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Abstract—In this paper, we present our results from a docking study of the title compounds with the DNA/topoisomerase I com-
plex based on the recently published X-ray crystal structure of the topotecan/DNA/topoisomerase I ternary cleavable complex
(Staker, B.L., et al. PNAS 2002, 99, 15387) using the Autodock program. Simple intermolecular docking energies (Edock) correlate
well with in vitro DNA cleavage data suggesting that the binding mode from the crystal structure is a reasonable binding mode for
these compounds.
# 2003 Elsevier Ltd. All rights reserved.
Topoisomerase I is an important enzyme for cellular
replication. The principal function of this enzyme is to
relax supercoils in DNA during S-phase. The enzyme
performs this function by making a nick or cut in the
DNA followed by rotation about the complement
phosphodiester bond to relieve the supercoil. The DNA
is religated and the process continues. Drugs that target
topoisomerase I (TOP1) are effective anticancer agents.
Among these agents, the camptothecin family of com-
pounds has been the most widely studied.1 Of this broad
and diverse family, Topotecan (Hycamtin1) and Irino-
tecan (CPT-11/Camptosar1) are the clinically relevant
analogues. Unfortunately, this family of compounds
suffers from hydrolytic instability in its d-lactone ring
system (the E ring in Fig. 1) and the clinically relevant
analogues, topotecan and irinotecan, are substrates for
efflux transporters leading to resistance.2�5 The ring-
opened hydrolysis product binds to serum albumin
further reducing the drug’s efficacy.6
Topoisomerase-targeting agents bind to and stabilize
the enzyme–DNA complex. A recent crystal structure
published by Stewart, et al. of the topotecan/DNA/
TOP1 ternary cleavable complex (1K4T.PDB) reveals a
complex which is stabilized by intercalation of the drug
between the +1 and �1 bases in the cleavage site.7 We
were intrigued by the binding mode presented in this
structure and decided to investigate this possible bind-
ing mode with a novel series of non-camptothecin
topoisomerase I targeting agents.

Recent studies have demonstrated that compounds 1
and 2 (see Fig. 2) are highly active TOP1-targeting
agents that exhibit potent cytotoxicity.8,9 Compounds 1
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Figure 1. Camptothecin ring structure.
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and 2 have a quinoline ring structure (outlined in bold
bonds in compound 1 in Fig. 2) in common with the
camptothecins (Fig. 1) as well as the same sensitivity to
cross-resistance to mutations in topoisomerase I. In
addition, these compounds have a dimethylammonium
ion in the same relative proximity of the structure as
does topotecan (topotecan has a (dimethylammo-
nium)methyl group in the 9-position). Stewart’s crystal
structure indicates that the twist between the �1 thy-
mine base and its adenine complement is �12�. The
twist noted in the dihedral angles (see the bold bonds on
compound 2 for the dihedral angle location in Fig. 2)
between the A/B and C/D rings of our compounds
(Figs. 2 and 3) is on the order of 14–17� (except for
compound 8 which is �26�). Using the published X-ray
crystal structure of the topotecan/DNA/TOP1 complex
(1K4T.PDB) mentioned earlier as a template, we per-
formed a docking study of these and other analogues.

The individual compounds were built in MOE (Chemi-
cal Computing Group, Inc.) and refined using a sys-
tematic conformer search followed by geometry
optimization of the lowest energy structure using the
Merck Molecular Force Field (MMFF94).10 The indi-
vidual compounds were pre-positioned based on the
coordinates of the A and B rings (the quinoline ring
unit) of topotecan from the X-ray structure. The side
chains of the disordered amino acid residues of the
macromolecule complex (1K4T.PDB) were rebuilt in
DeepView.11 The water molecules, Hg atom, topotecan
molecule, and polyethylene glycol molecule were all
removed. The 50-thioguanine was converted to a normal
guanine residue. Polar hydrogen atoms were added to
the protein–DNA complex and AMBER RESP charges
loaded followed by energy minimization of the hydro-
gen atom positions only using the AMBER94 force field
in MOE.12 The small molecule compounds and the
macromolecule were further processed using the Auto-
dock Tool Kit (ADT).13 Gasteiger–Marsili charges14

were loaded on the small molecules in ADT. Cornell
parameters12 were used for the phosphorous atoms in
the DNA. All docking runs were performed using
AutoDock v 3.0.5’s Lamarckian Genetic Algorithm15

with grid dimensions of 90�90�46 npts and a grid spa-
cing of 0.200 Å. Autodock does not have solvation or
fragmental volume parameters for the nucleic acid por-
tion of the complex. Therefore, the simpler inter-
molecular energy function based on the Weiner force
field16 in Autodock was used to score the docking
results.

For this study we opted to compare a group of methy-
lenedioxy analogues (compounds 1–4 in Fig. 2 with a
methylenedioxy ring fused to the A ring) against a
group of less potent analogues with a nitro substituent
in the A ring (compounds 5–8 in Fig. 3). In our analysis
of the docking results, we screened out all other orien-
tations save the topotecan binding orientation. The
results are listed in Table 1. The topoisomerase I-mediated
DNA cleavage values are reported as REC, Relative
Effective Concentration, that is, concentrations relative
to topotecan, whose value is arbitrarily assumed as 1.0,
that are able to produce the same cleavage on the
plasmid DNA in the presence of human topoisomerase
I. The overall plot of the data (not shown) had a low
correlation (R2=0.75); however, within the compound
subgroups (methylenedioxy and nitro) we observe a
very good linear correlation between ln(REC) (an in
vitro measure of DNA cleavage) and Edock (see Figs. 4
and 5).

The interactions between a selection of the compounds
in this study and the DNA/TOP1 complex are given in
Figure 6 with corresponding stereoviews in Figure 7. We
selected a strong compound (1), a midrange compound
Figure 2. Methylenedioxy compounds 1–4.
Figure 3. Nitro compounds 5–8.
Table 1. Autodock energies and TOP1 cleavage data
Compd
 Edock

(kcal/mol)a

RMSD
(Å)b
TOP1 cleavage
data (REC)c
1
 �20.3
 2.3
 0.5

2
 �21.0
 3.3
 0.3

3
 �20.0
 2.3
 1

4
 �19.9
 2.3
 0.8

5
 �13.2
 2.3
 2

6
 �12.2
 2.3
 6

7
 �12.0
 2.0
 9

8
 �10.0
 2.3
 300
aEdock=Evdw+Eelec+EHB+Eint (where Eint is the internal energy of
the ligand).
bRMSD, root mean square deviation from initial position.
cREC, effective concentration relative to topotecan (see text for
details).
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(5) and the worst compound (8) in terms of DNA clea-
vage ability for illustration. All of the interactions listed
in panels A and B in Figure 6 are hydrogen bonds. We
used the criteria (angle and length) described by Chap-
man17 for classification of hydrogen bonds in our mod-
els. The interaction depicted in panel C of Figure 6 is a
weak electrostatic, but too distant to be classified a
hydrogen bond. Compounds 1 and 5 have the similar
interactions with the complex. A hydrogen bond
between the guanidinium ion hydrogen atom of
ARG364 and the quinoline ring nitrogen atom of the B
ring of compound 1 is observed. A hydrogen bond
between the dimethylammonium ion hydrogen atom
and the carbonyl oxygen atom of the +1 guanine base
with hydrogen bonds between the amide hydrogen of
ASN722 and the alcohol hydrogen of THR718 with the
methoxy oxygen atoms of the D ring. These hydrogen-
bonding interactions are also noted for compound 5.
The principal difference between compounds 1 and 5 is
in the A ring. The methylenedioxy ring fused to the A
ring in compound 1 is better tolerated because it is more
planar and does not have a steric clash with the DNA
sugar backbone. However, the nitro group on the A ring
in compound 5 has a moderate steric interaction with
the DNA sugar backbone. In addition, the nitro group
pulls electron density away from the quinoline nitrogen
atom in the B ring making it a poorer hydrogen-bond-
ing partner with ARG364. In compound 6 the position
of the nitro group gives a slightly worse steric clash with
the sugar backbone in comparison with compound 5.
The nitro group in compound 7 is perpendicular to the
plane of the A/B rings due to its interaction with the
lone pair of the nitrogen atom in the B ring leading to
an unfavorable steric interaction with the adenine base.
We see in panel C of Figure 6 that compound 8 has lost
all stabilizing hydrogen-bonding interactions. The
severe twist in the ring system of compound 8, due to
the steric clash between the nitro group on the A ring
and the (N,N-dimethylammonium)ethyl substituent,
prevents compound 8 from fully intercalating between
the +1 and �1 bases and their complements. This par-
tial intercalation in compound 8 is manifested by a
steric clash between its C and D rings with the �1 thy-
mine base. Compounds 1 through 4 have more complex
differences in their respective structures, yet there is
good correlation in this group. The additional nitrogen
atom in the B ring of compound 2 may make a better
hydrogen-bonding partner with ARG364. Compound 3
has added flexibility in its (N,N-dimethylammonium)-
propyl side chain, which is free to flex around in the
wide open major groove pocket. In fact, the flexibility in
Figure 4. Plot of compounds 1–4.
Figure 5. Plot of compounds 5–8.
Figure 6. Comparison of low energy dock structure interactions. The
hydrogen atoms have been omitted for clarity. The cyan hashed line
indicates either a hydrogen bonding or electrostatic interaction. The
different molecule types in the panels have their bonds color-coded
according to the following Scheme: DNA—green; amino acids—
orange; drug or ligand—white. Panel A: compound 1, Panel B;
compound 5, Panel C; compound 8.
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this side chain in compound 3 may be a cause for loss in
correlation with experimental data. The removal of the
carbonyl group in compound 4 gives more flexibility to
the (N,N-dimethylammonium)ethyl side chain in this
compound while keeping the relative twist between the
rings. The illustrations in Figures 6 and 7 were prepared
using Molscript18 and Raster 3-D.19

In conclusion, the dihedral twist in the ring system of
our compounds is consistent with the concept of these
drugs acting as base pair mimics as hypothesized for
topotecan by Stewart et al. from their crystal structure.7

The docking results of these compounds using the fully
intercalated binding mode of topotecan show good
correlation with in vitro experimental DNA cleavage
data and provide a reasonable explanation for the range
in activity when one evaluates the models. Therefore,
the binding mode derived from the crystal structure is a
plausible model for the design of novel more efficacious
inhibitors of topoisomerase I based on the class of
compound presented in this paper.

It has been demonstrated by crystallography that simi-
lar analogues of a drug may not bind in a similar fash-
ion to complex targets possessing multiple binding
pockets.20 A previous modeling study of camptothecin
analogues supported a binding orientation with the ‘E’-
ring pointed into the minor groove region.21 This
orientation is perpendicular to the orientation found in
the topotecan crystal structure. We must note that this
perpendicular orientation was a second less pre-
dominant low energy orientation produced in the dock-
ing runs and indeed was lower in energy for a few of the
analogues (most notably compound 8). Due to the
intricate nature of the DNA/TOP1 complex, these
compounds may be capable of accessing multiple bind-
ing modes (i.e., their reaction kinetics may be biphasic).
However, a rigorous experimental investigation of the
Figure 7. Stereoviews of the same panels described in Figure 6.
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reaction kinetics will be needed to help support this
hypothesis. Future investigation will focus on addi-
tional binding modes and the impact of solvent on this
model.
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