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The eukaryotic topoisomerase II is involved in several vital processes, such as replication,
transcription, and recombination. Many compounds interfering with the catalytic action of this
enzyme are efficient in human cancer chemotherapy. We applied a methodology combining
molecular modeling and virtual screening techniques to identify human topoisomerase II R
inhibitors. Data from structural biology and enzymatic assays together with a good background
on the enzyme mechanism of action were helpful in the approach. A human topoisomerase II
R model provided an insight into the structural features responsible for the activity of the
enzyme. A protocol comprising several substructural and protein structure-based three-
dimensional pharmacophore filters enabled the successful retrieving of inhibitors of the enzyme
from large databases of compounds, thus validating the approach. A subset of protein structural
features required for the enzyme inhibition at the protein-DNA interface were identified and
incorporated into the pharmacophore models. Compounds sharing a DNA-intercalating
chromophore and a moiety interfering with the protein active site emerged as good inhibitors.

Introduction

The identification of protein inhibitors can greatly
benefit from the use of computer techniques. Among
these, structure-based virtual screening requires phar-
macophores designed from the protein three-dimen-
sional structure.1,2 The use of pharmacophores allows
the screening of large libraries of compounds and the
retrieving of subsets of ligands displaying specific
spatial arrangements of chemical features responsible
for given types of activities.3 Development of new drugs
for cancer therapy is highly necessary as such drugs
often induce (multiple) drug resistance and must be
increasingly renewed. Here, we focused on the human
DNA topoisomerase II R as it represents a privileged
primary target for many drugs currently used in cancer
chemotherapy.4,5

The infatuation for topoisomerases as possible drug
targets started with the recognition of their critical role
in cellular life. DNA topoisomerases I and II are
ubiquitous enzymes that manage the topology of DNA
during DNA replication, transcription, recombination,
and chromatin remodeling.6-11 Topoisomerase I acts by
passing one strand of the duplex through a break of the
complementary strand,6,7 and topoisomerase II acts by
passing a segment of duplex through a double-stranded
break generated in the same or a different DNA.12,13

During the catalysis, a transient covalent complex is
formed, usually referred to as cleavable complex, in
which the enzyme is attached to the broken DNA. A

wide variety of molecules interfering with eukaryotic
topoisomerase II activity have been recognized as potent
anticancer drugs, many of them inducing cytotoxic
lesions.4,14-17 They are often termed topoisomerase II
inhibitors without distinguishing their mechanism of
action, which can proceed according to two main
routes: either by trapping the enzyme in the cleavable
complex (topoisomerase II poisons), which in term leads
to accumulation of truncated DNAs in the cell, therefore
transforming the enzyme into a cellular poison,5,18 or
by interfering with any other step of the catalytic cycle
(topoisomerase II catalytic inhibitors) (for a recent
review, see ref 19). Topoisomerase II poisons include
DNA intercalators (anthracyclines such as FDA-ap-
proved doxorubicin, daunorubicin, and idarubicin;20-25

acridines26 like bisantrene,27,28 actinomycins,29 and el-
lipticines;30,31 anthracediones such as mitoxantrone)32

and nonintercalators (epipodophyllotoxins such as
VP-16 and VM-2633-36) and also DNA minor-groove
binders (distamycin, Hoechst33258,37,38 netropsin39).
Topoisomerase II catalytic inhibitors either interfere
with binding of the enzyme to DNA (suramin,40 acla-
rubicin41), stabilize noncovalent DNA-topoisomerase II
complexes (merbarone,42 bisdioxopiperazines43,44), or
inhibit ATP binding (coumarines such as novobiocin45).

Because an experimental structure of human topoi-
somerase II R was unavailable, we generated a model
by homology modeling using the yeast topoisomerase
II structure as a template. The so obtained model
allowed a structure-based virtual screening to retrieve
human topoisomerase II inhibitors interacting with
critical active residues from databases. To our knowl-
edge, no similar structure-based project targeting a
eukaryotic topoisomerase has been reported thus far.
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The only known structure-based drug design effort
against a topoisomerase II concerns the DNA gyrase
from Escherichia coli, which is a prokaryotic type II
topoisomerase;46 the work has proved successful in
discovering a new inhibitor 10 times more potent that
the drug novobiocin. Note also that Boehm and col-
leagues46 have targeted the ATP binding site of the
prokaryotic enzyme, while we have focused on a DNA-
binding domain of the human protein.

Results and Discussion

Type II R topoisomerases are ubiquitous DNA-binding
enzymes that catalyze the transport of one DNA double
helix through another.6,7 Here we deal with the human
DNA topoisomerase II R, for which no experimental
structure has been reported yet. The three crystal
structures presently available in the Protein Data
Bank47 concern the topoisomerase II core and DNA-
binding domains of eukaryotic Saccharomyces cerevisiae
(PDB accession numbers 1bgw48 and 1bjt49) and of
prokaryotic Escherichia coli (PDB accession number
1ab450).

The eukaryotic topoisomerase II protein structures
are homodimers. Each monomer is composed of an
ATPase domain, of a A′ subfragment bearing a DNA
breakage/rejoining domain, and a B′ subfragment,
separated from the A′ subfragment by a hinge48) (Figure
1). The structure of the eukaryotic N terminal ATPase
domain, connected to the B′ subdomain, has been
recently released (free protein, PDB accession number
1pvg;51 complex topoisomerase II-catalytic inhibitor
Icrf-187, PDB accession number 1qzr51). The prokaryotic
enzyme consists of two subunits, A and B, and the active
form is an A2B2 tetramer. The A′ and [B′ + ATPase]
parts of the eukaryotic enzyme are homologous to the

prokaryotic A and B subunits, and the E. coli 1ab4
experimental structure exhibits a core and DNA binding
domain (A subunit) equivalent to the S. cerevisiae A′
subfragment.

The A′ subfragment contains a “CAP-like” domain, so
termed for its structural analogy to the DNA binding
protein CAP (catabolic gene activator protein) of E. coli
(CAP-DNA complex, PDB accession code 1cgp52). The
CAP-like domain includes a helix-turn-helix motif (HTH)
(Figure 1) that has been recognized to contact DNA in
a number of DNA-binding proteins53 and that contains
several strongly conserved residues. The catalytic ty-
rosine residue Y805, implicated in the cleavage of the
phosphodiester DNA linkage (homologous to Y782 in S.
cerevisiae54), projects from a loop between the second
and the third strand of the CAP-like domain, next to
the helix R4 of the HTH motif (Figure 1). This loop is
similar to the DNA backbone-contacting loop (“winged”
motif) found in histone H5.55 The current catalysis
model suggests that each monomer of dimeric topo-
isomerase II binds one strand of the same double-
stranded DNA and creates a transient break through
the formation of a phosphotyrosine bond.48,56 According
to this model, the DNA lays in a cleft between the A′
and B′ subfragments (Figure 1).

Template Selection and Preparation. The yeast
topoisomerase II three-dimensional structure was used
as a template for the homology modeling. The fact that
this topoisomerase II presents a high sequence similar-
ity with human topoisomerase II R (see thereafter)
greatly facilitated he work. The A′ subfragment that
contains the DNA binding domain we wish to use for
our compound identification has almost the same struc-
ture as in 1bgw and 1bjt (residues 683-1166; carbon R
rmsd ) 0.90 Å), while the 1bjt B′ subfragment is rotated
by nearly 170° from its position in the 1bgw structure.49

Actually, 1bgw and 1bjt correspond to two distinct
conformations adopted by the topoisomerase II molecule
during the catalytic cycle. We intended to identify
compounds interfering with the enzyme in the DNA-
binding domain (located in the A′ subfragment) and
selected 1bgw as the template for homology modeling.

Figure 1. Model of the human topoisomerase II R dimer; the
fold is similar to that of the experimental structures. Monomer
1 is depicted in light colors and monomer 2 in dark colors; A′
subfragments are in blue, B′ subfragments in green, HTH
motifs in yellow, catalytic tyrosines in red, and active sites
loops in brown. A DNA fragment (gray) was modeled in the
DNA-binding domain of each monomer.

Table 1. Topoisomerases II from Several Organisms Used in
the Multiple Sequences Alignment

entry name accession no.a organism

1bgw (PDB) Saccharomyces cerevisiae
1bjt (PDB) Saccharomyces cerevisiae

TOP2_YEAST P06786 (SWP) Saccharomyces cerevisiae
TOP2_BOMMO O16140 (SWP) Bombyx mori
TOP2_DROME P15348 (SWP) Drosophila melanogaster
TOP2_PEA O24308 (SWP) Pisum sativum
TOP2_PENCH Q9Y8G8 (SWP) Penicillium chrysogenum
TOP2_CRIFA P2757 (SWP) Crithidia fasciculata
TOP2_TRYCR P30190 (SWP) Trypanosoma cruzi
TOP2_ASFB7 Q00942 (SWP) African swine fever virus

(strain BA71V)
TP2A_HUMAN P11388 (SWP) Homo sapiens
TP2A_PIG O46374 (SWP) Sus scrofa
TP2A_MOUSE Q01320 (SWP) Mus musculus
TP2A_RAT P41516 (SWP) Rattus norvegicus
TP2A_CHICKEN O42130 (SWP) Gallus gallus
TP2B_HUMAN Q02880 (SWP) Homo sapiens
TP2B_MOUSE Q64511 (SWP) Mus musculus
TP2M_DICDI P90520 (SWP) Dictyostelium discoideum
O59854_ZYGRO O59854 (SWP) Aspergillus nidulans

a The accession number is followed by the corresponding
database, Swissprot (SWP) or Protein Databank (PDB).
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Figure 2. Sequence alignment used in comparative modeling, presenting the sequence of the yeast template structure 1bgw, the
complete human sequence for the domain having a yeast structural equivalent, and the sequence of the three-dimensional human
model. Identical residues are colored in mauve, strongly similar in dark blue, weakly similar in light blue, and nonmatching in
light gray. The secondary structure elements are displayed below the sequences: helices are in red and sheets in blue. Arrows
identify the residues used to build the pharmacophore (yellow arrows), including the catalytic Y805 (green arrow). The A′ and B′
subfragments as well as helices R3 and R4 composing the HTH domain are labeled.
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The dimer (biological unit of topoisomerase II R) of 1bgw
was built from the monomer experimental structure.
The resulting dimer was evaluated using Profiles_3D,57,58

this measuring the compatibility of an amino acid
sequence with a three-dimensional protein structure.
The dimer presented an acceptable Profiles_3D Overall
Self-Compatibility Score equal to 95.8% of the maximum
expected value for a protein of this size. No misfolded
region was found in the area of the catalytic Y782
residue; 1.6% of the nonproline/glycine residues was
located in a disallowed region of the Ramachandran
map, none being located in the vicinity of Y782.

Sequence Alignment. The human DNA topo-
isomerase II R presents a closer sequence similarity to
the eukaryotic S. cerevisiae protein than to the prokary-
otic E. coli protein. To build a human DNA topo-
isomerase II R model, we generated an alignment of 19
sequences of DNA topoisomerase II (Table 1) which
included the sequence of the template structure 1bgw
(Figure 2). Human and S. cerevisiae DNA topoisomerase
II sequences exhibited an identity of 47.3% and a
similarity of 68.2%. This good sequence similarity,
particularly at the DNA-binding domain, allowed the
construction of a comparative model of reasonable
quality for the human protein.

Comparative Modeling. On the basis of the 1bgw
sequence alignment, a set of 10 three-dimensional
models of dimeric human topoisomerase II R was
constructed by comparative modeling. Dimeric tem-
plates were more appropriate than monomer templates
for generating models taking into account the confor-
mational changes occurring especially at the dimeriza-

tion interface. The overall quality of models was as-
sessed using Modeler’s PDF. The best model exhibited
a satisfactory Profiles_3D Overall Self-Compatibility
Score of 87.3% of the maximum expected value for a
protein of this size. According to Modeler’s PDF, no
severe violations were observed. Only 1.2% of the
residues of each monomer was located in a disallowed
region of the Ramachandran map, and none was close
to the catalytic Y805. The best model presents a similar
profile to the template.

Definition of the Active Site. A cavity was detected
just above the helix R4 of the HTH motif and close to
the catalytic tyrosineY805, located between the A′ and
B′ subfragments. Amino acids belonging to the B′
subfragment were not taken into account, to limit our
search to inhibitors able to bind the A′ domain, the
conformation of which remains unchanged along the
catalytic cycle.

Several residues that have been previously identified
as being biologically important by site-directed mu-
tagenesis experiments occupy this cavity. No substitu-

Table 2. Nature of the Selected Pharmacophoric Featuresa

feature residue atom feature residue atom

A1 R804 HH22 D2 Q789 OE1
A2 R804 HH21 D3 Y805 O
A3 R804/Y805 HH11/HH D4 D799 OD2
A4 S802 HN L1 R804 CG
A5 R804/Y805 HH11/HH L2 Y805 benzene
A6 R804 HE L3 A801 CB
D1 Y805 OH L4 Y805 benzene
a Pharmacophoric features run down the table and their cor-

responding structural elements run across the table (A, HBA,
hydrogen-bond acceptor; D, HBD, hydrogen bond donor; L, LIPO,
lipophilic interaction).

Table 3. Composition of the Pharmacophoresa

pharmacophores

no. of
features

1
7

2
6

3
6

4
6

5
5

6
5

7
5

8
5

9
5

10
5

11
5

12
5

13
5

14
5

15
5

16
5

17
5

18
5

19
5

A1 X X X X X X X X X X X X X X
A2 X X X X X X X X X X X X X
A3 X X X X X
A4 X X X
A5 X X X X X X
A6 X X X X X X X X X X X X
D1 X X X X X X X X X X X X X
D2 X X X
D3 X X
D4 X X
L1 X X X X X X X X X
L2 X X X X X X X X X
L3 X X X
L4 X X X X X X
Excl Vol X X X X X X X X X X X X X X X X X X X

a Pharmacophores run across the table and parmacophoric features run down the table. A: HBA, hydrogen-bond acceptor. D: HBD,
hydrogen-bond donor. L: LIPO, lipophilic Interaction. Note: all pharmacophores include an identical set of 107 exclusion spheres.

Figure 3. Graphical representation of the selected pharma-
cophoric features, superposed on the protein active site. HTH
helices are shown in yellow, the active-site loop are in brown,
and the pharmacophoric features are presented as arrows and
spheres (A, HBA, hydrogen-bond acceptor, green arrows; D,
HBD, hydrogen-bond donor, purple arrows; L, LIPO, lipophilic
interaction, gray spheres). The correspondence between fea-
tures and enzyme chemical groups is detailed in Table 3.
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tion of the catalytic Y80559 was permitted, and only
conservative substitutions were allowed at positions
D799, A801, and R804.59 A R781A mutant of yeast
topoisomerase II (equivalent to a R804A mutant of
human topoisomerase II) exhibited a nearly abolished
activity.60 D799, R804, and Y805 were conserved in all
the sequences, and A801 in 17 of the 19 sequences was
included in the alignment. They all belong to a loop at
close distance from the DNA recognition helix R4 of the
HTH motif. The loop contains also the solvent-accessible
positively charged residues K798 and R804. Lysine and

Table 4. Screen of the NCI Database with the
Three-Dimensional Pharmacophores: Distribution of the Hitsa

pharmacophores

no. of
features

1
7

2
6

3
6

5
5

6
5

7
5

8
5

9
5

10
5

11
5

12
5

13
5

total 0 0 0 5 1 21 41 62 189 3 14 20
anticancer 0 0 0 1 1 0 11 14 27 1 6 2
ratio 0 0 0 2.2 0.4 9.0 17.7 26.7 81.4 1.3 6.0 8.6

a For each pharmacophore are reported the numbers of phar-
macophoric features, hits, known anticancer compounds among
those hits, and the ratio of hits/database (in % × 102).

Table 5. Structures of Some Topoisomerase II Inhibitors from the NCI Database Hit List and Pharmacophores that Identified the
Hits
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arginine residues side-chains are known to interact
electrostatically with DNA,61 which strengthens the
active site localization hypothesis. Two other solvent-
accessible residues of the loop (Q789, S802), specific to
the mammalian topoisomerases II sequences as as-
sessed by the Evolutionary Trace method, were finally
included in the active site definition.

A study published after the completion of this project
confirms the location of the active site and validates our
selection of residues. It shows that T792, a loop residue
close to the active site residues, is also involved in the
enzyme catalysis.62

The above-mentioned amino acid residues Q789,
D799, A801, S802, R804, and Y805 were included in the
active site definition. By targeting these residues, one
can expect to identify compounds interfering with the
enzyme activity by interacting either with the enzyme
or with both the enzyme and the DNA at the DNA-
protein interface. The interaction with DNA, if any, can
occur either in the minor groove or between the bases
through an intercalation mode. Note that pure DNA
intercalators, that lack the chemical and structural
groups necessary for binding to the enzyme, constitute
a subtype of inhibitors (usually poisons) that are not
identified during this search.

Pharmacophores, Virtual Screening. The phar-
macophores based on the six selected residues were
designed in a several step process (Table 2). These depict
the features a ligand should possess to achieve a binding
to the important active site residues of the enzyme.
Interaction sites corresponding to the chemical nature
of the residues were first built, and the 14 most
representative structural features were converted into
hydrophobic (LIPO), hydrogen-bond donor (HBD), and
hydrogen-bond acceptor (HBA) pharmacophore features
(Table 1, Table 3). Figure 3 displays those features in
the protein active site.

Five-, six- and seven-feature pharmacophores were
then built. Instead of building all the possible combina-
tions using the 14 available features, which would have
lead to a total of 8437 unique combinations, we manu-
ally designed 19 pharmacophores. LIPO features were
present in the 19 pharmacophores. In 14 of them, a
balance was kept between the HBA and HBD features,
while the five remaining ones contained only HBA and
LIPO features. The combinations of features were
selected in such a way that they could cover the active
site volume. A set of 107 exclusion spheres was finally

incorporated into each pharmacophore to sterically
restrain the cavity allowed to the ligands.63,64 The
pharmacophores were then used as filters to screen
compound databases and identify the hits. As a hit is a
molecule that maps all the features of its pharmacoph-
ore, the binding mode of each hit is defined by the
interaction pattern of its pharmacophore. We started
with the National Cancer Institute database65 (NCI,
123 219 compounds), since this database gathers to-
gether compounds evaluated in anticancer projects.

A total of 318 unique compounds possessing chemical
features matching the three-dimensional arrangement
of the pharmacophoric features were retrieved with this
first virtual screening. The hit distributions so obtained
are presented in Table 4. The total number of hits over
all pharmacophores exceeds 318, since some hits were
identified by several pharmacophores. Note that the
seven- and six-feature pharmacophores were too restric-
tive to identify a hit. In contrast, the five-feature
pharmacophores allowed the identification of 35 anti-
tumor topoisomerase II inhibitors or untested deriva-
tives (as assessed by a bibliographic search based on
their usual names when available and by visual inspec-
tion of their chemical structure) (Tables 4 and 5). Three
major topoisomerase II inhibitor chemotypes were de-
tected: anthracyclines (27 compounds), anthracenedi-
ones and anthrapyrazoles (six compounds), and aureolic
acids (two compounds) (Table 6), all featuring a substi-
tuted planar conjugated ring system. The anthracyclines
family included valrubicin and four adriamycin deriva-
tives, detorubicin, aclarubicin (aclacinomycin A) and the
related aclacinomycin X, 11-hydroxyaclacinomycin X,
alcindoromycin, and marcellomycin, as well as three
derivatives of daunomycin and three analogues of
actinomycin (Table 5). The anthracenediones and an-
thrapyrazoles families have been developed in an effort
to combine the broad antitumor activity of the anthra-
cyclines with decreased myocardial toxicity.94,95 This
chemotype included piroxantrone and several of its
derivatives (Table 5). The two remaining compounds
were the anticancer antibiotics aureolic acids mithra-
mycin and variamycin,88 derivatives of chromomycin A3
(Table 5). Chromomycin A3 is known to inhibit both the
prokaryotic89 and the eukaryotic90 topoisomerase II
catalytic activities.

Thus, our designed pharmacophores proved successful
in retrieving known antitumor compounds. Although
the intercalation property was not considered in our

Table 6. Anticancer Compounds from the NCI Database Hit List, with Some of Their Properties and Their Mechanism of Action

name, NCI code details activity, mechanism of action

valrubicin
(NCI0246131)

non-DNA-binding67 derivative of the topoisomerase II
targeting adriamycin anthracycline66

FDA approved for treatment of urinary bladder
carcinoma68-70

detorubicin
(NCI0292652)

semisynthetic derivative of the topoisomerase II
targeting daunorubicin anthracycline

active in clinical cancer therapy in non-Hodgkin
lymphomas, carcinomas, soft-tissue sarcomas,
melanoma71-74

aclarubicin
(NCI0654508)

topoisomerase II targeting75 anthracycline isolated in
1975 from the culture of Streptomyces galilaeus
MA144-M176

used in the treatment of acute lymphoid leukaemia77,78

marcellomycin
(NCI0265211)

derivative of the topoisomerase II targeting aclarubicin
anthracycline isolated from a bohemic acid complex79

antitumor properties,79 has been involved in
several cancer therapy clinical trials80-82

piroxantrone
(NCI0349174)

first synthesized topoisomerase II-targeting
anthrapyrazole

low activity against metastatic breast cancer in
combination with high cardiac toxicity83

mithramycin
(NCI0024559),

variamycin
(NCI0269146)

anticancer antibiotics84-86 aureolic acids derivatives
of chromomycin A3;88 chromomycin A3 inhibits
prokaryotic89 and eukaryotic90 topoisomerase II
catalytic activity

DNA minor groove binders91-93

Structure-Based Virtual Screening Journal of Medicinal Chemistry, 2004, Vol. 47, No. 27 6845



pharmacophore construction, since no experimental
structure of DNA-topoisomerase II complex is available

so far, most of the identified compounds exhibited DNA
intercalator features (commonly a conjugated aromatic

Table 7. Structures of the Hits from the NCI Database Selected for DNA Relaxation Assay and the Pharmacophores that Identified
the Hits
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ring system). Yet, two of the hits differ from the above
ones: valrubicin is unable to intercalate into the intact
double-stranded DNA but could insert its chromophore
into the four nucleotide overhang of the topoisomerase
II active site; aureolic acids bind DNA in the minor
groove, where topoisomerases II are likely interacting
with DNA. One can imagine a dual mechanism where
the aureolic acids interact both with the enzyme active
site and with the DNA at the cleavage site.

Another property shared by most of the identified
compounds is their topoisomerase II poisoning activity.
This is the case, for instance, for all the anthracyclines,
except aclarubicin. The latter, although bearing the
same structural features as the anthracyclines, acts as
a catalytic inhibitor of topoisomerase II by preventing
its binding to DNA.75

The initial aim of this work was the search for new
chemotypes of DNA topoisomerase II inhibitors display-
ing enzyme ligand properties. Seven compounds repre-
sentative of the different chemotypes were selected from
the complete NCI hit list to be tested in an experimental
binding assay. None of these compounds bore an inter-
calating chromophore (shared by the known inhibitors
of topoisomerase II of the hit list) and the anthracycline
aclarubicin was added to the list (Table 7) to serve as a
control for the enzyme inhibition by an inhibitor bearing
a chromophore. Aclarubicin is interesting as it presents
the double potential to intercalate into DNA through
its chromophore, as proven by NMR experiments,96 and
to bind the enzyme through its three sugar groups, as
suggested by virtual screening. The DNA relaxation
results of the eight selected compounds revealed that
aclarubicin was the only active compound, thus high-
lighting the importance of an intercalating chromophore
to promote topoisomerase II inhibition. However, in
contrast to the other known anthracyclines that are
topoisomerase II poisons, aclarubicin is an inhibitor of
the enzyme catalytic activity.75

Globally, the virtual screening and experimental
results conform to the common hypothesis that good
topoisomerase II inhibitor candidates are compounds
equipped with a planar aromatic ring system with a
protruding side chain, where the ring system interca-
lates into the DNA base pairs while the side chain
complements the binding by interacting either with the
DNA or with the protein.97,98 Drugs working according
to this model have one foot in the DNA and the other
in the protein active site.99 None of the here tested
compounds lacking one of these two modes was found
to be active. As shown with aclarubicin, upon its binding
to the protein, the protruding side chain may block the
catalytic activity, hindering the DNA cleavage.

We then designed a subset of compounds bearing a
conjugated ring system and screened it with the topoi-

somerase II pharmacophores. With this focused screen-
ing, we expected to retrieve topoisomerase II inhibitors
combining enzyme-binding and DNA intercalation fea-
tures.

Two substructural pharmacophores representing the
minimum features that a DNA intercalator should
possess were therefore designed within the Catalyst
program.100 These pharmacophores were modified the
naphthalene and indene scaffolds, mimicking minimal
conjugated ring systems. They were used to prefilter the
Derwent World Drug Index database (WDI, containing
53 964 marketed and development drugs101). A subset
of 6536 compounds was so defined. Mining this subset
of the database with the 19 previously designed topoi-
somerase II pharmacophores provided a second subset
of 1255 different compounds (Table 8). As previously
observed during the NCI screen, the seven-feature
pharmacophores were too restrictive and failed to
identify hits. The hits were composed of compounds
having molecular weights up to 3000 and exhibiting up
to 130 rotatable bonds. Large compounds shared a
statistically increased ability to present three-dimen-
sional arrangements of features resembling the phar-
macophores. By reference to the properties of known
topoisomerase II inhibitors, we discarded all the com-
pounds having molecular weights larger than 1200,
exhibiting more than 30 rotatable bonds, and inapt to
intercalate into DNA according to visual inspection. This
led to a final subset of 99 different compounds. Like the
NCI hit list, this resulting WDI hit list gathers antitu-
mor antibiotics and anthracenediones or anthrapyra-
zoles, this time totaling 60 (Table 8): seven angucy-
clines, 12 aureolic acids, chartreusin and six derivatives,
20 anthracenediones or anthrapyrazoles, and several
other compounds. Among these, 27 are known topo-
isomerase II inhibitors. Table 9 presents the structures
of compounds not already present in the NCI hit list
and in Table 5, while Table 10 gives details about those
compounds. The remaining compounds may also exhibit
the topoisomerase II inhibition property, but this infor-
mation is not available.

The WDI screening retrieved a majority of topo-
isomerase II poisons. All together, starting from a
complete database, the use of a simple substructural
filter significantly lowered the number of compounds to
submit to the time-consuming three-dimensional phar-
macophoric filtering. The enrichment was also notice-
able as 27 of the 99 hits were known topoisomerase II
inhibitors.

As observed in the NCI and WDI hit lists, a majority
of identified topoisomerase II targeting compounds (i)
bind the protein in the active site, as assessed by the
location of the residues that the pharmacophores were
designed from; (ii) exhibit a DNA intercalation ability;

Table 8. Screen of the Intercalating Subset of the WDI Database with the Three-Dimensional Pharmacophores: Distribution of the
Hitsa

pharmacophores

no. of
features

1
7

2
6

3
6

4
6

5
5

6
5

7
5

8
5

9
5

10
5

11
5

12
5

13
5

14
5

15
5

16
5

17
5

18
5

19
5

20
4

21
4

total 0 0 0 72 314 179 397 77 77 203 144 167 204 257 192 151 168 443 557 398 782
anticancer 0 0 0 10 16 10 17 4 8 8 11 33 20 17 10 12 15 25 26 47 41
ratio 0 0 0 1.1 4.8 2.7 6.1 1.2 1.2 3.1 2.2 2.6 3.1 3.9 2.9 2.3 2.6 6.8 8.5 6.1 12.0

a For each pharmacophore are reported the numbers of pharmacophoric features, hits, known anticancer compounds among those hits,
and the ratio of hits/intercalating subset (in %).
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Table 9. Structures of Some Topoisomerase II Inhibitors from the WDI Database Hit List

*NC-190 is not a hit but is presented as it is closely similar to NC-182.
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and (iii) act by poisoning the cleavable complex formed
between topoisomerase II and DNA at the active site.
In agreement with our findings, a recent article102

presents the docking of topoisomerase II inhibitors,
including anthracycline derivatives, at the DNA cleav-
age site of a modeled topoisomerase II-cleaved DNA
covalent complex. One can therefore imagine that the
ensemble of pharmacophores globally depicts the dif-
ferent binding modes of poisons to the protein. No
preference could be granted to a specific pharmacophore
regarding its ability to depict a specific mechanism. For
some compounds, the nature of the topoisomerase II
inhibition mechanism (catalytic or by cleavable complex
stabilization) was not reported in the literature. Acla-
rubicin was identified as a catalytic inhibitor blocking
the access of the DNA to the active site residues. It
seems to be the only nonpoison anthracycline, and a
detailed study of its mechanism of inhibition will be the
object of a future publication (unpublished results).

Conclusion
An approach by homology modeling and structure-

based virtual screening using biochemistry and struc-
tural biology data enabled us to successfully determine
several structural features that are the basis of human
topoisomerase II inhibition at the DNA-protein inter-
face. The inhibition results from a complex process that
implicates several interacting molecules. Our analysis
led to the proposal of a set of three-dimensional phar-
macophores depicting the enzyme-drug interaction.
The necessity of using a compound bearing an interca-
lating group to promote the enzyme inhibition appeared
from the beginning of the work, so that the presence of
this group was included in our screening protocol, as a

preliminary filter. One can wonder whether DNA in-
tercalation is necessary for enzyme inhibition, per se,
or whether it provides a way to conveniently anchor the
drug in the active site. In the latter case, compounds
anchored in the active site in the DNA minor groove
and interacting with the active site residues could be
efficient inhibitors. Our procedure could also be used
to identify potential topoisomerase II R inhibitors in
proprietary databases. The experimental resolution of
a drug-DNA-enzyme complex could help to capture the
fine structural details of the recognition event between
topoisomerase II and its ligands. This would provide a
guide for the search of more powerful anticancer drugs
through a structure-based drug design process.

Experimental Section

Sequence Alignment. The human topoisomerase II R
sequence (Swissprot Accession number P11388) was used as
a query sequence to search the Swissprot and SP-TrEMBL
databases using the BLASTp program.137 Seventeen nonre-
dundant sequences plus the sequences found in the S. cerevi-
siae DNA topoisomerase II crystal structures (PDB codes
1bgw48 and 1bjt49) were selected (Table 1). The sequences were
aligned using CLUSTALW.138 The alignment was then manu-
ally refined in order to avoid gaps in the secondary structure
elements (Figure 2). Two insertions having no structural
equivalent were discarded (E644-L705, 63 residues; K1088-
T1124, 38 residues) (Figure 2).

Comparative Modeling. The template crystal structure
of S. cerevisiae topoisomerase II R (PDB code 1bgw, residues
E409-D1201) was built as a dimer using symmetry operations
deduced of the transformation matrix available in the PDB
file. A set of 10 three-dimensional dimeric models of the human
protein was then constructed by comparative modeling, includ-
ing residues K431-E1190 in each monomer (Figure 2). The
models were generated using Modeler 6.00.57 The overall

Table 10. Anticancer Compounds from the WDI Database Hit List, with Some of Their Properties and Their Mechanism of Action

name details activity, mechanism of action

landomycin-A angucycline antitumor antibiotic103,104

urdamycin-D angucycline antitumor antibiotic105

gilvocarcin-E angucycline antitumor antibiotic106

chromomycin A3,
mithramycin,
variamycin,
olivomycin

anticancer antibiotics;84-87 aureolic acid derivatives
of chromomycin A3;88 chromomycin A3 inhibits
prokaryotic89 and eukaryotic90 topoisomerase II
catalytic activity

DNA minor groove binders91-93

chartreusin antitumor antibiotic topoisomerase II inhibitor shows activity against several tumor lines107

elsamicin A antitumor antibiotic topoisomerase II inhibitor,108

chartreusin derivative
in phase II clinical trials in breast, colorectal,

non-small-cell lung and ovarian cancer109-111

A-132, IST-622 antitumor antibiotic topoisomerase II inhibitor,
metabolite of the chartreusin derivative IST-622

phase II clinical trials in breast cancer112-113

piroxantrone, topoisomerase II targeting anthrapyrazole low activity against metastatic breast cancer in
combination with high cardiac toxicity114

losoxantrone topoisomerase II targeting anthrapyrazole115 high activity in the treatment of advanced breast
cancer116,117

teloxantrone topoisomerase II targeting anthrapyrazole115 in phase II clinical trials for metastatic malignant
melanoma, non-small-cell lung cancer and colorectal
carcinoma118-120

KW-2170 topoisomerase II-targeting anthrapyrazole121 entered phase II trials in 2001 for several cancers121-123

BBR-3438 topoisomerase II-targeting anthrapyrazole demonstrated efficacy against human prostatic carcinoma,
a tumor resistant to conventional antitumor drugs124

distel (1+) dual topoisomerase I and II inhibitor,
distamycinellipticine hybrid

DNA minor groove binder and intercalator125,126

NC-182 potent intercalator antitumor closely related
to the antitumor
topoisomerase II inhibitor NC-190127

NC-190 was found to be active in several tumor lines128,129

citreamicin R antitumor antibiotic131 potent activity against a spectrum of Gram-positive aerobic
and anaerobic bacteria130

elloramycin anthracycline-related antitumor antibiotic132,133 active against stem cells of L-1210 leukemia132

galtamycin antitumor antibiotic134

clecarmycin-A1 antitumor antibiotic135 active against leukemia P388 and sarcoma 180 in mice135

trioxacarcin-C antitumor antibiotic found active in several tumor lines136
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quality of the models was assessed using Modeler’s Probability
Density Functions (PDF), Profiles_3D,58 and Ramachandran
maps.

Active-Site Definition. The active site was defined using
a combination of convergent methods. Cavities were detected
using a flood-filling algorithm. This was achieved in mapping
the protein to a grid. The grid points at a certain distance from
the protein atoms were labeled as occupied by the protein; the
cavity was then defined from the set of all unoccupied grid
points. An “eraser” algorithm was used to clean all grid points
outside the protein, and a flood-filling algorithm was em-
ployed to search unoccupied, connected grid points, which
form the cavities. The evolutionary trace method was applied
to define important binding residues (binding site analysis
method57,139,140). This method is based on the extraction of
functionally important residues from sequence-conservation
patterns in homologous proteins and on their mapping onto
the protein surface to generate clusters identifying functional
interfaces. We also identified from the site-directed mutagen-
esis literature the residues important for the enzyme activ-
ity.59,60 A visual inspection of the identified residues location
within the active site helped us select six residues (Q789,
D799, A801, S802, R804, and Y805) that were subsequently
used to define the pharmacophores.

Structure-Based Pharmacophores Design. Structure-
based pharmacophores were designed using the structure-
based focusing method.141 The program generates a Ludi
interaction map142,143 describing all the possible interactions
(hydrogen-bond donors and acceptors, hydrophobic) that a
ligand can establish with a given active site. A map was
generated for all atoms within a radius of 12 Å of the active
site center, defined as the geometric center of the six selected
residues. The pharmacophoric features corresponding to the
six residues were clustered, and 14 features were finally
selected. They consisted of six hydrogen-bond bonors (HBA,
able to create a hydrogen bond with the protein through their
hydrogen), four hydrogen-bond acceptors (HBD, able to create
a hydrogen bond with a hydrogen of the protein), and four
hydrophobic groups (LIPO) (detailed in Results and Discus-
sion). Table 1 presents the list of pharmacophoric features and
identifies the protein atoms they were generated from and the
corresponding residues. Groups of five to seven features out
of 14 were then combined to design 19 pharmacophores. The
combinations were designed to ensure active site volume
coverage while including pharmacophoric features belonging
to different types, focusing rather on representativity of the
pharmacophores than on their exhaustivity. An identical set
of 107 exclusion spheres (radius ) 1.2 Å) was included in each
pharmacophore, to mimic the noninteracting protein atoms
that the ligand is not allowed to penetrate and to limit the
size of the allowed cavity.63,64 A sphere of 7 Å radius was
defined, centered on the geometric center of the selected amino
acids. Exclusion volume spheres were placed on each heavy
atom of the protein found in this sphere, using a 1.2 Å radius.
Some exclusion volume spheres were then manually removed
in Catalyst to simplify the pharmacophores. Table 3 details
the composition of each pharmacophore in terms of pharma-
cophoric features.

Database Virtual Screening. The Catalyst-formatted
database of the National Cancer Institute65 (NCI, version 2000,
123 219 compounds) was screened with the generated phar-
macophores as three-dimensional queries using Catalyst’s
catSearch.100 Each compound is stored in the databases with
a collection of conformations that represent the conformational
diversity within a given conformational energy range (20 kcal/
mol by default). For each conformation, the geometrical fit
between the chemical features and the features of all phar-
macophores was assessed. A hit is a compound that maps all
pharmacophoric features, which excludes partial mappings.
A set of diverse compounds was manually selected and
submitted to a DNA relaxation assay to assess the quality of
the pharmacophores.

The experimental results led us to the conclusion that an
intercalating scaffold was necessary for the activity of the

compounds. Therefore, the Dervent World Drug Index101 (WDI,
version 1999, 53 964 compounds) was first filtered using two
simple substructural pharmacophores (modified naphthalene
and indene scaffolds, in which atoms were substituted or
nonsubstituted carbon or nitrogen atoms, all substitutions
being allowed) to retrieve potential DNA intercalators. Ap-
propriate compounds (MW lower than 1200, number of rotat-
able bonds lower than 30) were then screened with the
structure-based designed pharmacophores.

Topoisomerase II Relaxation Assay. Relaxation experi-
ments were performed with a supercoiled pBR322 DNA and
human topoisomerase II R from TopoGen. The reaction mix-
ture contained 10 mM Tris-HCl (pH 8.0), 100 mM KCl, 8 mM
MgCl2, 0.5 mM DTT, 10 mM ATP, and 2% glycerol. The drugs
(0.005-300 µM) were incubated for 5 min at 0-4 °C with 0.25
unit topoisomerase II before adding 0.05 µg of pBR322 DNA.
The reaction was allowed to proceed for 2.5 min at 37 °C. The
enzymatic reaction was then stopped by addition of 1/10 volume
4% SDS, 0.3% bromophenol blue, 50% sucrose. The electro-
phoretic analysis was performed in 1.2% agarose slab gels (11.5
× 13.5 × 0.5 cm) in an electrophoresis buffer containing 36
mM Tris base/1 mM EDTA/30 mM sodium phosphate. Current
was applied at 50 V for 4 h for relaxation, with recirculation
of buffer between reservoirs. Following electrophoresis, gels
were stained for 15 min in ethydium bromide at 2 mg/mL in
bidistilled water and transferred into bidistilled water for
another 15 min. Gels were then illuminated from below with
a shortwave ultraviolet light plate and photographs were taken
with a digital camera.

Note that 1 unit of human topoisomerase II can relax 0.02
µg of pBR322 in 1 min at 37 °C.
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