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Camptothecins (CPTs) are the prototypical class of topoi-
somerase I (Topl) inhibitors with significant anticancer
activities. Structure—activity relationship studies have dem-
onstrated that inverting the stereochemistry at C-20 (R-
CPT) or changing the E-ring lactone to a lactam (CPT-
lactam) abolishes the Topl inhibitory activity. The expla-
nations that have been advanced for these effects are that
there is either a failure of hydrogen bond formation involving
the C-20 hydroxyl group of R-CPT or a failure of E-ring
opening of the lactam, which have been proposed to be
required for Top1 inhibition. We demonstrate here that the
preferred conformation for the CPTs has the 20-Et pseudo-
axial, while the 20-OH is pseudoequatorial, and therefore,
the 20-OH groups in all the three CPT analogues (S-CPT,
R-CPT, and CPT-lactam) are able to hydrogen bond with
Asp533. The loss of the Top1 inhibitory activity by the latter
two CPT analogues is attributed to the decreased 7n—x
stacking interaction energy with the neighboring base pairs
compared to the natural S-CPT. The differences in 7—x
stacking interaction energies are derived from the dif-
ferential electrostatics on the E-ring.

Camptothecin (CPT, S-CPT) is a naturally occurring
cytotoxic alkaloid isolated from Camptotheca acuminata.t
The cytotoxicity observed with CPT is derived from
cancer cell apoptosis resulting from the collision of the
advancing replication fork with the CPT-trapped DNA-
topoisomerase I (Topl) cleavage complex.?? Trapping the
metastable DNA-Topl cleavage complex by CPTs is
achieved by their intercalation between the DNA base
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pairs at the cleavage site, resulting in increased physical
distance between the cleaved DNA termini, leading to
inhibition of the DNA religation reaction catalyzed by
Topl.4?

S-CPTR;=OH, Ry=FEt,X=0
R-CPTR;=Et, R, =OH,X=0
CPT-lactam Ry = OH, Ry = Et, X = NH

Structure—activity relationship studies have demon-
strated that the enantiomer of natural CPT, R-CPT, and
camptothecin-lactam (CPT-lactam), are inactive as in-
hibitors of the DNA religation reaction and consequently
do not poison Topl.578 According to the X-ray crystal
structure of the topotecan-stabilized DNA-Top1 cleavage
complex,* the 20(S) hydroxyl group of S-CPT hydrogen
bonds to Asp533 of Topl. It has been argued that the
20(R) hydroxyl group in R-CPT cannot interact with
Aspb33, which has been claimed to lead to the loss of
Topl inhibitory activity of R-CPT.* However, careful
examination of all of the X-ray crystal structures of
ternary complexes containing CPT or its derivatives
reveals that the ethyl group in the six-membered lactone
ring always adopts the pseudoaxial orientation, although
it is sterically much larger than the hydroxyl group.*>°
This is consistent with an earlier conformational analysis
of a model of S-CPT, indicating that the stable conformer
of S-CPT is the one with the ethyl group in the pseudo-
axial conformation.!® If the same conformational prefer-
ence were true for bound R-CPT, one would expect that
the pseudoequatorial 20(R) hydroxyl group could still
interact with Asp533. To further investigate this point,
the energies of two conformers of R-CPT with the ethyl
group either pseudoaxial or pseudoequatorial were cal-
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FIGURE 1. Two different conformations of R-CPT and their relative energies. Ethyl_eq represents the conformation where the
ethyl group is pseudoequatorial, while Ethyl ax denotes that the ethyl group is pseudoaxial.

FIGURE 2. Hypothetical model of the binding of R-CPT in the ternary complex consisting of DNA, topoisomerase I, and R-CPT.
The distance between the 20(R) hydroxyl group and the side chain of Asp533 is labeled. The diagram is programmed for wall-

eyed viewing.

culated at the HF/6-31G** level of theory in Gaussian03
(Figure 1).1 It is evident that the Ethyl_ax conformer is
9.13 kcal/mol more stable than the Ethyl_eq one. The
reasons for the preferred pseudoaxial disposition of the
ethyl group are 2-fold. First, the A strain between the
ethyl group and the lactone carbonyl destabilizes the
Ethyl_eq conformer.'>!? Second, the hydrogen-bonding
interaction between the hydroxyl and carbonyl observed
in Ethyl_ax stabilizes this conformer. With this confor-
mational preference in mind, the 20(R) hydroxyl group
in R-CPT can still hydrogen bond with Asp533 (Figure
2). Since the stereochemistry in CPT-lactam is the same
as that in S-CPT, the hydrogen-bonding interaction
between the hydroxyl and Asp533 will therefore not be
disrupted. One of the proposals for the loss of activity of
CPT-lactam is that E-ring opening is required for Topl
inhibition.*5.1415 But this is not the case for homocamp-
tothecin and other nonlactone CPT analogues, whose rate
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for ring opening is much slower than CPT while retaining
potent Topl inhibitory activity.'®!7 Neither lack of hy-
drogen bonding nor failure to ring open provide convinc-
ing reasons for the inactivity of R-CPT and CPT-lactam,
respectively.

Since the 7—m stacking interaction between CPT and
the neighboring base pairs is the major contributor to
the intercalation of CPT into the DNA-Topl cleavage
complex,!® we hypothesized that the differences in 7—x
stacking between different CPT analogues and their
flanking base pairs determine the biological outcomes of
different CPT analogues. To this end, the interaction
energies of S-CPT, R-CPT, and CPT-lactam with the
preferred —1 T, +1 G base pair step were computed as
done previously (Table 1).18

From the interaction energies presented in Table 1, the
large negative interaction energy (—6.69 kcal/mol) as-
sociated with S-CPT correlates with its potent Topl
inhibitory potency.® The interaction energy significantly
decreased to —2.84 kcal/mol for R-CPT by simply invert-
ing the stereochemistry at C-20, consistent with its
reduced Topl inhibition.® Change of the E-ring lactone
to a lactam actually results in unfavorable binding as
evidenced by the positive interaction energy, correlating
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FIGURE 3. Electrostatic potential surface maps of TG base pair step, S-CPT, R-CPT, and CPT-lactam mapped on the total
electron density calculated at the HF/6-31G** level of theory. The TG step and the individual camptothecins are oriented in a
way that is similar to their orientations at the cleavage site. Thus, the scissile DNA strand is to the right of all the structures.
The minor groove is below and the major groove is above each individual camptothecin. For the TG base pair step, the minor
groove is pointing out of the page and the major groove is pointing behind the page. The interaction areas between the E-ring of
CPTs and base pair step are highlighted with both circles and arrows. All of the electrostatic surfaces are scaled to a range of —38

to +38 kcal/mol.

TABLE 1. Interaction Energies (MP2/6-31G*) of S-CPT,
R-CPT, and CPT-lactam with the —1 T, +1 G Base Pair
Step

compd Eini(MP2) (kcal/mol) % Topl inhibition®
S-CPT —6.69 41
R-CPT —2.84 9
CPT-lactam +2.90 2

@ Data from ref 6.

with its barely detectable Topl inhibitory activity.b
During the present calculations, the solvation and en-
tropic effects were not considered by assuming they are
similar and not important for comparison purposes since
the structures of all three compounds are very similar
to each other.'®1 Therefore, loss of Topl inhibitory
activity by R-CPT and CPT-lactam is due to the differ-
ences in stacking interaction energies.

To trace the origin of the striking differences in the
stacking interaction energies due to the subtle structural
changes, the electrostatic potential surfaces of a TG base
pair step and all the three CPT compounds were gener-
ated because it has been shown that electrostatic interac-
tion plays an important role in the stacking interaction
of a number of different intercalators.!®2° Since the only
differences among these three CPTs are in the E-ring,
only the interaction areas involving the E-ring were
focused on (Figure 3). Specifically, the E-ring mainly
stacks with the edge of —1 T due to the helical nature of
DNA (Figure 3).%% The edge of —1 T (circled) is electro-
statically moderately positively charged (+15—20 kcal/
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mol) (Figure 3). The corresponding area in S-CPT is
negatively charged (—25—30 kcal/mol), indicating elec-
trostatic attraction with —1 T. Consistent with the
reduced calculated interaction energy of R-CPT, the
corresponding area in R-CPT is neutral, resulting in little
attraction. This reduction in the interaction energy may
also come from the differences in the surface areas of
CPTs stacked by base pairs. As can be seen in Figure 2,
half of the E-ring in R-CPT is not covered by —1 T, which
is in strong contrast with S-CPT.*5 As a matter of fact,
there is a 9 A? difference in the solvent-accessible surface
areas between the two CPTs in the intercalation complex.
On the other hand, the lactam area is highly positively
charged (+30—35 kcal/mol), which will definitely encoun-
ter electrostatic repulsion with —1 T. This is why the
interaction energy between CPT-lactam and TG base pair
step has a positive value.

Although this analysis does not consider other interac-
tion areas in the molecules, it is by no means underes-
timating the importance of other areas. It is known, for
example, that the A-ring-truncated CPT analogues do not
show any Top1 inhibition.?! The analysis presented here
assumes that all CPTs are binding in the same orienta-
tion as S-CPT as revealed by X-ray crystallography*® and
that suboptimal interactions were observed in R-CPT and
CPT-lactam. On the other hand, if the CPT analogues
assumed other binding orientations, the interaction
energy would be decreased as well.!8

In conclusion, the loss of Topl inhibitory activity of
R-CPT and CPT-lactam is related to their differences in
m— stacking interaction energies with the neighboring
base pairs. The hydrogen-bonding interaction between
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the C-20 hydroxyl group and Asp533 can still be present
in all three CPTs when the preferred conformations of
the CPTs are considered and, therefore, is not the reason
for the loss of Top1 inhibitory activity by R-CPT and CPT-
lactam.
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