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ABSTRACT

Based on the topoisomerase lla catalytic inhibitory activity of a
previous hit compound, NSC35866, we screened 40 substi-
tuted purines or purine-like compounds from the National Can-
cer Institute repository for their ability to inhibit the ATPase
activity of human topoisomerase lla. Several compounds, in-
cluding NSC348400, NSC348401 and NSC348402, were inhib-
itory at submicromolar concentrations. Three-dimensional
quantitative structure-activity relationship models using com-
parative molecular field and comparative molecular similarity
indices analyses were constructed using 24 of these com-
pounds. The ability of 10 selected compounds to inhibit the
complete DNA strand passage reaction of topoisomerase lla
correlated well with their potency as ATPase inhibitors. None of
the 40 compounds significantly increased levels of the topo-

isomerase lla-DNA covalent complex, suggesting that they
functioned as catalytic topoisomerase Il inhibitors and not as
topoisomerase |l poisons. Although some of these compounds
could antagonize the effect of etoposide on the level of topo-
isomerase lla-DNA covalent complex formation in vitro, in con-
trast to NSC35866, they were not capable of antagonizing
etoposide-induced cytotoxicity and DNA strand breaks in cells.
Two independently selected human SCLC cell lines with re-
duced topoisomerase lla expression displayed cross-resis-
tance to NSC348400, NBSC348401, and NSC348402, whereas
an MDR1 line was fully sensitive. These results suggest that
topoisomerase lla is a functional cellular target for most of
these substituted purine compounds and that these com-
pounds do not display MDR1 liability.

Topoisomerase II is an essential nuclear enzyme found in
all living cells. This enzyme transiently creates a protein-
concealed double-strand break in one DNA molecule through
which a second double-stranded DNA molecule can be trans-
ported (Wang, 2002). Topoisomerase II participates in vari-
ous DNA metabolic processes, such as transcription, DNA

This work was supported by the Canadian Institutes of Health Research,
the Canada Research Chairs program, the Province of Manitoba, through the
Manitoba Research and Innovation Fund and a Canada Research Chair in
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replication, chromosome condensation, and de-condensation,
and is essential at the time of chromosome segregation after
cell division (Holm et al., 1985). Higher vertebrates have two
isoforms, « and S, of this enzyme. Topoisomerase Ila is es-
sential for cell proliferation and is most highly expressed in
cells undergoing division (Akimitsu et al., 2003). The B iso-
form is not required for cell proliferation, but it is required for
neural development (Yang et al., 2000).

Topoisomerase II-targeting drugs are among the most suc-
cessful clinically applied anticancer compounds today and
encompass such drugs as the epipodophyllotoxins (exempli-
fied by etoposide and teniposide), the aminoacridines (exem-
plified by amsacrine), and the anthracyclines (exemplified by
doxorubicin, daunorubicin, and idarubicin). These com-

ABBREVIATIONS: HPLC, high-pressure liquid chromatography; kDNA, kinetoplast DNA; 3D, three-dimensional; QSAR, quantitative structure-
activity relationship; CoMFA, comparative molecular field analysis; CoMSIA, comparative molecular similarity index analysis; ICRF-187, dexra-
zoxane; ICRF-193, 4-((2R,3S)-3-(3,5-dioxopiperazin-1-yl)butan-2-yl)piperazine-2,6-dione; ICRF-154, 4-(2-(3,5-dioxopiperazin-1-yl)ethyl)pipera-

zine-2,6-dione; F 11782, tafluposide.
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pounds all belong to the “poison” class of topoisomerase II-
directed drugs and work by a rather unusual mechanism in
which they increase the levels of protein-concealed DNA dou-
ble-strand breaks in cells (Wilstermann and Osheroff, 2003).
The action of DNA metabolic processes then renders these
complexes into permanent double-strand breaks, which are
highly toxic to cells (Zhang et al., 1990). One general problem
associated with topoisomerase II poisons is that they are
toxic to several types of rapidly dividing cells in normal
tissues, such as the bone marrow and the gut lining, which
reduces their therapeutic index. The catalytic inhibitors con-
stitute another class of topoisomerase II-interacting com-
pounds that do not increase the levels of DNA breaks in cells
at pharmacologically relevant concentrations. Several
classes of structurally unrelated compounds including the
bisdioxopiperazines [ICRF-187 (dexrazoxane), ICRF-193,
and ICRF-154], the anthracycline derivative aclarubicin, the
conjugated thiobarbituric acid-derived merbarone, the cou-
marin drugs novobiocin and coumermycin Al, the epipodo-
phyllotoxin analog F 11782, fostrecin, and chloroquine all
belong to this group, as has been extensively reviewed (An-
doh and Ishida, 1998; Larsen et al., 2003). Combining a
topoisomerase II poison with a catalytic topoisomerase II
inhibitor (etoposide and ICRF-187) has been used to increase
the therapeutic index of etoposide in a mouse central nervous
system model of brain tumors (Holm et al., 1998). In addition,
coadministration of etoposide and ICRF-187 has been found
to be more effective than either agent alone in augmenting
the effect of whole-brain irradiation in a mouse model (Hof-
land et al., 2005). These results pointed to the feasibility of
using catalytic inhibitors as pharmacological modulators of
topoisomerase II poisons, as suggested previously (Jensen
and Sehested, 1997). In an attempt to identify novel struc-
tural entities targeting topoisomerase II as catalytic inhibi-
tors, we previously identified NSC35866 as belonging to a
new “purine class” of catalytic topoisomerase Il« inhibitors
capable of antagonizing the effect of etoposide in vitro and in
cells (Jensen et al., 2005). However, the potency of this com-
pound against topoisomerase Ila was not high; hence, off-target
effects might be expected. In the present communication, we
report on the screening of 40 purine and purine-like compounds
from the National Cancer Institute repository for the inhibition
of the ATPase activity of topoisomerase Ila. Several compounds
showed submicromolar inhibition of the ATPase activity of to-
poisomerase Ila as well as low micromolar activity against its
complete DNA strand passage reaction, and they did this with-
out increasing the level of topoisomerase IIa-DNA covalent
complexes. These results establish these compounds as effective
catalytic inhibitors of topoisomerase II. The purine compounds
for which the stereochemistry was known were analyzed using
3D-QSAR modeling methods to identify the structural features
responsible for their activity. Unlike NSC35866, the three most
potent purines could not antagonize the effect of etoposide in
cells, although they did so in vitro, suggesting that although
they are catalytic topoisomerase Il« inhibitors, either they are
not cell permeable enough or their interaction with topoisom-
erase Ila is different from that of NSC35866.

Materials and Methods

Materials and Cell Lines. The small-cell lung cancer cell lines
OC-NYH, OC-NYH/DOX (topoisomerase Ila and IIB down-regu-

lated), OC-NYH/DAU (MDR1 overexpression), OC-NYH/VM (topo-
isomerase Ila down-regulated), and OC-NYH/pACRS (topoisomerase
IIB down-regulated) (Rothenborg-Jensen et al., 2001), human ovary
cancer A2780 cells, human prostate cancer PC3 cells, and colon
cancer HT'C116 cells have been described previously and are all well
characterized cell lines. All cells were grown in RPMI 1640 medium
supplemented with 10% fetal calf serum and 100 U/ml penicillin-
streptomycin at 37°C in atmospheric air supplemented with 5% CO,.
The hydrochloride salt of ICRF-187 [dexrazoxane (Cardioxane); Chi-
ron Group, Emeryville, CA) was dissolved in sterile water. Etoposide
was purchased from Bristol-Myers Squibb (Lyngby, Denmark) and
was dissolved in sterile water. The purine and purine-like com-
pounds were supplied by the Drug Synthesis and Chemistry Branch,
Development Therapeutics Program, Division of Cancer Treatment
and Diagnosis, National Cancer Institute (Bethesda, MD), and dis-
solved in dimethyl sulfoxide at concentrations ranging from 10 to 100
mM. [HIdATP, [*H]thymidine, and [**C]thymidine were purchased
from GE Healthcare (Little Chalfont, Buckinghamshire, UK). All
other compounds were purchased from Sigma-Aldrich (Brondby,
Denmark) and were dissolved in dimethyl sulfoxide. The structure of
the template compound NSC348400* and of all the substituted pu-
rines or purine-like analogs used in this study can be found in Fig. 1
and supplementary Fig. S1, respectively.

Identification and Purity of Representative Purine Ana-
logs. The identity and chromatographic purity of a representative
subset of the purine compounds obtained from the National Cancer
Institute were determined by high-pressure liquid chromatography
(HPLC)/UV-mass spectrometry. The HPLC apparatus consisted of
an Alliance Separation Module 2795 (Waters, Milford, MA) con-
nected to a Waters 2996 Photodiode Array Detector and a Quattro
Premier Tandem Mass Spectrometer (Waters-Micromass, Manches-
ter, UK) with the electrospray interface used in positive ion mode.
Data were acquired and processed with MassLynx version 4.1 soft-
ware. The chromatographic purity was calculated from the percent-
age peak area that the mass spectrometric-identified purine com-
pound was of the total of all observed peak areas. Six of the purine
compounds (NSC19865, NSC35866, NSC348400, NSC348401,
NSC348402, and NSC39055) were selected for comprehensive HPLC
diode array detection/electrospray mass spectrometry analysis to
both identify and to obtain purity data on a subset of the purine
compounds as representative of the larger set. Mass spectrometric
analysis positively confirmed the identity of all of the compounds
selected for analysis. The HPLC-determined chromatographic purity
values found were 99.8, 99.7, 92.6, 88.2, 86.0, and 82.7% for
NSC19865, NSC35866, NSC348400, NSC348401, NSC348402, and
NSC39055, respectively.

Purification of Human Topoisomerase IIa from Overex-
pressing Yeast Cells. Full-length human wild-type and mutant
topoisomerase Ila was purified from overexpressing yeast cells as
described previously (Rothenborg-Jensen et al., 2001) to greater than
95% purity as judged by SDS-polyacrylamide gel electrophoresis and
Coomassie blue staining.

ATPase Assay. The ATP hydrolysis catalyzed by topoisomerase
IIa was studied with a linked kinetic enzyme assay (Lindsley, 2001)
and, as described previously (Jensen et al., 2005), by following the
oxidation of NADH at 340 nm on a Bio-Tek EL808 Ultra Micro plate
Reader connected to a PC with KC4 software (Bio-Tek Instruments,
Winooski, VT). Reactions were performed in 96-well plates (Mi-
crotest 96-well Clear Plate; BD Biosciences, San Jose, CA) at 37°C in
a total volume of 400 pl. The reaction contained 18 nM topoisomer-
ase IIa and 1 mM ATP. As described previously (Jensen et al., 2005),
closed circular 18.5-kbp DNA was added to obtain a DNA base pair
to enzyme-dimer ratio of 850:1. In general, the percentage remaining

1 The structures and names of all the National Cancer Institute NSC
numbered compounds used in this study may be found at the following website:
http://129.43.27.140/ncidb2/.
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ATPase activity of 6 to 10 replicates was measured at each drug
concentration.

The IC;, values for the inhibition of the ATPase activity of topo-
isomerase Ila were determined by nonlinear least-squares fitting
(SigmaPlot; Systat Software, Point Richmond, CA) of f, the fractional
remaining activity, as a function of the inhibitor concentration to a
two-parameter sigmoidal equation ' = (1 — d)/(1 + ([drugl/IC;,)"™) +
d, where IC;, and ny, the Hill coefficient, were the best fit parame-
ters, and d was the limiting fractional remaining activity observed at
the highest inhibitor concentration used.

DNA Strand Passage Assay. Topoisomerase Ila catalytic activ-
ity (DNA strand passage activity) was measured using a filter-based
kDNA decatenation assay using Crithidia fasciculata *H-labeled
kDNA as described previously (Jensen et al., 2002). The IC;, values
for the percentage inhibition of topoisomerase Ila was obtained by
nonlinear least-squares fitting of the percentage inhibition data to a
two-parameter sigmoidal equation as a function of the inhibitor
concentration: % inhibition = (100)/(1 + (IC5y/[drug])"®), where ICj,,
and ny were the best fit parameters.

Topoisomerase Ila-DNA Covalent Complex Formation As-
say. The level of topoisomerase IIa-DNA covalent complex formation
was assessed using a new and highly sensitive assay based on
phenol-chloroform extraction as described previously (Jensen et al.,
2005). In brief, a 950-base pair linear *H-labeled DNA was synthe-
sized by the polymerase chain reaction in the presence of [PH]dATP.
The DNA fragment was isolated from unincorporated deoxynucle-
otide triphosphates by gel filtration followed by ethanol precipita-
tion. The 50-ul reaction mixtures containing 100 ng of radiolabeled
DNA fragment, 300 to 700 ng of topoisomerase Il«, topoisomerase 11
cleavage buffer (10 mM Tris-HCL, pH 7.9, 50 mM NaCl, 50 mM KClI,
5 mM MgCl,, 1 mM EDTA, 15 ug/ml bovine serum albumin, and 1
mM Na,ATP), and increasing concentrations of drug were incubated
for 30 min at 37°C. A “no topoisomerase IIa” sample was always
included for normalization purposes. The cleavable complex was
trapped by adding 5 ul of 10% SDS. After vigorous vortexing for 30 s,
45 ul of Tris-EDTA buffer, pH 8.0, was added to obtain 100 ul per
sample. A 100-ul volume of phenol/chloroform/isoamyl alcohol [25:
24:1 (v/v/v)] equilibrated with Tris-EDTA buffer, pH 8.0, was then
added, and the samples were vortexed vigorously for 30 s. The
samples were finally centrifuged at 20,000g for 2 min, and 90 ul of
the upper water phase was used for scintillation counting using 15
ml of Ultima gold scintillation fluid (PerkinElmer Life and Analyti-
cal Sciences, Boston, MA).

Purine Inhibitors of Topoisomerase II 1505

Clonogenic Assay. The assay was performed as described previ-
ously (Jensen et al., 1993).

Alkaline Elution Assay. The alkaline elution assay was per-
formed as described by Kohn and Grimek-Ewig (1973) with the
modifications described previously (Sehested et al., 1993).

Modeling and Conformation Search. All molecular modeling
was done using SYBYL 7.1 (Tripos, St. Louis, MO) on a Hewlett-
Packard XW4100 PC workstation with a Redhat Enterprise 3 Linux
operating system. All molecules were built using SYBYL. All mole-
cules were first geometry-optimized with the Tripos force field using
a conjugate gradient with a convergence criterion of 0.01 kcal/mol,
Gasteiger-Huckel charges, and a distance-dependent dielectric con-
stant. The SYBYL CONFORT module was then used to find the
lowest energy conformation.

3D-QSAR Analyses. The COoMFA and CoMSIA analyses require
that the 3D structures of the molecules be aligned to a core confor-
mational template that is their presumed active form (Cramer III et
al., 1988; Klebe et al., 1994; Kubinyi et al., 1998). The second most
active compound, NSC348400, was chosen as the template molecule
to ensure a large enough grid in the space occupied by its sugar
residue. The five common core bonds to which all the molecules were
aligned for the 3D-QSAR analyses are shown in bold red in Fig. 1A,
and the actual alignments are depicted in Fig. 1B. The molecular
conformations that were used for alignment were the conformers
that had the lowest energy obtained with the SYBYL CONFORT
module after performing a global minimization search. For the
CoMFA analysis, steric and electrostatic field energies were calcu-
lated using an sp® carbon with a van der Waals’ radius of 1.52 A as
the steric probe and a +1 charge as an electrostatic probe. Steric and
electrostatic interactions were calculated using the Tripos force field
with a distance-dependent dielectric constant at all lattice points of
a regular spaced (2 A grid. The energy cutoff was 30 kcal/mol. The
alignment and lattice box used for the CoOMFA calculation were also
used to calculate similarity index fields for the CoMSIA analysis.
Steric, electrostatic, hydrophobic, hydrogen bond donor, and acceptor
fields were evaluated in the CoMSIA analysis. Similarity indices
were computed using a probe atom with +1 charge, radius 1 A,
hydrophobicity +1, hydrogen bond donating +1, hydrogen bond ac-
ceptor +1, and attenuation factor « 0.3 for the Gaussian-type dis-
tance. A partial least-squares statistical approach, which is an ex-
tension of multiple regression analysis in which the original
variables are replaced by a set of their linear combinations, was used
to obtain the 3D-QSAR results. All models were investigated using

Fig. 1. A, structure of NSC348400 pu-
rine used as a template molecule in
3D-QSAR modeling. The five-mem-
bered ring structure used for molecu-
lar alignments is represented in bold
red. B, structures of 25 purine and
purine-like energy-minimized struc-
tures aligned to the template mole-
cule NSC348400 used in the 3D-
QSAR modeling.

2T0Z ‘T Jeqwadaq uo 1sanb Aq Bio sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

1506

Jensen et al.

the leave-one-out method, which is a cross-validated partial least-
squares method. The CoMFA and CoMSIA descriptors were used as
independent variables and pICs, (—log ICy,, in molar concentration
units) was used as the dependent variable to derive the 3D-QSAR
models. The g? (cross-validated correlation coefficient %) and the
optimum number of components (V) were obtained by the leave-one-
out method. The final model (non—cross-validated conventional anal-
ysis) was developed and yielded the non—cross-validated correlation
coefficient 2 with the optimum number of components.

Results

Inhibition of Topoisomerase IIa« ATPase Activity by
The Purine and Purine-Like Compounds. We previously
reported that NSC35866, an S®-substituted purine, inhibited
the ATPase and DNA strand passage activity of topoisomer-
ase Ila without generating DNA damage in vitro and in vivo
(Jensen et al., 2005). The inhibitory activity of this lead
compound was low, however, with IC;, values of 30 uM in the
ATPase assay and 750 uM in the DNA strand passage assay.
To identify more potent inhibitors of the ATPase activity of
topoisomerase Ila, we screened 40 substituted purine or pu-
rine-like compounds that we identified in the National Can-
cer Institute repository. Some compounds were selected on

the basis of structural similarity with the lead purine
NSC35866 (Jensen et al., 2005), and others were selected by
mining the National Cancer Institute 3D-MIND database for
compounds having cytotoxicity profiles similar to that of the
most potent compound NSC348401 as assessed by the Na-
tional Cancer Institute using their 60-cell line cancer screen.
Some compounds belonging to the latter group were purine-
containing Hg®* and Pd?®" metal complexes, and a few other
compounds contained only the imidazole part of the purine
ring structure. The structures of all compounds screened in
the ATPase assay are depicted in supplementary Fig. S1.
After carrying out initial pilot experiments to assess the
relative potency of these compounds as inhibitors of the
ATPase reaction of topoisomerase Il«, the inhibitory effect of
all compounds was tested at five different drug concentra-
tions depending on the potency of the individual compound.
Within each experiment, the rate of ATP hydrolysis observed
in the absence of drug was set to one. Some of the least active
compounds were tested at only four concentrations as a re-
sult of limited solubility. All of the primary screening data
that were obtained are shown in supplementary Fig. S2.
Even the most potent compounds at the highest concentra-
tions inhibited the topoisomerase IIa ATPase activity only

NSC35866
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inhibition of the ATPase activity of topo-
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tively, on the rate of ATP hydrolysis by
topoisomerase Ila in the presence of
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down to 24% residual remaining activity. The inhibition data
were not suggestive of competitive inhibition because only
partial inhibition of the ATPase activity was achieved, even
at the highest inhibitor concentrations used (Fig. 2 and sup-
plementary Fig. S2). This mode of inhibition was similar to
that seen for catalytic inhibition of topoisomerase II by ICRF-
193, which is not a competitive inhibitor of topoisomerase 11
ATPase activity in the presence of DNA (Morris et al., 2000).
Thus, the value of d, which is the fractional remaining activ-
ity that was observed using the most potent inhibitor at the
highest inhibitor concentrations used, was fixed at a value of
0.24 in the two-parameter sigmoidal fitting equation de-
scribed under Materials and Methods to obtain an empirical
IC;, value that could be used in the 3D-QSAR analysis. The
result of this analysis yielded IC;, values ranging from 0.05
to 2100 uM, which is a range of more than 10,000-fold. When
the heavy metal-complexes were excluded, the IC;, values
observed were in the range of 0.4 to 2100 uM, which still
represented a greater than 1000-fold difference. The calcu-
lated IC;, values for all 40 compounds are presented in
supplementary Table S1. A few examples from this analysis
in which relatively minor changes in compound structure
resulted in pronounced changes in potency as ATPase inhib-
itors are shown in Fig. 2. The substitution of an amino group
at position C2 in two otherwise identical molecules (compare
NSC 19865 in Fig. 2A and NSC35866 in Fig. 2B) resulted in
inhibition of the topoisomerase Ila ATPase activity going
from >300 uM to 31 uM. Likewise, the relatively small
changes seen between NSC39055 and NSC348402 (Fig. 1, C
and D, respectively) resulted in an increase in potency of
more than 100-fold.

Construction of 3D-QSAR Models Based on the Inhi-
bition of the ATPase Activity of Topoisomerase Ila.
The wide range of ATPase IC;, values allowed us to carry out
3D-QSAR CoMFA and CoMSIA analyses to identify the
structural features responsible for the inhibitory activity of
the purine compounds. The results of the CoOMFA and CoM-
SIA analyses of the pIC;, data (Table 1) for the inhibition of
the ATPase activity of topoisomerase Ila are summarized in
Table 2. The purine analogs that were complexes of either
Hg?" or Pd®>* (a member of the platinum group metals) were
not included in the data set used because it is well known
that these heavy metal ions have a very high affinity for thiol
groups on proteins that typically lead to their inactivation.
Thus, they are likely to nonspecifically inhibit topoisomerase
Ila activity, as we have shown for cisplatin (Hasinoff et al.,
2005) and has been shown for Co?* (Baldwin et al., 2004) and
selenium-containing compounds (Zhou et al., 2003). Several
other studies have shown that sulfhydryl-reactive com-
pounds, including maleimide (Jensen et al., 2002) and a
variety of quinones (Wang et al., 2001; Hasinoff et al., 2006),
also inhibit topoisomerase II. Compounds with an unknown
Z/E and/or unknown R or S stereochemical configuration, or
compounds with C=C, C=N, and N=N double bonds
(NSC36824, NSC45388, NSC684046, NSC75140, NSC83112)
were also not included in the data set because the CoMFA
and CoMSIA analyses require that the absolute structures be
known. NSC46384 and NSC29421 were found to be single
outliers in the CoMFA and CoMSIA analyses, respectively,
and were likewise omitted. Because of the relatively small
numbers of compounds in each data set (24), all structures
were used in the analyses rather than dividing them into
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training and validation sets. The predicted and experimental
pIC;, values are plotted in Fig. 3. For both the CoMFA and
CoMSIA analyses, the predicted and experimental pIC;, val-
ues were well correlated with  values of 0.936 and 0.825,
respectively. Furthermore, the CoMFA and CoMSIA analy-
ses of the IC;, data gave high ¢ values (0.610 and 0.660,
respectively; Table 2), indicating that the model and the
alignments used were good predictors of the activity.

The steric and electrostatic contributions (49.9% and
50.1%, respectively) to the CoMFA field were almost the
same (Table 2). The CoMSIA analysis, in addition to the
steric and electrostatic contributions to the field, also mea-
sures hydrophobic and hydrogen bond donor and acceptor
contributions to the field. The hydrophobic contribution to

TABLE 1

Experimental pIC;, values and residuals from the calculated values
obtained from CoMFA and CoMSIA 3D-QSAR analysis for the
inhibition of the ATPase activity of topoisomerase 11«

Residuals®

NSC No. pICso

CoMFA CoMSIA

M

15747 4.87 0.55 0.56
29421 2.89 -0.55 Outlier
35862 4.07 -0.02 -0.14
35865 4.27 -0.05 -0.03
35866 4.51 -0.15 0.24
38732 4.47 -0.07 —0.40
39055 4.37 0.07 -0.05
39328 3.82 -0.41 -0.45
39330 3.68 0.17 -0.48
39331 4.72 0.04 0.26
40818 3.89 0.11 -0.20
42375 5.10 0.28 0.21
46384 4.85 Outlier 0.65
48388 3.84 -0.03 —0.38
52383 4.90 0.16 0.46
52388 4.44 -0.01 0.09
71261 4.80 -0.05 0.31
76519 4.88 0.03 0.36
133593 3.71 0.21 -0.47
172614 3.92 -0.28 -0.33
244708 5.56 0.18 0.22
348400 6.41 0.01 -0.20
348401 6.43 —0.06 0.09
348402 6.11 -0.20 -0.14
647471 3.93 0.06 -0.17

“ Observed — predicted values.

TABLE 2

Partial least-squares statistics and field contributions from CoMFA
and CoMSIA models for the prediction of pICy, for the inhibition of the
ATPase activity of human topoisomerase ITa

Parameter CoMFA CoMSIA
PLS statistics
q> 0.610 0.660
N 3 1
S.E.P. 0.593 0.483
r? 0.936 0.825
S.E.E. 0.240 0.346
F 97 104
Field contributions
Steric 0.499 0.073
Electrostatic 0.501 0.156
Hydrophobic 0.498
Hydrogen bond donor 0.205
Hydrogen bond acceptor 0.067

42, leave-one-out (LOO) cross-validated correlation coefficient, N, optimum num-
ber of components; S.E.P., standard error of prediction; r?, non—cross-validated
correlation coefficient; S.E.E., standard error of the estimate; F, F-test value.
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the CoMSIA-derived field, at 49.8%, was the largest contrib-
utor to the overall field (Table 2). The hydrogen bond donor
and electrostatic components at 20.5% and 15.6%, respec-
tively, were the second and third largest contributors to the
field (Table 2).

The isocontour diagrams (“stdev*coeff,” Figs. 4 and 5) that
were mapped onto the NSC348400 template molecule of Fig.
1A as described under Materials and Methods show the re-
gions in space that were either favored or disfavored for
inhibitory activity. The green contours indicate regions that
increased inhibitory activity, and the red contours indicate
regions that decreased inhibitory activity. The steric isocon-
tours gave similar results for both the CoMFA and CoMSIA
analyses (Fig. 4, compare A and B). These steric fields fa-
vored the planar phenyl group as found in NSC348400 and in
many of the other analogs. The steric fields disfavored a
linker methylene group bonded to the sulfur ether atom. An
examination of these compounds using stereo glasses showed
that purine analogs with this linker methylene group con-
nected to the phenyl ring were able to bend over and become
nearly coplanar with the purine ring. As shown in Fig. 4D,
the electrostatic field for the CoMSIA analysis was more
localized than for the CoMFA analysis depicted in Fig. 4C.
The polar nitro groups and the polar benzoxadiazol group as
in NSC348400 were highly favored. Therefore, polar substi-
tutions in this area should lead to more active compounds.

The hydrophobic field depicted in Fig. 5A makes the larg-
est contribution to the CoMSIA-derived field. There is a large
green favored area around the phenyl group that is directly
bonded to the sulfur ether atom as in NSC348400. This is a
common substitution in a number of the highly active ana-
logs. This result suggests that even larger more hydrophobic
groups might be accommodated in this area to produce more
active compounds. There was no significant red disfavored
hydrophobic field seen in the CoMSIA analysis.

The second largest contribution to the CoMSIA-derived
field was the hydrogen bond donor field shown in Fig. 5B. The
largest area that was disfavored was in the vicinity of the
ribose sugar substituted to the purine ring. Thus, the hydro-
gen bond donor atoms on the sugar do not contribute posi-
tively to the inhibitory activity of these compounds. This
result can be partly explained by a comparison of the struc-
tures of NSC348400, NSC348401, and NSC348402. Although
NSC348400 contains a sugar group, the latter two com-

pounds that were of equal potency do not, and thus a sugar
group is not favored in this position. There were also two
positive contributions to the hydrogen bond donor field in the
area around each of the hydrogen atoms of the amino group
substituted on the purine ring as in NSC348400, indicating
the importance of the 2-amino group for the activity.

Potency of Selected Purine Analogs As Inhibitors of
Topoisomerase Ila DNA Strand Passage Coincides
with Their Potency As ATPase Inhibitors. To determine
whether the potency of the purine and purine-like com-
pounds, as determined in the ATPase assay, was correlated
with their potency as inhibitors of the full DNA strand pas-
sage reaction of topoisomerase II, we assessed the effect of 10
selected purine compounds on topoisomerase Ila decatena-
tion activity using a filter-based assay described previously
(Jensen et al., 2002) using a known catalytic topoisomerase
IIa inhibitor, ICRF-187, as a positive control. This assay
measures radioactively labeled kDNA substrate left on the
filter after filtering and washing. Therefore, high counts rep-
resent inhibition of topoisomerase Il decatenation activity.
In this analysis, the number of counts per minute derived
from all “no drug” samples were averaged, and this value was
normalized to 0% inhibition. In a similar fashion, all the
numbers of counts per minute from the “no enzyme” reac-
tions were averaged, and this value was normalized to 100%
inhibition. The results of these analyses are shown in Fig. 6.
Figure 6A depicts results obtained with a group of purine
compounds of lower potency in the ATPase assay, whereas
Fig. 6B depicts results obtained with compounds of higher
potency. As shown in Fig. 6C, the inhibition of the topoisom-
erase Ila decatenation activity was well correlated (7 of 0.88)
with the ATPase inhibitory activity. Furthermore, the slope
of the log-log plot of 0.89 * 0.13 was 1 within 1 S.E.M.
Several compounds, including the nonmetal containing ana-
log NSC348400, are even more effective inhibitors than the
positive control ICRF-187. Together, these results suggest
that inhibition of ATPase activity was a good predictor for
inhibition of the intact DNA strand passage activity for these
purine analogs.

Lack of Stimulation of Topoisomerase Ila-DNA Co-
valent Complexes by Purine Analogs. Compounds that
target topoisomerase II can be divided into two major classes:
1) topoisomerase II poisons that increase the levels of topo-
isomerase II-DNA covalent complexes and 2) catalytic inhib-

7 > ; . . 7

pIC,, predicted (M)
pIC,, predicted (M)

Fig. 3. Correlation between the pre-
dicted and experimentally deter-
mined values of pIC;, for inhibition of
the ATPase activity of topoisomerase
ITa by the 24 purine analogs used in
the building of the CoMFA (left) and
CoMSIA (right) models.

pIC,, experimental (M)

pIC,, experimental (M)
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itors that do not increase the levels of this complex. Both
classes are known to interfere with the ATPase and DNA
strand passage activity of topoisomerase II. We therefore
probed the effect of all purine compounds on the level of this
complex produced in vitro by using a highly sensitive assay
described previously (Jensen et al., 2005). To gain the highest
possible sensitivity, this assay was performed at a very high
topoisomerase Ila-to-DNA ratio of 700 ng of topoisomerase
IIa per 100 ng of DNA. Under these conditions, approxi-
mately half the DNA was trapped as covalent complex in the
absence of any drug, and thus even a small increase in the
level of this complex was easily detected. The result of this
analysis is depicted in supplementary Fig. S3. Of the 40
compounds analyzed, only the Hg?*-containing NSC321239
increased the level of covalent complexes to any significant
extent. Together, these results confirm that, in general, the
purine analogs are catalytic inhibitors of topoisomerase II
and are not topoisomerase Ila poisons.

Antagonism of Etoposide-Induced DNA-Topoisomer-
ase Ila Covalent Complex Stimulation by the Three
Most Potent Nonmetal Purine Analogs. We have shown
previously that catalytic topoisomerase II inhibitors have the
capacity to antagonize the effect of the nonintercalating to-
poisomerase II poison etoposide (Sehested and Jensen, 1996).
We therefore assessed whether three of the most active com-
pounds (NSC348400, NSC348401, and NSC348402) were ca-
pable of antagonizing the ability of etoposide to promote
topoisomerase IIa-DNA covalent complexes in vitro. We as-
sessed this by using the same assay described above, but this
time we used a topoisomerase Ila-to-DNA weight ratio of 3 to
1 instead of 7 to 1. The results of these analyses are depicted
in Fig. 7A for NSC348400 and Fig. 7B for NSC348402. In the
absence of drug, the level of covalent complex was approxi-
mately 20% (represented by the dotted line in both panels).
In the presence of 1 uM etoposide, this value was increased
by approximately 50%. Increasing concentrations of
NSC348400 or NSC348402 clearly antagonized the effect

steric contour maps

electrostatic contour maps
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Fig. 4. Steric and electrostatic contour maps superimposed on the struc-
ture of NSC348400 obtained from the CoMFA (A and C) and CoMSIA (B
and D) modeling, respectively, for the inhibition of the ATPase activity of
topoisomerase Ila by 24 purine analogs. The green grids outline the
regions in space that are favored for inhibition of the ATPase activity of
topoisomerase Ila, and the red areas show the regions that are disfa-
vored.
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of etoposide in a dose-dependent manner. At concentrations
of 10 uM and above, both compounds completely abolished
the effect of etoposide. Similar results were obtained for
NSC348401 (data not shown).

Lack of Protection of Etoposide-Induced Cytotoxic-
ity and DNA Strand Breaks in Cells by the Most Potent
Nonmetal Purine Analogs. We previously showed that
NSC35866 is capable of antagonizing the cytotoxicity of eto-
poside in human cancer cells. Using an assay with 20 min of
preincubation with NSC35866, followed by a 1-h coincuba-
tion with etoposide, up to 50-fold protection was observed
(Jensen et al., 2005). We therefore tested whether the three
most potent nonmetal analogs (NSC348400, NSC348401,
and NSC348402) could antagonize the 1-h cytotoxicity in-
duced by etoposide and daunorubicin with small-cell lung
cancer OC-NYH, ovary cancer A2780, prostate cancer PC3,
and colon cancer HTC116 human cancer cell lines. However,
in contrast to NSC35866, these three potent compounds were
not effective antagonists of topoisomerase II poison-induced
cytotoxicity (data not shown). Furthermore, when assessed in
an alkaline elution assay, NSC348401 had no effect on the
level of etoposide-induced DNA strand breaks (data not
shown), unlike NSC35866, which was previously found to
antagonize such breaks (Jensen et al., 2005).

The Purine Analogs Are Not Cross-Resistant to Two
Mutant Topoisomerase Ila Enzymes That Are Highly
Cross-Resistant to ICRF-187 and ICRF-193. We have
previously characterized mutations in the bisdioxopiperazine
binding site of topoisomerase Il« that lead to a high degree of
cross-resistance to inhibition by ICRF-187 and ICRF-193
(Wessel et al., 2002). The Tyr50Phe and Tyrl65Ser muta-
tions in human topoisomerase Ila provide a means by which
we can test whether the purine analogs bind to the bisdiox-
opiperazine binding site, which has been identified by X-ray
crystallography to span the dimer interface in the N-terminal
region close to the ATP binding sites (Classen et al., 2003).

CoMSIA H-bond donor and

CoMSIA hydrophobic contour map
i acceptor contouy maps

: -G
Aé;} '< AL N

H-bond donor - i

s

H-bond acceptor

Fig. 5. Hydrophobic (A), H-bond donor (B), and H-bond acceptor (C)
contour maps superimposed on the structure of NSC348400 obtained
from the CoMSIA 3D-QSAR modeling for the inhibition of the ATPase
activity of topoisomerase Ila by the 24 purine analogs. The green grids
outline the regions in space that are favored for inhibition of the ATPase
activity of topoisomerase Ila, and the red areas show the regions that are
disfavored.
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We have measured IC;, values for inhibition of decatenation
on four of the purine analogs (NSC19865, NSC348400,
NSC348401, and NSC348402) using purified wild-type and
ICRF-187-resistant mutant topoisomerase Ila (Wessel et al.,
2002). Relative resistance ratio values for the Tyr50Phe mu-
tant topoisomerase Ila compared with wild-type enzyme
were 0.19, 0.25, 0.20, and 0.25 for NSC19865, NSC348400,
NSC348401, and NSC348402, respectively. Likewise, rela-

—
(=]
o

tive resistance ratio values for the Tyr165Ser mutant topo-
isomerase Ila compared with wild-type enzyme were 0.20,
0.41, 0.24, and 0.20 for NSC19865, NSC348400, NSC348401,
and NSC348402, respectively. Thus, none of these purine
analogs displayed cross-resistance and all were in fact
slightly hypersensitive. These results suggested that the pu-
rine analogs did not inhibit topoisomerase Ila by binding to
the bisdioxopiperazine binding site. The reason for the hy-
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Fig. 6. Inhibition of the DNA strand passage reaction of topoisomerase IIa by 10 selected purine analogs and their correlation with their inhibition
of the ATPase activity of topoisomerase Ila. A, inhibition by three potent purine compounds and ICRF-187 for comparison. B, inhibition by six of the
less potent purine compounds and ICRF-187 for comparison. Error bars represent S.E.M. of three independent experiments. The curved lines were
obtained using nonlinear least-squares fits of the data to the equation described under Materials and Methods. C, correlation of the pIC;, (—log IC;,,
in molar concentration units) for the inhibition of the strand passage (decatenation) of kDNA by topoisomerase Ila with the ATPase activity of
topoisomerase Ila. The straight line was least-squares—calculated and has a slope of 1 within the S.E.M. of its determination.

A

50 L Il L L Il
—#-NSC348400 + 1 M etoposide

40
- Drug-independent DNA cleavage

20+

101 -

DNA removed from the waterphase (%)

0 T T T
0 25 50 75

NSC348400 concentration (LM)

100

[=1]
(=]

504 —=—NSC348402 + 1 uM etoposide

---------- Drug-independent DNA cleavage

—

0 T T
0 25 50 75 100
NSC 348402 concentration (uLM)

20+

DNA removed from the waterphase (%)

Fig. 7. NSC348400 (A) and NSC 348402 (B) antagonizes etoposide-induced increases at the level of topoisomerase IIa-DNA covalent complex
formation. Purified topoisomerase IIa was incubated in the presence of 1 uM etoposide and increasing concentrations of the purine compounds. The
level of topoisomerase IIa-DNA covalent complexes formed in the absence of any drug is depicted as dashed lines for comparison. Both compounds,
as well as NSC348401 (data not shown), antagonized the effect of etoposide on increasing the level of topoisomerase IIa-DNA covalent complex

formation.
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persensitivity is unknown but may be due to defects in the
ability of the mutant enzymes to catalyze DNA strand pas-
sage at low ATP levels (Wessel et al., 2002), leading to the
purine analogs more efficiently competing out ATP binding.

Cross-Resistance Patterns within a Panel of Cell
Lines Suggest That Topoisomerase Ila Is a Functional
Cellular Target of the Most Potent Nonmetal Purine
Analogs. One way to discriminate whether a putative drug
target is functional in cells is to assess whether cell lines
expressing different levels of that target display altered sen-
sitivity toward the drug. We therefore tested the sensitivity
of a small panel of small-cell lung cancer OC-NYH-derived
cells against the three most potent nonmetal compounds,
NSC348400, NSC348401, and NSC348402. OC-NYH is the
parental cell line, OC-NYH/DOX has both topoisomerase IIa
and topoisomerase II8 down-regulated, OC-NYH/VM has to-
poisomerase IIa down-regulated, OC-NYH/pACRS8 has topo-
isomerase IIB down-regulated, and OC-NYH/DAU overex-
presses MDR1. The latter cell line can be used to assess
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whether these purines are substrates for the P-glycoprotein
pump. These cell lines have all been characterized (Rothen-
borg-Jensen et al., 2001). The result of this analysis is de-
picted in Fig. 8, A-C (OC-NYH/DAU data not included for
clarity). Figure 8D shows the sensitivity of these cell lines
toward etoposide. It can be seen that all cell lines except
OC-NYH are highly resistant to etoposide. From Fig. 8, A-C,
it can be seen that OC-NYH/DOX and OC-NYH/VM, the two
cell lines with topoisomerase IIa down-regulated, are cross-
resistant to these purines. Likewise, it has previously been
shown that cells with reduced topoisomerase Ila levels are
cross-resistant to the catalytic inhibitor ICRF-193 (Koba-
yashi et al., 2001; Adachi et al., 2003). On the other hand,
OC-NYH/pACRS, in which only topoisomerase IIf is down-
regulated, was not cross-resistant to any significant extent
with NSC348400 and NSC348401. Although this cell line
seems to be cross-resistant toward NSC348402 at 1.0 ulM, it
was not at 2.0 uM. Together, these data suggest that topo-
isomerase Ila was a functional target for these purine ana-
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Fig. 8. Cross-resistance patterns of a panel of small cell lung cancer cells against NSC348400 (A), NSC348401 (B), and NSC348402 (C). The
OC-NYH/DOX and OC-NYH/VM cell lines with reduced topoisomerase Ila expression were both resistant to these purine compounds, whereas the
OC-NYH/pACRS cell line with reduced topoisomerase 113 expression was not resistant. Error bars represent S.E.M. of three different determinations.
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logs in human cancer cells. It is noteworthy that OC-NYH/
DAU cells overexpressing MDR1 were fully sensitive toward
these compounds, suggesting that they do not have MDR1
liability. The reduced level of cross-resistance, compared
with etoposide, may indicate that these purines have biolog-
ical targets in addition to topoisomerase II.

Discussion

We previously identified NSC35866 as a catalytic inhibitor
of topoisomerase Ila in vitro and showed that in cells it has
the ability to modulate/antagonize the cytotoxicity and DNA
strand breaks induced by etoposide (Jensen et al., 2005). In
that study, NSC35866 was unique among a series of S°-
substituted purines (including 6-thiopurine, 6-thioguanine,
azathioprine, 6-methylthioguanine, 2-thiopurine, and 2,6-di-
thiopurine) in being able to protect against etoposide-induced
cytotoxicity in human cancer cells. However, the low potency
of NSC35866 (30 uM in the ATPase assay and 750 uM in the
DNA strand passage assay) precluded the use of this com-
pound as a pharmacological modulator of etoposide because
pronounced off-target effects would be likely at such high
concentrations. It is noteworthy that some of the S°-substi-
tuted compounds that were not capable of suppressing the
effects of etoposide were highly potent catalytic inhibitors of
topoisomerase Ila in vitro (Jensen et al., 2005). We therefore
initiated the present study to determine whether we could
identify more potent compounds similar to NSC35866 that
could pharmacologically modulate the activity of etoposide.
We used an enzyme-linked ATPase assay as a primary screen
for potency against purified recombinant expressed human
topoisomerase Ila. This approach was valid because the po-
tency of 10 selected ATPase inhibitor correlated with their
potency as inhibitors of the complete DNA strand passage
(decatenation) reaction of this enzyme, which is the more
pharmacologically relevant activity of topoisomerase II.
When assessed in an assay that measured the levels of topo-
isomerase IIa-DNA covalent complexes, none of the 40 pu-
rine analogs was found to increase the level of these com-
plexes to any great extent, compared with etoposide which
confirmed that these purine analogs are catalytic topoisom-
erase Il inhibitors.

To further define the structural factors that resulted in
high ATPase inhibitory potency for the purines and the pu-
rine-like compounds 3D-QSAR CoMFA and CoMSIA analy-
ses were carried out to derive models for the prediction of
activity to aid in the design and synthesis of new more active
analogs. Based on a common substructure alignment (Fig.
1B), both CoMFA and CoMSIA analyses gave high quality
models based on their ¢? values (Table 2). The largest con-
tributions to the CoMSIA field were hydrophobic and hydro-
gen bond donor contributions, in that order. Mapping of these
fields onto the structure of NSC348400, a potent purine an-
alog (Figs. 4 and 5), showed that favorable hydrophobic con-
tributions to the ATPase inhibitory activity of these com-
pounds were localized in the region around the aromatic
groups bonded to the sulfur ether atom. Both hydrogens of
the amino group substituent on the purine ring were also
highly favored as hydrogen bond donors. The CoMSIA elec-
trostatic field also showed that polar substituent such as
nitro and the benzoxadiazol groups were also favored. Steric
fields in both models showed that a methylene group bonded

to the sulfur ether atom was not favored. As shown in Fig.
1B, this was probably due to the flexibility of the methylene
linking group allowing the purine and aromatic rings to
assume a nearly coplanar configuration.

NSC35866 was previously shown to protect human cancer
cells against the effects of the topoisomerase II poison etopo-
side (Jensen et al., 2005). However, this was not the case for
the NSC348400, NSC348401, or the NSC348402 compounds.
This was an unexpected result given that these compounds
antagonized the effect of etoposide on topoisomerase Ila-
DNA covalent complex formation with purified topoisomer-
ase IIa. We can envisage several possible explanations for
this observation. It may be that these purine compounds
were not sufficiently cell-permeable for a 20-min incubation
to give inhibitory levels of the drug. NSC348400, in particu-
lar, with its sugar residue, would not be very lipophilic, and
both NSC348401 and NSC348402 have polar substituents
that could reduce their lipophilicity. Second, the molecular
interaction of NSC348400, NSC348401, and the NSC348402
with topoisomerase Ila may be different from that of
NSC35866. Although NSC35866, NSC348400, NSC348401,
and NSC348402 are all catalytic topoisomerase Ila in-
hibitors, subtle differences in their mode of interaction
with topoisomerase Ila may exist. For instance, one im-
portant difference between NSC348400, NSC348401 and
NSC348402, and NSC35866 is the presence of polar substitu-
ents at the S®-substituted moiety, which may alter the mode
and/or site of interaction with topoisomerase II. The fact that
the expression levels of topoisomerase Ila in cells corre-
lates with cytotoxicity of NSC348400, NSC348401, and
NSC348402 in the clonogenic assays suggested that topo-
isomerase Ila was a functional cellular target in mediating
the cellular effects of these compounds, a conclusion that
would favor the second hypothesis.

It is also interesting to note that these compounds are not
MDRI1 substrates. Thus, these compounds may be useful as
topoisomerase II-targeted anticancer agents on their own.
Our 3D-QSAR models will allow us, within the chemical
space that we explored, to design compounds in silico that are
even more potent catalytic inhibitors of topoisomerase II.
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