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The present studies provide a three-dimensional model for the postulated ternary cleavable
complex of topoisomerase | (topl), DNA, and camptothecin (CPT). Molecular simulations were
done using the AMBER force field. The results suggest that a ternary cleavable complex might
be stabilized by several hydrogen bonds in the binding site. In this proposed “drug-stacking”
model, CPT is pseudointercalated in the topl-linked DNA cleavage site and interacts with the
protein near its catalytic tyrosine through hydrogen bonding and stacking. The structural
model is consistent with the following experimental observations: (i) the N3 position of the 5’
terminal purine of the cleaved DNA strand is readily alkylated by 7-chloromethyl 10,11-
methylenedioxy CPT; (ii) CPT generally tolerates substituents at positions 7, 9, and 10 but is
inactivated by additions at position 12; (iii) 10,11-methylenedioxy (MDO) CPT is much more
potent than 10,11-dimethoxy (DMOQO) CPT; (iv) the lactone portion of CPT is essential for topl
inhibitory activity; (v) 20S derivatives of CPT are much more potent than the 20R analogues;
(vi) a catalytic tyrosine hydroxyl in topl covalently links to the 3" terminal base, T, of the
cleaved DNA strand; and (vii) topl mutation Asn722Ser leads to CPT resistance. A total of 18
camptothecin derivatives with different DNA cleavage potencies were docked into the
hypothetical cleavable complex binding site to test and refine the model. These studies provide
insight into a possible mechanism of topl inhibition by CPT derivatives and suggest rational
approaches for the design of new CPT derivatives.

Introduction

DNA topoisomerase 1 (topl) is an enzyme essential
for relaxation of DNA during a number of critical
cellular processes, including replication, transcription,
and repair.1=3 Top1l catalyzes changes in the linking
number of DNA by breaking and resealing phosphodi-
ester bonds. In contrast to topoisomerase Il, which
induces both single- and double-strand breaks, topl
mediates only single-strand breaks.™* The top1l-medi-
ated reaction can be divided into four steps: (1) enzyme—
DNA binding; (2) DNA single-strand cleavage by re-
versible transesterification, in which the 5’ oxygen of a
phosphodiester bond is exchanged for the hydroxyl
group on tyrosine 723 of human topl (through which
the protein becomes covalently linked to the 3' terminus
of the cleaved DNA strand); (3) single-strand passage;
(4) re-ligation of the cleaved DNA strand.

Topl is a cellular target for anticancer drug develop-
ment, and the best characterized topl inhibitors are
camptothecin (CPT) and its derivatives.*~6 Renewed
interest in this class of compounds is due primarily to
their activity against a broad range of tumors and the
identification of several promising CPT derivatives,
including 9-amino CPT (NSC-603071), topotecan (NSC-
609699), and CPT-11 (NSC-616348). These analogues
have recently been introduced into the clinic.”# Camp-
tothecin binds only weakly to normal B-DNA under
physiological conditions,® and it does not bind to topl
alone. CPT induces topl-linked DNA breaks by pre-
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venting DNA re-ligation. The intermediate in topl-
linked DNA breakage is referred to as a “cleavable
complex”*® because it is readily reversible to a nonco-
valent enzyme—DNA complex before or after topo-
isomerization of the DNA. Experimental studies!0—12
suggest interaction of CPT with both the enzyme and
the DNA, forming a ternary complex that stabilizes the
transesterification intermediate. However, the struc-
ture of this complex remains to be determined. Present
knowledge of CPT-induced complexes relies on enzyme
mutation studies,! structure—activity studies of camp-
tothecin derivatives, 213715 DNA base sequence analy-
ses,1216 and detailed examination of the drug’s effects
on different steps in the catalytic cycle.17.18

A stacking model has been proposed!?16 for camp-
tothecins on the basis of analyses of local DNA se-
guences around topl sites. Approximately 90% of topl
sites have a T at position —1 whether CPT is present
or not. By contrast, position +1 does not show signifi-
cant preference in the absence of drug, but in the
presence of CPT, guanine (G) is strongly preferred.
These experiments suggest that CPT may interact with
the base at the 5' terminus of topl-induced DNA breaks
and that the planar multiring system of CPT binds by
stacking preferentially with G. This hypothesis pro-
vided a starting point for our modeling studies.

CPT analogues have been synthesized by numerous
research groups, and the results of these efforts have
been comprehensively reviewed.11314 These analogues
provide the basis for our present understanding of the
relationship between structure and activity, including
substituent effects in the A and B rings and the role of
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Figure 1. Schematic diagrams of hypothetical DNA—topl
complexes.

the E ring lactone in antitumor activity. It has been
suggested that camptothecin might first bind nonco-
valently to the enzyme—DNA complex as the closed
lactone form and that subsequent reversible lactone ring
opening could stabilize the covalent complex.1®=21 The
hypothesis that CPT links covalently to topl is further
supported by the observation that 20S CPT sodium salt
and 21S lactam are essentially inactive,141522

In this study, we used molecular mechanics methods
to model possible ligand binding configurations in the
topl—-DNA complex (Figure 1). The extensive and
varied nature of experimental evidence stimulated our
attempt to find a plausible structural model. We have
taken into account the following experimental observa-
tions: (i) 7-chloromethyl 10,11-MDO CPT leads to
formation of an irreversible ternary cleavable complex
with alkylation of the purine N3 at the 5 DNA termi-
nus;!! (ii) CPT stabilizes a single-strand cleaved DNA
complex with top1 covalently linked to the 3' terminus’—3
through a catalytic site tyrosine hydroxyl by transes-
terification, and the cleavage occurs preferentially
between T and G (in the sequence 5'-TG-3');1216.17 (jii)
CPT generally tolerates substituents at positions 7, 9,
and 10 but is inactivated by additions at position
12;1415.21.23-25 (jy) activity is retained when a methoxy
group is added at either position 10 or 11; addition of a
methylenedioxy group to form a five-membered ring
across positions 10 and 11 (10,11-MDO CPT) enhances
potency, while the simultaneous addition of methoxy
groups to positions 10 and 11 (10,11-DMO CPT) is
inactivating;® (v) the E ring lactone is essential for topl
inhibitory activity;14152226 (vi) CPT has an asymmetric
center at position 20, and its 20S configuration is active,
but the 20R is essentially inactive;1526 and (vii) muta-
tion Asn722Ser, adjacent to the reactive tyrosine in
topl, allows the enzyme to retain activity but renders
it resistant to CPT.%’

We investigated whether these experimental findings
could be accounted for on the basis of a computational
model for the ternary cleavable complex. The mode of
ligand binding in the complex was evaluated in terms
of structure and energetics. We initially formulated the
hypothetical model on the basis of CPT itself; subse-
quently, the model was further tested on the alkylation
complex with 7-chloromethyl 10,11-MDO CPT AND six
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CPT analogues (2—4, 6, 13—15 in Figure 2). Later we
studied 10 additional camptothecin analogues, including
four substituted methylenedioxy and ethylenedioxy
camptothecins?®2° to provide additional tests. The
model appears to be predictive for these molecules in
terms of their quantitative activity profiles. However,
precise theoretical estimation of binding affinities was
limited by the lack of available crystallographic or NMR
data for the eukaryotic topl. The present work provides
a plausible three-dimensional “drug-stacking” model
that may be useful in the structure-based design of topl
inhibitors for use in cancer chemotherapy.

Methods

The AMBER all-atom force field3%3! was used for all energy
calculations and minimizations. Molecular mechanics simula-
tions were carried out on a Silicon graphics IRIS Indigo
workstation using the SYBYL 6.2 graphics interface.3 Bulk
solvent effects on the electrostatic interactions were repre-
sented by a sigmoidal distance-dependent dielectric function.
The energy convergence criterion used in final calculations for
the structures of all complexes was 0.01 kcal/mol.

Camptothecin derivatives that contain functional groups not
parametrized by the above force field required the derivation
of parameters specific for each new bond, bond angle, and
torsional angle type. To do so, we started with the existing
parameters in the AMBER force field and reasonable “guess”
values to do calculations for a set of small molecules. The
geometries of these molecules were compared with structures
calculated by a high level ab initio method (MP2/6-31G**) in
the Gaussian 94 program on a host mainframe Convex C3830
supercomputer under Convex OS 10.2. The quantities were
then optimized in an iterative process until the structures were
deemed to be adequately fit. The existing AMBER force field
was supplemented with these additional parameters for CPT
ligands.

The docking procedure depended on two principal features:
(1) an energy (or scoring) function for evaluating trial con-
figurations of the two interacting molecules and (2) an
algorithm for seeking the best achievable minimum of this
function. A “rigid docking procedure” was used. The two
interacting molecules were considered as rigid bodies, and the
sum of the van der Waals and electrostatic energy terms was
used as the scoring function. The possibility of hydrogen bond
formation between the hypothetical receptor site and the
ligand was also taken into account. The docking was opti-
mized so as to avoid steric repulsions, increase favorable
electrostatic interactions, and maximize hydrogen bonding
pairs. “Monitor pairing”, a Sybyl command to monitor the
distance between pairs, was applied here to position ligands
in a given hypothetical binding site according to the acceptable
distances of hydrogen bonding and nonbonded interactions.

Hypothetical structures resulting from the initial docking
were then energy-minimized. In early stages of minimization,
the ligand variables were locked. Minimization was performed
by successively decreasing the number of constraints. Finally,
all variables were released, and minimization continued until
the energy convergence criterion was reached. It made no
significant difference in what order constraints were released.
Structural and energetic features of the resulting complex were
evaluated.

Results and Discussion

1. Hypothetical Receptor Site Model. Calcula-
tions were done for an assumed DNA fragment with six
base pairs, 5'-T-T-T-G-G-G-3', bound to the complemen-
tary sequence 3'-A-A-A-C-C-C-5'. Helicoidal coordinates
were obtained from crystallographically derived frag-
ments of the structure of B-DNA duplexes in the Sybyl
6.2 biopolymer module.32 On the basis of the experi-
mental hypothesis, a break was created between base-
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Figure 2. Camptothecin and camptothecin derivatives used in the modeling studies.

paired nucleotides T and G in the model DNA duplex.
Two critical amino acid residues, Tyr723 and Asn722
of human topl, were attached to the cleaved strand of
DNA at the 3' terminus, and the models were built
accordingly. Figure 1 shows hypothetical binding sites
for DNA with wild-type topl and the Asn722Ser mu-
tant.

It has been reported that protein backbones typically
undergo only minor distortions during binding, whereas
the side chains may be subject to much larger confor-
mational changes.3334 This assumption was adopted
here to evaluate configurations of two amino acid
residues, Tyr723 and Asn722 of human topl in the
complex. Camptothecin was chosen as the template
molecule to determine the conformation of the peptide
bond in the hypothetical binding site. One of the lowest
energy conformations showing complementary fit be-
tween the binding site and the ligand (CPT) was
adopted in modeling the ternary cleavable complex and
was also assumed as the initial structure in the building
of other complexes. Rationale for this hypothetical
DNA-—topl binding site model was also provided by the
experimental observation that a topl mutated (Asn?22
— Ser) next to the catalytic tyrosine (Tyr723) is resistant
to camptothecin.?’” The binding site was minimized in
the AMBER force field until all calculated derivatives

converged, with a criterion of 0.05 kcal/mol. Kollman
charges were generated for approximating electrostatic
interactions in the models.

2. Ligand Model and Conformational Analysis
of 20 S CPT. A total of 18 camptothecin derivatives
(see Figure 2) with different top1-induced DNA cleavage
potencies were tested in this modeling study. The
structures were built using the Sybyl graphics program
and then minimized in AMBER with supplemental force
field parameters. Charges on the ligands were com-
puted by the AM1 semiempirical quantum mechanical
method.

Conformational analysis of 20S CPT was done by the
random search method in the Tripos Force Field.3? A
total of six conformers, including both “upboat” (carbonyl
on ethyl side of CPT plane) and “downboat” (carbonyl
on hydroxyl side of CPT plane) conformations, were
found based on the energy cutoff 50 kcal/mol and on
chirality checking. Each conformer was then fully
energy-minimized using the AMBER force field, AM1
semiempirical method, and ab initio calculation using
the STO-3G basis set. The results compiled in Table 1
show a general consistency between the AMBER force
field method and other quantum mechanical calcula-
tions. Superimposing all six conformers, the CPT
molecules were found to be quite rigid with the excep-
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Table 1. Conformational Energies (kcal/mol) of 20S
Camptothecin (CPT) Calculated by Different Methods

conformer 10 2 3 4 5 6
AMBER?2 0.33 3.09 5.77 5.68 4.66 0.00
AM1 0.00 3.35 4.58 4.14 4.42 0.54

STO-3G 0.03 3.62 4.07 4.84 4.79 0.00

a AMBER refers to the AMBER force field with supplemental
parameters for CPT ligands. P Conformer 1 has essentially same
conformation as the X-ray structures reported for two CPT
derivatives.3*3° This conformer was used in the docking studies.

Figure 3. (a) Superimposition of the eight lowest-energy
conformers of 20S CPT. (b) Superimposition of the minimized
structure of conformer 1 and the X-ray structure of a CPT
iodoacetate.®*

tion of the E ring (see Figure 3a). The second most
stable conformer (conformer 1) predicted in our AMBER
force field was consistent with the structures of the two
CPT derivatives whose X-ray structures have been
reported to date.?43%> Figure 3b shows the close struc-
tural correspondence between conformer 1 and one of
these CPT derivatives (RMS = 0.09 A).3® The energy
of this conformer was only marginally higher than that
of the most stable one. In terms of both energetic and
structural results, the AMBER force field, with the
inclusion of additional parameters for CPT ligands,
appeared adequate for calculations on this complex.
Conformer 1 of 20S CPT was assumed to be the major
receptor-bound conformation in the ternary cleavable
complex, and its enantiomer was, correspondingly,
considered as the ligand conformation for 20R CPT. All
other CPT derivatives were considered to adopt the
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same “core” conformation, but allowing the conforma-
tional flexibilities of the additional functional groups
(such as dimethoxy groups on the A ring of 10,11-DMO
CPT).

3. The Energy-Minimized Structure of the Ter-
nary Cleavable Complex. 20S CPT was docked with
the DNA—topl binding site. We obtained a total of
eight hypothetical ternary cleavable complex structures
in the energy range of 16 kcal/mol according to different
binding modes and locations. Among these, the “pseudo-
intercalation” (or “drug-stacking”) model shown in
Figure 4 had the lowest energy. The energy difference
between this model and next closest model was about 5
kcal/mol, and exploratory analysis indicated that it
fitted the experimental evidence best. We therefore
postulated the drug pseudointercalation binding site
into which we could introduce other CPT analogues to
investigate interactions. The interaction energies for
association of DNA—topl with different CPT analogues
are compiled in Table 2, along with the corresponding
anti-topl activities and the calculated distances between
associated hydrogen-bonding donors and acceptors. The
model suggests that the interaction of CPT with DNA
and top1 involves pseudointercalation between the base
pairs of DNA flanking the topl cleavage site. This
insertion provides stacking forces between superposed
and parallel aromatic fused rings. The nature of stack-
ing interactions is not well understood; although elec-
trostatic contributions and the dispersion portion of the
van der Waals term of the empirical potential are
reported to be the leading terms in the calculation of
stacking forces,36-38 important contributions3°~4! such
as the so-called “p interactions” are still not included
in the simple empirical potentials. Therefore, the
estimated interaction energies shown in Table 2 do not
reflect the stacking interaction fully. Additional stabi-
lization of the complex is provided by hydrogen bonds
between the DNA—top1 binding site and CPT molecule
(see section 6).

Figures 4 and 8a show a model of the best energy-
minimized CPT—DNA—top1 ternary cleavable complex.
This CPK model provides an excellent “fit” and optimum
numbers of hydrogen bonding pairs in the hypothetical
binding site. The protein backbone of topl extends
toward the major groove of DNA. The camptothecin
molecule is oriented with the E ring near the DNA
break, and the concave portion of the drug molecule
faces the DNA major groove. The model is consistent
with the “drug-stacking” hypothesis!?1620 in which CPT
forms hydrogen bond with the base at the DNA cleavage
site and interacts with the protein near its catalytic
tyrosine.?” In the model, complex formation also in-
duces conformational changes in the side chains of
amino acids in the topl that are close to the binding
site. In other words, the structural evidence suggests
an induced-fit mechanism for CPT—DNA—top1l interac-
tion.

4. 7-Chloromethyl-MDO-CPT and B Ring Chem-
istry. Early studies showed that topl-linked DNA
breaks are readily reversible and that CPT stabilizes
the transesterification intermediate.>4? However, fur-
ther topoisomerization of the DNA strands is still
possible after the drug dissociates. To enhance stability
of the ternary cleavable complex and determine the CPT
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Figure 4. CPK model of the ternary cleavable complex structure viewed facing the DNA major groove (CPT docked): yellow,
CPT (atoms and positions are indicated, and defined in Figure 2); violet, topl (amino acids: Tyr723—Asn722).

binding site, CPT derivatives with an alkylating group
have been synthesized.’%!1 An alkylating camptothecin
derivative, 7-chloromethyl 10,11-methylenedioxycamp-
tothecin (7-CIMe-MDO-CPT), was tested against mam-
malian topl using a DNA oligonucleotide containing a
single topl cleavage site, and its activity was compared
with that of its nonalkylating parent compound.1143
Alkylation of the N3 position of the +1 purine (adenine
or guanine) by 7-CIMe-MDO-CPT in the presence of
topl cleavable complexes provided direct evidence that
camptothecins inhibit topl by binding at the enzyme—
DNA interface.!!

Given these observations, we asked whether the
7-CIMe-MDO-CPT alkylated to the +1 base would fit
into the hypothetical binding site of our model. The
modeling results indicated that 7-CIMe-MDO-CPT alky-
lation at the N3 position is possible. However, it is
likely that another conformation of the drug—DNA-—
topl complex exists for the alkylation transition state.

The minimized final covalent alkylation model (“N3-
complex”) is shown in Figure 6. Only minor distortions
were found for the “purine N3-complex” in comparison
with the original noncovalent model.

Most substitutions at the 7-position of the B ring of
CPT enhance topl inhibition. This is clearly the case
for compounds G1149893 and G114721125 (compounds
9 and 12 in Figure 2), as well as for SN-38, the active
metabolite of CPT-11, which is in the clinic. When these
7-substituted CPTs were examined according to the
model, they all showed more favorable interactions than
did CPT itself.44

5. A Ring Chemistry. The structure—activity re-
lationships of various camptothecin derivatives indicate
that the two most distant rings of CPT (rings A and E)
(see Figure 2) are critical for topl inhibition. Although
the present model is by no means able to draw a
complete picture of the interaction of the A ring with
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Table 2. Estimated Interaction Energies and
Hydrogen-Bonding Interactions between Ligands and the
Hypothetical Binding Site

com- topl
plexd inhibition® ref  Eine® Hi% Hyf Hzd Hf H,t H

1 + 16 —71.67 185 1.97 1.86

2 - 16 —60.17 6.07 1.92 6.86

3 ++ 42 —76.11 186 1.90 1.86
4_2 - 16 —64.19 424 1.96 4.58
4_4 - 16 —58.40 4.12 3.55 5.33
4.5 — 16 —5451 453 3.21 513

5 +++ 51 —85.63 190 1.89 1.88 2.13
6 +++ 16,21 —75.79 1.85 2.00 1.86

7 +++ 28 —76.87 1.88 1.95 1.86

8 +++ 28 —78.08 1.89 1.94 1.86

9 ++ 50 —76.75 1.86 1.97 1.86

10 +++ 27 —78.00 1.89 2.02 1.86 1.79
11 +++ 27 —81.71 1.89 2.02 1.86 1.79
12 ++ 50 —7751 187 1.98 1.85

13 - 16 —69.24 189 1.94 1.86

14 - 16 —67.99 193 - 1.92

15 - 16 —65.14 — 1.93 1.88

16 + 49 —73.25 1.88 1.96 1.86 1.97
17 +++ 49 —78.29 193 1.88 1.86 1.83
18 +++ 49 —79.71 193 1.86 1.88 1.83 2.66
19 - 23 —69.46 — 2.00 1.94

a Complexes 1—18 refer to the best energy-minimized structures
of the model complex of wild-type topl with the CPT ligands shown
in Figure 2. Complex 19 indicates the best energy-minimized
structure of the model complex of the Asn722Ser mutant topl with
CPT docked. P The signs refer to different topl-induced DNA
cleavage activities (+, comparable to CPT; ++, more potent than
CPT; +++, much more potent than CPT; —, inactive). ¢ Ejnter, the
interaction energy, is represented by the equation, Einter = Ecomplex
— Eligand f — Esite 1, Where Ejigand f and Esite r are the energies of
the free tigand and site, respectively. 9 H; = Hz refer to possible
hydrogen-bonding pairs described in Figure 6. ¢ These refers to
the additional hydrogen-bonding pairs formed between the A ring
and the oxygen of the sugar ring or phosphodiester bond. f 20-OH
of SN-38 (compound 5 in Figure 2) is predicted to form a stronger
hydrogen bond with the purine N3 at the 5' DNA terminus than
with the carbonyl oxygen of Asn722 of topl (H1 shown in Figure
6). 9 10-OH of SN-38 (compound 5 in Figure 2) forms another
hydrogen bond with the oxygen of the phosphodiester bond.

the site, it shows several important structural features
that may relate to CPT activity.

In the structural model shown in Figure 4, both the
10- and 11-positions point out toward the sugar back-
bone, whereas the 9-position is in the minor groove. This
model suggests that electron-rich groups of moderate
size would be favored for both the 10- and 11-positions,
whereas the 9-position could bear a bulky group.
Twelve A ring substituted compounds were evaluated
in our modeling studies. Our own anlysis indicates that
bulk tolerance at position 10 is limited and that deriva-
tives with flexible side chains capable of occupying space
in the plane of the A ring are able to produce enzyme-
mediated DNA cleavage, whereas derivatives with side
chains that protrude above or below the plane of the A
ring are much less active. This finding is supported
by a number of structure—activity relationship
studies.10.14.15.2145-47  Ag to the 12-position, our model
predicts that a substituent would localize near the DNA
major groove. The inactivaty of such derivatives® as
topl inhibitors may be related to steric hindrance by
the topl peptide located in the DNA major groove.

We have been particularly interested in comparing
the structural model of 10,11-methylenedioxy (MDO)
CPT with that of 10,11-dimethoxy (DMO) CPT, because
of the essential chemical similarity of these two CPT
derivatives, despite the strong activity of the former and
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Table 3. Conformational Energies of 10,11-Dimethoxy CPT
T1

H3C \
H;CO N/
T2
comformer T1 T2 E (kcal/mol) choice
4_1 -0.8 -0.6 44.529 exclude
4_2 -0.4 —145.1 46.423 use
4_3 —148.7 0.0 46.436 exclude
4_4 —111.2 —111.6 47.022 use
4_5 112.1 112.1 47.165 use

lack of activity of the latter.2415 To provide a structural
explanation for MDO activity and DMO inactivity, it is
useful to consider the rotational barrier of C—O—C=C
of 10,11-DMO CPT. Anisole is a compound containing
the same structural fragment as part (the A ring) of 10,-
11-DMO CPT. The C—O—C=C barrier in this molecule
has been studied experimentally*¥~50 and by ab initio
calculations.> The experimental values have varied
from 1.30 to 5.22 kcal/mol, but the most recently
reported experiments gave a value of 2.26 kcal/mol.*°
This barrier was calculated to be 2.39 kcal/mol by an
ab initio method using the 6-31G basis set with inclu-
sion of electron correlation.5* We obtain a value of 2.03
kcal/mol in the modified AMBER force field, in good
agreement with the reported experimental and calcu-
lated values. There appear to be five possible conform-
ers of 10,11-DMO CPT in terms of the orientations of
two methoxy groups (see Table 3). The least stable of
these conformers has an energy 2.64 kcal/mol higher
than that of the most stable one. However, the lower
energy conformers 4_1 and 4__3 are excluded according
to our premise that substituents encroaching upon space
in the vicinity of position 12 would block interaction
with the binding site. Three other conformers were
docked into the binding site to form complexes 4_2,
4_4, and 4_5 (see Tables 2 and 3). Two destabilizing
factors are reflected in the ternary cleavable complex
model with 10,11-DMO CPT: (i) unfavorable stacking
interaction and (ii) steric misfit in the DNA—topl
binding pocket. Drug stacking in the complex is some-
what perturbed by the two aliphatic methoxy groups.
In contrast, the stacking forces between superposed and
parallel aromatic ring structures in the ternary cleav-
able complex of 10,11-MDO CPT should be stronger. A
large steric repulsion between the two methoxy groups
of 10,11-DMO CPT and the DNA base pairs of nucle-
otides is also observed, especially in complex 4_5. This
repulsion prevents the “intercalation” of 10,11-DMO
CPT into the critical region of the binding site (see
Figure 5). In contrast, as shown in Figure 5, the
substituent atoms of 10,11-MDO CPT are tied together
in an almost planar ring, creating a sterically favorable
environment for “intercalation” of 10,11-MDO CPT into
the binding site.

To further examine the “bulk tolerance limit” at C-10,
we investigated four other substituted methylenedioxy
(MDO) and ethylenedioxy (EDO) camptothecins (com-
pounds 7—8, 10—11 shown in Figure 2) which were
reported to be more potent than CPT.152829.4347 Ac.-
cording to our modeling studies, the substituents at the
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Figure 5. Hypothetical complexes of MDO CPT and DMO CPT with topl and DNA. MDO CPT fits better than DMO CPT

(H1—H4 are defined in Figure 6).

A ring appeared compact, and these four compounds all
showed much more favorable interactions than CPT
with the binary DNA—topl complex (see Table 2). They
fitted into the hypothetical binding site, and the meth-
ylhydroxyl or methylamino substituent on the ethyl-
enedioxy ring was able to form a hydrogen bond to the
oxygen of the phosphodiester bond.

A series of 11-aza-20S-camptothecin analogues have
been synthesized and tested by other investigators®2
using the topl enzyme cleavage complex assay. We
analyzed these compounds using our hypothetical bind-
ing site model and found that the compounds with small
substituents at C-10 or with a substituent at C-10
capable of forming hydrogen bonds showed relatively
high interaction energies. The results for three inter-
esting 11-aza camptothecin analogues (compounds 16—
18 in Figure 2) are presented in Table 2. These 11-aza
20S-CPT analogues have been reported to be more
potent topl inhibitors than CPT.52 Especially potent
were compounds 17 and 18, which are almost as active

as 10,11-MDO 20S-CPT. The same trend was observed
in the modeling studies in terms of their interaction
energies.

There are limitations in the precise calculation of the
interaction energies of these complexes. Most promi-
nently, we cannot model well the interactions of the A
ring with the hypothetical binding site because the
complete structural information very recently re-
ported>354 was not yet available. This limitation could
account for errors in calculating the exact interaction
energies despite other factors such as entropy changes,
solvent effects, and stacking interactions. This difficulty
is reflected in the calculated energies of compound 6,
10,11-MDO-20S-CPT. In our calculation, compound 6
has almost the same interaction energies as compound
3, but the former has much lower ICsy values in the
DNA cleavage assay.

6. Possible Hydrogen Bonding Site Near the E
Ring. It is well-known that the relative positions and
distances between hydrogen bond accepting and donat-
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Figure 6. Hypothesized hydrogen binding sites in the ternary
cleavable complex.

ing sites are critical for effective recognition and binding
of ligands. Studying the three-dimensional structural
model, we postulated four possible hydrogen bonds in
a region near the E ring in the binding site, as shown
in Figure 6. These hydrogen-bonding interactions be-
tween CPT and the DNA—topl binding site were ac-
corded special attention because the lactone portion and
the 20S configuration of the E ring have been shown
experimentally to be critical for topl inhibition by
CPT.141526 The distances between these pairs of atoms
in 16 hypothetical complexes are summarized in Table
2. When the active and inactive CPT analogues are
compared, the hydrogen-bonding interactions do appear
to be important in the binding of CPT with DNA—top1.
Thus, hydrogen bonds may account, in large part, for
stabilization of the ternary cleavable complex. Two of
them (H1 and H3) reflect interactions between the CPT
and topl, and one of them (H2) reflects interaction
between the CPT and 5' DNA terminal hydroxyl of the
topl break. There is also a strong hydrogen bond
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interaction (H4) between the asparagine side chain
amino group and the N7 position of guanine. These
specific interactions (H2 and H4) agree with the early
experimental hypothesis that camptothecin interacts
with the base (preferentially guanine) at the 5' DNA
terminus of the topl break (position +1).1216 The
correspondence between the inactivity of compounds
10—12 (see Table 2) and unfavorable interactions also
strengthens the possibility that these hydrogen-bonding
patterns are important.

On the basis of the experimental evidence, two
possible reasons can be proposed for the importance of
the CPT 20-hydroxyl group in the S configuration for
topl inhibition: (1) the formation of a hydrogen bond
between the hydroxyl group and the enzyme—DNA
complex; (2) the presence of an intramolecular hydrogen
bond with the lactone carbonyl of CPT (21 position).
Both interactions might facilitate the possible “E ring
opening” reaction.1419202246  Thjs process might be
critical for topl inhibition following noncovalent ternary
cleavable complex formation with the closed form of the
lactone ring.1455

In our computational model shown in Figure 6, the
20-hydroxyl hydrogen bonds to the asparagine carbonyl
oxygen in topl, rather than to the carbonyl oxygen at
C-21 of the E ring of CPT. If we assume that “enzyme-
stabilized” lactone ring opening is possible, this hydro-
gen bond could assume proper geometric orientation of
the carbonyl group in the 21-position for attack by a
nucleophile in topl. As a result of the hydrogen-bonding
interactions (H1 and H3 shown in Figure 6), the indirect
and direct electron shifting effects make the carbonyl
carbon more electrophilic and would facilitate a ring-
opening reaction. We further examined the stability of
the complex after E ring opening. The hydroxyl formed
at position 21 was observed to hydrogen bond with the
phosphate oxygen of the cytidine nucleotide (reactive
site) in the binding site after E ring opening. This
hydrogen bond would stabilize the ternary cleavable
complex further, while the 20-hydroxyl could still
hydrogen bond to the carbonyl oxygen of the asparagine.
This modeling result corresponds to an experiment-

Figure 7. Hypothetical model of DNA alkylation by 7-chloromethyl 10,11-MDO CPT.
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Figure 8. The best energy minimized structures of ternary cleavable complexes with (a) 20S CPT and (b) 20R CPT.

based speculation'* that a hydrogen bond can form
between the 20-hydroxyl group and the enzyme—DNA
complex.

The model does not directly account for the observa-
tion that replacement of the 21-lactone by a 21-lactam
causes a loss of activity. The 21-lactone CPT and 21-
lactam CPT form very similar stacking models and
hydrogen-bonding frameworks in the hypothetical bind-
ing site, and they are very similar in interaction
energies. If we assumed that “enzyme-stabilized lactone
ring opening” is the second step for topl inhibition, the
inactivity of 21-lactam CPT might be explained by the
fact that lactam ring opening does not occur as readily
as does lactone ring opening. We are aware that 21-
thiolactone CPT is also inactive, whereas it would be
expected to be as reactive as 21-lactone CPT in the ring
opening. Although we cannot give a definite reason for
the inactivity of 21-thiolactone CPT, one speculation is
that the weaker electronegativity of sulfur than of
oxygen could help to destabilize the covalent complex.

This difference might shift the equilibrium toward ring
closure in the presumed reversible process.

7. 20S CPT and Its Inactive 20R Enantiomer.
Camptothecin has an asymmetric carbon at position 20.
The natural 20S CPT is approximately 2-fold more
potent than a racemic mixture of synthetic 20S and 20R
CPT, and 20R CPT is inactive as a topl inhibitor.1415

This difference may be explained by the postulated
model structures (Figure 8 and Table 2). The model for
DNA—topl complexation with 20S CPT includes three
hydrogen bonds (H1—H3) between CPT and the postu-
lated binding site. Two of these (H1 and H3) are absent
in the corresponding 20R CPT complex. This absence
could decrease the stability of the ternary cleavable
complex. In addition, the carbonyl group in the lactone
ring of docked 20R CPT is also less accessible to
nucleophile in topl. Both the geometrical features and
the electronic effects suggest that 20R CPT might not
undergo E ring opening and closure reactions as readily
as does 20S CPT. Our model is thus consistent with
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the stereospecificity of CPT activity in terms of a
stereospecific binding in the ternary cleavable complex.

8. Resistance to CPT. Mutations in the TOP1
gene, which can reduce the ability of CPT to stabilize
cleavable complexes is one of the possible mechanisms
of CPT resistance.! A CPT-resistant cell line, CEM/C2,
was derived from the human leukemia cell line CCRF-
CEM.?62756  The resistance is due to the mutation
Asn722Ser, which is next to the catalytic tyrosine 723.
Substitution of leucine for this amino acid residue
immediately N-terminal to the catalytic tyrosine also
results in CPT resistance.5” The amino acid sequence
of this region is highly conserved among eukaryotic
topl’s from different organisms.!

We used our three-dimensional model to elucidate the
possible mechanism of this resistance. Torsional angles
of the tyrosine and peptide backbone in mutant topl
were assumed to be the same as those in wild-type topl
except for the serine side chain. The interaction energy
for complex 19 (Table 2) was calculated from the model,
along with the nonbonded distances between potential
hydrogen bond donating and accepting groups described
earlier in this paper. The hypothetical ternary cleavable
complex structure with the mutant topl is energetically
less favorable than is that with wild-type topl, as a
result of relatively unfavorable electrostatic and hydro-
gen bonding interactions. The side chain hydroxyl of
serine is a potential hydrogen bond donating or accept-
ing group, but it cannot form a hydrogen bond with the
CPT 20-hydroxyl as does the asparagine amide oxygen.
Instead, the CPT 20-hydroxyl hydrogen can form a
hydrogen bond with N7 at G+1. In addition, the strong
hydrogen bond interaction (H4 in the wild-type topl
model) between the asparagine side chain amino group
and the N7 position of guanine does not exist in the
mutant topl ternary cleavable complex. These unpaired
donors or acceptors in the ternary cleavable complex
with mutant topl, as reflected in a reduction in the
number of hydrogen bonds in the bound state, create
an unfavorable electrostatic environment. Thus, our
model is consistent with the possibility that the
Asn722Ser mutant form of topl lacks the stabilizing
electrostatic interactions for CPT binding.

Conclusion

For the presumed ternary cleavable complex, we have
developed a three-dimensional structural model consis-
tent with a number of experimental observations. The
model was first validated by the observation that
7-CIMe-MDO-CPT could alkylate the N3 position of the
purine +1 adjacent to the topl cleavage site, and in
terms of the relative potencies of eighteen CPT ligands.
It is also consistent with the camptothecin resistance
observed for the Asn722Ser topl mutation.

According to the model, CPT interacts with DNA and
with topl near its catalytic tyrosine. This binding is
stabilized by stacking and by a set of proposed hydrogen
bonding interactions in the binding site. Both our model
and the recently published model of Redinbo et al.53
postulate the stacking of CPT with the +1 purine.
However, the model of Redinbo et al.>3 differs from ours
because it proposes the following: (i) the +1 purine is
displaced outside of the DNA duplex in the presence of
CPT, (ii) CPT binds to the DNA helix in the place of
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the +1 purine and is also stacked with the +1 purine
externally from the duplex DNA structure, and (iii) the
terminal carbon (C-18) of the CPT ethyl group must be
rotated slightly relative to its position in the CPT crystal
structure?® to remove steric clashes with the side chain
of Asp33 and the —1 base.5® The structural models
presented here and by Redinbo et al.>3 are both plausible
but by no means proven. They provides a concrete basis
for further structural studies and for the generation and
testing of novel topl inhibitors.
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