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Topoisomerase inhibition is an extremely useful target for anticancer and antimicrobial drugs, and an
undesirable side effect of some drugs targeting other proteins. Published modelling studies are sparse,
and have used small data sets with relatively low molecular diversity. Given the important role of minor
groove binding in the mechanism of topoisomerase I inhibition, we have conducted the first 3D QSAR
study of topoisomerase I inhibition of a large, diverse set of minor groove binders using the minor groove
binding conformation as the alignment template. The highly significant QSAR models resulting from this
alignment identify the roles played by molecular features, most importantly the hydrogen bond donor

Crown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.

1. Introduction

DNA topoisomerases play an essential function in DNA
replication, transcription and chromatin condensation.! Topoi-
somerases have a very complex mechanism of action, involving
DNA cleavage to form a covalent enzyme-DNA intermediate,
DNA relaxation and finally, religation of the phosphate backbone
to restore the continuity of the DNA, thus changing its topology.
Given their intimate relationship with DNA replication and repair,
they have been targets of important anticancer and antibacterial
drugs.? As with most drugs, unwanted topoisomerase activity in
compounds targeting other enzymes or receptors can contribute
to substantial off-target toxicity and is usually ‘designed out’ of
drug leads if possible. If the drug target is the minor groove of
DNA, as is the case with agents that protect DNA from radiological
damage, or antitumour or antibacterial agents, this is often quite
difficult.

Structure/function studies have shown that topoisomerases are
flexible enzymes that relax DNA through coordinated, controlled
movements of distinct enzyme domains.! Surprisingly, given this
complexity, it is possible to model topoisomerase I inhibition using
relatively simple QSAR methods, at least for small sets of closely
related inhibitors. Mekapati and Hansch® reviewed topoisomerase
I inhibition by bis- and terbenzimidazoles, and generated individ-
ual QSAR models for each class of inhibitors. The data sets for each
of these models were small (usually around 10 compounds) and
the molecular diversity relatively low, but the statistical quality
of the models was high.
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As no 3D QSAR models for topoisomerase I inhibition of minor
groove binders have been reported in the literature, and several
studies have reported that DNA binding is important for topoiso-
merase inhibition,*> we undertook to develop the first quantita-
tive, 3D QSAR model to test this reported relationship. Several
literature data sets of topoisomerase I inhibition, measured by
essentially identical protocols, were combined into a much larger,
more chemically diverse data set of minor groove binding com-
pounds. Our aims were: to develop a more general, 3D QSAR model
of topoisomerase inhibition by minor groove binders; to assess
whether molecular alignments based on the assumption of minor
groove binding were consistent with topoisomerase I inhibition;
and to understand the molecular requirements for topoisomerase
inhibition in a larger, more chemically diverse set of molecules.
This will provide additional understanding of the relationship be-
tween minor groove structure and topoisomerase I effects, and al-
low topoisomerase I inhibition to be estimated for a larger range of
minor groove chemotypes than the previous QSAR models.

2. Materials and methods

2D and 3D QSAR models were generated for a larger, more
diverse combined set of topoisomerase I inhibitors reported in
the literature.>!" The chemical classes in the data set were
benzimidazoles, bisbenzimidazoles, and terbenzimidazoles (Fig. 1).

2.1. Biological activity
The minor groove binders in the combined literature data set

(107 compounds) had topoisomerase I inhibition measured by
essentially identical protocols. The biological activities were for
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Figure 1. Main minor groove structure classes: benzimidazoles; bisbenzimidazoles; terbenzimidazoles.

calf thymus topoisomerase I inhibition, expressed as pREC, the
—log of the relative effective concentration (REC) of the drug that
gave the same degree of DNA cleavage as Hoechst 33342 (=1.0).
Smaller REC values (larger pREC values) mean more potent
topoisomerase I inhibition. The biological activities for the one
hundred and seven compounds in the modelling study are listed
in Tables 1-9.

All studies used this relative measure (REC) to report the topo-
isomerase activities except in two papers by Kim et al.®° who used
another minor groove binder as a reference, and its activity relative
to Hoechst 33342 was also quoted. For these data, the REC values
reported in the paper were corrected back to the Hoechst 33342
standard values. Several of the minor groove binders in papers
by Kim et al. had low and indeterminate (>) activity. For indetermi-
nate values we used REC values double the highest concentration
ratio tested, and a log REC value of —6 for inactive compounds in
one of Kim et al.’s data sets.®

2.2. Multiple linear regression (MLR) QSAR modelling

The MLR models used relatively simple, interpretable molecular
descriptors related to the size of the molecules (molecular volume,
surface area, and number of rings), lipophilicity (log P octanol/
water calculated using the Pomona College Clog P algorithm),
molecular flexibility (number of rotatable bonds), and number of
hydrogen bond donor (Ngonor) and acceptor (Nacceptor) groups in
the molecule. These were calculated using Sybyl8.1 and the prop-
erties calculated in the molecular spreadsheet. Tables 1-9 also

Table 1
Bis- and terbenzimidazole minor groove data set from Table 1 of Alper et al.®
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REC PREC Clog P Naccept Ndonor
H 1.1 -0.04 4.61 6 6
CN 1 —-0.00 4.22 7 6
n-Pr 100 —2.00 6.16 6 6
Ph 2 -0.30 6.50 6 6
2-pyridyl 33 —-0.52 5.21 7 7
3-pyridyl 2 -0.30 5.00 7 7
4-pyridyl 2 -0.30 5.00 7 7
4-MeOPh CN 1000 -3.00 6.34 8 6
H - 1000 —3.00 2.70 5 4
4-MeOPh - 33 -0.52 4.82 6 4
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Table 2
Terbenzimidazole minor groove data set from Table 2 of Alper et al.®
HN:
/\\N
H
N
N I
N
Vi
R N
R REC pREC Clog P Naccept Ndonor
1-Naphthyl 10 -1.00 7.67 6 6
2-Naphthyl 10 -1.00 7.67 6 6
Ph 1 0.00 6.50 6 6
Pr 0.5 0.30 6.16 6 6
Br 1 0.00 5.55 6 6
Piperidine 0.5 0.30 5.86 6 7
Cl 1 0.00 5.40 6 6
F 0.05 1.30 4.83 6 6
H 1 0.00 4.61 6 6
OMe 0.05 1.30 491 7 6
NO, 0.5 0.30 4.52 8 6
CN 0.1 1.00 4.22 7 6
OH 0.5 0.30 4.66 7 7
NH, 1 0.00 4.06 6 7
Table 3
Terbenzimidazole minor groove data set from Table 3 of Alper et al.®
Rs
HN/\<
N
H
N
Ry H
!
Vi
Ry N
R] RZ R3 REC PREC C 10g P Naccept Ndonor
Br H H 1 0.00 5.55 6 6
Br H OH 1 0.00 5.83 7 7
Br H Pr 1 0.00 6.87 6 6
4-CIPh H CF; 1 0.00 8.27 6 6
Br Br H 1 0.00 6.24 6 6
Br Br Cl 1 0.00 7.05 6 6
Br Br CF; 1 0.00 7.30 6 6
Ph Ph H 1 0.00 7.78 6 6
Br OMe H 2 -0.30 5.59 7 6
Ph OMe H 0.5 0.30 6.24 7 6

summarise these molecular properties of minor groove binders in

the data set.
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Table 6
Terbenzimidazole minor groove data set from Kim et al.’

N/

2.3. 3D QSAR modelling

Several studies have reported that DNA binding is important for
topoisomerase inhibition.*” Bailly synthesised two close analogues
of Hoechst 33258 One analogues was a pure DNA minor groove

Table 4
Bisbenzimidazole minor groove data set from Table 4 of Alper et al.® R X REC  pREC ClogP Naccept Ndonor
H
N
N X — H 2-030650 6 6
H
" T Y N
N H
/ N
N 4<
Y
\N H 2030578 6
X Y REC PREC ClogP Naccept Ndonor
Ph CN >100 -2.30 4.80 5 4
2-Tolyl CN >500 —-3.00 5.00 5 4 R
3-Tolyl CN 100 -2.00 5.30 5 4 H >2000° —3.60 5.78 6
4-Tolyl CN 1 0.00 5.30 5 4 \
1-Naphthyl  CN 10 -100 597 5 4 N
2-Naphthyl CN 10 -1.00 597 5 4 N
Ph CONH, 10 -1.00 4.19 5 5
2-Tolyl CONH, 100 -2.00 4.39 5 5 \ H 10 -1.00 650 6
3-Tolyl CONH, 100 -2.00 4.69 5 5 N
4-Tolyl CONH, 10 -1.00 4.69 5 5
1-Naphthyl CONH, 20 -130 536 5 5 . Pn
2-Naphthyl  CONH, 100 200 536 5 5 N
Ph 4-Me piperazinyl 1 0.00 5.61 5 6 4<\ H 4 .06 767 6
2-Tolyl 4-Me piperazinyl 10 -1.00 5.81 5 6 \
3-Tolyl 4-Me piperazinyl 1 0.00 6.11 5 6 T-naphthyl
4-Tolyl 4-Me piperazinyl 1 0.00 6.11 5 6 N
1-Naphthyl 4-Me p?peraz@nyl 20 -130 6.79 5 6 < H 2 .03 767 6
2-Naphthyl ~ 4-Me piperazinyl 10 -1.00 6.79 5 6 N\
4-EtOPh 4-Me piperazinyl 1 0.00 6.04 6 6 N 2-naphthyl
N
4<\ H 1 0.00 641 7
Table 5 N 4-MeOPh
Terbenzimidazole minor groove data set from Jin et al.” i
\ H 4 -0.60 721 6
H :
N Ar N 4-ClPh
H
‘ \/// H
N
/ \ Me 4 -0.60 6.76 6
N
Ph N Ph
H
Ar REC  PREC  ClogP  Nucepr  Naonor N
Et 2-03 729 6
y <\
N
/> 1 0.00 650 6 6 ) Ph
K N
H —<\ n-Pr 1 000782 6
N\ 1 000 634 7 6 N Ph
V4 H
N N
N .
N —<\ iPr 1 000769 6
>100 -2.30 6.21 6 4 N
— Ph
N N
N o
—<\ Ph 40 160 859 6
1 0.00 4.84 6 6 N
Ph
N 0 H
H N
H
N —<\ 4-MeOPh 40 -1.60 861 7
50 -1.70 7.06 4 5 N
/ Ph
y REC values in Kim et al.® have been multiplied by 2 to normalise to Hoechst
33342 =1.0.
5 -0.70 7.06 4 5

2 This compound was a very significant outlier in all QSAR analyses, and was omitted
from the models. All models predicted the REC to be 2-6, not >2000 as reported.
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Table 7
Benzimidazole minor groove data set from Kim et al.®

Ar REC PREC

C 1Og p Naccept Ndonor

>300,000 -6.00 3.29 4 2

300 —248 349 4 2
— L
CHO

30,000 —4.48 2.65 4 3

>300,000 —-6.00 2.64 3 3

N
3000 —-348 2.68 4 3
— I:L
N CONH,

>300,000 -6.00 374 5 2
N
H
N

—<\j© >300000 -6.00 368 3 2
N
H
N

‘<\:©\ >300,000 -6.00 462 3 2
N Br
H
N

— 300 -248 3.59 5 2
\ D\
N NO

>300,000 -6.00 3.59 5 2
NO,
[e]
<\ Inactive —-6.00 3.40 5 0
N NO,
o NO,
—< Inactive —6.00 3.40 5 0
\
N
S
4<\ Inactive ~ —6.00 404 4 0
N NO,
s NO,
—< Inactive —-6.00 4.04 4 0
\
N
H
N
@ Inactive —6.00 4.26 3 1
NO,
H NO,
\ Inactive —6.00 4.26 3 1

binder whereas the other behaved as a typical DNA intercalating
agent. The purely intercalating analogue had no effect on the relax-
ation of supercoiled plasmid by topoisomerase I whereas the pure

Table 8
Bisbenzimidazole minor groove data set from Sun et al.'!

OMe

R REC PREC  ClogP  Naccept  Naonor
(CH,)sNMe, 2 ~030 556 5 5
(CH),NMe, 5 070 5.18 5 5
CH,NMe, 25 040 504 5 5
NMe, 1000 ~300 578 5 5
NO, 1000 2300 512 7 4
NH, 100 ~200 465 5 5
N—_
//\\// 1 000 552 6 6

o
Sy 2 ~030 540 6 5
MeN

minor groove binder strongly inhibited the enzyme. The results
suggest that the inhibition of topoisomerase I is affected by the
ability to bind to the minor groove of DNA.*

Consequently, we used the minor groove binder conformation
from the X-ray structure of a closely-related benzimidazole, meth-
ylproamine, bound to the minor groove of the DNA model dode-
camer d(CGCGAATTCGCG)(2) (RCSB refcodes 1qv4 and 1qv8)'? as
an alignment template. This is also very similar to the conforma-
tion of the minor groove binder Hoechst 33258 bound to DNA.'?
The binding conformation requires that the bis- or terbenzimidaz-
oles adopt a slightly twisted planar structure, with the benzimid-
azole NH moieties on the same side of the molecule. This is
required for hydrogen bond interactions of these moieties in the
minor groove, according to the X-ray studies.

All structures were minimised using the Tripos force field,
Gasteiger-Huckel charges, and a dielectric constant of 4.0, approx-
imating the environment of a receptor. The force field was able to
reproduce the binding conformation observed in the X-ray struc-
ture quite accurately. The 3D QSAR models were derived using
two molecular field methods, CoMFA,'* and COMSIA,'® both of
which require consistent alignment of structures to a template.
The terbenzimidazoles could be aligned unambiguously using the
benzimidazole nitrogen atoms to carry out a least squares fit. The
RMS errors for the fit were very low in most cases being below
0.1A.

Once aligned using the benzimidazole nitrogen atoms, the other
heavy atoms occupying analogous positions in molecules also
superimposed very well. The bis-benzimidazoles were superim-
posed on the X-ray structure of methylproamine, and also the ter-
benzimidazoles using the benzimidazole nitrogen atoms, with
essentially no ambiguity. Several smaller minor groove binders
could not be aligned in only one way, and several possible align-
ments were trialed. In all cases, one of these trial alignments was
well predicted by the model, and the others were relatively poorly
predicted. The alignment that was most consistent with the model
was used in the analysis. In several molecules containing relatively
flexible substituents, two or more low energy conformations of the
substituents were possible. In this case, alternative conformations
were trialed and only one was consistent with the model.

One compound (the naphthyl substituted compound 10 from
Kim et al.®) was a very large outlier in all models. It was reported
as exhibiting low or negligible topoisomerase I activity, while all
models predicted the activity to be within an order of magnitude
of Hoechst 33342, like its isomeric analogues. It was omitted from
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Table 9

Terbenzimidazole minor groove data set from Sun et al.'°

T

R N
N
/
v N
R X Y REC PREC Clog P Naccept Ndonor
H
N
4< H H 1.1 —0.04 4.61 6 6
\
N
H
N
H H 1 0.00 4.22 7 6
<\
N oN
H
N
4< H H 100 -2.00 6.16 6 6
\
N Pr
H
N
H H 2 -0.30 6.50 6 6
<\
N Ph
H
N
H H 33 —0.52 5.21 7 7
<\
N 2-Pyridyl
H
N
H H 2 -0.30 5.00 7 7
<\
N 3-Pyridyl
H
N
H H 2 —0.30 5.00 7 7
<\
N 4-Pyridyl
H H CN 1000 —3.00 2.70 5 4
H 4-MeOPh CN 33 —0.52 4.82 6 4
N
—<\ 4-MeOPh H 1000 -3.00 6.34 8 6

CN

Table 10
Summary of statistics for 3D QSAR models for topoisomerase inhibition
COMFA COMSIA
SEP 0.77 0.79
LOO ¢? 0.85 0.85
Number of PCs 4 4
SEE 0.59 0.60
r? 0.91 091
F 270 259
Number of compounds 106 106
Contributions of steric, electrostatic, lipophilic, 44,56, 0, 13,24, 25,
donor, acceptor fields (%) 0,0 20, 19

Test set SEP 0.53 0.49
Test set 12 0.94 0.95

the models reported in this work. It would be of interest to mea-
sure the topoisomerase I activity of this compound again to deter-
mine whether the reported value is accurate. It is also possible that
planar extended polycyclic structure may undergo unfavourable
steric interactions with the minor groove, limiting its efficacy as
a ligand. If so this would not be captured by the 3D QSAR models.
The 3D alignment used in the molecular field QSAR studies is illus-
trated in Figure 2. However, this suggests that steric bulk contrib-
uted by the outlier at the left-hand end of the molecule is unlikely
to be unfavourable.

Figure 2. Alignment of 107 minor groove binders used in the 3D QSAR studies. The
structures are hydrogen suppressed for clarity.

The models employed the two CoMFA fields (steric and electro-
static) and five COMSIA molecular fields (steric, electrostatic, lipo-
philic, donor, and acceptor) in Sybyl8.1 on Dell Precision
workstation running Red Hat Linux. Both standard leave-one-out
(LOO) cross validation and an independent test set were used to
validate models and assess their predictivity. When using the test
set, a random selection of 20% of the compounds was withheld, and
the remaining 80% used to build the model used to predict the test
set.
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3. Results and discussion

The topoisomerase I models had high statistical significance,
explaining up to 75-91% of the variance in the data, and the train-
ing and cross-validation results suggested the models were robust.
The very high predictivity of the external test set also suggested
that the model captured the most relevant molecular properties
of the topoisomerase I inhibitors.

3.1. 2D QSAR models

A range of molecular descriptors were used to model the rela-
tionship between the topoisomerase I activity and molecular prop-
erties. Interestingly, the most relevant descriptor was the number
of hydrogen bond donors in the molecules, Ngonors. A relatively
good QSAR model could be obtained using this descriptor alone:

PREC = —6.39 + 0.99Nonors

n =106, SEE =0.98, 1> = 0.75, F = 317, P < 0.005, LOO SEP
=1.01, ¢ =0.74

where SEE and SEP and the standard errors of estimation and
prediction for the training and leave-one-out (LOO) cross-valida-
tion respectively, r* and ¢? are the squared correlation coefficients
for the training set and LOO cross-validation.

3.2. 3D topoisomerase inhibition models

Both 3D molecular field models were of similar statistical qual-
ity, and had substantially higher statistical power than the QSAR
model employing only the numbers of hydrogen bond donors.
The results are summarised in Table 10.

The PLS analysis showed that four principal components were
optimum for both types of molecular field QSAR models. The CoM-
FA model showed that both steric and electrostatic fields were of
similar importance to the model. The COMSIA model suggested
that all five molecular fields made substantial contributions to
the QSAR model.

The predictivity of the two 3D QSAR models was similar as as-
sessed by the quality of the test set prediction, and by cross-valida-
tion. The quality of prediction of the training set for the 3D QSAR
model is illustrated in Figure 3.

Although the CoMFA model was similar to the COMSIA model,
the latter models are much easier to interpret. Figures 4-6 illustrate
the steric, lipophilic and hydrogen bond donor properties of the
model. The hydrogen bond acceptor properties are not shown as
they simply reflect the positions of the heterocyclic N: atoms in
the benzimidazoles. The electrostatic field maps are also not shown,
as they are often hardest to interpret, and essentially reflect the po-
sitive charge on the benzimidazole NH groups in the donor map.

Figure 4 shows the COMSIA steric field map indicating where
steric bulk can increase or decrease the topoisomerase activity of
the minor groove binders. The green, sterically favoured region re-
flects the fact that terbenzimidazoles tend to have higher topoiso-
merase activities, unless they have large substituents attached to
2-position of the right hand benzimidazole ring. Clearly, the potent
topoisomerase I inhibitor shown in 4A interacts with the green
(sterically favourable) field region, but is not large enough to inter-
act with the yellow (sterically unfavourable) field regions, as it has
no substituent at the 2-position of the right-hand benzimidazole
ring. The low topoisomerase I activity of the minor groove binder
in 4B is due to its inability to interact with the sterically favoured
green field region as the compound is too small.

Figure 5 shows regions around a potent topoisomerase I inhib-
itor where lipophilic and hydrogen bond donor moieties contribute
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Figure 3. Calculated (3D CoMFA QSAR model) versus observed log relative effective
concentration for calf thymus topoisomerase I inhibition. Upper graph is training
set prediction, lower graph is test set prediction.

strongly to activity. This molecule clearly has lipophilic halogen
atoms on the left hand phenyl ring that interact with the purple
(lipophilic favoured) region. The map also shows that other com-
pounds containing polar substituents at the 6-position of the
left-hand benzimidazole would interact strongly with the green re-
gion where the presence of polar substituents enhances topoiso-
merase activity. Apart from being too short to interact with the
sterically favoured field regions, the weak inhibitor shown in 5B
also does not interact with the left-hand purple field region where
lipophilicity enhances activity, and also had a polar hydroxyl sub-
stituent close to the second purple field region that favours lipo-
philic, rather than polar substituents.

Figure 6 illustrates the hydrogen bond donor field regions
around both potent and weak topoisomerase I inhibitors. The field
maps show that the central imidazole NH moiety appears to con-
tribute less to the activity than do the equivalent groups on the
other two benzimidazoles. The potent inhibitor shown in 6A is a
terbenzimidazole whose three NH donor groups interact favour-
ably with the hydrogen bond donor favoured region shown in cyan.
The weak topoisomerase I inhibitor shown in 6B, however, does
not have hydrogen bond donor groups that can interact with the
main lobes of the donor field, and has only a single NH donor near
the central, less important donor field region.
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Figure 4. COMSIA steric molecular field mapped onto a (A) potent topoisomerase
inhibitor and (B) weak topoisomerase inhibitor. The green regions denote where
steric bulk increases the topoisomerase I activity, and the yellow regions denote
where steric bulk decreases topoisomerase I activity.

A \

Figure 5. COMSIA lipophilic molecular field mapped onto (A) potent topoisomerase
inhibitor and (B) weak topoisomerase inhibitor. The purple regions denote where
lipophilic regions of the molecule increases topoisomerase I activity, and the green
regions where lipophilic moieties in the molecule decreases topoisomerase activity.

The 3D QSAR models of topoisomerase I inhibition based on an
alignment from the X-ray structure of oligobenzimidazoles bound
to the minor groove of DNA were quite robust, statistically signif-
icant, and predictive. This is entirely consistent with the observa-
tions that topoisomerase I activity is related to DNA minor
groove binding. Capranico et al.'® recently reported that minor-
groove DNA binding bibenzimidazoles and terbenzimidazoles,
such as Hoechst 33258 and Hoechst 33342, stimulate topoisomer-
ase I cleavage complex formation via an undefined mechanism.

A

P

Figure 6. COMSIA donor molecular field mapped onto (A) potent topoisomerase
inhibitor and (B) weak topoisomerase inhibitor. The cyan regions denote where the
presence of a hydrogen bond donor increases the topoisomerase I activity.

Published data showed that bibenzimidazoles can bind from posi-
tion +4 to +8 downstream to topoisomerase I cleavage site, Capra-
nico et al. suggested that they may interfere with the secondary
distal DNA-enzyme contact regions, or could generate specific dis-
tortions of the DNA duplex that stabilize the topoisomerase cleav-
age complex. There are similarities between the MLR and 3D
models, as in both cases the hydrogen bond donor efficacy of the
minor groove binders is very important. As benzimidazole-like
minor groove binders show a preference for binding into AT-rich
regions,'? and the binding is modulated by hydrogen interactions
between the benzimidazole NH and the DNA bases, this result is
mechanistically consistent. The MLR QSAR models for topoisomer-
ase inhibition reported in the literature are not immediately con-
sistent with these findings. The comprehensive review of
topoisomerase I literature MLR QSAR models reported by Mekapati
and Hansch?® concluded that for all models involving minor groove
binders, log P was an important factor. Lipophilicity, represented
by the @ parameters for phenyl substituents was also reported as
important in a QSAR study by Kim et al.!'” and more generally for
topoisomerase I and II by Verma.'® However, these models had a
much smaller number of molecules in the data set and substan-
tially lower molecular diversity than the 3D QSAR models reported
here. As the number of hydrogen bond donors and the lipophilicity
of compounds are likely to be correlated in these studies, the smal-
ler studies may have given a biased estimate of the importance of
lipophilicity. In our data set Ngonor and Clog P were significantly
correlated with a correlation coefficient of 0.58. In our MLR QSAR
study, logP was not as significant a descriptor as Ngonor for the
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training set. The r? value for a QSAR relationship between pREC and
Clog P was only 0.26 compared to 0.75 when Nggnor Was used as
the descriptor.

In summary, we report the first 3D QSAR model for topoisomer-
ase [ inhibition by a large set of minor groove binders. The data set
size and diversity was substantially higher than were those used in
previous classical QSAR models of this important biological re-
sponse. The excellent 3D QSAR models obtained using alignments
based on X-ray structures of DNA minor groove binding is consis-
tent with such binding being important for topoisomerase I inhibi-
tion. The results from this study provide additional information on
molecular properties important for topoisomerase inhibition than
earlier studies had identified.
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