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Abstract—Anticancer drugs that bind to DNA and inhibit DNA-processing enzymes represent an important class of anticancer
drugs. In order to find stronger DNA binding and more potent cytotoxic compounds, a series of ester-coupled bisanthrapyrazole
derivatives of 7-chloro-2-[2-[(2-hydroxyethyl)methylamino]ethyl]anthra[l,9-cd]pyrazol-6(2H)-one (AP9) were designed and evalu-
ated by molecular docking techniques. Because the anthrapyrazoles are unable to be reductively activated like doxorubicin and
other anthracyclines, they should not be cardiotoxic like the anthracyclines. Based on the docking scores of a series of bisanthra-
pyrazoles with different numbers of methylene linkers (z) that were docked into an X-ray structure of double-stranded DNA, five
bisanthrapyrazoles (n = 1-5) were selected for synthesis and physical and biological evaluation. The synthesized compounds were
evaluated for DNA binding and bisintercalation by measuring the DNA melting temperature increase, for growth inhibitory effects
on the human erythroleukemic K562 cell line, and for DNA topoisomerase Iloa-mediated cleavage of DNA and inhibition of DNA
topoisomerase [lo decatenation activities. The results suggest that the bisanthrapyrazoles with n = 2-5 formed bisintercalation com-
plexes with DNA. In conclusion, a novel group of bisintercalating anthrapyrazole compounds have been designed, synthesized and

biologically evaluated as possible anticancer agents.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The clinical use of doxorubicin and the other anthracy-
clines is limited by the development of a cumulative
dose-dependent and potentially fatal cardiotoxicity
which is probably due to oxidative stress on the relatively
unprotected cardiac muscle. Piroxantrone (DuP 942, CI
942, oxantrazole, or pirozantrone) and losoxantrone
(DuP 941, CI 941, or biantrazole) are anthrapyrazole
antitumor agents that were developed as non-cardiotoxic
alternatives to the quinone-containing anthracyclines
doxorubicin and daunorubicin.!= These planar anthra-
pyrazoles intercalate into DNA'? and promote DNA
strand breaks.> We previously showed* in a structure-
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based 3D-QSAR study that a series of substituted anthra-
pyrazoles that we synthesized had potent cancer cell
growth inhibitory effects.

Compounds with two DNA intercalating moieties and a
suitable linker can potentially bind DNA much more
strongly than a single intercalating group because of
the favorable entropic advantage that ensues after the
binding of the first intercalating group. DNA bisinterca-
lating compounds, as exemplified by echinomycin, occur
naturally and have progressed into clinical trials as anti-
tumor agents.® Other purely synthetic bisintercalating
compounds have been described in a recent review.’
WP631 and WP762, which are bisintercalating bisanth-
racyclines that are based on daunorubicin with a xylenyl
linker, have also been described.”® These compounds
bind DNA extremely strongly and inhibit cell growth
at nanomolar concentrations. However, because
WP631 and WP762 are anthraquinones they likely
would be susceptible to reductive activation by a variety


mailto:B_Hasinoff@UManitoba.ca

3960 B. B. Hasinoff et al. | Bioorg. Med. Chem. 16 (2008) 3959-3968

of reducing enzymes to produce damaging reactive oxy-
gen species, potentially leading to cardiotoxicity like
daunorubicin and doxorubicin.” In this study we pre-
pared a series of ester-coupled bisanthrapyrazoles based
on 6* (Fig. 1). In order to optimize binding to DNA and
improve their growth inhibitory effects bisanthrapyraz-
oles with different numbers of methylene linkers were
designed based on their ability to dock into an X-ray
structure of double-stranded DNA. Compound 6 was
chosen as the scaffold for the synthesis of a series of bis-
anthrapyrazole congeners because its side chain has a
tertiary amine functionality (unlike piroxantrone, losox-
antrone and other bisanthrapyrazoles synthesized*) that
would be unreactive with the acid chlorides used to
make the ester linkage. Compound 6 also contains an
hydroxyl group at the end of the side chain which allows
for esterification. Additionally, 6 had significant cell
growth and topoisomerase Ilo inhibitory activity.* In
addition to measuring the cell growth inhibitory effects
of the bisanthrapyrazoles we also measured their ability
to bind to DNA, to inhibit topoisomerase Ila (EC
5.99.1.3), and to cause topoisomerase Ilo-mediated
DNA cleavage.

2. Results

2.1. Effect of the bisanthrapyrazoles on the thermal
denaturation of DNA

Doxorubicin (2 uM), which is a well-known DNA inter-
calating drug, was used as a control and was observed to
increase the ATy, of sonicated DNA by 13.2 °C from
71.0 °C. Under limiting conditions the value of AT, is
directly proportional to the logarithm of the equilibrium
constant for ligand binding to DNA!? and thus the va-
lue of ATy, was used directly in the free energy correla-
tion analyses. Of the bisanthrapyrazoles studied 2 had
the largest effect on ATy, and thus bound the strongest
to DNA (Table 1). Compounds 2 and 3 all bound to
DNA in a stronger manner than the strongly binding
DNA intercalator doxorubicin. Of the five bisanthrapy-
razoles synthesized 1 bound to DNA was the weakest
and increased AT, about the same as the parent 6.
The other four bisanthrapyrazoles synthesized all bound
more strongly than the parent 6. The fact that 2, 3, and 4
all had AT,, values much greater than 6 suggests that
these bisanthrapyrazoles may form bisintercalation
complexes with DNA.

In a study!' on the bisintercalator dye YOYO and its
monomeric form YO-PRO it was shown that the slope
of a plot of AT,, versus drug concentration is approxi-
mately twice that for the bisintercalator compared to
the mono intercalator due to the bisintercalator occupy-
ing twice the number of intercalation sites on the DNA.
The concentration dependence of ATy, for monomeric 6
(AP9) and the bisanthrapyrazoles 1-5 is shown in Figure
2A. The slopes = SEM are plotted in Figure 2B. A com-
parison of the slopes by -test showed that all bisanthr-
apyrazoles but compound 1 (p > 0.5, not significant) had
slopes that were significantly different (p <0.001) than
monomer 6. From the data in Figure 2A and a propaga-

tion of errors analysis compound 1 gave a ratio of the
slopes of compound 1 to compound 6 of 1.0 * 0.1 indi-
cating mono intercalation. A similar calculation for
compound 2 gave a ratio of slopes of 2.5+ 0.2 which
is in reasonable agreement with the theoretical value
of 2. Similarly compounds 3, 4, and 5 give ratio of slopes
of 2.0+ 0.2, 1.5 % 0.1, and 1.6 £ 0.2, respectively. These
results suggest that all but 1 formed bisintercalation
complexes with DNA. A ratio of slopes less than 2 for
4 and 5 may be due to these bisanthrapyrazoles forming
mixed bis and mono intercalation complexes.

2.2. Effect of the bisanthrapyrazoles on cell growth
inhibition

As shown in Table 1 all of the bisanthrapyrazoles inhib-
ited the growth of K562 and K/VP.5 cells that had been
continuously exposed to the drugs for 72 h. Compound
3 with 3 methylene linkers was the most potent of the
compounds. These results suggest that the bisanthrapy-
razoles were not too large or too charged to enter cells
and the nucleus. In general, while all the bisanthrapyraz-
oles displayed low micromolar growth inhibitory effects,
and were more potent than the parent 6, there was not a
large variation (3-fold) in ICsy values amongst the
bisanthrapyrazoles.

2.3. The bisanthrapyrazoles inhibit the decatenation
activity of topoisomerase Ila

As shown in Table 1 all of the bisanthrapyrazoles inhib-
ited the decatenation activity of human topoisomerase
ITa in the low micromolar concentration range, but only
4 achieved a potency nearly equal to that of the parent 6.
This assay is a measure of the ability of these com-
pounds to inhibit the catalytic activity only, and was
not a measure of whether these compounds acted as
topoisomerase II poisons as do losoxantrone and pirox-
antrone'>!3 and some widely used anticancer drugs.'*!3

2.4. Effect of bisanthrapyrazoles on the stabilization of the
covalent topoisomerase Ilo—DNA cleavable complex

Several widely used anticancer agents, including doxoru-
bicin and the other anthracyclines, mitoxantrone and
etoposide,'*!> as well as losoxantrone and piroxant-
rone,'>!3 are thought to be cytotoxic by virtue of their
ability to stabilize a covalent topoisomerase II-DNA
intermediate (the cleavable complex) and act as topoiso-
merase II poisons. Topoisomerase II alters DNA topol-
ogy by catalyzing the passing of an intact DNA double
helix through a transient double-stranded break made in
a second helix and is critical for relieving torsional stress
that occurs during replication and transcription and for
daughter strand separation during mitosis.'*!> Thus,
DNA cleavage assay experiments!® as we previously de-
scribed*!7 were carried out using 100 uM etoposide as a
positive control to see whether 50 uM of the test bis-
anthrapyrazoles stabilized the cleavable complex. As
shown in Figure 3 the addition of etoposide (lane 8) to
the reaction mixture containing topoisomerase Ila and
supercoiled pBR322 DNA induced formation of linear
pBR322 DNA. Linear DNA was identified by compar-
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Figure 1. Reaction scheme and structures for the synthesis of the bisanthrapyrazoles 1, 2, 3, 4, and 5 (n = 1-5) prepared from 6 (AP9). Structures of

losoxantrone, piroxantrone, mitoxantrone, and doxorubicin are also shown.

ison with linear pBR322 DNA produced by action of
the restriction enzyme HindIIl acting on a single site
on pBR322 DNA (not shown). Although it may have
appeared that the bisanthrapyrazoles were capable of
inducing some linear DNA formation in the presence
of topoisomerase Ila, the fluorescence of the bisanthra-
pyrazoles related to their binding to DNA made accu-
rate determination of the amount of linear DNA
problematic (Fig. 3). Similar problems were encountered
with the anthrapyrazoles of our previous study.* As
shown in lanes 5 and 7 both compounds 3 and 5 dis-
played significant fluorescence that interfered with quan-
titation of the linear DNA band. Based on integrated
band intensities of linear DNA in Figure 3 none of the
bisanthrapyrazoles appeared to induce formation of lin-
ear DNA comparable to that induced by etoposide (lane

8). However, given the problems in measuring the
amount of linear DNA in these experiments, we cannot
firmly conclude that the bisanthrapyrazoles do not poi-
son topoisomerase II as we found with some of the
anthrapyrazoles of our previous study.* The relaxed
DNA band observed in lane 2 for the topoisomerase
IIa control ran ahead of the supercoiled DNA in lane
1 (pBR322 control). Etoposide and all 5 bisanthrapyraz-
oles inhibited the relaxation of supercoiled pBR322
DNA of topoisomerase Ila, thus preventing the DNA
band from migrating in a similar manner as in lane 2.
Together these results indicated that etoposide inhibited
topoisomerase Ila catalytic activity and induced DNA
cleavage while the bisanthrapyrazoles acted primarily
by inhibition of topoisomerase Ilo strand passage
reactions.
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Table 1. DNA AT, cell growth inhibition and topoisomerase Ila inhibitory effects of the bisanthrapyrazoles

Compound AT, (°C) MTS cell growth inhibition Resistance factor® Topoisomerase Ila inhibition
K562 1Csy (uM) K/VP.5 ICsq (uM) I1Cso (uM)

1 7.4 2.5 4.2 1.7 25

2 16.4 2.7 4.2 1.6 50

3 14.1 1.1 2.9 2.6 32

4 12.7 33 39 1.2 8.4

5 9.7 1.8 2.7 1.5 33

6°, AP9 6.1 5.7 6.4 1.1 7.2
Losoxantrone® 18.1 0.12 0.22 1.8 7.3
Piroxantrone” 19.0 4.0 6.7 1.7 4.6
Mitoxantrone® 18.4 0.42 1.68 4.2 5.3
Doxorubicin® 13.2 0.08 0.41 5.1 ND

ND is not determined.

#The resistance factor was calculated from the ratio of the ICs, value for the K/VP.5 cell line divided by that for the K562 cell line.
® Data from reference.* Compound 6 (AP9) is the parent monomeric form of the bisanthrapyrazoles 1, 2, 3, 4, and 5 (n = 1-5).
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Figure 2. Concentration dependence of ATy, for the bisanthrapyrazoles binding to DNA. (A) Concentration dependence of AT, for the
bisanthrapyrazoles 1, 2, 3, 4, and 5 (» = 1-5) and parent monomer 6 for comparison. The solid straight lines are linear least squares fits to the data.
(B) Concentration dependence of the slopes = SEM calculated from the data in (A). Except for 1 (NS, not significant) the slopes of the plots in (A) for
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2, 3, 4, and 5 are all significantly (
indicate that they formed bisintercalation complexes with DNA.

2.5. The effects of the bisanthrapyrazoles on the growth of
a K562 cell line compared to the K/VP.5 cell line with a
decreased level of topoisomerase Ila

One method by which cancer cells increase their resistance
to topoisomerase II poisons is by lowering their level or
activity of topoisomerase IL.'*!8 Cells containing less
topoisomerase II produce fewer DNA strand breaks in
the presence of topoisomerase Il poisons and are less
lethal to cells. These cell lines provide a convenient way
to test whether a drug that inhibits topoisomerase II acts
as a topoisomerase II poison.'® Conversely, a lack of
change in sensitivity of a putative topoisomerase II poi-
son to a cell line with a lowered topoisomerase II level
can be taken to indicate that poisoning of topoisomerase
II is not an important mechanism for a particular agent.
We previously reported that topoisomerase [1a and topo-
isomerase IIp protein levels were reduced 6- and 3-fold,
respectively, in the K/VP.5 cell line with acquired resis-
tance to etoposide compared with K562 cells.?>?! The
ICs9 for growth inhibition of K562 cells and
K/VP.5 cells, measured as previously described* with

p < 0.001) different than the parent 6. Compounds with slopes approximately twice that of the parent monomer 6

the MTS assay, after a 72 h continuous treatment with a
range of bisanthrapyrazole concentrations are compared
in Table 1. Most of the bisanthrapyrazoles were slightly to
moderately cross resistant (up to 2.6-fold for 3), but none
were as cross resistant as mitoxantrone or doxorubicin (4-
to 5-fold). Thus, these results and the results of the cleav-
age assay (Fig. 3) offer only moderate support for the con-
clusion that the bisanthrapyrazoles inhibited cell growth
by acting as topoisomerase II poisons.

2.6. Docking of the bisanthrapyrazoles into DNA

Compound 4 and bisanthrapyrazoles containing up to 9
methylene linkers (Fig. 1) all docked with their linkers
located in the DNA minor groove. However, with the
major groove not blocked 1, 2, and 3 docked with their
linkers located in the DNA major groove with similar
configurations, both with respect to the pyrazole rings
and the amino side chains. For the bisanthrapyrazole
1 containing 1 methylene linker, only one of the bis-
anthrapyrazole rings was inserted into one of the inter-
calation sites, likely because the linker was too short
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Figure 3. Effect of bisanthrapyrazoles 1, 2, 3, 4, and 5 on the
topoisomerase Ilo-mediated cleavage of supercoiled pBR322 DNA.
This fluorescent image of the ethidium bromide-stained gel shows that
topoisomerase Ilo. (Topo Ila) relaxed supercoiled pBR322 plasmid
DNA (SC) to relaxed (RLX) DNA (lane 2, the band running slightly
ahead of the SC band). pPBR322 DNA in the absence of topoisomerase
IIo is shown in lane 1. Topoisomerase Ilo was present in the reaction
mixture for all other lanes. As shown in lane 8 etoposide treatment
(100 uM) produced linear DNA (LIN). A small amount of nicked
circular (NC) is normally present in the pBR322 DNA. BisAP
identifies the bisanthrapyrazoles 1, 2, 3, 4, and 5. Based on densitom-
etry, none of the bisanthrapyrazoles (50 pM) produced any significant
amount of linear DNA above control levels (lane 2). Some of the
fluorescent bisanthrapyrazoles present in the gel (lanes 3, 5, and 7)
partially obscured the linear DNA band.

to allow for bisintercalation. However, all of the other
anthrapyrazole rings of the other bisanthrapyrazoles
docked were completely inserted into the two doxorubi-
cin intercalation sites. The structure of 2 docked into
DNA is shown in Figure 4.

The GOLDScores obtained when the major DNA
groove was blocked for bisanthrapyrazoles (n = 0-9)
are plotted as a function of n, the number of methylene
linkers in Figure 5A. The bell-shaped plot shows a
broad maximum with an n value in the 3-5 range sug-
gesting that bisintercalation binding to DNA is pre-
dicted to be optimal in this range. The maximum
value obtained from a quadratic fit (solid line) to the
data indicated that an n value of 4.9 was optimal for
binding to DNA.

The experimentally determined strength of binding to
DNA determined using AT}, as a measure is shown plot-
ted in Figure 5B as a function of n, the number of meth-
ylene linkers. The bisanthrapyrazole that experimentally
bound the strongest to DNA was 2, and this was fol-
lowed closely by 3 and 4. The maximum in the quadratic
fit (solid line) for the data in Figure 5B for the bisanthr-
apyrazoles we synthesized (n = 1-5) indicated an n value
of 3.0 was optimal for binding to DNA. Thus, the opti-
mal number of methylene linkers calculated from the
GOLD docking and the experimental number were in
reasonably good agreement. These results suggest that
docking of virtual bisanthrapyrazoles with varying lin-
ker lengths is a good way to select a range of optimal lin-
ker lengths prior to synthesis. This result shows that
bisanthrapyrazole GOLD docking scores were a good
predictor of optimal linker length for strength of bind-
ing to DNA. Also the GOLD docking scores were very
good at predicting which bisintercalating compounds

Figure 4. Docking of the protonated bisanthrapyrazole 2 into DNA.
The highest scoring structure of the strongest DNA-binding bisanthr-
apyrazole 2 (CPK structure) is shown docked into DNA (stick
structure). The H-atoms of the DNA are not shown for clarity. The
DNA structure is 1DA9 from the Protein Data Bank and is a DNA—
(doxorubicin), X-ray structure in which two doxorubicin molecules are
bound to a 6-base pair piece of DNA. Both doxorubicin molecules
were removed and 2 was docked into one of the sites with the genetic
algorithm docking program GOLD.

have too small a number of linker groups to achieve
bisintercalation.

2.7. QSAR correlation analyses of GOLDScore, DNA-
binding affinity, K562 cell growth inhibition, and topoi-
somerase Ila inhibition

A correlation analysis was carried out on the logarithm
of the K562 ICs, values versus the GOLDScores and
each of its component terms: DNA-ligand hydrogen-
bond energy (external H-bond); DNA-ligand van der
Waals (vdw) energy (external vdw); and the sum of the
two ligand external terms as we previously described
for a series of anthrapyrazoles.* No significant correla-
tion was found (all p values greater than 0.1). Linear
least squares regression analysis was also carried out
on the AT, values versus the GOLDScores. While
AT, was positively correlated with the GOLDScore
(plot not shown) for the whole data set (n = 1-5) the cor-
relation was not strong (+* of 0.1).

The logarithm of the K562 ICsq values versus AT, was
also not correlated (p of 0.9). In our previous study of a
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Figure 5. Calculated and experimental measures of binding of the bisanthrapyrazoles binding to DNA. (A) GOLDScores obtained from the docking
of the bisanthrapyrazoles into DNA as a function of n, the number of CH, linker groups in the bisanthrapyrazoles. The solid line is a quadratic fit of
the GOLDScore values for the bisanthrapyrazoles with n = 0-9. The maximum in the quadratic fit occurs at a value of n = 4.9. (B) Experimentally
measured AT, values for the bisanthrapyrazoles with n = 1-5 that were synthesized and parent 6 for comparison. The solid line is a quadratic fit of
AT, (solid line) for the bisanthrapyrazoles with n = 0—5. The maximum in the quadratic fit occurs at a value of n = 3.0.

series of anthrapyrazoles that we synthesized the loga-
rithm of the K562 ICs, values and AT, were highly cor-
related (p =4 x 107°).* Also similar to what we found
for the anthrapyrazoles,* the logarithm of the K562
ICsy data was poorly correlated with the logarithm of
the ICso for the catalytic inhibition of topoisomerase
ITo (p = 0.4). The lack of correlation with topoisomerase
ITo activity ICso does not necessarily indicate that these
compounds lack activity as topoisomerase II poisons,
but rather only that they did not act solely through their
inhibition of the catalytic activity of topoisomerase Ilo.
Similarly, the logarithm of the ICs, for the catalytic inhi-
bition of topoisomerase Ila was also poorly correlated
(p of 0.7) with AT},

3. Discussion

In this study a series of bisanthrapyrazoles were de-
signed using molecular modeling and docking into
DNA in order to determine the optimal linker length
for optimal binding to DNA and selection for their sub-
sequent synthesis. An X-ray structure (1DA9)?? of two
molecules of doxorubicin separated by 4 base pairs
bound to duplex DNA was used for the docking
(Fig. 4). Five bisanthrapyrazoles based on 6 with 1-5
methylene linkers* were synthesized and chemically
and biologically characterized. DNA melting tempera-
tures AT, (Table 1) were determined as a measure of
strength of DNA binding and were significantly in-
creased over that of the parent 6, a result which suggests
that the bisanthrapyrazoles 2-5 formed bisintercalation
complexes with DNA. The concentration dependence
of AT,, for compounds 2-5 (Fig. 2A and B) indicated
that these compounds formed mainly bisintercalation
complexes with DNA. Our docking results predicted 1
to have too short a linker to form a bisintercalation
complex. This was confirmed by the results in Figure
2B in which compound 1 and monomeric compound 6
had the same slope and thus both formed mono interca-

lation complexes. GOLDScores obtained from docking
and the experimentally determined AT, values both dis-
played broad maxima (Fig. 5) when the bisanthrapyraz-
oles had 2-5 methylene linkers. The theoretical
maximum value of ATy, obtained from the quadratic
fit to the experimentally determined AT, values, pre-
dicts that a bisanthrapyrazole with 3 methylene linkers
was optimal for DNA binding. Compound 3 with 3
methylene linkers had an experimentally measured
ATy, value of 14.1 °C. This value is close to the experi-
mentally measured value of 16.4 °C for 2, the bisanthr-
apyrazole with 2 methylene linkers that was
experimentally observed to bind the strongest to DNA
(Table 1). Thus, the calculated and experimental
DNA-binding affinities were in good agreement when
used to select a range of optimal methylene linker
lengths for synthesis.

The bisanthrapyrazoles have a relatively large number
of rotatable bonds (up to 20 for 5) and thus are highly
conformationally flexible molecules that can adopt large
numbers of low energy configurations. This high degree
of conformational flexibility makes it computationally
difficult to obtain the best possible GOLDScore. This
fact likely explains the lack of a smooth change in
GOLDScore as the number of linker groups is varied
(Fig. 5A). Again considering the size of the bisanthrapy-
razoles and the large number of rotatable bonds, the
docking produced chemically reasonable bisintercala-
tion complexes as shown in Figure 4. This result was
likely due, in part, to the high affinity that the anthrapy-
razole rings have for the doxorubicin-binding sites in
which the bisanthrapyrazoles intercalate, thus anchoring
the two ends of the bisanthrapyrazoles. Overall these re-
sults suggest that docking bisintercalators into X-ray
structures of DNA is a useful tool for designing bisinter-
calating compounds with high affinity to DNA. DNA
base specificity in bisanthrapyrazole binding to DNA
may be another factor that may contribute to GOLD-
Scores lacking the power to accurately predict DNA
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binding as measured by AT,,. The bisanthrapyrazoles
were docked into a single X-ray structure (PDB ID:
1DA9) which does not have the set of base pairs which
necessarily leads to optimum binding to DNA. The base
pair specificity of the bisanthrapyrazoles for calf thymus
DNA is unknown.

In comparison with the monomer parent compound 6
(AP9) the bisanthrapyrazoles significantly inhibited the
growth of K562 cells (Table 1). Though the bisanthrapy-
razoles differed significantly in their ability to bind to
DNA, this difference was not reflected in their ability
to inhibit the growth of K562 cells. In fact, ICsq values
for growth inhibition for the series varied only 3-fold. It
can be speculated that this ‘leveling’ of activity may have
occurred due to intra- or extracellular hydrolysis of the
esters, either enzymatically through the action of ester-
ases or non-enzymatically. For example, the diester suc-
cinylcholine is rapidly hydrolyzed by plasma
cholinesterases.?* Thus, compounds 1-5 may act as pro-
drugs (due to hydrolysis of the ester linkages) to produce
a concentration of monomer 6 in the cells higher than
that produced by 6 itself which results in only a moder-
ate increment in cell growth inhibition. Thus, it can be
concluded that while the design goal of increasing
strength of DNA binding through bisintercalation was
achieved, the goal of increasing cell growth inhibitory ef-
fects was not, possibly due to hydrolysis of the ester
linkages in the bisanthrapyrazoles.

Bisanthrapyrazole inhibition of topoisomerase Ilo cata-
Iytic activity was determined as a logical extension of
our previous work demonstrating that 6 and the other
anthrapyrazoles were strong topoisomerase Ilo inhibi-
tors.* The fact that cell growth inhibition was not corre-
lated with inhibition of topoisomerase Ilo-mediated
catalytic decatenation activity suggests that the catalytic
inhibition of topoisomerase II was not the primary
mechanism by which these compounds inhibited cell
growth. The anthrapyrazoles losoxantrone and pirox-
antrone, which have advanced to clinical trials,?* likely
exert their cell growth inhibitory effects by acting as
DNA topoisomerase II poisons.!?!3> While many drugs
that target topoisomerase II are strong DNA intercala-
tors,'4 it is not an absolute requirement. However, the
bisanthrapyrazoles were not strong inducers of the for-
mation of linear DNA through stabilization of a cova-
lent topoisomerase [lo-DNA cleavable complex in the
DNA cleavage assay. Several of the anthrapyrazoles
previously studied* did induce formation of linear
DNA. This result does not rule out that the bisanthrapy-
razoles were topoisomerase II poisons because these
agents may have self-limiting action via their binding
to DNA, as has been shown for doxorubicin at higher
concentrations.>> In our previous study we were also
not able to specifically evaluate whether the parent 6
was able to induce formation of linear DNA due to its
fluorescence in the gel obscuring the linear DNA band.
The small, but general cross resistance (Table 1) that
the anthrapyrazoles showed with the K/VP.5 cell line
with decreased levels of topoisomerase Ila and topoiso-
merase IIB%%2! is seemingly consistent with the idea that
the bisanthrapyrazoles may act as topoisomerase II poi-

sons. Cells with less topoisomerase 11 in the cell produce
fewer DNA strand breaks and because of this topoiso-
merase II poisons are less lethal to these cells.!* The fact
that a high level of cross resistance was not seen may be
due to the fact that the bisanthrapyrazoles also target
other DNA-processing enzymes due to their ability to
intercalate into DNA.

In summary, a series of bisanthrapyrazoles were de-
signed to bisintercalate into DNA using molecular mod-
eling and docking. As predicted from the docking
results, bisanthrapyrazoles with more than one methy-
lene linker formed bisintercalation complexes with
DNA and were significant inhibitors of K562 cell
growth. Studies are in progress to produce bisanthrapy-
razoles without potentially labile ester linkages.

4. Experimental
4.1. Biological assays

4.1.1. Materials. pBR322 plasmid DNA was obtained
from MBI Fermentas (Burlington, Canada) and the
kinetoplast plasmid DNA (kDNA) from TopoGEN
(Columbus, OH). HindIII was from Invitrogen (Bur-
lington, Canada). Unless indicated, other chemicals
were from Sigma-Aldrich (Oakville, Canada). The 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) CellTiter 96®
AQueous One Solution Cell Proliferation Assay kit
was obtained from Promega (San Luis Obispo, CA).
Statistical analysis was done with SigmaStat (Systat,
Point Richmond, CA).

4.1.2. Cell culture and growth inhibition assays. Human
leukemia K562 cells, obtained from the American Type
Culture Collection and K/VP.5 cells (a 26-fold etopo-
side-resistant K562-derived sub-line with decreased lev-
els of topoisomerase Ilo. mRNA and protein)'® were
maintained as suspension cultures in DMEM (Dul-
becco’s modified Eagle’s medium, Invitrogen, Burling-
ton, Canada) containing 10% fetal calf serum (FCS)
and 2 mM L-glutamine. The spectrophotometric 96-well
plate cell growth inhibition MTS assay, which measures
the ability of the cells to enzymatically reduce MTS after
drug treatment, has been described.* The drugs were dis-
solved in DMSO. The final concentration of DMSO did
not exceed 0.5% (v/v) and was an amount that had no
detectable effect on cell growth. The cells were incubated
with the drugs for the times indicated and then assayed
with MTS. ICs, values for growth inhibition in both as-
says were measured by fitting the absorbance-drug con-
centration data to a four-parameter logistic equation as
described.*

4.1.3. Topoisomerase Il KDNA decatenation inhibition
assay. A spectrofluorometric decatenation assay was used
to determine the inhibition of topoisomerase Ila by the
bisanthrapyrazoles.*! kDNA consists of highly cate-
nated networks of circular DNA. Topoisomerase Ilo
decatenates KDNA in an ATP-dependent reaction to
yield individual minicircles of DNA. The 20 pL reaction
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mixture contained 0.5 mM ATP, 50 mM Tris—HCI (pH
8.0), 120 mM KCI, 10 mM MgCl,, 30 pg/mL bovine ser-
um albumin, 50 ng kDNA, test compound (0.5 pL in
DMSO), and 20 ng of topoisomerase Ilo protein (the
amount that gave approximately 80% decatenation).
Using a high copy yeast expression vector, full-length hu-
man topoisomerase Ilo was expressed, extracted, and
purified as described previously.'® The final DMSO con-
centration of 2.5% (v/v) was shown in controls not to af-
fect the activity of topoisomerase Ilo. The assay
incubation was carried out at 37 °C for 20 min and was
terminated by the addition of 12 pL of 250 mM Na,EDTA.
Samples were centrifuged at 8000g at 25 °C for 15 min and
20 pL of the supernatant was added to 180 pL of 600-fold
diluted PicoGreen dye (Molecular Probes, Eugene, OR)
in a 96-well plate. The fluorescence, which was propor-
tional to the amount of kDNA, was measured in a Fluo-
star Galaxy (BMG, Durham, NC) fluorescence plate
reader using an excitation wavelength of 485 nm and an
emission wavelength of 520 nm.

4.1.4. pBR322 DNA relaxation and cleavage assays.
Topoisomerase II-cleaved DNA complexes produced by
anticancer drugs may be trapped by rapidly denaturing
the complexed enzyme with sodium dodecyl sulfate
(SDS).#1¢ The drug-induced cleavage of double-
stranded closed circular pBR322 DNA to form linear
DNA was followed by separating the SDS-treated reac-
tion products using ethidium bromide gel electrophore-
sis as described.!® The 20 pL cleavage assay reaction
mixture contained 50 uM of the drug (0.5puL in
DMSO), 150 ng of topoisomerase Ila protein, 80 ng
pBR322 plasmid DNA (MBI Fermentas, Burlington,
Canada), 0.5 mM ATP in assay buffer (10 mM Tris—
HCI, 50mM KCI, 50 mM NaCl, 0.l mM EDTA,
5mM MgCl,, 2.5% (v/v) glycerol, pH 8.0. The order
of addition was assay buffer, DNA, drug, and then topo-
isomerase Ilo. The reaction mixture was incubated at
37°C for 10 min and quenched with 1% (v/v) SDS/
25mM Na,EDTA. The reaction mixture was treated
with 0.25 mg/mL proteinase K (Sigma) at 55°C for
30 min to digest the protein. The linear pBR322 DNA
cleaved by topoisomerase Ilo was separated by electro-
phoresis (2 h at 8 V/cm) on a TAE (Tris base (4 mM)/
glacial acetic acid (0.11% (v/v))/Na,EDTA (2 mM) buf-
fer)/ethidium bromide (0.5 pg/mL)/agarose gel (1.2%,
wt/v)). Ethidium bromide was used in the gel and run-
ning buffer in order that the inhibition of relaxation
activity could be measured along with formation of
cleaved linear DNA. The DNA in the gel was imaged
by its fluorescence on a Alpha Innotech (San Leandro,
CA) Fluorochem 8900 imaging system equipped with a
365 nm UV illuminator and a CCD camera.

4.1.5. Thermal denaturation of DNA assay. Compounds
that intercalate into DNA stabilize the DNA double he-
lix and increase the temperature at which the DNA is
denatured or unwinds.®!0-2¢ The effect of 2 uM of the
bisanthrapyrazoles on the DNA thermal melt tempera-
ture (ATy) of sonicated calf thymus DNA (5 pg/mL)
was measured in 10 mM Tris—HCI buffer (pH 7.5) in a
Cary 1 (Varian, Mississauga, Canada) double beam
spectrophotometer by measuring the absorbance in-

crease at 260 nm upon the application of a temperature
ramp of 1 °C/min. The maximum of the first derivative
of the absorbance-temperature curve was used to obtain
the AT, as we previously described.* Doxorubicin
(2 uM), which is a strong DNA intercalator, was used
as a positive control.*® In order to determine whether
the bisanthrapyrazoles formed bisintercalation com-
plexes with DNA the concentration dependence of
AT,, was measured from 0.1 to 2 uM anthrapyrazole
or bisanthrapyrazole as described above in 10 mM
Tris—HCI buffer (pH 8.0) at a DNA concentration of
20 uM (base pair basis). The slopes of the plots for
monomer 6 were compared with that of the bisanthrapy-
razoles 1-5 using a t-test comparison of the slopes.?’

4.2. Molecular modeling and docking

4.2.1. Docking of the bisanthrapyrazoles into an X-ray
structure of DNA. All molecular modeling was done
using SYBYL 7.3% on a Hewlett-Packard XW4100 PC
workstation with a Redhat Enterprise 4 Linux operating
system. All molecules except the DNA were built using
SYBYL. Compound 6 and the bisanthrapyrazoles were
docked into the doxorubicin-binding site of a 6-base
pair X-ray crystal structure of 2 molecules of doxorubi-
cin bound to double-stranded DNA, d(TGGCCA)/
doxorubicin, (http://www.rcsb.org/pdb/  PDB ID:
1DA9)?? using the genetic algorithm docking program
GOLD version 3.1%° with default GOLD parameters
and atom types and with 100 starting runs.>® GOLD-
Score was used as the fitness function with flipping op-
tions of planar and pyramidal nitrogens being allowed.
Internal ligand energy offset was set to on. No early ter-
mination was allowed.

The 1DA9 X-ray structure shows that the first and sec-
ond base pairs buckle out to accommodate the bound
doxorubicin.?? Thus, the 1DA9 X-ray structure of the
doxorubicin-DNA complex was used for the docking
experiments, rather than constructing DNA in SYBYL
because it was reasoned that this DNA structure would
be a more realistic model for binding of bisanthrapyraz-
oles. Additionally, the bisanthrapyrazoles are structur-
ally similar to doxorubicin (Fig. 1). In the 1DA9
X-ray structure the two doxorubicin molecules are sepa-
rated by four intervening base pairs. This structure was
chosen because it was reasoned that DNA molecules
with a smaller number of intervening base pairs would
have to distort the DNA double helix (with an accompa-
nying energy penalty) in order to bind. The protonated
bisanthrapyrazoles were first geometry optimized with
the Tripos force field using a conjugate gradient with a
convergence criterion of 0.01 kcal/mol and Gasteiger—
Huckel charges and a distance-dependent dielectric con-
stant. The DNA structure was prepared by removing
both of the bound doxorubicin molecules and removing
all water molecules to avoid potential interference with
the docking. Hydrogens were added to the DNA with
the SYBYL Biopolymer module. The binding site was
defined using an atom in the center of the DNA molecule
and was large enough that it encompassed both of the
doxorubicin-binding sites. Initial docking runs showed
that not all bisanthrapyrazoles docked with the linker lo-
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cated in the DNA minor groove. Thus, docking runs
were also carried out with the major groove blocked with
a small molecule in order to compare all bisanthrapyraz-
oles docked into the minor groove. The bisanthrapyraz-
oles (n = 0-9) were docked into the DNA structure to
obtain the top 10 scoring GOLDScore structures for
each molecule and their individual component energy
terms. The top structures were then rescored using a local
optimization (simplexing) to obtain the final GOLD-
Score. Rescoring did not affect the initial relative scoring
order. As a test of the docking procedure doxorubicin
was docked back into the DNA structure with a heavy
atom root-mean-squared distance of 1.3 A compared to
the X-ray structure.?? Values of 2.0 A or less in the exten-
sive GOLD test set are considered to be good.?° The gra-
phic in Figure 4 was prepared with DS Visualizer 1.7
(Accelrys, San Diego, CA).

4.3. Chemistry

4.3.1. General. Melting points were taken on a Gallenk-
amp (Loughborough, England) melting point apparatus
and are uncorrected. Electrospray ionization mass spec-
tra (ESI-MS) were acquired on an Applied Biosystems
API 2000 Triple Quadrupole mass spectrometer (Thorn-
hill, Toronto, Canada) equipped with a syringe pump.
Samples (~1 mM in acetonitrile) were injected into the
ion source at a flow rate of 5 pL/min. '"H and "*C nucle-
ar magnetic resonance (NMR) spectra were recorded at
300 K in 5mm NMR tubes on a Bruker Avance 500
spectrometer operating at 500.14 MHz for '"H NMR
and 125.8 MHz for '*C NMR, respectively, on solutions
in dimethyl sulfoxide-ds (DMSO-d;), unless otherwise
indicated. Chemical shifts are given in parts per million
(ppm) (£0.01 ppm) relative to that of tetramethylsilane
(TMS) (0.00 ppm) in the case of the 'H NMR spectra,
and to the central line of DMSO-dg (6 39.5) for the
3C NMR spectra. The "H NMR spectrum of 4 was
run on a Varian Mercury 300 MHz NMR. TLC was
performed on aluminum-backed plates bearing 200 um
silica gel 60 F,s4 (Silicycle, Quebec City, Canada). Com-
pounds were visualized by quenching of fluorescence by
UV light (254 nm) where applicable. The reaction condi-
tions were not optimized for reaction yields. Dichloro-
methane and triethylamine were refluxed with calcium
hydride and distilled. Compound 6 (7-chloro-2-[2-[(2-
hydroxyethyl)methylamino]ethyl]anthra[1,9-cd]pyrazol-
6(2H)-one) was prepared from 1,5-dichloroanthraqui-
none as we previously described.*

4.3.2. General procedure for the synthesis of the bisanthr-
apyrazoles. A solution of the acid chloride (0.5 equiv,
0.2 M) in dichloromethane was added to a clear orange-
red solution of 6 and triethylamine (8 equiv) in dichloro-
methane (3 mL). Yellow precipitates separated after
20 min. The reaction mixture was stirred at room temper-
ature overnight, diluted with diethyl ether (10 mL), and
filtered. The yellow solid obtained was washed with
dichloromethane (3x 5 mL) and dried in vacuum.

4.3.2.1. Bis(2-((2~(7-chloro-6-ox0-6H-dibenzo| cd,glinda-
zol-2-yl)-ethyl)-methyl-amino)-ethyl) malonate (1). Com-
pound 6 (53.2mg, 0.149 mol) reacted with malonyl

chloride (0.37 mL, 0.075 mmol) affording 1 as a yellow
solid. Yield 25.5 mg (21.5%); mp: 138.0-141.0 °C; 'H
NMR 6 8.25-7.55 (m, 12H, ArH), 5.13 (m, 4H, 2x
NNCH,), 4.50 (m, 4H, 4x OCH,), 3.90-3.40 (m, 8H),
3.45 (s, 2H, COCH,CO), 2.92 (s, 6H, 2x NCH3); *C
NMR 6 182.6, 182.3, 169.5, 168.9, 167.7, 167.1 (6x
CO), 140.2, 140.1, 139.1, 138.9, 137.0, 137.0, 135.2,
135.1, 135.0, 134.9, 133.9, 133.8, 130.4, 130.2, 129.5,
129.4, 127.1, 126.9, 123.2, 123.1, 123.1, 123.0, 1221.1,
122.0, 117.8, 117.7 (ArC), 60.3, 60.1 (2x OCH,), 56.1,
55.2,55.0, 54.8, 45.3,43.1, 42.6, 42.2, 41.4 (COCH,CO);
MS (ESI m/z): calcd for [(:4,1H3,6C121\16C)6+H]Jr 7792,
found 779.3.

4.3.2.2. Bis(2-((2-(7-chloro-6-0x0-6H-dibenzo|cd,glinda-
zol-2-yl)-ethyl)-methyl-amino)-ethyl) succinate (2). Com-
pound 6 (48.1 mg, 0.135 mmol) reacted with succinyl
chloride (0.34 mL, 0.068 mmol) affording 2 as a yellow
solid. Yield 41.7 mg (38.8%); mp: 180 °C (decomposed);
"H NMR 6 8.24-7.57 (m, 12H, ArH), 5.11 (br s, 4H, 2x
NNCH,), 4.44 (br s, 4H, 2x OCH,), 3.86-3.45 (m, 8H),
2.92 (s, 6H, 2x NCH3), 2.64 (br s, 4H, COCH,CH,CO);
3C NMR 6 181.8, 181.6, 171.9 (CO), 139.3, 138.2,
136.2, 134.4, 134.3, 134.1, 133.0, 129.4, 128.6, 126.2,
122.3, 121.1, 116.9 (ArC), 57.7 (OCH,), 55.5, 54.8,
54.2, 444 (NCHs3), 29.0 (COCH,CH,CO). MS (ESI
mlz): caled for [C4H33CLNgOg+H]™ 793.2, found 793.3.

4.3.2.3. Bis(2-((2-(7-chloro-6-0x0-6H-dibenzo|cd,glinda-
zol-2-yl)-ethyl)-methyl-amino)-ethyl) glutarate (3). Com-
pound 6 (81.9mg, 0.230 mol) reacted with glutaryl
chloride (0.58 mL, 0.115 mmol) affording 3 as a yellow
solid. Yield 104.5 mg (57.2%); mp: 111.5-113.0 °C;'H
NMR o6 8.03-7.12 (m, 12H, ArH), 4.92 (s, 4H, 2x
NNCH,), 4.25 (4H, 2x OCH,), 3.63, 3.55, 3.42, 3.31
(4s, 8H), 2.73 (s, 6H, 2x NCH3), 2.23, 2.01 (2s, 4H, 2x
COCH,), 1.60 (m, 2H, COCH,CH,); '*C NMR ¢
181.6, 181.4, 1774.3, 172.5 (CO), 139.4, 139.1, 138.2,
138.1, 136.1, 136.0, 134.3, 134.3, 134.2, 134.1, 133.0,
129.5, 129.4, 128.6, 128.4, 126.2, 126.0, 122.3, 122.3,
122.2, 122.1, 121.2, 121.1, 116.9, 116.7 (ArC), 58.5
(OCH,), 54.2 (NCH,), 44.4 (NCH;), 329, 20.8
(COCH,CH,CH,CO); MS (ESI m/z): caled for
[C43H40C12N606+H]+ 8072, found 807.4.

4.3.2.4. Bis(2-((2-(7-chloro-6-o0x0-6H-dibenzo|cd,glinda-
zol-2-yl)-ethyl)-methyl-amino)-ethyl) adipate dihydro-
chloride (4). Compound 6 (106 mg, 0.30 mmol) in
CHCI; (2.5 mL) was treated at 0 °C with adipoyl chlo-
ride (0.75 mL of a 0.2 M solution in CHCl;) and the
mixture allowed to come to room temperature while
stirring overnight. Within 1 h a yellow precipitate be-
gan to form. At 18 h the mixture was diluted with ether
(10 mL) and centrifuged. The resulting yellow crystals
were dried in a nitrogen stream and then under vac-
uum overnight affording the dihydrochloride of 4.
The sample was recrystallized from methanol-ether
affording yellow crystals. Yield: 70 mg (53%), 'H
NMR 6 8.24-7.60 (m, 12H, ArH), 5.05 (s, 4H, 2x
NNCH,), 4.35 (br s, 4H, 2x OCH;), 3.80 (br s, 4H),
2.90 (s, 6H, 2x NCH3), 2.20 (br s, 4H, 2x COCH,),
1.25 (br s, 2H, COCH,CH>), MS (ESI m/z): calcd for
[(:44H42C:121\I6C)6'i'H]jL 8213, found 821.4.
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4.3.2.5. Bis(2-((2-(7-chloro-6-ox0-6H-dibenzo|cd,glinda-
zol-2-yl)-ethyl)-methyl-amino)-ethyl) pimelate (5). Com-
pound 6 (51.5mg, 0.145 mol) reacted with pimeloyl
chloride (0.36 mL, 0.115 mmol) affording 5 as a yellow
solid. Yield 64.5 mg (56.1%); mp: 102.0-104.0 °C; 'H
NMR ¢ 8.26-7.57 (m, 12H, ArH), 5.18 (s, 4H, 2x
NNCH,), 4.48 (s, 4H, 2x OCH,), 3.89, 3.81, 3.67, 3.56
(4s, 8H), 2.99 (s, 6H, 2x NCH;), 2.34 (t, J=7.3 Hz,
4H, 2x COCH,), 1.50 (m, 4H, 2x COCH,CH,), 1.24
(m, 2H, COCH,CH,CH>); '*C NMR ¢ 1814, 174.7,
172.7 (CO), 139.2, 138.1, 136.1, 134.2, 134.1, 133.0,
129.4, 128.5, 126.0, 122.2, 122.1, 121.1, 116.9 (ArC),
58.5 (OCHj,), 54.1 (NCH,), 44.4 (NCH;), 33.5, 28.1,
24.1 (COCH,CH,CH,); MS (ESI m/z): caled for
[C45I‘I44(:121\16()6"‘I‘I]ﬁL 8353, found 835.3.
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