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Molecular Determinants of Topoisomerase I Poisoning by Lamellarins:
Comparison with Camptothecin and Structure—Activity Relationships
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A series of lamellarin derivatives have been studied as topoisomerase I (Topl) inhibitors.
Molecular models of the ternary complexes formed between the DNA-Topl ensemble and
lamellarin D (LMD) or camptothecin (CPT) fully intercalated into the duplex DNA have been
built and studied by means of nanosecond molecular dynamics simulations in aqueous solution.
Our results show that the 20-OH and 8-OH of LMD can participate in hydrogen-bonding
interactions with the side chains of Glu356 and Asn722, respectively, the latter being consistent
with the finding that CEM/C2 cells, which are resistant to CPT, are cross-resistant to LMD.
Our models also account for the observation that LMD stabilizes Topl cleavage at CG sites in
addition to the TG sites observed for CPT and rationalize the structure—activity relationships
within the series. The deleterious effect of replacing the 20-OH in LMD with a hydrogen was
confirmed using a set of thermodynamic integration free energy simulations.

Introduction

Eukaryotic topoisomerase I (Topl) is the target for
the anticancer drug camptothecin (CPT),! first isolated
and identified from the bark of the Chinese yew tree,
Camptotheca acuminata (for recent reviews, see refs
2—4). This pentacyclic alkaloid, however, was early
shown to be clinically problematic because, in addition
to its negligible water solubility, its active “ring-closed”
o-hydroxylactone form (see the E-ring in Figure 1) is
rapidly converted under physiological conditions to the
“open” carboxylate form,?% which is inactive and readily
binds to human serum albumin,” making it inaccessible
for cellular uptake.

Topl mediates relaxation of supercoiled DNA by
creating a transient single-strand break in the DNA
duplex that originates from a transesterification reac-
tion involving a nucleophilic attack by the active-site
tyrosine (Tyr723) hydroxyl group on a DNA phosphodi-
ester bond situated at the site of cleavage.* The resulting
3'-phosphotyrosine enzyme—DNA complex (“covalent
binary complex”) is then reversed, after DNA relaxation
through strand passage, when the released 5'-OH of the
nicked strand reattacks the phosphotyrosine intermedi-
ate in a second transesterification reaction. By binding
the covalent 3'-phosphotyrosyl intermediate, Topl in-
hibitors such as CPT specifically block religation of the
DNA phosphodiester backbone and enzyme release,
thus converting Topl into a DNA-damaging agent that
reduces cell viability.8
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Figure 1. Chemical structures of camptothecin (open and
closed forms), homocamptothecin, and topotecan. Ring posi-
tions relevant to the discussion have been numbered.

In an attempt to stabilize the closed lactone of CPT,
a seven-member E-ring derivative was synthesized and
named homocamptothecin (hCPT, Figure 1).219 The
pB-hydroxylactone E-ring of hCPT is indeed considerably
more stable in vitro,!! while at the same time hCPT has
been shown to inhibit Topl-mediated DNA relaxation
with a potency comparable to that of CPT? and to give
rise to novel Topl-mediated DNA breaks.!? First-
generation analogues of CPT, such as irinotecan and
topotecan (Figure 1), which are water-soluble deriva-
tives of CPT with an intact lactone ring, are already
approved as anticancer agents in human therapy, and
several second- (e.g., lurtotecan, rubitecan, and exate-
can) and third-generation derivatives (e.g., diflomote-
can) are well advanced into clinical trials. Nevertheless,
identification of alternative molecular scaffolds endowed
with similar properties is highly desirable, and this is
facilitated by the availability of biochemical and cellular
assays for testing Top1 activity.!® One promising class
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Figure 2. Chemical structures of the lamellarins studied. Ring positions relevant to the discussion have been numbered as in

ref 20.

of Topl inhibitors is that of the 6H-[1]benzopyrano-
[4,3;4,5]pyrrolo[2,1-alisoquinoline alkaloids known as
lamellarins, of which about 30 representatives have
been isolated from marine organisms so far.'* Only four
alkaloids, lamellarins A—D, were initially extracted
from a prosobranch mollusk (Lamellaria sp.),'% but later
many closely related compounds were identified from
several ascidian and sponge species. These molecules
fall into three structural groups depending on whether
the central pyrrole ring is fused or unfused (lamellarins
O—R) to adjacent aromatic rings and on the presence
between atoms 5 and 6 of the quinoline moiety of either
a single (as in lamellarins I-L) or a double bond (as is
the case for lamellarins D and M).1* Lamellarin D
(LMD, 1 in Figure 2), one of the most cytotoxic com-
pounds in the series and not sensitive to P-glycoprotein-
mediated drug efflux,!® was recently found to promote
DNA cleavage through the stabilization of Top1—DNA
covalent complexes so that most, if not all, of its
proapoptotic action is thought to arise from Topl
inhibition.!” Elucidation of this mechanism of action
provides useful guidelines for the development of pro-
gressible hits!® targeted to the Topl—DNA cleavable
complex. In this respect, triester and aminoacyl deriva-
tives of LMD have already been selected for preclinical
development.1?

To further delineate the structure—activity relation-
ships (SAR) in this promising chemical series, we report
here our biochemical and biological in vitro evaluation
of eight lamellarin derivatives (1—8 in Figure 2) whose
synthesis and cytotoxic potential against normal and
tumor cells using a colony assay have been previously
reported.20 In addition, since no experimental structural
information is available about the mode of binding of

these compounds to the covalent Topl—DNA complex,
we have used a variety of molecular modeling and
simulation techniques to validate and refine a previ-
ously proposed binding mode for LMD to the DNA—
Topl complex!” based on the X-ray crystal structure of
a ternary complex between a human Topl construct
covalently attached to a DNA duplex with bound topo-
tecan.2! For comparison purposes, the same molecular
dynamics (MD) protocol was applied to a similar com-
plex containing CPT for which no such information is
currently available. Finally, to support our model of the
Topl—DNA cleavable complex stabilized by LMD, a
quantitative estimation of the contribution to the free
energy of binding of the crucial 20-OH group was
obtained by means of a set of precise thermodynamic
integration free energy simulations.

Results and Discussion

Topoisomerase I Inhibition. The effects of the
lamellarin derivatives on Topl-mediated cleavage and
relaxation of supercoiled plasmid DNA are shown in
Figure 3. DNA was relaxed with Topl in the absence
or presence of the compounds, each tested at 5 and 20
uM. The DNA relaxation products were then resolved
by gel electrophoresis on agarose gels containing ethid-
ium bromide to stain the DNA. The plant alkaloid CPT,
used as a positive control at 20 uM, was seen to strongly
stabilize the cleaved complex with Topl. The intensity
of the band corresponding to nicked DNA was amplified
to a comparable extent in the presence of 1 (LMD) and
2, indicating that these two compounds are also very
effective at stabilizing DNA—Top1 covalent complexes.
In this assay, at 5 uM practically no effect was observed
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Figure 3. Effect of CPT (20 uM) and the different lamellarins
on the relaxation of plasmid DNA by human topoisomerase I.
(a) Native supercoiled pLAZ3 DNA (0.5 ug) (lane DNA) was
incubated with 4 units of topoisomerase I in the absence (lane
Topol) or presence of drug at the indicated concentration (uM).
Reactions were stopped with sodium dodecyl sulfate and
treatment with proteinase K. DNA samples were separated
by electrophoresis on 1% agarose gels containing ethidium (1
ug/mL) and then photographed under UV light: Nck, nicked;
Rel, relaxed; Sc, supercoiled DNA. (b) Comparison of the extent
of topoisomerase I-mediated DNA cleavage measured with
CPT and LMD. The graph shows the formation of nicked DNA
(form II, %) as a function of the drug concentration. Band
intensities from three gels such as the one shown in (a) were
compiled for the quantitative analysis.

with compounds 4, 7, and 8, and only minor inhibitory
activity was detected in the presence of 3, 5, and 6.

A second assay, based on the cleavage of a radiola-
beled DNA substrate by Topl, was used to further
investigate the SAR. A 117-base-pair DNA restriction
fragment uniquely end-labeled at the 3' end was sub-
jected to cleavage by Topl in the presence of the
different compounds, and the resulting DNA cleavage
products were resolved on a sequencing-type polyacryl-
amide gel (Figure 4). This assay allows the detection of
cleavage sites and their location in the sequence with
nucleotide resolution, thus providing information on the
selectivity of cleavage. Marked Topl poisoning was
detected for CPT as well as for 1 and 2, whereas this
effect was less pronounced for 3 and 5, both lacking the
20-OH group. 6 and 8 showed greatly diminished
activity, and virtually no cleavage was detected in the
presence of 4 and 7, both lacking the 8-OH. These
results are therefore consistent with those obtained in
the previous relaxation assay.

The presence of CPT stabilizes Topl-induced DNA
breaks at nucleotide positions 26, 48, 81, and 107, all
of them corresponding to T'G sites separated by at least
20 base pairs. As previously discussed for LMD,!7 the
cleavage pattern in the presence of 1 and 2 is slightly
different: (i) the intensity of the nick promoted at site
T'Gg; is less intense than that induced by CPT, and (ii)
an additional cleavage site at C'Gr3 that is not observed
with CPT is clearly apparent. It must be noted, however,
that the T'Gg; and C'Gys sites are separated by only five
base pairs, and this proximity could be the reason
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Figure 4. Cleavage of the 117-mer DNA restriction fragment
by topoisomerase I (Topl) in the presence of the different
compounds. In each case, the 3'-end labeled fragment (lane
DNA) was incubated in the absence (lane Topol) or presence
of the test drug at 20 uM concentration. Camptothecin (CPT)
was also used at 20 uM. Top1 cleavage reactions were analyzed
on 8% denaturing polyacrylamide gels. Numbers at the side
of the gels show the nucleotide positions, determined with
reference to the guanine tracks labeled G. The nucleotide
positions and sequences of the main cleavage sites are
indicated.

accounting for the less efficient cleavage promoted by
LMD at T'Gg; relative to CPT. The same reasoning
applies to the observation that another putative CG
target step at position 41 (and therefore close to the
T'Gys strong cleavage site) is spared. It is also notewor-
thy that in all DNA cleaved sites a T or an A is selected
at position —2. In light of the structural evidence?! and
the binding model described below, this preference is
due to the direct recognition of N3 of adenine or O2 of
thymine in the DNA minor groove by the charged amino
group of Lys532. This amino acid is strongly selecting
against a guanine or a cytosine at position —2 (as, for
example, at position CGss), in excellent agreement with
the known sequence preferences for Topl, both in the
absence?? and in the presence of bound drugs.2? Like-
wise, the strong bias for a G at position +1 in the
presence of CPT?3 appears to be also true for lamel-
larins.
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Table 1. Cytotoxicity of Lamellarins and CPT (IC5¢)* on CEM
and CEM/C2 Cells

1C50,* nM

compd CEM CEM/C2 RRI®
1 5+2 720 £+ 60 144
2 17+ 4 2740 £+ 680 164
3 520 + 140 6250 + 2110 12
4 3030 £ 2320 5550 + 4670 2
5 2230 £+ 10 11050 £+ 2600 5
6 430 £+ 30 950 + 150 2
7 >100 000 >100 000
8 1950 + 1210 6930 + 4860 4
CPT 0.84 £0.1 5385 + 742 6400

¢ Drug concentration that inhibits cell growth by 50% after
incubation in liquid medium for 72 h. Each drug concentration
was tested in triplicate. IC5y values were measured using a cell
proliferation assay (CellTiter 96, Promega). ® The relative resis-
tance index (RRI) is the ratio of the ICsq values measured on the
CPT-resistant cell line to the IC5¢ values measured on the CPT-
sensitive cell line.

Cytotoxicity and Structure—Activity Relation-
ships. Two human cell lines, CEM and CEM/C2, were
employed to evaluate the cytotoxic potential of the
lamellarin derivatives and the role of Topl inhibition
in the apoptotic process. Human leukaemia CEM cells
express an intact topl gene encoding a fully functional
Topl enzyme, whereas CEM/C2 cells, which are resis-
tant to CPT, express a mutated topl. The resistance of
these cells to CPT has been attributed to a single
Asn722 — Ser mutation adjacent to the active site
Tyr723 residue of the human Topl enzyme.?* The
antiproliferative activity of the lamellarins was evalu-
ated by a tetrazolium-based assay, and the ICsy values
and relative resistance index (RRI) were calculated for
each compound (Table 1).

It can be seen that the cytotoxic potency of the
compounds varies considerably depending on the pres-
ence and location of the free OH substituents on the
lamellarin ring systems. On one hand, 1 (LMD) and 2
were, by far, the most cytotoxic molecules in the series,
in agreement with previous findings.2® We now find that
this potent activity can be related to their capacity to
inhibit Topl; the low ICs59 value measured with 1, in
the low nanomolar range, is fully consistent with those
recently reported for this compound against a panel of
tumor cell lines.!” On the other hand, the bulky meth-
ylenedioxy compound 7, with no free OH groups, proved
to be totally inactive in the Topl assay and showed no
signs of cytotoxicity even at high concentrations. Re-
markably, the peracetylated 8 was quite cytotoxic
despite its total inactivity against Topl, strongly sug-
gesting that this compound might be acting as a prodrug
that becomes active upon biotransformation. Interest-
ingly, the micromolar IC5o values measured with Top1-
inactive compounds 4, 5, and 8 on CEM cells are
comparable to those determined with 2 on CEM/C2 cells.
Similarly, the submicromolar ICs5 values measured with
the less active compounds 3 and 6 on CEM cells are
roughly equivalent to that measured with 1 on CEM/
C2 cells. Collectively, these results suggest that the gain
in cytotoxicity observed from one series of compounds
to another is most likely attributable to the Topl
inhibitory activity. It must be noted, however, that cell
death occurs in vivo at much lower concentrations than
those that are necessary for visualizing the enzymatic
inhibitory mechanism in vitro.
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A number of SAR observations can then be made:

(i) The presence of the 21-methoxy group has no
significant impact on the inhibitory or cytotoxic activity;
in fact, the RRI for 1 and 2 are very similar, thus
reinforcing the idea of a major role for Topl in the
cytotoxic action of these compounds.

(i1) Deletion of the 20-OH group has a strong deleteri-
ous effect on the antiproliferative activity of these
alkaloids. Lamellarin3, lacking this hydroxyl relative
to 1, is about 50 times less cytotoxic and is also less
effective in the Topl-mediated DNA cleavage assay. The
molecular basis for this result was probed computation-
ally using a thermodynamic integration free energy
simulation method (see below).

(iii) Replacing the 8-OH group with a 8-OCHjs group,
as in going from 1 to 4, also considerably reduces the
cytotoxic activity and suppresses the effect on Topl-
mediated DNA cleavage. Thus, both OH groups, at
positions 8 and 20 on 1 and 2, are major determinants
of the cytotoxic action.

(iv) The more hydrophilic tetrahydroxylated com-
pound 6, in which the 20-OH is missing, is fairly
cytotoxic, but it has no effect on Top1 action, again in
agreement with the idea that the 20-OH group is crucial
for Topl inhibition.

As indicated in Table 1, the cytotoxic activity of 1 is
significantly reduced when the leukemia cell line ex-
presses a mutated topl. This is also the case for the
closely related analogue 2 lacking the 21-methoxy group
on the benzopyrane ring. CEM/C2 cells are about 150
times less sensitive to 1 and 2 compared to the parental
CEM cell line expressing a wild-type topl. For the other
compounds in the series, 3—8, the expression of a
deficient Topl enzyme only modestly reduces their
cytotoxic action. Lamellarin 3, which showed a consid-
erably reduced inhibitory activity against Top1 relative
to LMD, displays a cytotoxicity that is only scarcely
dependent on Topl activity (compare the RRI for 1 and
3 in Table 1) but is nevertheless greater than those of
4 and 5, which are both totally inactive in the enzymatic
assay. In general, an excellent correlation was found
between the activity of the compounds determined at
the molecular level with the purified Topl enzyme and
their cellular activity measured against the CEM and
CEM/C2 pair of cell lines. The fact that the potent anti-
Top1 activity of 1 and 2 is revealed at both the molecular
and cellular levels suggests that neither cell uptake nor
distribution is an issue with these molecules because
they can apparently reach their intracellular target very
effectively.

Docking of the Drugs into Their Respective
Intercalation Sites. CPT. The automated docking
program provided 11 clusters for bound CPT at the TpG
intercalation step, the most populated one also being
the first in the score list (56 occurrences and —13.0 keal
mol~1). Remarkably, in this orientation the ring skeleton
of CPT was practically superimposable (root-mean-
square deviation of 0.3 A) on that of topotecan as found
in several X-ray crystal structures in which the latter
drug is intercalated into the duplex DNA that is
covalently bound to a trapped wild-type?! or CPT-
resistant (Asn722 — Ser and Phe361 — Ser) form?25 of
human Top1.26 In this orientation, the 20-OH donates
to the side chain carboxylate of Asp533 the only drug—
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DNA major groove

DNA minor groove

Figure 5. Superposition of CPT (C atoms in green) and LMD
(C atoms in cyan) in the optimal solutions provided by the
automated docking program. Note the position of the exocyclic
ring of LMD in the major groove and the good alignment
between oxygens at the left and right edges of both molecules.

protein hydrogen bond that is observed in these crystal
structures. This reproducibility attests to the good
performance of the docking program when challenged
with a preconfigured binding site. It must be borne in
mind that the precise atomic details of the interaction
with CPT-like Topl inhibitors were fully understood
only when topotecan was cocrystallized with the “cova-
lent binary complex” despite the previous existence of
X-ray crystal structures of Topl interacting both co-
valently and noncovalently with DNA.27:28

LMD. The same docking program provided six clus-
ters for LMD, the most populated one ranking second
in the score list by a negligible difference relative to the
first (—9.30 vs —9.34 kcal mol ! but 83 occurrences vs
4). This orientation (Figure 5) was chosen for one of the
two initial conformers (see Materials and Methods) and
was selected as representative of the mode of binding
of LMD to the DNA-Top1 complex based on the follow-
ing considerations:

(1) The C8 and C20 hydroxyl groups are at hydrogen-
bonding distances from the side chains of Asn722 and
Glu356, respectively, of Top1l, and the keto group (017)
is facing the guanidinium group of Arg364. This is in
consonance with the fact that this positively charged
residue faces a region of LMD that gives rise to a
negative molecular electrostatic potential (MEP) in the
vicinity of the pyrane keto group (Figure 6), whereas
the positive MEP region emanating from the isoquino-
line ring points toward the negatively charged Asp533,
also facing the DNA minor groove.

(i1) The planar heterocyclic ring system of the drug,
which intercalates at the site of DNA cleavage and
places the exocyclic phenyl ring in the major groove, is
stabilized by stacking interactions with both the —1 (T—
A) and +1 (G—C) base pairs of the bound oligonucleo-
tide.

(ii1) The exocyclic phenyl ring of LMD is rotated 180°
relative to the conformation reported previously in an
otherwise very similar proposall” so that the methoxy
group at C13 is close to the 6-amino group of A'_; in
the major groove rather than to the 6-keto group of G+;.

Since LMD was shown to bind to both TpG and CpG
steps, two different oligonucleotides were considered for
model construction and the same binding mode that was
found for the TpG site was used for modeling the second
complex (see Materials and Methods).

Marco et al.

Comparison of the Topl—-DNA—-CPT and Topo-
isomerase I-DNA—-LMD Complexes Obtained from
the Molecular Dynamics Simulations. To assess the
feasibility of the binding orientations found and to study
the dynamic behavior of the proposed Topl—DNA—-LMD
and Topl—DNA-CPT molecular models, the three
complexes were allowed to explore the conformational
space by calculating MD trajectories in aqueous solu-
tion. MD computer simulations constitute a valuable
means of developing models and interpreting diverse
experimental data on the structure of DNA, proteins,
and their mutual complexes in solution, with or without
experimentally derived restraints.22=31 Recent advances
in force field parameters, simulation methodology, and
computer power have made possible the simulation of
reliable trajectories in terms of intermolecular forces
and motions that give an independent account of
experimentally observed behavior, including drug-
induced DNA bending,?%31 DNA—protein recognition,3°
and ligand—protein interactions.32 For Topl, this type
of approach has already shown its merit when trying
to understand the molecular basis of CPT resistance
brought about by the single Ala653 — Pro mutation in
the linker domain due to a strong shift in the cleavage-
religation equilibrium toward religation.33

The 725 snapshots from the last 1500 ps of each
trajectory were analyzed in terms of distances and
intermolecular energy components. Monitoring the pro-
gression of the root-mean-square deviations of the
coordinates of the Ca atoms with respect to both the
initial and average structures (Supporting Information,
Figure S1) revealed a notably stable behavior in all
cases, reflecting that the overall architectures of the
macromolecular ensembles were preserved for the whole
length of the simulations. Both drugs remained fully
intercalated, giving rise to stacking interactions with
the DNA bases and to a number of other stabilizing
interactions with both the protein and the surrounding
solvent that are described further below.

1. Topl-DNA-CPT Complex (CG—CPT). In the
initial structure of the complex, only one direct hydrogen
bond between the 20(S)-hydroxyl oxygen atom of CPT
and one of the Asp533 carboxylate oxygens was observed
that reproduced an identical interaction between topo-
tecan and Topl reported in the X-ray crystal struc-
tures.21.25 Interestingly, this hydrogen bond has been
proposed to exist for the lactone and the carboxylate
forms of the drug, both of which could be placed into
the electron density maps, with partial occupancies of
~0.6 and ~0.4, respectively. In the latter case, one of
the 21-carboxylate oxygens is bridged to the phospho-
tyrosine (P-Tyr723) through a water molecule, and a
second water molecule mediates a hydrogen bond be-
tween the new hydroxyl and the side chain amide group
of Asn722 (this interaction is direct in PDB structure
1rr8). In the complexes with both the open and closed
forms, the 10-OH of topotecan is also hydrogen-bonded
to another water molecule.

Along our MD simulation with the closed form of CPT,
two more direct interactions were detected: one between
the 20-OH and the N of Lys532 and another one
between the E-ring carbonyl oxygen (019) and a guani-
dinium nitrogen from the catalytic Arg488, whose side
chain is found in a more extended conformation than
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(b)

Figure 6. Top (left) and side (right) views of the molecular electrostatic potentials (MEP) calculated for (a) CPT and (b) LMD
represented as two semitransparent contours surrounding a stick representation of each molecule. Negative (—0.05 to —2.26 kcal
mol~! for CPT and —0.05 to —4.04 kcal mol™! for LMD) and positive MEP regions (0.05—1.67 kcal mol™! for CPT and 0.05—7.47

kcal mol~! for LMD) are in pink and cyan, respectively.

DNA major groove

Figure 7. Schematic representation of the proposed binding
mode for CPT in the Top1—DNA complex. Carbon atoms of
CPT and DNA are in green and gray, respectively. The Ca
trace of Topl is displayed as a cyan ribbon, and only the side
chains of amino acids relevant to the discussion are labeled
and shown as sticks. Relevant hydrogen bonds are shown as
dotted lines.

in the X-ray crystal structures (Figure 7). The rear-
rangement of these two side chains with respect to the
crystallographic structures most likely reflects the obvi-
ous absence of the open form in our simulation (which
is present in the crystal lattice) and slight positional
differences brought about by the additional substituents
on ring A of topotecan. Thus, the position of N¢-Lys532

is determined by the carboxylate of CPT and by the 02
of T4, and this forces the side chain of Arg488 away
through electrostatic repulsion. In common with the
crystallographic structures, however, the guanidinium
of Arg364, which is held in place with the aid of a
buttressing interaction from the carboxylate of Asp533
(Figure 7), is facing the B-ring nitrogen of CPT. More-
over, hydrogen bonds between N1 of CPT and the NH1
of Arg364 appear to form and break during the simula-
tion (Supporting Information, Figure S2). As a conse-
quence, the average distance reported in Table 2 turns
out to be slightly longer than that required for estab-
lishing a good hydrogen bond. Likewise, the lactone
oxygen of CPT is close to the amide nitrogen of Asn722,
but the distance is not short enough to allow the
formation of a stable hydrogen bond. Again, in the
crystallographic structures some uncertainties arise
about this interaction due to the presence of a direct or
water-mediated hydrogen bond between this amide and
the hydroxyl generated upon E-ring opening in bound
topotecan.

2. Topl-DNA-LMD Complexes (CG—LMD and
TG—LMD). During the unrestrained MD simulation,
the hydrogen bond initially observed in the CG—LMD
complex between the pyrane keto group of LMD and the
guanidinium group of Arg364 (Figure 8a) was main-
tained throughout (Table 2). On the other hand, the
direct hydrogen bonding interactions between the 20-
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Table 2. Intermolecular Hydrogen-Bonding Donor—Acceptor Distances (Mean + Standard Deviation, A) Observed in the Modeled
Complexes Studied between Topoisomerase I Residues and Atoms of the Drug Intercalated at the Central CpG or TpG Step of the

Duplex DNA
lamellarin D camptothecin
complex CpG TpG complex TpG
020—0E1 Glu356¢ 3.44+0.7 2.84+0.3 018—ND2 Asn722 3.6+ 04
017—-NH1 Arg364 2.8+ 0.1 2.8+ 0.1 N1-NH1 Arg364 3.5+0.3
08—-0D1 Asn722¢ 3.4+04 3.6 +0.5 020—NZ Lys532 3.2+0.2
08—ND2 Asn722¢ 3.6 +£0.7 3.3+0.5 020—0D1 Asp533 2.7+0.1
019—NH2 Arg488 2.8+0.1
H10—-O0E1 Glu356 3.5+04

@ These direct interactions are often exchanged with similar water-mediated hydrogen bonds. ® This distance is included

purposes only (see text for details).

(a)

Figure 8. Schematic representation of the proposed binding
site for LMD in the two Topl—DNA complexes studied con-
taining (a) the TG olinucleotide and (b) the CG oligonucleotide.
Carbon atoms of CPT and DNA are in green and gray,
respectively. The Ca trace of Topl is displayed as a cyan
ribbon, and only the side chains of amino acids relevant to
the discussion are labeled and shown as sticks. Relevant
hydrogen bonds are shown as dotted lines.

OH oxygen and the Glu356 carboxylate oxygen and also
between the 8-OH oxygen and the side chain amide
nitrogen of Asn722 were often broken and re-formed
during the entire simulation. Nonetheless, when these
hydrogen bonds were ruptured, each of the hydrogen-
bonding partners engaged in similar interactions with
a common neighboring water molecule.

=

or reference

In the TG—LMD complex, the protein residues in-
volved in interactions with LMD were the same al-
though the atomic details were subtly different. Thus,
the hydrogen bonds initially observed between the 20-
OH group and Glu356, as well as those formed between
the pyrane keto group and Arg364, were maintained
throughout (Table 2). With respect to the Asn722 side
chain amide, during the first 1300 ps the oxygen was
continually engaged in a water-mediated hydrogen bond
with the 8-OH of LMD whereas the nitrogen alterna-
tively donated a hydrogen bond to either this same
hydroxyl or neighboring water molecules. For the last
200 ps of simulation this interaction was fully water-
mediated as described above for the CG—LMD complex
(Figure 8b).

Energy Analysis of the Topl-DNA-CPT and
Topl-DNA-LMD Complexes. The binding energy
analysis of the Topl —DNA—CPT and Topl—-DNA—-LMD
complexes (Table 3) reveals a predominance of van der
Waals interactions involving the nucleic bases that
make up the intercalation site and electrostatic interac-
tions with some crucial protein residues. In the three
cases studied, the most favorable and quantitatively
more important interaction is with G4, although in the
CG—LMD complex the magnitude of this van der Waals
term is similar to that between LMD and the guanine
complementary to C_;. Remarkably, the interaction
with T—; is more favorable for CPT (by about 3 kcal
mol™1) than it is for LMD. On the other hand, both TpG
and CpG sites provide equally good binding sites for
LMD. The lack of detectable Topl-induced C'G sites in
the presence of CPT could be explained by the steric
clash that would arise between the exocyclic 4-amino
group of C_; and the sp? carbon in ring C. We can
speculate that minor rearrangements in the docked
orientation at the intercalation site must take place for
the closely related hCPT due to the presence of a bulkier
E-ring because this compound has been shown to
stabilize cleavage at TpG sites as well.!2

Arg488, Lysb32, Aspb33, Arg364, and Glu356 provide,
in decreasing order of importance, electrostatic stabili-
zation to CPT within the intercalation site. Despite the
good hydrogen bond with the 20-OH, the magnitude of
the electrostatic interaction with Asp533 is less than
those with the positively charged residues because of
the proximity between the negatively charged aspartate
and the E-ring carbonyl oxygen of CPT (Figure 7). In
contrast, although Glu356 is not involved in any direct
hydrogen bond with CPT, the favorable electrostatic
term arises from the interaction of this amino acid’s
carboxylate with the region of positive electrostatic
potential surrounding C10 (Figure 6).
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Table 3. Calculated van der Waals and Electrostatic Interaction Energies® between the Drugs and Both the DNA Bases Making Up
the Intercalation Site and Crucial Topl Residues in the Simulated CG—LMD, TG—LMD, and TG—CPT Complexes

lamellarin D camptothecin
CpG TpG TpG
EVdW Eele EVdW Eele EvdW Eele

C1 —8.8+0.8 0.24+0.2 T —-8.5+0.9 -0.2+0.2 T -11.3+1.1 0.7+0.1
G' -132+1.1 0.7+0.2 A4 —-13.4+0.6 1.2+02 A4 -11.0+1.0 0.14+0.2
G -12.7+ 1.1 —-0.5+0.1 G -139+12 —-0.5+0.4 G —-13.8+ 1.3 -0.3+0.2
C'y —-10.7 £ 0.8 0.84+0.2 C'i1 -99+1.38 0.8 4+0.2 C'i1 —-6.3+0.6 0.1+0.3
Glu356 -15+1.1 -12+1.6 Glu356 -02+04 -28+14 Glu356 -1.0+0.3 -0.5+0.1
Arg364 0.1+0.9 —4.4+0.6 Arg364 -05+0.1 —4.1+0.5 Arg364 -3.9+04 -1.1+0.6
Aspb33 -0.2+0.1 0.4 +0.1 Aspb533 -0.2+0.1 0.4+0.1 Arg488 0.0+ 0.6 -3.8+0.5
Asn722 -0.2+0.5 —-0.7+0.4 Asn722 —-0.9 +£0.04 —-0.7+0.1 Lysb32 -1.4+0.3 —-2.2+0.6

Aspb533 -04+12 -1.2+09

Asn722 -1.3+04 00+04

@ These results are mean values + standard deviation (kcal mol~!) from snapshots taken every 100 ps from the last 1.4 ns of the

molecular dynamics simulations.

Scheme 1. Thermodynamic Cycle Used To Estimate
the Binding Free Energy Changes Involved When a
Hydroxyl Group in LMD (1) Is Replaced with a
Hydrogen (as in 3) in the Free Drug in Solution (AG3)
and in Each Solvated Topl—DNA Complex (AGy),
Respectively

DNA-topoisomerase I + 1 MEL» DNA-topoisomerase:1

o o]
DNA-topoisomerase I +3 M» DNA-topoisomerase:3

LMD appears to stack equally well on the G—C base
pair at position +1 in both complexes, and the interac-
tion with the base pair at position —1 is only slightly
different, favoring the larger surface area of the C—G
base pair over that of the T—A base pair. The electro-
static term is dominated by Arg364, which, as stated
above, forms a good hydrogen bond with the carbonyl
017, followed by Glu356 and Asn722. The electrostatic
interaction between LMD and the latter two residues
is also favorable, but as explained above, it is often
disrupted by intervening water molecules, hence the
smaller energy values and the greater fluctuations.

Binding Free Energy Calculations. A rather dra-
matic decrease in activity is apparent upon the loss of
the hydroxyl groups at positions 8 and 20 of the
lamellarins’ heteroaromatic ring. The rationale for the
interaction between 8-OH and Asn722 has already been
discussed and is substantiated, albeit indirectly, by the
results obtained with the mutant Asn722 — Ser Topl
enzyme. On the other hand, to the best of our knowl-
edge, Glu356 has not been described as important for
the binding of any Top1 inhibitor despite the fact that
its side chain is found in proximity to the C10-hydroxyl
present in the X-ray Topl—DNA—topotecan complexes.
Since our simulations consistently showed the 20-OH
of LMD to be engaged in a direct or water-mediated
hydrogen bond with the carboxylate of this residue, we
decided to test whether the loss of this interaction might
account for the decrease in activity observed in going
from compound 1 (LMD) to 3. To this end, a thermo-
dynamic cycle (Scheme 1) was devised that would allow
us to use statistical mechanical information generated
during a set of MD simulations to calculate the differ-
ence in binding free energy between these two mol-
ecules. This method is commonly applied in drug design
and is most successful when one tries to predict the

effect of changing a simple group into another within a
congeneric series.3435

The free energy difference associated with conversion
of 1 to 3 in aqueous solution (Figure 9) was 18.5 kcal
mol~1, virtually the same value that was obtained from
the independent reverse conversion of 3 to 1 (—18.8 kcal
mol~1). For the corresponding mutations in the Topl—
DNA-—inhibitor complexes, the average free energy
changes for the forward and reverse simulations were
21.3 £ 0.05 kcal mol~! in the CG complex and 21.6 +
0.08 kcal mol~! in the TG complex. The binding of 3 to
the CG and TG Top1—DNA complexes was then calcu-
lated to be disfavored by 2.6 and 2.9 kcal mol™!,
respectively, relative to the binding of 1, in very good
agreement with the 2.7 keal mol ! calculated from their
respective ICso values (see Materials and Methods).
Even though this comparison must be considered very
cautiously because cytotoxicity stems from both phar-
macokinetic and pharmacodynamic parameters, this
result lends further credence to the proposed binding
mode. In fact, it is interesting that incorporation of a
hydroxyl at the C10 position of CPT, as in topotecan
(Figure 1) and other simpler analogues,?® results in
greatly improved Topl inhibitory activity. According to
our models, this OH is positionally equivalent to the 20-
OH of LMD (Figure 5).

Comparison of Lamellarin D with Camptothecin
as Topoisomerase I Inhibitors. LMD and CPT ap-
pear to make use of distinct sets of interactions to
stabilize their unique binding modes at the intercalation
sites in their respective Top1—DNA complexes and block
the religation phase of the enzyme’s catalytic cycle. Most
noteworthy, the concave and convex sides of each
molecule are found in different grooves of the DNA
molecule (Figure 5), most likely as a result of (i) their
distinct MEPs (Figure 6), (ii) the positioning of hydrogen
bond acceptor and donor atoms in their polycyclic ring
systems, and (iii) the compulsory location of the bulky
exocyclic phenyl ring of lamellarin derivatives in the
major groove (Figure 8). This finding should provide a
cautionary note to researchers using other docking and
modeling approaches based simply on molecular simi-
larity because these can be sometimes misleading,
especially in the absence of 3D structural information
about the receptor binding site. Our results strongly
suggest that C10 and C16a of CPT are positionally
equivalent to C20 and C8 in lamellarins and also that
oxygen atoms attached to these positions provide good
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Figure 9. Cumulative free energy changes during the thermodynamic integration simulations (forward and reverse) of LMD
both free and in the complexes with the CG- and TG-containing oligonucleotides.

anchoring points for stabilizing the cleavable complex
through interactions with the side chains of Glu356 and
Asn722. The crucial role of the latter residue is high-
lighted by the acquisition of resistance to both CPT and
LMD in CEM/C2 cells harboring the Asn722 — Ser
mutation in their Topl, which can be explained by the
inability of the shorter side chain of Ser (—CH2—OH)
to establish the interactions described above for the side
chain of Asn (—CH3—CO—NHy) at position 722. With
regard to Glu356, its putative importance for LMD
binding has been ascertained by means of thermody-
namic integration simulations. Its actual role in the
binding of CPT may have been obscured by the reposi-
tioning of its carboxylate in the complexes with topo-
tecan possibly because of the simultaneous presence in
this compound of a positively charged amine at position
9 of ring A (Figure 1).

Conclusions

Lamellarins provide a novel chemotype for Topl
inhibitors. We recently demonstrated that LMD (1), the
lead compound in the series, functions as a potent Top1l
inhibitor, and a preliminary molecular model of the
enzyme—DNA—drug complex was proposed.!” In the
present work, this model has been refined and its
feasibility has been extensively assessed by means of
MD simulations in an attempt to account for the
differences in activity observed for several close ana-
logues. The experimental data indicate that the C8 and
C20 hydroxyl groups in the lamellarin series studied
are major determinants of both Top1 cleavable complex
stabilization and cytotoxicity, thus reinforcing the idea
that Topl is a major player in the antitumor action of
these compounds. The modeling results provide struc-
tural support to this structure—activity information,
which can now be used to advantage in the design of
novel analogues endowed with improved pharmacologi-
cal properties.

The distinct MEP distributions calculated for CPT
and LMD provide a rationale for their respective binding
modes, as found by the automated docking program, and
additionally suggest a possible mechanism of electro-

static steering into a common binding site within the
cleavable complex. At least for lamellarins, entrance
must take place from the major groove side of the DNA
molecule because of the presence of the bulky exocyclic
ring in this location and the simultaneous occupancy of
the minor groove in the Topl—DNA binary complex by
Aspb33 in o-helix 13 (core subdomain III) and Arg364
in the loop segment between f-strands 6 and 7 (core
subdomain I).27

Our MD simulation results support the feasibility of
the proposed docking orientations and also unveil the
critical role that water-mediated contacts and hydrogen
bonding play in the affinity and efficacy of these potent
anticancer drugs. In the case of LMD, additional en-
dorsement of the proposed binding mode was provided
by the good quantitative agreement that was obtained
between the experimentally measured differences in
inhibitory activity and the calculated differences in
binding free energies using a very accurate thermody-
namic integration method. Nonetheless, the ICs ratio
can be taken only as a rough approximation of differ-
ences in Topl inhibition because the possibility that
other cell killing mechanisms are simultaneously at play
for these compounds cannot be ruled out.

The parallel study with CPT also provides some
insight into the finding of the open form of the a-hy-
droxylactone ring of topotecan in the X-ray crystal
structures solved to date. The lack of Topl inhibitory
activity of the carboxylate forms of both CPT* and
hCPT!! can be easily accounted for by considering the
strongly negative MEPs associated with the free car-
boxylate forms (Supporting Information, Figure S3). On
one hand, binding to the DNA polyanion would be
disfavored on electrostatic grounds, and on the other
hand, the intercalation process would have to overcome
the repulsion between the free carboxylate of the drug
and the facing Asp533 carboxylate in the minor groove.
Since the open form is actually found in the binding site,
its presence is strongly suggestive of in situ formation,
which can be catalyzed under physiological conditions
by the hydrogen-bonding network discussed above for
CPT, and subsequent stabilization by a rearrangement
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of Topl side chains. In this regard, a certain level of
general acid—base catalysis exerted by the cleavable
complex toward E-ring opening has already been sug-
gested.12

The structural (dis)similarities between CPT and
LMD bound to the enzyme—DNA interface are of major
interest to further explore the chemical environment
around these two molecular frameworks. A goal that
immediately comes to mind is to try and design novel
LMD/CPT hybrid structures that could lead to innova-
tive Topl-directed drugs. Beyond these medicinal chem-
istry aspects, the present work also provides interesting
mechanistic clues to better understand the different
cleavage profiles generated by CPT and LMD. Thus,
Topl-mediated DNA cleavage at CG or TG sites is
shown to depend on both the nature of the drug
employed and the context in which the target sequence
is embedded.

We hope that our contribution to a better understand-
ing of the mechanism of Topl poisoning by CPT and
lamellarins will be beneficial for the ongoing develop-
ment of some of these derivatives as effective anticancer
agents.

Material and Methods

Drugs. The synthesis of the lamellarins studied here has
been reported previously.?’ CPT was purchased from Sigma
Chemical Co. The drugs were first dissolved in DMSO. Drug
stock solutions (5 mM) were kept at —20 °C and were freshly
diluted with water to the desired concentration immediately
prior to use.

DNA Relaxation Experiments. Recombinant Topl pro-
tein was produced and purified from baculovirus-infected Sf9
cells.?” Supercoiled pLLAZ3 DNA (0.5 ug) was incubated with
4 units of human Topl at 37 °C for 1 h in relaxation buffer
(50 mM Tris, pH 7.8, 50 mM KCIl, 10 mM MgCl2, 1 mM
dithiothreitol, 1 mM EDTA) in the presence of varying
concentrations of the drug under study. Reactions were
terminated by adding SDS to 0.25% and proteinase K to 250
ug/mL. DNA samples were then added to the electrophoresis
dye mixture (3 mL) and electrophoresed at room temperature
for 2 h at 120 V in 1% agarose gels containing ethidium
bromide (1 mg/mL). After electrophoresis, gels were washed
and photographed under UV light.38

Purification of the DNA Restriction Fragment and
Radiolabeling. The 117-base-pair DNA fragment was pre-
pared by 3'-[*?P]-end labeling of the EcoRI-Pvull double digest
of the pBS plasmid using o-[3?P]-dATP (Amersham, 3000 Ci/
mmol) and AMV reverse transcriptase (Roche). The labeled
digestion products were separated on a 6% polyacrylamide gel
under nondenaturing conditions in TBE buffer (89 mM Tris-
borate, pH 8.3, 1 mM EDTA). After autoradiography, the
requisite band of DNA was excised, crushed, and soaked in
water overnight at 37 °C. This suspension was filtered through
a Millipore 0.22 um filter, and the DNA was precipitated with
ethanol. Following washing with 70% ethanol and vacuum-
drying of the precipitate, the labeled DNA was resuspended
in 10 mM Tris adjusted to pH 7.0 containing 10 mM NaCl.

Sequencing of Topl-Mediated DNA Cleavage Sites.
Each reaction mixture contained 2 uL of 3'-end [*?P]-labeled
DNA (~1uM), 5 uL of water, 2 uL. of 10x Top1 buffer, and 10
uLi of drug solution at the desired concentration (1—50 uM).
After 10 min of incubation to ensure equilibration, the reaction
was initiated by addition of 2 uL (20 units) of calf thymus Top1.
Samples were incubated for 45 min at 37 °C prior to adding
SDS to 0.25% and proteinase K to 250 ug/mL to dissociate the
drug—DNA-Topl cleavable complexes. The DNA was precipi-
tated with ethanol and then resuspended in 5 uL of forma-
mide—TBE loading buffer, denatured at 90 °C for 4 min, and
then chilled in ice for 4 min prior to loading onto the
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sequencing gel. DNA cleavage products were resolved by
polyacrylamide (8%) gel electrophoresis under denaturing
conditions (8 M urea). After electrophoresis, gels were soaked
in 10% acetic acid for 10 min, transferred to Whatman 3MM
paper, and dried under vacuum at 80 °C. A Molecular
Dynamics 425E PhosphorImager was used to collect data.
Baseline-corrected scans were analyzed by integrating all the
densities between two selected boundaries using ImageQuant
version 3.3 software.

Cell Cultures and Growth Inhibition Assay. Human
CEM and CEMC2 leukemia cells were obtained from the
American Tissue Culture Collection. The leukemia cells were
grown at 37 °C in a humidified atmosphere containing 5% CO.
in RPMI 1640 medium, supplemented with 10% fetal bovine
serum, glutamine (2 mM), penicillin (100 IU/mL), and strep-
tomycin (100 mg/mL). The cytotoxicity of the drug was
assessed using a cell proliferation assay developed by Promega
(CellTiter 96 AQueous One solution cell proliferation assay).
Briefly, 2 x 10* exponentially growing cells were seeded in
96-well microculture plates with various drug concentrations
in a volume of 100 uL. After 72 h of incubation at 37 °C, 20 uL.
of the tetrazolium dye solution were added to each well and
the samples were incubated for a further 3 h at 37 °C. Plates
were analyzed on a Labsystems Multiskan MS (type 352)
reader at 492 nm.

Building, Refinement, and Molecular Dynamics of the
Protein—DNA—-Inhibitor Complexes. The crystal structure
of human Top1 covalently linked to double-stranded DNA with
bound topotecan, at 2.10 A resolution (PDB code: 1k4t),?! was
used as a template to model the drug-free covalent complexes
between Topl and two different DNA 15-mers. The sequences
of these two oligonucleotides were taken from the 117-base-
pair DNA restriction fragment used in the Topl-mediated
DNA cleavage assays, and the drug intercalation site was
centered on the C'Gys and T'Gys steps sites induced by LMD
and/or CPT. Electrostatic-potential-derived charges for the
drug molecules were obtained with the RESP methodology.??
Two conformations of LMD differing in the orientation of the
exocyclic phenyl ring (Figure 2) were input to the Lamarckian
genetic algorithm implemented in AutoDock 3.0 to dock LMD
within the intercalation site at the 5'-TpG step by randomly
changing the overall orientation of the molecule as well as the
torsion angles involving the methoxy groups. Default settings
were used except for number of runs, population size, and
maximum number of energy evaluations, which were fixed at
100, 50 and 250 000, respectively. Rapid intra- and intermo-
lecular energy evaluation of each configuration was achieved
by precalculating in a three-dimensional grid surrounding the
protein—DNA complex (0.375 A spacing) the affinity potentials
for the carbon, oxygen, nitrogen, and hydrogen atoms present
in LMD and CPT. Complexes representative of the most
populated solutions were then refined using the second-
generation AMBER force field* and 2000 steps of steepest
descent energy minimization of only those atoms belonging to
the bound drug and the replaced nucleobases. This procedure
allowed readjustment of covalent bonds and van der Waals
contacts without changing the overall conformation of the
protein—DNA complex. The Topl—-DNA—-LMD and Topl—
DNA—-CPT complexes were then neutralized by addition of 12
sodium ions*' that were placed in electrostatically favored
positions and immersed in rectangular boxes each containing
about 16 000 TIP3P water molecules*? that extended 8 A away
from any solute atom. The cutoff distance for the nonbonded
interactions was 9 A, and periodic boundary conditions were
applied. Electrostatic interactions were represented using the
smooth particle mesh Ewald method with a grid spacing of
~1 A. Molecular dynamics (MD) simulations at 300 K and 1
atm were then run for 1.5 ns using the SANDER module in
AMBER 8.%3 The coupling constants for the temperature and
pressure baths were 1.0 and 0.2 ps, respectively. SHAKE was
applied to all bonds involving hydrogens, and an integration
step of 2 fs was used throughout. The nonbonded pair list was
updated every 10 steps. The simulation protocol was es-
sentially as described,?*3° involving a series of progressive
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energy minimizations followed by a 10 ps heating phase and
a 100 ps equilibration period during which distances involving
hydrogen bonds between LMD and Glu356 and Asn722 were
reinforced by means of an upper-bound harmonic restraining
function with a force constant of 20 kcal mol~! A=2. These
restraints were removed during the following 1400 ps of data
collection. System coordinates were saved every 2 ps for further
analysis. For comparative purposes and validation of the
protocol, the complex formed between CPT and the same
oligodeoxynucleotide—Top1 covalent structure (in which the
central CpG step was replaced by TpG) was simulated under
identical conditions except that no restraints were initially
applied.

Binding Free Energy Calculations. To further assess the
feasibility of the proposed binding mode, we attempted to
provide a quantitative estimation of the differences in binding
free energy between compounds 1 (LMD) and 3. To this end,
the MD thermodynamic integration (TI) method and the
“window growth” approach, as implemented in AMBER 6,4
were used. Compound 1 was “mutated” into 3 and vice versa
(Scheme 1), both free in aqueous solution (each immersed in
a rectangular box containing 520 water molecules) and in a
solvated Topl—DNA—inhibitor complex. Because of the com-
putational overburden, the latter simulations for the bound
inhibitors were carried out by adding a spherical cap of ~2100
TIP3P water molecules of radius 35 A centered on the LMD
molecule and including only the ligand, water molecules, and
the core and C-terminal domains of the enzyme. The OH — H
(forward) and H — OH (backward) “mutations” took place over
a total of 41 “windows”, each consisting of 5 ps of equilibration
and 5 ps of data collection for averaging. SHAKE was used
for all bonds, and the integration time step was 1 fs. Both
bonded and nonbonded intramolecular energy contributions
were included in the evaluation of the free energy differences,
as recommended.*® The nonbonded cutoff was 11.0, and the
pair list was updated every 25 steps. A dielectric constant of
1 was used, and the temperature was kept at 300 K by use of
the Berendsen algorithm with separate solute—solvent and
solvent—solvent couplings. Water molecules, bound ligand, and
protein side chains were free to move, whereas the protein Coa
atoms as well as the DNA were fixed at their starting locations
although they were included in the determination of the forces.
The backward perturbation started from the end-point of the
forward perturbation after a further equilibration of 500 or
100 ps, respectively, for the free or complexed 1 (LMD) and 3.
The relative free energy differences were then calculated as

AAGbinding = AGbinding(3) - AGbinding(l) =AG, — AG,

and the experimental values were approximated from the
differences in concentrations of each compound, giving rise to
50% inhibition of cell proliferation (ICsy) according to the
expression

IC,,(3)
1C,,(1)

AAGyinging = —RT In

Analysis of the Molecular Dynamics Trajectories and
Electrostatic Energy Calculations. Three-dimensional struc-
tures and trajectories were visually inspected using the
computer graphics program InsightIl.4” Root-mean-square
deviations from the initial structures, interatomic distances,
and distribution functions were monitored using the CARNAL
module in AMBER. Finite difference solutions to the linearized
Poisson—Boltzmann equation, as implemented in the DelPhi
module (version 2.5) of Insight II, were used to calculate MEPs
and electrostatic free energies. For MEP calculations on CPT
and LMD, cubic grids with a resolution of 1.0 A were centered
on each molecule, and the atomic charges were distributed onto
the grid points. AMBER charges and radii were used. Solvent-
accessible surfaces, calculated with a spherical probe with a
radius of 1.4 A, defined the solute boundaries, and a minimum
separation of 10 A was left between any solute atom and the
borders of the box. The potentials at the grid points delimiting
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the box were calculated analytically by treating each charge
atom as a Debye—Hiickel sphere. The interior of both the
protein and the ligand was considered a low-dielectric medium
(e = 4), whereas the surrounding solvent was treated as a high-
dielectric medium (¢ = 80) with an ionic strength of 0.145 M.
Intermolecular van der Waals energies for individual residues
were calculated with the ANAL module, whereas the solvent-
corrected residue-based electrostatic interaction energies were
calculated with DelPhi, following the procedure described in
detail elsewhere.*849

All calculations were performed on the SGI R10000 Power
Challenge at Alcala University Computer Center, on the SGI
R14000 Origin 3800 at CIEMAT (Madrid) and locally on SGI
R5000 O2 workstations.

Addendum. After this paper was submitted, an article was
published in this same journal reporting®® the X-ray crystal
structures of the human Topl—DNA complex bound with the
lactone form of camptothecin (at 3.0 A resolution) and repre-
sentative members of the indenoisoquinoline and indolocar-
bazole classes of Top1l poisons. In agreement with our proposal,
the superposition of these three ternary complexes reveals (i)
the common presence of a hydrogen-bond acceptor on the
minor groove side of the drug molecules (in the case of CPT,
between the pyridine N1 atom and the Ne of Arg364), (ii) the
presence of substituents on the major groove side, (iii) impor-
tant contacts with amino acid residues Asn352 and Glu356,
and also (iv) that the base-stacking interactions between drug
molecules and the cleaved strand side of the DNA duplex are
not spatially conserved.
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