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Introduction

Abstract

Aim: To build up a quantitative structure-activity relationship (QSAR) model of
20 (9-camptothecin (CPT) analogs for the prediction of the activity of new CPT
analogsfor drug design. Methods: A training set of 43 structurally diverse CPT
anal ogs which were inhibitors of topoisomerase| were used to construct a quan-
titative structure—activity relationship model with a comparative molecular field
analysis (CoMFA). The QSAR modd was optimized using partial least squares
(PLS) analysis. A test set of 10 compounds was evaluated using the model.
Results: The CoMFA model was constructed successfully, and a good cross-
validated correlation was obtained in which ¢? was 0.495. Then, the analysis of
the non-cross-validated PLS modd in which r? was 0.935 was built and permitted
demonstrations of high predictability for the activities of the 10 CPT analogsin
the test set selected in random. Conclusion: The CoMFA model indicated that
bulky negative-charged group at position 9, 10 and 11 of CPT would increase
activity, but excessvely increasing bulky group at position 10 is adverseto inhibi-
tory activity; substituents that occupy position 7 with the bulky positive group
will enhancethe inhibitive activity. The model can be used to design new CPT
anal ogs and understand the mechanism of action.

E). Although showing impressive activity in a number of

Camptothecin (CPT) isan alkal oid isolated from the Chi-
nese tree Camptotheca acuminate (Figure 1) by Wall Me
and co-workersin 1966/, The molecule has a pentacyclic
ring structure embodying pyrrol o[ 3,4-b]-quinoline moiety
(ringsA, B and C), conjugated pyridone moiety (ring D) and
achiral centrewithin a6 membered o-hydroxy lactone (ring

Figure 1. Structure of CPT.
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experimental tumors?¥ induding thehuman colon, lung and
mammary tumor lines, itsclinical development washaltedin
the early 1970s owing to negligible water solubility and
unpredictable and formidable toxicities, such as myelo-
suppression, diarrhoea and hemorrhagic cystitis®.
Therenewed interest in CPT relies mainly on the recog-
nition of its novel and unique mechanism of action. It was
not until 1985 that the nuclear enzyme topoisomerase |
(TOPI) wasidentified asits molecul ar target reported by Liu
and co-workers. Theenzyme hasbeen implicated in various
DNA transactions such as replication, transcription and
recombination. CPT and itsanal ogs bind to acomplex formed
by DNA with the Top | enzyme, which inhibit tumor growth.
Because of the unique mechanism of action, the research
interestsin CPT have becomemanifold and lead to the pro-
duction of several hundreds of synthetic and semi-synthetic
analogsto date. Now, 2 compoundsin this class, topotecan

307



LuAJ et al

Acta Pharmacologica Sinica ISSN 1671-4083

(hycamptin) and irinotecan (camptosar), have been approved
for clinical use as anticancer drugs in the United States by
the Food and Drug Administration (FDA). Topotecanispres
ently indicated as a second-line therapy for advanced ova-
rian cancer and small-cell lung cancer. Irinotecanisapproved
for usein the treatment of advanced colorectal cancer, both
asfirg-line therapy in combination with 5-FU and as salvage
trestment in 5-FU refractory disease. Therearemorethan 10
other CPT analogs in various stages of dinical evaluation!®,
including 9-AC, 9-NC, GI-147211, exatecan mesylate, and
karenitecin.

As alot of CPT analogs have been synthesized and
evaluated, several 3D QSAR studies of CPT were reported
from laboratories’®*#*¥ . Among them, Yoon and colleges
devel oped the QSAR model with CPT-11 and other prodrugs
with their hydrolysis percent of serum esterase activity to
design a new, easily activated SN-38 prodrug™. In two
other papers™®*, the authors built the QSAR model s with
little CPT dataset and few substitutes. Furthermore, dueto
lack of crystal structure, they all align the compounds with
the partial least squares (PLYS) fit, and have no detailed inter-
pretation of crystal structure. In this paper, in order to fur-
ther understand theinhibition mechanism of CPT andtoguide
structural modification and rational drug design of CPT
analog, a3D QSAR study of CPT ana ogswith larger dataset
using CoMFA wasimplemented. Thefinal 3-D contour maps
werecompared withtheavailable X -ray crystal structure(PDB
entry 1K4T)® from the Protein Databank (PDB, http://mwww.
rcsb.org).

Materials and methods

Computational methods All computationsare supported
by corresponding modeling suitein SYBY L6.8", operated
on aSGI Octane-2 graphic workstation (Mountain View, CA,
USA).

Structur e preparation The53 compoundsfor thisstudy
and their bioactive data arelisted in Figures 2—6 and Tables
1-5. The potency data (ICy,) was assessed by the minimum
concentration (mol/L) that inhibited the cleavable complex

OH O

Figure 2. Structures of 9, 10-substituted CPT analogs.
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Figure 4. Structures of 7, 9-substituted 10, 11-(methylenedioxy)
CPT analogs.

Figure 5. Structures of 7, 9-substituted 10, 11-(ethylenedioxy) CPT
anal ogs.

Figure 6. Structures of 10, 11-oxazole CPT analogs.

formation by 50%.

Because the TOP I/DNA/topotecan ternary complex
(1K4T)® with CPT analog (topotecan) was resolved,
topotecan was selected asthe starting structure; its starting
geometry wasextracted fromtheavailable X -ray crystal struc-
ture (PDB entry 1K4T)!® from the PDB. After correcting the
atom type and bond type by using SYBYL6.8, it was mini-
mized with the TRIPOS force field after being charged with
the Gastel ger-Hucked charge. Then the prepared topotecan
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Table 1. 9,10-Substituted CPT analogs.
No. R, R, ICsp (10°xmol /L) PICq, Reference
1 (CPT) H H 677 6.170 9
2 (TOPOTECAN) -CH,N(CH,), -OH 1046 5.980 9
3 H {OCON \ 4401 5.360 9
42 H -Br 126 6.900 9
5 H -COOH 1022 5.990 9
6 H -Cl 141 6.850 9
7 H -CN 1939 5.710 9
8 H oc O“Q“i > 20546 4.690 9
9 H -CH,4 295 6.530 9
10 H -F 368 6.430 9
11 H -NH, 140 6.850 9
12 H -NO, 635 6.200 9
13 H -OH 106 6.970 9
14 -Cl -Cl 108 6.970 9
152 -Cl H 86 7.070 9
16 -F H 163 6.790 9
17 -Me H 38 7.420 9
18 -NH, H 111 6.950 9
19 -OH H 873 6.060 9
*Test set compounds.
Table 2. 7, 10-Substituted 11-azaCPT anal ogs.
No. R, R, 1Cq (10°Xmol/L) PICs, Reference
20 H H 383 6.420 11
21 —CH,CH, —COOC,Hg 9328 5.030 11
22 —CH,CH, —-Br 122 6.910 11
23 —CH,CH, -CN 268 6.570 11
242 —CH,CH, —C;HNC,H; 949 6.020 11
25 —CH,CH, —CH,NH, 167 6.780 11
262 —CH,CH, H 336 6.470 11
27 —CH,CH, —C(NH2)=NH 33 7.480 11
28 —CH,CH, —C(NH2)=NOH 71 7.150 11
29 —CH,4 —-Br 28 7.550 11
30 —CH,4 -CN 143 6.840 11
31 —CH,4 —CH,NH, 232 6.630 11

*Test set compounds.

was used as the template compound to construct other mol-
ecules by modifying and assembling fragments from the
SYBYL standard library. Other moleculesalso constructed

were charged by the Gasteiger-Hiickel charge and further
minimized by the minimize 2 modulein SYBYL6.8. Asfor
CPT analog, 20S-isomer is much more potent than 20Rform
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Table 3. 7, 9-substituted 10, 11-(methylenedioxy) CTP analogs.

No. R, R, ICs, (10°xmol/L) PIC,, Reference
32 CHN. NCH, H 416 6.380 12
33 H H 27 7.570 9
34 -CH,CI H 15 7.820 12
35 H cl 150 6.820 9
36 H -NH, 61 7.210 9
370 H -NO, 150 6.820 9
CHNT N\
38 _ H 210 6.680 13
(\NCHJ'
39 N=/ H 160 6.800 13
Z “NCH,
40 cHN=/ H 220 6.660 13
I\
41 CHN* N H 140 6.850 13
\:/ .
. !
42 CHNT N H 100 7.000 13
0
al I»’ \
-CH N
43 CH, = H 190 6.720 13

#Test set compounds.

and is approximately twice as potent as the 20RSform, so
only 20S-isomer CPT anal ogswith bioactivity were selected.
All structures remai ned 20Sconfigurated after minimization.

Alignment rules The molecular alignment is another
critical factor in the COMFA calculation. Based on theknown
ternary complex, the docked structure was used for CoOMFA
study after the above-mentioned compounds were docked
into the complex model using molecular simulation program
Dock4.0 (Department of Pharmaceutical Chemistry, Univer-
sity of California, San Francisco, USA). Theenzyme/DNA/
topotecan complex, 1K4T™, was used to generatethe recep-
tor Ste and the energetic grid for thefollowing docking cal-
culations for molecule alignment. The docking procedure
was applied as follows: the sphere centers (a set of overlap-
ping spheres) of the topotecan binding site at aradius of 8 A
were identified by the sphgen program; then a box was cre-
ated to enclosethe spheresto be used for docking. Afterward,
theenergetic grid was created by agrid program using an all-

310

atom modd and adistance-dependent dielectric function with
a10 A cutoff; an anchor fragment orientation method was
performed subsequently, and 50 conformations were pro-
duced per cycle. Finally, the dock energy score was used as
the scoring function in the docking runs. Only the best
scoring pose from each docking run was considered.

CoMFA™! CoMFA interaction potential energy fields
were eval uated on aregion (lattice) extending 4 A inthe X, Y
and Z axes beyond the volume defined by the union of all
molecules with a grid spacing of 2 A. Standard CoOMFA
stericand dectrostatic fields were cal culated using distance-
dependent dielectric constant with energy truncation val-
uesof 30 kcal/moal. The minimum-sigma (column filtering)
was set to 2.0 kcal/mol to improve the signal-to-noise ratio
by omitting those lattice points whose energy variation was
below thisthreshold. PLSwas carried out for compoundsin
thetraining set, except 10 compounds randomly selected as
the test set, cross-validated with leave-one-out.
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Table 4. 7, 9-Substituted 10, 11-(ethylenedioxy) CPT anal ogs.
No R, R, ICq, (10°Xmol/L) PIC,, Reference
44 -CH,N NCH, H 300 6.520 12
A—
45 -CH,CI H 11 7.960 12
462 -CH,N® N H 190 6.720 13
Z “NCH,
47 N=/ H 200 6.700 13
4
48 CHNT N H 180 6.740 13
—/
49 -('IlzN" W H 250 6.600 13
AY
=
50 . AN H 600 6.220 13
-CH,N* ;
o
512 H 520 6.280 13
Z > NCH,
CHJN*Zf
340 6.470 13

52 G o H
-L‘HZND_/

#Test set compounds.

Table 5. 10, 11-Oxazole CPT analogs.

No. 1Cq (10°Xmol/L) PICq, Reference

53 150 6.820 10

Results and discussion

The CoMFA mode was constructed with 43 compounds
in the training set, which was validated by the remaining
moleculesin thetest set.

PLS model The PLS techniqué®*! was employed to
generate alinear relationship that correlates changesin the
computed steric and electrostatic potential fields with
changes in the corresponding experimental values of the
bioactivity (PICy) for thedata set of ligands. Employing the
CoMFA potential energy fields for each molecule as the
independent variable and the corresponding Pl Cg, values as
the dependent variable, PLS convertsthe steric and electro-

static field descriptors to so-called latent variables or prin-
ciple components (PC) that consist of linear combinations of
the original independent variables.

To assess the internal predictive ability of the COMFA
models, we employed a ‘leave-one-out’ cross-validation
procedure. In this procedure, each compound is excluded
one at atime, after which its bioactivity is predicted by the
model constructed from the remaining compoundsin the data
set. Cross-validation determinesthe optimum number of PC,
corresponding to the smallest error of prediction and the
highest cross-validated g? (or r%,). PLSanalysiswas re-
peated without validation using the optimum number of PC
to generate afinal CoMFA model from which the conven-
tional r2, ameasure of theinternal consistency of the model,
wasderived. Theresult using this procedureis described as
follows.

After cross-validated PLS analysis was carried out for
thetraining set, the number of optimal PC at 6 was obtained
with cross-validated g?of 0.495 (Table 6). The non-cross-
validated PL S analys swith the optimum PC revealed a con-
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ventional r?value of 0.935, F=86.748, and an estimated stan-
dard error of 0.176. Furthermore, the obtained model showed
high predictability. Asillustratedin Table 7, the predicted
values were very close to the observed values. Nine of 10
compoundsin the test set were predicted well in terms of
activity, except compound 7. The predicted r? of 9 com-
pounds was 0.58, which showed good correlation. So the
3D QSAR modd is predictable, and results of the obtained
mode aresummarizedin Tables6and 7.

Table 6. Computation results of COMFA model.

Q? R? NOCc?®  SEP Fe RC-S* RC-E®

0.495 0.935 6 0.176 86.748 0.651 0.349

Table 7. Predicted activity vs experimental activity of CPT analogs
in the test set.

No. Exp Pre Res
4 6.900 6.894 0.006
7 5.710 6.815 -1.105
15 7.070 6.524 0.546
24 6.020 5.700 0.320
26 6.470 6.997 -0.527
27 7.480 6.810 0.670
37 6.820 6.980 -0.160
40 6.660 6.508 0.152
46 6.720 6.402 0.318
51 6.280 6.529 —-0.249

The QSAR modd a so gavetherd ative el ectrostatic con-
tribution and relative steric contribution. In this model, the
steric contribution was much higher than the electrostatic
contribution in which the steric field descriptors explained
65.1% of the variance, while the dectrostatic descriptors
explained 34.9%. These are in accordance with the ‘ drug-
stacking’ hypothesis.

Visualization of 3-D contour maps Tovisuaizethein-
formation content of the derived 3D QSAR models, CoMFA
contour maps were generated by interpolating the products
between the 3D QSAR coefficients and their associated stan-
dard deviations. The green contours represented the
regions of high steric tolerance, while the yellow contours
represented regions of unfavorabl e steric effects. The blue
contours described regionswhere a positively charged group
enhanced activity, while the red contours described regions
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where a negatively charged group enhanced activity. Toaid
in visualization, topotecan was displayed in the maps. 3-D
contours were mostly found around 7, 9, 10, and 11 posi-
tions of CPT analogs, because most substituents of CPT
analogs are focused on this position. However, there wasa
contour at the southeast region in Figure 7A, where there
was no substituent near the 14-position. Because of dock-
ing CPT anal ogs into complexes according to the alignment
rule, the compounds with methyl enedioxy and enthylene-
dioxy substituents with high activity rotated alittle to right
down. It seemed that therewas a substitutein thevicinity of
the 14-position. Soitisan artifact in which more bulky sub-
stituents in the 14-position will improve activity. The steric
CoMFA map (Figure 7 A) illustrates a favorable region of
stericinteraction at the 10 and 11 positions, but much more
bulky substitutes will decrease activity™. The compounds
with methylenedioxy and enthylenedioxy substituents
(compounds 32-52) exhibit considerable increase of activity,
while compounds 3, 8 and 21 decrease their activity. At the
sametime, thereisanother favorable steric region at the 7-
position, indicating that more bulky substituents are needed
in this position to improve the inhibitive activity, which is
consistent with the fact that silyl-substituted compounds
display more strong potency!”. The prediction is confirmed
by the molecular surface of the binding pocket which isbhig
enough to accommodate more bulky substituents which will
conflict with Lys425 if they are too large. More negative
subgtituentswill increase inhibitive activity a positions 9, 10,
and 11, which isin agreement with previous observationd®*%,
It is also in agreement with the mapped enzyme/DNA/
topotecan complex because positively-charged residue
LysA25 isin the direction of positions 9 and 10. The hydro-
gen bond between 10-hydroxyl of topotecan and a water
molecule® also contributed to the negative contour map.
Furthermore, CPT analogues were stacked into base pairs,
like C112 (Figure 7B) and A113 (not shown in Figure for
clarity) and other base pairs (not shown) in this ternary
complex, which might show slight positive charge. In
addition, more positive substituents at position 7 would
strengthen the binding of the inhibitors to top the I-DNA
complex, so alkyl-substitutes at position 7 possess consid-
erable activity, and silyl-substitutes show more inhibitive
activity!™, which should be correlative with the hydroxyl of
base T10. Thereisagreen contour on theleft because of the
negative charged phosphodiester. The CoMFA contour
mapsareillustratedin Figure 7.

Furthermore, the steric interaction at positions 7, 9, 10,
and 11 can beinterpreted using the enzyme/DNA/topotecan
ternary complex with CPT anal ogs (topotecan)® in Figure 8.
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Figure 7. CoMFA contour maps displayed with compound 2 (topotecan) and related residues in the binding site of the Top I-DNA complex

(A), steric field distribution, and (B) electrostatic field distribution.

Figure 8. Corey-Pauling-Koltun (CPK) model of the ternary cleav-
able complex structure viewed facing the DNA major groove
(topotecan).

Thetopotecan moleculeis oriented with the E ring near the
DNA break, and the concave portion of the drug molecule
facesthe DNA major groove™. Thestructural model dem-
onstratesthat 7, 9, 10, and 11 positionsface the major groove
of the DNA, and the substituents on these positions point
toward the sugar backbone. So the model suggests that
electron-rich groups of moderate or large size would be
favored for these positions.

Conclusion

A study on the quantitative structure—activity relation-
ship with CoMFA for aseries of CPT anal ogs was performed
successfully, and a good cross-validated correlation was
obtained with ¢f of 0.495. Then the PLS model non-cross-
validated was built and permitted demonstrations of high

predictability for the activities of the CPT analogs in the test
sat sdected randomly. The CoMFA contour mapsillustrated
that more negative-charged large group at positions 9, 10,
and 11 would increase activity, but excessively increasing
the bulky group at position 10 would decrease activity; sub-
stituents that occupy position 7 with the bulky positively-
charged group will enhance inhibitive activity.
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