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A series of amide-coupled bisanthrapyrazole derivatives of 7-chloro-2-[2-[(2-hydroxyethyl)methyl-
aminoJethyl]anthra[1,9-cd]pyrazol-6(2H)-one (AP9) were designed using molecular modeling and dock-
ing and synthesized in order to develop an anticancer drug that formed a strongly binding
bisintercalation complex with DNA. Concentration dependency for the increase in the DNA melting tem-
perature was used to determine the DNA binding strength and whether bisintercalation occurred for the
newly synthesized analogs. The ability of the compounds to inhibit the growth of the human erythroleu-
kemic K562 cell line and inhibit the decatenation activity of DNA topoisomerase Ilot was also measured.
Finally, the compounds were evaluated for their ability to act as topoisomerase II poisons by measuring
the topoisomerase Ilo-mediated double strand cleavage of DNA. All of the bisanthrapyrazoles inhibited
K562 cell growth and topoisomerase Ilo in the low micromolar range. Compounds with either two or
three methylene linkers formed bisintercalation complexes with DNA and bound as strongly as, or more
strongly than, doxorubicin. In conclusion, a novel group of amide-coupled bisintercalating anthrapyraz-
ole compounds were designed, synthesized, and evaluated for their physico-chemical and biologic prop-

Keywords:
Bisanthrapyrazole
Bisintercalating
DNA-binding
Topoisomerase II

erties as potential anticancer agents.
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1. Introduction

Some of the most efficacious anticancer drugs bind to DNA and
in doing so inhibit DNA topoisomerase II (EC 5.99.1.3) which re-
sults in cell growth inhibition and/or cell death. Included among
these drugs are the anthracyclines such as doxorubicin and dauno-
rubicin, and amsacrine, and mitoxantrone.! These planar aromatic
molecules intercalate into DNA and promote DNA strand breaks
through their interaction with DNA topoisomerase II.! Because
the clinical use of doxorubicin and the other anthracyclines is lim-
ited by the development of a cumulative dose-dependent and
potentially fatal cardiotoxicity, which is likely due to oxidative
stress on the relatively unprotected cardiac muscle, non-cardiotox-
ic topoisomerase II-targeted anticancer drugs are urgently needed.
Because the anthracyclines and mitoxantrone are quinones they
are susceptible to reductive activation? by a variety of reducing en-
zymes to produce damaging reactive oxygen species leading to car-
diotoxicity. The anthrapyrazoles are not quinones and cannot be
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reductively activated. We previously showed? in a structure-based
3D-QSAR study that a series of substituted anthrapyrazoles that we
synthesized had potent cancer cell growth inhibitory effects. Fol-
lowing this we used molecular modeling to design and synthesize
a series of bisanthrapyrazoles that contained a diester linkage join-
ing two anthrapyrazoles together.* However, the biological data on
these bisanthrapyrazoles suggested that the ester linkages were
susceptible to hydrolysis, possibly through the action of cellular
esterases.* We showed that these bisanthrapyrazoles had good cell
growth inhibitory activity and the compounds with two or more
methylene linkers formed bisintercalation complexes with DNA.*
In the present work we attempted to improve the stability of these
compounds by replacing the ester linkage with the much more sta-
ble amide linkage (Fig. 1, compounds 1-5).

We previously showed that the strength of DNA binding for the
anthrapyrazoles was strongly correlated with cell growth inhibi-
tion.? Bisintercalators can potentially bind much more strongly than
their analogous monointercalators because of the favorable entropic
advantage that ensues after the binding of the first intercalating
group. Because of their strong binding they should have a prolonged
residence time on DNA?® allowing them to interfere with DNA pro-
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Figure 1. Reaction scheme and structures for the synthesis of the bisanthrapyrazoles 1,
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2,3,4, and 5 (n = 1-5) starting from 6 (AP9). Compounds 1, 2, and 4 were prepared

using Method A and compounds 3 and 5 were prepared using Method B as described in Section 4.

cessing enzymes. In principle, bisintercalators also should have en-
hanced DNA sequence specificity compared to monointercalators
because monointercalators have the potential of binding to only 10
distinguishable sites, but for a binding site of 6 base pairs this in-
creases to 2080 distinguishable sites.® However, it should be noted,
because the majority of intercalators, at best, show only a slight pref-
erence for GC base-pairs, sequence specificity may not necessarily be
achieved by increasing the number of distinguishable sites. Bisinter-
calating compounds, as exemplified by echinomycin, occur naturally
and it and several purely synthetic compounds have progressed into
clinical trials as antitumor agents.>’® In order to direct the synthesis
of new bisanthrapyrazoles, molecular modeling and DNA docking
studies were carried out on the amide-linked bisanthrapyrazoles
containing different numbers of methylene linkers. Compound 6
(Fig. 1), which we previously had shown to have significant cell
growth and topoisomerase Ilot inhibitory activity,>* was chosen as
the scaffold for the synthesis of a series of the bisanthrapyrazole
congeners. In addition to measuring the cell growth inhibitory ef-
fects of the bisanthrapyrazoles we also measured their ability to bind
to DNA, to inhibit topoisomerase Ilo, and to cause topoisomerase I1o-
mediated DNA cleavage.

2. Results

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

The effects of 2 M of the bisintercalators 1-5 and the monoin-
tercalator 6 on ATy, the increase in the DNA thermal melt temper-

Table 1

ature, of sonicated calf thymus DNA (5 pg/mL) are shown in Table
1. Doxorubicin (2 uM), which is a well known DNA intercalating
drug, was used as a control and was observed to increase the T,
by 17.8 °C from 70.2 °C. Compound 2 had the largest ATy, and thus
bound the strongest to DNA (Table 1 and Fig. 2). Compounds 2 and
3 both bound to DNA as or more strongly than doxorubicin, a well
known DNA intercalator.® The bisanthrapyrazoles 1, 4, and 5 all in-
creased AT, about the same as the parent 6. In our previous study
on the analogous ester-linked bisanthrapyrazoles* we showed that
the slope of a plot of ATy, versus drug concentration for a bisinter-
calator is approximately twice that of the monomeric monointer-
calator 6. This is due to the bisintercalator occupying twice the
number of intercalation sites on the DNA as had been previously
shown from a comparison of the bisintercalator dye YOYO and
its monomeric form YO-PRO.!® This is based on a simple model
in which (1) the different intercalation sites contribute equally
and independently to the free energy difference between the
hybridized and melted states and (2) the presence of an intercala-
tor at a site lowers the free energy of the hybridized state by a
fixed, site-independent amount. Thus, the melting temperature of
a DNA duplex should increase in proportion to the number of inter-
calated groups. The concentration dependence of ATy, for mono-
meric 6 (AP9) and the bisanthrapyrazoles 1-5 are shown in
Figure 2A and the slopes of these plots are given in Figure 2B. A
t-test comparison of the slopes showed that compounds 1, 2, and
3 had slopes that were significantly different (p <0.01, <0.001,
and <0.001, respectively) than monomer 6. Compounds 4 and 5
did not yield slopes that were significantly different than monomer
6. The ratio of the slopes of compounds 1-5 relative to that for 6
gave values of 1.7+0.3,4.0+0.8,3.4+0.8, 1.2+0.2, and 0.9+ 0.2

DNA ATy, cell growth inhibition and topoisomerase Il inhibitory effects of the amide-linked bisanthrapyrazoles and their precursors

Compound ATy (°C) MTS cell growth inhibition Resistance factor” Topoisomerase Ila inhibition
K562 ICso (LM) K/VP.5 IC50 (UM) ICs0 (LM)

1 9.6 2.6 2.0 0.77 42

2 21.8 35 1.6 0.44 7

3 17.8 5.7 23 0.39 25

4 6.8 6.7 33 0.48 48

5 4.8 4.6 25 0.55 22

6, AP9 5.4 3.1 1.9 0.63 10

8 1.1 3.6 ND ND 25

9 10.2 3.6 1.5 0.43 18
Doxorubicin 17.8 0.3 0.5 1.81 ND

ND is not determined.
¢ Experimental value at 2 pM.

b The resistance factor was calculated from the ratio of the ICso value for the K/VP.5 cell line divided by that for the K562 cell line.
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Figure 2. Concentration dependence of ATy, for the bisanthrapyrazoles binding to DNA. (A) Concentration dependence of ATy, for the bisanthrapyrazoles 1, 2, 3, 4, and 5
(n=1-5) and parent monomer 6 for comparison. The solid straight lines are linear least squares calculated fits to the data. (B) Concentration dependence of the slopes + SEM
calculated from the data in (A) (NS, not significant). The slopes of the plots in (A) for 1, 2, and 3 were all significantly different (v, **; p <0.01, <0.001, respectively) than the
parent 6. Compounds with slopes approximately twice that of the parent monomer 6 indicate that they formed bisintercalation complexes with DNA.

where the SEMs were calculated from a propagation of errors anal-
ysis. The data were consistent with compounds 2 and 3 forming
bisintercalating complexes. For compound 1 the data suggest a
possible formation of a mixture of mono and bisintercalating com-
plexes. This result differed from our previous study on the ester-
linked bisanthrapyrazoles* which showed that the compound with
a single methylene linker did not bisintercalate into DNA. Com-
pounds 4 and 5 gave ratios close to 1 indicating mono
intercalation.

2.2. Effect of bisanthrapyrazoles on the decatenation activity of
topoisomerase Il and on the stabilization of the covalent
topoisomerase Ila-DNA cleavable complex

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 and is critical for relieving torsional
stress that occurs during replication and transcription and for
daughter strand separation during mitosis.'""'> As shown in Table
1 all of the bisanthrapyrazoles inhibited the decatenation activity
of human topoisomerase Ila in the low micromolar concentration
range. However, only 2, which was the compound that bound the
strongest to DNA, achieved a cytotoxic potency greater than that
of the parent 6. The decatenation assay is a measure of the ability
of these compounds to inhibit the catalytic activity only, and is not
a measure of whether these compounds acted as topoisomerase II
poisons as do some widely used anticancer drugs.'"!? These in-
clude doxorubicin and the other anthracyclines, mitoxantrone,
and etoposide.!!? These and the anthrapyrazoles losoxantrone
and piroxantrone,'>'* are thought to be cytotoxic by virtue of 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'® as we previously described>#16
were carried out using 50 pM etoposide as a positive control to see
whether 50 uM of the test bisanthrapyrazoles stabilized the cleav-
able complex. As shown in Figure 3 the addition of etoposide (lane
10) to the reaction mixture containing topoisomerase Ilo. 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 HindIIl
acting on a single site on pBR322 DNA (not shown). Based on inte-
grated band intensities of linear DNA in Figure 3 none of the bis-
anthrapyrazoles (lanes 3-7) appeared to induce formation of

linear DNA comparable to that induced by etoposide (lane 10). If
the bisanthrapyrazoles poison topoisomerase Ila as we found with
some of the anthrapyrazoles of our previous study, they do so at a
level much lower than that of etoposide. As indicated by the ab-
sence of a relaxed DNA band, etoposide and all 5 bisanthrapyraz-
oles inhibited the relaxation of supercoiled pBR322 DNA by
topoisomerase Ilo. These results indicate that, while etoposide
both inhibited topoisomerase Ilo catalytic activity and induced
DNA cleavage, the bisanthrapyrazoles acted primarily by inhibition
of topoisomerase Ilo, strand passage reactions. The ester-linked bis-
anthrapyrazoles of our previous study also did not induce signifi-
cant DNA cleavage.*

2.3. Cell growth inhibitory effects of the bisanthrapyrazoles on
human leukemia K562 cells and K/VP.5 cells with a decreased
level of topoisomerase Ilo.

As shown in Table 1 all of the bisanthrapyrazoles potently
inhibited the growth of K562 and K/VP.5 cells in the low micromo-
lar range. These results suggest that the bisanthrapyrazoles were
not too large or too charged to enter cells. In general, changing

6 7

Figure 3. Effect of bisanthrapyrazoles 1, 2, 3, 4, and 5 and their monomeric
precursors 6 and 9 on the topoisomerase Ilo-mediated relaxation and cleavage of
50 ng of supercoiled pBR322 plasmid DNA. This fluorescent image of the ethidium
bromide-stained gel shows that topoisomerase Il (Topo Ilat) relaxed supercoiled
(SC) pBR322 DNA (lane 1) to relaxed (RLX) DNA (lane 2). Topoisomerase Ilo. was
present in the reaction mixture for all lanes but lane 1. 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 of the bisanthra-
pyrazoles produced much less linear DNA than the etoposide positive control (lane
10) did. The amount of linear DNA produced by the bisanthrapyrazoles was only
slightly above control levels (lane 2). The concentration of all test compounds in the
assay mixture was 50 uM.
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the number of methylene linkers did not produce a large effect on
the inhibition of the growth of K562 cells as the ICsy values for
compounds 1-5 varied only 2.6-fold.

Cancer cells can acquire resistance to topoisomerase Il poisons
by lowering their level and/or activity of topoisomerase IL.'"'7 Cells
containing less topoisomerase II produce fewer DNA strand breaks
in the presence of topoisomerase II poisons and are less cytotoxic.
Thus, a resistant cell line may be used to test whether a drug that
catalytically inhibits topoisomerase Il might also act as a topoiso-
merase II poison.!® Conversely, a lack of change in sensitivity of a
putative topoisomerase Il poison to a cell line with a lowered topo-
isomerase II level can be taken to indicate that poisoning of topo-
isomerase II is not an important mechanism for a particular agent.
We previously reported that topoisomerase Ilot and topoisomerase
IIB protein levels were reduced sixfold and threefold, respectively,
in the K/VP.5 cell line with acquired resistance to etoposide com-
pared with the parental K562 cells.'®?° As shown in Table 1 none
of the bisanthrapyrazoles were cross resistant in K/VP.5 cells. The
topoisomerase Il poisons doxorubicin and mitoxantrone were
1.8-4.2-fold cross resistant, respectively. Thus both these results
and the results of the cleavage assay (Fig. 3) suggest that the bis-
anthrapyrazoles do not inhibit cell growth by acting as topoiso-
merase Il poisons.

2.4. Docking of the bisanthrapyrazoles into DNA

All five bisanthrapyrazoles docked into the DNA minor groove
with similar configurations. All five also docked with both anthra-
pyrazole rings fully inserted into the doxorubicin intercalation
sites with their aromatic rings highly coplanar with the DNA bases.
An X-ray structure (PDB ID: 1DA9)° of two molecules of doxorubi-
cin separated by 4 base pairs bound to duplex DNA was used for
the docking (Fig. 4). The structure of 2, the bisanthrapyrazole that
bound to DNA the strongest, docked into DNA is shown in Figure 4.
An examination of the structure of 5 docked into DNA showed that
the linker chain was longer than required which resulted in a slight
bulge in the chain. The GOLDScores obtained from the docking are
plotted as a function of n, the number of methylene linkers in
Figure 5A. The bell-shaped plot showed a broad maximum with
an n value in the 2-4 range suggesting that bisintercalation bind-
ing to DNA is predicted 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 3.7 was optimal for binding to DNA. The exper-
imentally determined strength of binding to DNA determined
using AT, as a measure is also shown plotted in Figure 5B as a
function of n, the number of methylene linkers. The maximum in
the quadratic fit (solid line) to the data in Figure 5B indicated that
an n value of 2.6 was optimal for binding to DNA. Thus, the optimal
number of methylene linkers calculated from the corp docking and
the experimental number were in reasonably good agreement
indicating that bisanthrapyrazole coLp docking scores were a rea-
sonable predictor of optimal linker length for strength of binding
to DNA.

2.5. QSAR correlation analyses of GOLDScore, DNA binding
affinity, K562 cell growth inhibition, and topoisomerase Ilot
inhibition

A correlation analysis was carried out on the logarithm of the
K562 IC5q 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 internal (vdw and torsion) terms as we pre-
viously described for a series of anthrapyrazoles.> No significant
correlation was found (all p values greater than 0.17). Likewise
ATy, values were not significantly correlated with the GOLDScores

Figure 4. Docking of the protonated bisanthrapyrazole 2 into DNA. The highest
scoring structure of the strongest DNA binding bisanthrapyrazole 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 its place with the genetic algorithm docking program cotp.

or any of its component terms. The logarithm of the K562 ICsq val-
ues versus ATy, were also not correlated (p of 0.9). In our previous
study of a series of anthrapyrazoles that we synthesized, the loga-
rithm of the K562 ICsq values and AT, were highly correlated (p
<0.0001).3 The logarithm of the K562 ICs, data was also poorly cor-
related with the logarithm of the ICsq for the catalytic inhibition of
topoisomerase Ila (p = 0.7). The lack of correlation with the inhibi-
tion of topoisomerase Ila activity ICsq does not necessarily indicate
that these compounds lack activity as topoisomerase II poisons,
rather they do not act through their inhibition of the catalytic
activity of topoisomerase Ilo. Similarly, the logarithm of the ICsq
for the catalytic inhibition of topoisomerase Iloc was also poorly
(p of 0.14) correlated with AT,,. The lack of correlation is generally
similar to what we found for our ester-linked bisanthrapyrazoles.*

3. Discussion

A series of amide-linked bisanthrapyrazoles based on the
monomeric scaffold 6 with 1-5 methylene linkers, was synthesized
in order to improve the potency and the stability of an earlier anal-
ogous series of ester-linked bisanthrapyrazoles we synthesized and
characterized. In general, both neither K562 growth inhibitory ef-
fects nor inhibition of topoisomerase Ila of the amide-linked bis-
anthrapyrazoles were significantly changed compared to the
previous ester-linked bisanthrapyrazoles.* As before* molecular
modeling and docking into DNA was used in order to determine
the optimal linker length for optimal binding to DNA and selection
for their subsequent synthesis. The concentration dependence of
AT, (Fig. 2B) for 2 and 3 were highly significantly increased over
that of the parent 6, a result which suggests that these two bis-
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Figure 5. Calculated and experimental measures of binding of the bisanthrapyrazoles 1-5 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 = 1-5. (B) Experimentally measured AT, values for the bisanthrapyrazoles with n=1-5 and parent 6 (AP9) for comparison. The solid line is a

quadratic fit of AT, (solid line) for the bisanthrapyrazoles with n=1-5.

anthrapyrazoles exclusively formed bisintercalation complexes
with DNA. However, our docking results predicted that all of the
compounds 1-5 should be able form bisintercalation complexes
spanning 4 DNA base pairs. GOLDScores obtained from docking
and the experimentally determined AT, values both displayed
broad maxima (Fig. 5) in the range of 2-4 methylene linkers. Thus,
the calculated and experimental DNA binding affinities were in
good agreement indicating that the docking was useful for select-
ing a range of optimal methylene linker lengths for synthesis.
Though the bisanthrapyrazoles differed significantly in their ability
to bind to DNA, this difference was not reflected in their ability to
inhibit the growth of K562 cells. Thus, it can be concluded that
while the design goal of increasing strength of DNA binding com-
pared to monomer 6 through bisintercalation was achieved, the
goal of increasing cell growth inhibition by changing the ester link-
age to an amide linkage did not result in a significant improve-
ment. Though the in vitro stability of the amide-linked
bisanthrapyrazoles was not determined, it is likely that they are
much more stable than the ester-linked bisanthrapyrazoles we
previously described which should make the amide-linked bis-
anthrapyrazoles more efficacious as anticancer drugs.* Future
work will evaluate the stability, pharmacokinetics and antitumor
efficacy of ester-linked bisanthrapyrazoles compared to the
amide-linked bisanthrapyrazoles using a xenograft rodent model
for human tumors.

The bisanthrapyrazoles 1-5 have a large number of rotatable
bonds. The high degree of conformational flexibility of these mol-
ecules makes it computationally difficult to obtain the best possi-
ble GOLDScore. This likely explains the lack of a smooth change
in GOLDScore as the number of linker groups was varied
(Fig. 5A). Even so, the docking produced structurally reasonable
bisintercalation complexes as shown by the example in Figure 4.
Most of the driving force for binding is likely due to the high affin-
ity that the anthrapyrazole rings have for the sites into which the
bisanthrapyrazoles intercalate, thus anchoring the two ends of the
bisanthrapyrazoles. DNA base pair specificity in bisanthrapyrazole
binding to DNA may be another factor that contributes to GOLD-
Scores lacking the power to accurately predict the strength of
DNA binding. The bisanthrapyrazoles were docked into a single
X-ray structure (PDB ID: 1DA9) which does not necessarily have
the base pair sets which would lead to optimum binding to DNA.

Our previous study>* showed that 6 and the ester-linked bis-
anthrapyrazoles® were strong topoisomerase Il inhibitors. As with
the ester-linked bisanthrapyrazoles* cell growth inhibition by

compounds 1-5 was not correlated with inhibition of topoisomer-
ase Ilo-mediated catalytic decatenation activity. This result indi-
cates that the catalytic inhibition of topoisomerase Il was not the
primary mechanism by which these compounds inhibited cell
growth. Compounds 1-5 did not significantly induce formation of
linear DNA through stabilization of a covalent topoisomerase Ilo—
DNA cleavable complex in the DNA cleavage assay. These results
are in contrast to our previously described? results that showed
the ester-linked bisanthrapyrazoles did have some topoisomerase
Il poisoning activity. Also, several of the monomeric anthrapyraz-
oles we previously studied® did induce formation of linear DNA.
The bisanthrapyrazoles may also target other DNA processing en-
zymes due to their ability to bisintercalate into DNA.

In summary, a series of amide-linked bisanthrapyrazoles were
designed to bisintercalate into DNA using molecular modeling
and docking. As predicted from the docking results, bisanthrapy-
razoles with more than one methylene linker formed bisintercala-
tion complexes with DNA and significantly inhibited K562 cell
growth.

4. Experimental
4.1. Biological assays

4.1.1. Materials, cell culture, and growth inhibition assays

The plasmid DNA and the absorbance-based cell proliferation
assay and other materials were as previously described.* The hu-
man leukemia K562 cells, obtained from the American Type Cul-
ture Collection and K/VP.5 cells (a 26-fold etoposide-resistant
K562-derived sub-line with decreased levels of topoisomerase Ilo
mRNA and protein)!” were maintained as suspension cultures as
described.? The ICso values for growth inhibition in the cell growth
inhibition and decatenation assays were measured by fitting the
absorbance- or fluorescence-drug concentration data, respectively,
to a four-parameter logistic equation as described. Errors, where
quoted, are SEMs.

4.1.2. Topoisomerase Ilo. KDNA decatenation and pBR322 DNA
relaxation and cleavage assays

The fluorescence plate reader based spectrofluorometric decat-
enation assay we developed was used to determine the catalytic
inhibition of topoisomerase Ilo.*'® KkDNA which consists of highly
catenated networks of circular DNA is decatenated by topoisomer-
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ase Il 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 Ila
were previously described.*!® Topoisomerase II-cleaved DNA com-
plexes produced by anticancer drugs may be trapped by rapidly
denaturing the complexed enzyme with sodium dodecyl sulfate
(SDS).>!° The drug-induced cleavage of double-stranded closed cir-
cular pBR322 DNA to form linear DNA at 37 °C was followed by
separating the SDS-treated reaction products using ethidium bro-
mide 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.*!®> This greatly increased the
amount of linear DNA produced, and thus increased the sensitivity
of the assay.

4.1.3. Thermal denaturation of DNA assay

Compounds that intercalate into DNA stabilize the DNA double
helix and increase the temperature at which the DNA denatures or
unwinds.?!-23 The effect of 0.1-2 uM anthrapyrazole or bisanthra-
pyrazole on the increase in the ATy, of sonicated calf thymus DNA
(5 pg/mL) was measured in 10 mM Tris-HCl buffer (pH 7.4) in a
Cary 1 (Varian, Mississauga, Canada) double beam spectrophotom-
eter by measuring the absorbance increase at 260 nm upon the
application of a temperature ramp of 1 °C/min as we previously de-
scribed.>* Doxorubicin (2 pM), which is a strong DNA intercalator,
was used as a positive control.>* The slopes of the plots for mono-
mer 6 were compared to those of the bisanthrapyrazoles 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 sysyL 7.3%° on a PC work-
station with a Redhat Enterprise 4 Linux operating system. All mol-
ecules except the DNA were built using syBy. and geometry
optimized with the Tripos force field. The protonated bisanthrapy-
razoles were docked 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, (http://
www.rcsb.org/pdb/; PDB ID: 1DA9)° using the genetic algorithm
docking program coip version 3.22° with default corp parameters
and atom types and with 500 starting runs®’ as we described.*
GOLDScore was used as the fitness function with flipping options
of planar and pyramidal nitrogens being allowed. The top 10 struc-
tures were then re-scored using a local optimization (simplexing)
to obtain the final GOLDScore. Rescoring did not affect the initial
relative scoring order. 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.® The DNA structure was
prepared by removing both of the bound doxorubicin and water
molecules to avoid potential interference with the docking. Hydro-
gens were added to the DNA with the sysyL Biopolymer module. The
binding site (6 A) was defined using a previously docked ester-
linked bisanthrapyrazole in the minor grove.* Doxorubicin docked
back into the DNA structure with a heavy atom root-mean-squared
distance of 1.3 A compared to the X-ray structure.’ The graphic
was prepared with DS Visualizer 2.0 (Accelrys, San Diego, CA).

4.3. Chemistry

4.3.1. General

'H and '3C nuclear magnetic resonance (NMR) spectra were re-
corded at 300 K in 5 mm NMR tubes on a Bruker Avance 300 MHz
NMR spectrometer operating at 300.13 MHz for 'H NMR and

75.5 MHz for 13C NMR, respectively, in chloroform-d, unless other-
wise indicated. Chemical shifts are given in parts per million
(ppm) (+/— 0.01 ppm) relative to tetramethylsilane (0.00 ppm) in
the case of the "TH NMR spectra, and to the central line of CDCl; (6
77.0) for the '>C NMR spectra. Melting points were taken on an Elec-
trothermal (England) melting point apparatus and were uncor-
rected. 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. The sil-
ica gel (SiGel, 230-400 mesh ultrapure) was obtained from Silicycle
(Quebec, Canada). The alumina (aluminum oxide, activated, basic,
Brockmann I, standard grade, ~150 mesh) was obtained from Fisher
(Ottawa, Canada). TLC was performed on plastic-backed plates bear-
ing 200 pum Silica Gel 60 F,s4 (Silicycle). Compounds were visualized
by quenching of fluorescence by UV light (254 nm) where applica-
ble. The reaction conditions were not optimized for reaction yields.
Dichloromethane and triethylamine were refluxed over calcium hy-
dride and distilled. Compound 6 (AP9) (7-chloro-2-[2-[(2-hydroxy-
ethyl)methylamino]ethyl]anthra[1,9-cd]|pyrazol-6(2H)-one)  was
prepared from 1,5-dichloroanthraquinone as we previously
described.?

4.3.2. General procedure for the synthesis of the
bisanthrapyrazoles

The amide-linked bisanthrapyrazoles 1, 2, and 4 were prepared
by the reaction of 9 with the corresponding acid chlorides in
dichloromethane. Compounds 3 and 5 were prepared by the reac-
tion of 9 with the corresponding bis-N-hydroxysuccinimide esters
in dichloromethane. Method A for the synthesis of 1, 2, and 4 was
as follows. The acid chlorides (0.28 mmol, 0.5 equiv) were added
slowly to a clear orange-red solution of 9 (200 mg, 0.564 mmol)
in dichloromethane (3 mL). A light orange precipitate formed
immediately. Ether (3 mL) was added with overnight stirring. The
mixture was centrifuged and the solid was twice washed with
ether and dried. The solid was extracted into chloroform/aqueous
NaOH and dried over Na,S0O,. The solvent was removed with a vac-
uum pump. We found that the reaction of 9 with the acid chlorides
gave low yields because the HCI produced in the reaction caused 9
to precipitate as the HCI salt. It was for this reason that 3 and 5
were prepared using Method B. Method B for the synthesis of 3
and 5 was as follows. N-Hydroxysuccinimide ester 10 or 11
(0.14 mmol, 0.5 equiv) was treated with 9 (100 mg, 0.282 mmol)
in dichloromethane (5 mL). The mixture was stirred overnight
and the solvent was removed under reduced pressure. In general,
the free base bisanthrapyrazoles formed sticky films. These could
be precipitated into easily handled powders by dissolving the oily
amides in dichloromethane and then adding hexane.

4.3.2.1. 7-Chloro-2-[2-[(2-chloroethyl)methyl-

amino]ethyl]anthra[1,9-cd]pyrazol-6(2H)-one (7). Mesyl chlo-
ride (1.74mL, 22.5mmol) and triethylamine (3.13 mL,
22.5 mmol) were added to a solution of 6 (AP9, 2.0 g, 5.62 mmol)
in chloroform (30 mL) on ice. The mixture was stirred overnight
under nitrogen. The product was extracted into chloroform/aque-
ous sodium hydroxide, and the chloroform phase was dried over
Na,SO,4, The solvent was removed, affording crude 7, 2.07 g as yel-
low crystals. This reaction afforded the chloroethyl derivative
rather than the expected mesylate, presumably via a reactive aziri-
dine intermediate. The crude product was purified by silica gel col-
umn chromatography (ethyl acetate as eluant), affording 1.82 g
(0.487 mmol) in 86% yield; mp: 144-146 °C; '"H NMR (CDCls) §
8.20 (dd, 1H); 7.99 (d, 1H); 7.73-7.53 (m, 4H); 4.61 (t, 2H); 3.43
(t, 2H); 3.09 (t, 2H); 2.79 (t, 2H); 2.39 (s, 3H). 1*C NMR (CDCls) 6
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~183; 139.3; 137.2; 134.7; 132.9; 132.6; 129.1; 128.7; 126.9;
121.8; 121.0; 114.9; 59.2; 57.1; 48.4; 42.4; 41.2; HRMS (ESI), m/z
(M+H)": calcd 374.0827, obsd 374.0819. The chloride 7 was quite
reactive and reacted smoothly with sodium azide affording the
azide 8 in high yield.

4.3.2.2. 7-Chloro-[2-[(2-azidoethyl)methylamino]ethyl]anthra-
[1,9-cd]pyrazol-6(2H)-one (8). Compound 7 (1.10 g, 2.54 mmol)
was added to sodium azide (1.65 g, 25.4 mmol) in dimethylform-
amide (10 mL) and the mixture was heated at 60 °C under nitrogen
for 24 h. The solution was cooled to room temperature, added to
water (100 mL), and stirred for 30 min. The precipitate was filtered
affording 0.88 g (2.31 mmol) in 91% yield; mp: 101-102 °C; 'H
NMR (CDCl3) 6 8.20 (dd, 1H); 8.00 (d, 1H); 7.74-7.52 (m, 4H);
4.62 (t, 2H); 3.23 (t, 2H); 3.08 (t, 2H); 2.66 (t, 2H); 2.39 (s, 3H).
13C NMR (CDCl5) & 182.6; 139.3; 137.2; 134.7; 132.9; 132.5;
128.6; 126.9; 122.7; 121.8; 120.9; 114.7; 57.2; 56.8; 48.9; 48.5;
42.4; HRMS (ESI), m/z (M+H)": calcd 381.1230, obsd 381.1220.
The product was pure enough to be used directly in the next step.

4.3.2.3. 7-Chloro-[2-[(2-aminoethyl)methylamino]ethyl]anthra-
[1,9-cd]pyrazol-6(2H)-one (9). Compound 8 (300 mg, 0.789 mmol)
was dissolved in methanol (80 mL) containing HCI (1.80 mmol). Pal-
ladium on charcoal (60 mg, 10% Pd, 0.056 mmol) was added and the
mixture was placed under a positive hydrogen atmosphere for 2 h.
The mixture was then filtered through a Celite pad. The methanol fil-
trate was condensed, extracted into chloroform/aqueous sodium
hydroxide, the chloroform phase dried over Na,;SO,4, condensed, and
dried on a vacuum pump, affording 238 mg (0.672 mmol) of crude 9
as a yellow solid in 85% yield; 'H NMR (CDCI3) ¢ 8.202 (dd, 1H);
7.99 (d, 1H); 7.70-7.54 (m, 4H); 4.61 (t, 2H); 3.01 (t, 2H); 2.65 (t,
2H); 2.48 (t, 2H); 2.34 (s, 3H). 13C NMR (CDCl5) 5 182.8; 139.4;
138.4; 138.2; 137.3; 134.7; 133.0; 132.6; 129.1; 128.7; 126.8;
122.7; 121.8; 121.0; 114.8; 60.68; 57.5; 48.5; 42.4; HRMS (ESI), m/z
(M+H)": calcd 355.1325, obsd 355.1317. The product was pure en-
ough to be used directly in the next step.

4.3.2.4. 1-({5-[(2,5-Dioxo-1-pyrrolidinyl)oxy]-5-oxopentanoyl}-
oxy)-2,5-pyrrolidine-dione (10). Compound 10 was prepared as
described.?® Mp: 128-130 °C (lit. 129-131 °C). The NMR matched
that reported.

4.3.2.5. 1-({7-[(2,5-Dioxo-1-pyrrolidinyl)oxy]-7-oxoheptanoyl}-
oxy)-2,5-pyrrolidine-dione (11). N-Hydroxysuccinimide (1.27 g;
11.0 mmol), tetrahydrofuran (30 mL), and triethylamine (1.11 g,
1.52 mL; 11.0 mmol) were added into a 100 mL round bottom
flask. After the mixture was cooled to 0°C, pimeloyl chloride
(0.8 mL, 0.985 g, 5.0 mmol) was slowly added. The mixture was
stirred for 2 h at room temperature. The solvent was removed
and the residue was dissolved in dichloromethane (100 mL) and
washed with water (3 x 50 mL) and dried over Na,;SO4. An off-
white solid was obtained after filtration and evaporation of sol-
vent. Recrystallization from isopropyl alcohol yielded a white solid
(1.6 g, 90%); mp: 146-148 °C; 'H NMR (300 MHz, CDCls) 6 2.82 (s,
8H); 2.63 (t,]J = 7.3 Hz, 4H); 1.74-1.84 (m, 4H); 1.47-1.60 (m, 4H);
13C NMR (75.5 MHz, CDCl3) & 169.1, 168.4, 30.7, 27.8, 25.6, 24.1;
HRMS (ESI), m/z (M+H)": calcd 355.1141, obsd 355.1131.

4.3.2.6. N,N'-Bis(2-((2-(7-chloro-6-0xo0-6H-dibenzo[cd,glindazol-
2-yl)ethyl)methylamino)ethyl) malonamide (1). Compound 9
(200 mg, 0.564 mmol) was treated with malonyl chloride (27.4 pL,
40.0 mg, 0.282 mmol) according to Method A affording 1 as an orange
solid. The crude product was purified by alumina column chromatog-
raphy using chloroform/methanol 20:1 and then 10:1 as eluants.
Yield 25 mg (11%); mp: 105-108 °C; 'H NMR ¢ 8.07 (dd, J; = 7.0 Hz,
J>=1.9Hz, 2H, ArH), 7.87 (d, J = 7.0 Hz, 2H, ArH), 7.70-7.46 (m, 8H,

ArH), 6.85 (t,] = 4.6 Hz, 2H, amide NH), 4.54 (t, 4H, ] = 6.3 Hz, NNCH.,),
3.18(q, 4H, ] = 5.5 Hz), 2.98 (t, ] = 6.3 Hz, 4H, NNCH,CH.,), 2.68 (s, 2H
COCH,CO), 2.52 (t, ] = 5.5 Hz, 4H), 2.30 (s, 6H, 2 x NCH3); 3C NMR 6
182.4, 166.8, 139.1, 138.1, 137.1, 134.5, 132.9, 132.5, 128.9, 128.6,
126.8, 122.9, 121.8, 120.9, 114.7, 56.9, 56.2, 48.3, 42.7, 42.2, 36.9;
HRMS (ESI), m/z (M+H)": calcd 777.2471, obsd 777.2468.

4.3.2.7. N,N'-Bis(2-((2-(7-chloro-6-o0xo0-6H-dibenzo[cd,glinda-
zol-2-yl)ethyl)methylamino)ethyl) succinamide (2). Compound
9 (200 mg, 0.564 mmol) was treated with succinyl chloride
(31.04 pL, 43.7 mg, 0.282 mmol) according to Method A affording
2 as an orange solid. The product was separated on a short silica
gel column. The crude product was purified by silica gel column
chromatography using chloroform/methanol 9:1 as eluant. Yield
25mg (11%); mp: 138-140°C; 'H NMR ¢ 8.16 (dd, 2H); 7.95 (d,
2H); 7.60 (m, 8H); 5.86 (t, 2H); 4.58 (t, 4H); 3.16 (q, 4H); 3.00 (t,
4H); 2.51 (t, 4H); 2.33 (s, 6H); 2.00 (s, 4H); '3C NMR & 182.6,
171.7, 139.3, 138.3, 137.2, 134.6, 133.0, 132.6, 129.1, 128.8,
127.0, 122.6, 121.7, 121.0, 114.7, 57.1, 56.4, 48.4, 42.2, 36.7, 31.1;
HRMS (ESI), m/z (M+H)": calcd 791.2627, obsd 791.2593.

4.3.2.8. N,N'-Bis(2-((2-(7-chloro-6-oxo0-6H-dibenzo[cd,g]inda-
zol-2-yl)ethyl)methylamino)ethyl) glutaramide (3). Compound
9 (100 mg, 0.282 mmol) was treated with 10 (45.6 mg, 0.14 mmol)
according to Method B affording 3 as an orange solid. The crude
product was purified as for 1. Yield 60 mg (53%); mp: 130-
133°C; 'H NMR (300MHz, CDCl;) & 8.12 (dd, J,=7.3Hz,
J»=1.8Hz, 2H, ArH), 7.90 (d, J= 7.3 Hz, 2H, ArH), 7.70-7.46 (m,
8H, ArH), 5.72 (s, br, 2H, amide NH), 4.59 (t, 4H, ] = 6.0 Hz, NNCH,),
3.18 (q, 4H, J = 5.4 Hz), 3.02 (t, J = 6.0 Hz, 4H, NNCH,CH>), 2.52 (t,
J=5.4Hz, 4H), 2.35 (s, 6H, 2 x NCH;), 2.01 (t, J=6.4Hz, 4H,
2 x COCH,), 1.56-1.50 (m, 2H, COCH,CH,); '3C NMR (75.5 MHz,
CDCl3) § 182.5, 172.1, 139.3, 138.1, 137.1, 134.6, 133.0, 132.6,
129.0, 128.7, 126.9, 122.5, 121.8, 120.9, 114.8, 56.9, 56.5, 48.2,
42.0, 36.5, 35.2, 21.5; HRMS (ESI), m/z (M+H)": calcd 805.2784,
obsd 805.2784.

4.3.2.9. N,N'-Bis(2-((2-(7-chloro-6-o0x0-6H-dibenzo|cd,g]inda-
zol-2-yl)ethyl)methylamino)ethyl) adipamide (4). Adipoyl chlo-
ride (41.8 pL, 51.6 mg, 0.282 mmol) was added to a solution of 9
(200 mg, 0.564 mmol) in dichloromethane at 0 °C. A yellow precip-
itate formed. The reaction mixture was stirred overnight at room
temperature and was then was centrifuged. The supernatant was
removed and the solid was recrystallized twice in methanol/ether.
The solid was then extracted into chloroform/aqueous NaOH and
dried over Na,;SO4. Compound 4 was afforded as an orange solid
after the solvent was removed by a vacuum pump. The crude prod-
uct was purified as for 1. Yield 15 mg (6%); mp: 110-114°C; 'H
NMR & 811 (dd, J;=7.1Hz, J,=2.0Hz, 2H, ArH), 7.90 (d,
J=7.1Hz, 2H, ArH), 7.68-7.45 (m, 8H, ArH), 5.71 (t, J=4.9, 2H,
amide NH), 4.59 (t, 4H, J = 6.0 Hz, NNCH,), 3.18 (q, 4H, J = 5.7 Hz),
3.02 (t, J=6.0 Hz, 4H, NNCH,CH,), 2.53 (t, J = 5.7 Hz, 4H), 2.36 (s,
6H, 2 x NCH3), 1.54 (t, J=6.5Hz, 4H, 2 x COCH,), 1.25 (t,
J=6.5Hz, 4H, COCH,CH,); 3C NMR 6 182.5, 172.5, 139.4 138.1,
137.1, 134.6, 133.1, 132.6, 128.8, 128.6, 126.7, 122.4, 121.8,
120.9, 114.8, 56.9, 56.6, 48.2, 42.0, 36.5, 35.8, 22.6; HRMS (ESI),
m/z (M+H)": calcd 819.2940, obsd 819.2925.

4.3.2.10. N,N'-Bis(2-((2-(7-chloro-6-o0xo0-6H-dibenzo[cd,glinda-
zol-2-yl)ethyl)methylamino)ethyl) pimelamide (5). Compound
9 (100 mg, 0.282 mmol) was treated with 11 (49.5 mg, 0.14 mmol)
according to Method B affording 5 as an orange solid. The crude
product was purified as for 1. Yield 81 mg (69%); mp: 110-
113°C; 'H NMR (300 MHz, CDCl;) & 8.07 (dd, J;=7.0Hz,
J»=2.0Hz, 2H, ArH), 7.83 (d, J=7.0 Hz, 2H, ArH), 7.65-7.44 (m,
8H, ArH), 5.60 (t, J = 4.7 Hz, 2H, amide NH), 4.56 (t, 4H, ] = 6.0 Hz,
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NNCH,), 3.16 (q, 4H, J = 5.7 Hz), 3.00 (t, ] = 6.0 Hz, 4H, NNCH,CH),
2.50 (t, J=5.7 Hz, 4H), 2.34 (s, 6H, NCH3), 1.58 (t, J= 7.6 Hz, 4H,
COCH,), 1.24-1.14 (m, 4H, COCH,CH,), 0.91-0.81 (m, 2H,
COCH,CH,CH,); 3C NMR (75.5 MHz, CDCl3) 6 183.2, 172.8, 139.3,
138.0, 137.0, 134.5, 133.0, 132.5, 128.8, 128.7, 126.7, 122.4,
121.8, 120.9, 114.8, 56.8, 56.6, 48.1, 41.9, 36.5, 36.1, 28.7, 25.1;
HRMS (ESI), m/z (M+H)": calcd 833.3097, obsd 833.3077.
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