 45.88, 42.91; HRMS (ESI), m/z (M+H)+: calcd 438.2055, obsd 438.2070.

4.4.8. 7-Chloro-2-(2-(piperazin-1-yl)ethyl)anthra[1,9-cd]pyrazol-6(2H)-one (24)
—Piperazine 20 was reacted with 14 in a 1.5:1 mole ratio to produce 24 as a reddish-orange
solid in 50 % yield; mp: 121-122 C; 1H NMR (CDCl3) 8.18 (dd, J1 = 6.6 Hz, J2 = 2.5 Hz,
1H), 7.97 (d, J = 6.6 Hz, 1H), 7.49-7.71 (m, 4H), 4.62 (t, J = 6.7 Hz, 2H), 2.94 (t, J = 6.7
Hz, 2H), 2.84 (t, J = 4.7 Hz, 4H), 2.50 (t, J = 4.7 Hz, 4H); 13C NMR (CDCl3) 182.70,
139.32, 138.22, 137.20, 134.76, 132.90, 132.50, 129.13, 128.47, 126.95, 122.76, 121.77,
120.93, 114.97, 58.48, 54.75, 48.10, 46.09; HRMS (ESI), m/z (M+H)+: calcd 367.1320,
obsd 367.1388.
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Figure 1.
Reaction scheme and structures for the synthesis of the piperazine-linked bisanthrapyrazoles
compounds 15 - 18 and 21, their monointercalating analogs 23 and 24 and their precursors.
Compounds 25 and 26 are the most potent ester-linked4 and amide-linked5

bisanthrapyrazoles that previously synthesized.
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Figure 2.
Concentration dependence of Tm for the mono- and bisanthrapyrazoles binding to DNA. (A)
Concentration dependence of Tm for the monoanthrapyrazole 24 and the bisanthrapyrazoles
15 - 18. Compounds with slopes approximately twice that of the parent monomer 24 indicate
that they formed bisintercalation complexes with DNA. (B) Concentration dependence of
Tm for the monoanthrapyrazole 23, the bisanthrapyrazole 21 and doxorubicin for
comparison. The straight lines were linear least-squares calculated fits to the data.
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Figure 3.
Effect of the mono- and bisanthrapyrazoles on the catalytic decatenation activity and the
cleavable complex forming ability of topoisomerase II. (A) Effect of mono- and
bisanthrapyrazoles on the topoisomerase II -mediated decatenation activity of kDNA. This
fluorescent image of the ethidium bromide containing gel shows that topoisomerase II (Topo
II) decatenated kDNA to its open circular (OC) form (lane 8). Topoisomerase II was present
in the reaction mixture for all lanes but lane 9. ORI is the gel origin. All drugs, except where
indicated, were present at a concentration of 20 M in the assay mixture. All of the
compounds strongly inhibited the decatenation activity of topoisomerase II. (B) Effect of the
mono- and bisanthrapyrazoles and etoposide on the topoisomerase II -mediated relaxation
and cleavage of supercoiled pBR322 plasmid DNA. This fluorescent image of the ethidium
bromide-stained gel shows that topoisomerase II (Topo II) converted supercoiled (SC)
pBR322 DNA (lane 9) to relaxed (RLX) DNA (lane 8). In this assay the relaxed DNA runs
slightly ahead of the supercoiled DNA because the gel was run in the presence of ethidium
bromide. Topoisomerase II was present in the reaction mixture in all but lane 9. As shown in
lane 10, etoposide treatment produced significant amounts of linear DNA (LIN). A small
amount of nicked circular (NC) is normally present in the pBR322 DNA. A densitometric
analysis of the linear DNA bands showed that all the compounds produced much less linear
DNA than the etoposide positive control (lane 10). The concentration of all test compounds
in the cleavage assay mixture was 50 M. Even though the gel was run in the presence of
ethidium bromide some of the compounds (e.g. 16 and 17) caused a band shift likely due to
strong binding to DNA.
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Figure 4.
Effect of the mono- and bisanthrapyrazoles and camptothecin on the ability of
topoisomerase I to relax supercoiled pBR322 DNA. This fluorescent image of the ethidium
bromide-stained gel shows that most of the compounds detectably inhibited the relaxation
activity of topoisomerase I. The topoisomerase I inhibitor camptothecin was used as a
positive control. All lanes except lane 9 contained topoisomerase I. All drugs, except where
indicated, were present at a concentration of 20 M in the assay mixture. In this gel, which
was stained with ethidium bromide after it was run, the supercoiled DNA (SC) ran ahead of
the relaxed DNA (RLX). The relaxed DNA was not well resolved from the nicked circular
DNA (NC). Based on densitometric analysis of the supercoiled band camptothecin inhibited
the relaxation activity by about 50% while the monoanthrapyrazole 23 and 24 caused
approximately 100 % inhibition. Because the gel was not run in the presence of ethidium
bromide, most of the bisanthrapyrazole compounds induced significant band shifts, likely
due to strong binding to DNA. Hence, it was not possible to reliably quantitate the degree of
inhibition of some of the bisanthrapyrazole compounds.
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Figure 5.
Docking of bisanthrapyrazoles into an X-ray structure of DNA. (A) The highest scoring
structure of diprotonated 18 with a 6-methylene linker docked into the 1DA9 X-ray structure
of a DNA-(doxorubicin)2 complex.34 (B) The highest scoring structure of monoprotonated
15 with a 2-methylene linker docked into the same X-ray structure. (C) The highest scoring
structure of diprotonated 21 with a two methyl amino groups in the linker docked into the
same X-ray structure. The H-atoms of the DNA are not shown for clarity. The doxorubicin-
bound ligands were removed and the compounds were docked into their place with the
genetic algorithm docking program GOLD. While compound 18 displayed good
bisintercalation, compound 15 achieved only monointercalation with the other
anthrapyrazole group in the minor groove. Compound 21 also achieved bisintercalation
though not as good as compound 18 with its longer linker.
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Figure 6.
QSAR correlations of strength of DNA binding as measured by Tm with the logarithm of
IC50 for K562 cell growth inhibition by two series of piperazine-linked mono- and
bisanthrapyrazoles. The solid line is the least-squares calculated best fit for the correlation
for the mono- and bisanthrapyrazoles 15, 16, 17, 18, and 24 (open circles). The broken line
connecting the data for the compounds 23 and 21, the mono- and bisanthrapyrazoles with
methyl amino groups in the side chain or the linker respectively (closed circles), is close to
parallel to that for the mono- and bispiperazine-linked compounds. The errors bars are
SEMs and where not shown are smaller than the size of the symbol.
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