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1. Introduction

Camptothecin (CPT, |), a unique pentacyclic quinoline
alkaloid originally isolated from a native tree of Tibet and
China called Camptotheca acuminata in latin and Xi Shu in
Chinese, is one of the prominent lead compounds in
anticancer drug development.~3 It has been identified from
the early assessments that the importance of 20Schira carbon
of CPT for their activity and also pointed out a dynamic
equilibrium between the close-ring lactone and open-ring
carboxylic acid forms at physiological pH. Due to the
extremely poor solubility of CPT in water, clinical trials were
initiated using its water-soluble sodium salt (11; Figure 1).
The results were disappointing: biological activity was weak
relative to xenograph models and unexpected side effects
including hemorrhagic cystitis and myelotoxicity, which
resulted in suspension of the trials*® Later on, it was
established that the o-hydroxy lactone ring moiety must be
intact for antitumor activity and that this ring was being
opened in the preparation of the sodium salt.’

In aconformational analysis, torsiona parameters for the
MM3(96) force field were obtained by Carrigan et al.” for
the a-hydroxy lactone and CPT using ab initio calculations
on representative compounds containing the critical dihedral
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angles. MM 3(96) predicts two distinct “boat-like” conforma-
tions for the a-hydroxy lactone moiety. The low-energy
lactone conformation predicted by MM3(96) is in good
agreement with X-ray crystal structures of CPT iodoacetate
and 7-ethyl-10-(4-piperidino)piperidinylcarbonyloxy CPT
HCl aswdll asthe ab initio structure of a CPT-like a-hydroxy
lactone.

Nearly 20 years later, the discovery that the primary
cellular target of CPT is DNA topoisomerase | (topo ) was
the breakthrough that renewed interest in this agent and led
to synthesizing more water-soluble analogues.® '° Two of
them, topotecan (Hycamptin, I11) for the clinical treatment
of the ovarian and small-cell lung cancers,**** and irinotecan
(Camptosar or CPT-11, 1V)*6 for the metastatic colorectal
cancers have aready gained approval by the Food and Drug
Administration (FDA) of the U.S.A.Y"8 Irinotecan is a
prodrug that is converted into their active metabolic form
10-hydroxy-7-ethylcamptothecin (SN-38, V; Figure 2). These
two drugs (topotecan and irinotecan) and other derivatives
of CPT have become a part of the multimillion dollar industry
that is dedicated to finding better chemotherapeutic agents
with excellent antitumor activity and less normal tissue
toxicity. To achieve this godl, it is necessary to understand
the details about the mechanisms of action, the targets of
these drugs, and the cellular response to the drugs.

Human topoisomerase | (topo |) relaxes superhelical
tension associated with DNA replication, transcription and
recombination by reversibly nicking one strand of duplex
DNA and forming a covalent 3'-phosphotyrosine linkage.
This enzyme is the sole target of the CPT family of
anticancer compounds, which acts by stabilizing the covalent
protein—DNA complex and enhancing apoptosis through
blocking the advancement of replication forks. Once the CPT
molecule has intercalated into the topo I-DNA cleavable
complex, the collision between the complex and the replica-
tion fork during S-phase is thought to result in DNA double
strand breaks (DSBS) that eventually lead to cell death.'®1°
It has also been suggested that topo | cleaves DNA at
multiple sites. The highest efficient sites exhibit significant
sequence homology. Approximately 90% of topo | site have
atyrosine residue at position-1. However, sites of cleavage
stabilized by CPT exhibit a strong preference for guanine at
+1 position, while thymidine remains the preferred nucleo-
base at the —1 position.?°

The exact mechanism by which CPT stabilizes the DNA-
topo | covalent binary complex is not fully understood
because the drug acts as an uncompetitive inhibitor and binds
only the transient binary complex.?* Enzymology studies have
revealed that CPT does not interact with topo | alone, nor
does it bind to DNA .2 Although it has been reported that
topotecan, which should be protonated at physiological pH,
does hind to DNA at high concentration.?® Despite the
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apparent lack of affinity of CPT for DNA or topo | aone,
the binding of CPT to the covalent binary complex is
suggested to be responsible for the observed stabilization.
Recently, an observation from the X-ray crystal structure of
a ternary complex containing a human topo | covaently
attached to a DNA duplex and bound to topotecan, suggests
that topotecan intercalates at the site of DNA cleavage and
is stabilized by base-stacking interactions with both the
upstream (—1) and downstream (+1) base pair. The inter-
calation resulted in a shift of the downstream base pairs and
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displacement of the 5'-OH strand away from the phospho-
tyrosine bond thus blocking relegation. This binding occurred
whether the E ring of topotecan was in the closed lactone
form or the open carboxylate form; however, a higher
occupancy rate (63%) was seen with the lactone form.?*

More recently, atomic force microscope (AFM) images
have been used by Argaman et al.?® to investigate the mode
of action of DNA topo | in the presence and absence of CPT.
The AFM analysis revealed that the position of the enzyme
in the topo I-DNA covalent complexes (in the presence of
CPT) differed from its position in the absence of this drug.
Topo | was attached to the double stranded relaxed DNA
molecules in the absence of CPT, while in the presence of
this drug the enzyme was located inside a relaxed DNA
bubble.

Another possible mechanism of cell death by CPT is by
blocking angiogenesis. In a study to investigate the antian-
giogenic and antitumor effects of oral ST1481 (gimatecan)
in human tumor xenografts, Petrangolini and co-workers®®
have suggested the possibility that the antiangiogenic proper-
ties of ST1481 contribute to its antitumor potential and that
this effect might be enhanced by the continuous low-dose
treatment. Recent results have shown that CPT-11 is an
effective inhibitor of angiogenesis and providing strong
implications for wider clinical application for colon cancer.?”

CPT is a DNA topo | inhibitor found to be effective in
treating psoriasis by inhibiting the growth of keratinocytes
in vitro by inducing apoptosis. CPT inhibited keratinocyte
proliferation and telomerase activity as well as the prolifera-
tion and induction of apoptosis. Theinhibitory effect of CPT
is correlated with its concentration, suggesting concentration
dependency. Down-regulation of telomerase activity was
observed not only in cells treated at concentrations able to
induce apoptosis, but also in cells treated at concentration
insufficient to induce apoptosis, indicating that CPT-induced
apoptosis may be preceded by down-regulation of telomerase
activity. The antiproliferative activity of CPT and its inhibi-
tion of keratinocyte apoptosis through down-regulation of
telomerase activity may explain the drug's therapeutic
mechanism in psoriasis.? Another study demonstrated that
SN-38 produces an increase in production of pro-apoptotic
factors such as p53, Bax, Bcl-xl, and p-2/WAF-1 in colon
cancer.1829

Resistance to chemotherapeutic agents is a major clinical
complication in cancer therapy. Studies of CPT resistance
using yeast and mammalian cell culture models suggest three
general mechanisms of resistance: (i) reduced cellular
accumulation of CPTs, (ii) ateration in the structure or
location of topo |, and (iii) aterationsin the cellular response
to CPT—DNA—ternary complex formation. The relevance
of these mechanisms to clinical drug resistance is not yet
known, but evaluation of these modelsin clinical specimens
should enhance the use of CPTs both as single agents and
in combination with other anticancer drugs.*® Recently,
resistance to CPT has been attributed to enhanced drug efflux
by a novel ABC transporter, the BCRP/MXR/ABCG,
transporter, which is widely expressed in normal human
tissues.31* Mutations that impart resistance to CPT have also
been identified in several regions of human topo I. Chrencik
and co-workers® have presented the crystal structures of two
CPT-resistant forms of human topo | (Phe361Ser at 2.6 A
resolution and Asn722Ser at 2.3 A resolution) in ternary
complexes with DNA and topotecan. The alteration of
Asn722 to Ser leads to the elimination of a water-mediated
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contact between the enzyme and topotecan. Further consid-
eration of CPT-resistant mutations at seven additional sites
in human topo | presented the structural evidence that
explaining their possible impact on drug binding. These
results provide better understanding toward the mechanism
of cell poisoning by CPT and suggest specific modifications
to the drug that may improve efficacy.

Molecular docking studies were performed by Lauria et
al.* on a series of 24 CPT-like topo | inhibitors present in
the NCI anticancer agents mechanism database, using four
different topo I-DNA-inhibitor complexes, with the aim to
investigate the binding modes of these derivatives. The
analysis of the best docked conformations has confirmed the
role of some amino acids present in the active site. These
results may explain the role of some single point mutation
in developing resistance to CPTs and are useful to understand
the structural features required to improve the performance
of CPT derivatives as topo | inhibitors.

An NMR study was undertaken by Bocian et al.*® to
evaluate the binding constant and mode of binding of the
CPT family drugs CPT and TPT to the DNA octamers
d(GCGTACGC), and d(GCGATCGC),. All the results
indicate binding of the TPT lactone form, and chemical shift
changes show preference of TPT binding to the terminal G1
unit rather than to internal bases. The carboxylate form of
TPT interacts more weakly than the lactone form with DNA.
Intermolecular NOE effects between the DNA oligomer and
TPT were observed at pH 5 and 3 °C. The observed cross-
peaks cannot be reconciled with asingle TPT/DNA complex
structure, which suggests a model of a limited number of
conformations in fast exchange. MD calculations on four
pairs of starting structures with TPT stacked onto the G1—-C8
base pair in different orientations were therefore performed.
The use of selected experimental “docking” restraints yielded
10 MD trgjectories covering a wide conformational space.
These calculations support a combination of two major
families of conformations in fast exchange. One of these is
the conformation found in a crystal of a TPT/DNA/
topoisomerase | ternary complex.

To improve the pharmacokinetics, drug resistance, clinical
efficacy, and toxicity profiles of the original CPT molecule,
scientific efforts are continued to develop new CPT ana-
logues. At present, over adozen new CPT derivativesarein
various stages of clinical trials® The historical achievements,%
syntheses,*"?*37 clinical applications,3*4! and mechanism
of actions!" 182037384146 of CPTs have already been discussed
in several excellent reviews. In the present review, we
demonstrate the structure—activity relationships (SAR) and
the quantitative structure—activity relationships (QSAR) of
CPT derivatives to understand their chemical —biological
interactions, which may provide strategies that might aid in
the development of outstanding antitumor agents belonging
to this family. It is important to distinguish between SAR
and QSAR: SAR is qudlitative in nature, often occurring in
the form of structural alerts that include molecular substruc-
tures or fragment counts related to the presence or absence
of biological activity; while QSAR is typically quantitative
in nature, producing categorical or continuous prediction
&33'65.47'48

2. Structure— Activity Relationships (SAR)

The design of the novel CPT derivatives depends on the
following four assumtions: (i) The essentid structural features
for the activity of CPT derivatives are 20(S)-hydroxyl,
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pyridone moiety (D-ring), lactone moiety (E-ring), and
planarity of the pentacyclic (A, B, C, D, and E) ring system.
Thus, the C-D-E rings of CPT derivatives cannot be
altered.**° (ii) The modifications of quinoline ring (9, 10,
and 11-positions of the A-ring and 7-position of the B-ring)
generally enhance the potency of the CPT derivativesin both
in vivo and in vitro studies.* (iii) The development of
homocamptothecins (hCPTs; a new family of CPT deriva
tives with seven-membered lactone E-ring) with enhanced
activity necessitate a reevaluation of the E-ring lactone
function.1”5 (iv) For the targeted enzymatic activation of
tumor cells, CPT derivatives must have to possess these four
criteria: (a) improved water solubility, (b) stability in blood,
(c) decreased cytotoxicity, and (d) susceptibility to defined
enzymatic cleavage.t”?

The details about the structure—activity relationships
(SAR) of CPT derivatives with respect to their pentacyclic
(A, B, C, D, and E) ring system are as follows:

2.1. Quinoline (A/B) Ring

It has already been established that the CPT derivatives
with modifications at quinoline (A/B) ring are of great
interest. This is further supported by the fact that the only
two CPT analogues approved for clinical use, that are,
topotecan (I11) and irinotecan (1V), are derivatives with
substitutions within the quinoline ring. The SAR for the
quinoline (A/B) ring of the CPT derivatives includes the
following: (i) Monosubstitution at 9, 10, or 11 positions of
the A ring by NH, or OH group increases the antitumor
activity, whereas substitution at position 12 greatly reduces
the activity.> (ii) Substitution at 9 and 10 positions of the A
ring by halides and other electron-rich groups (e.g., NH,,
OH, etc.) generally increases the DNA topo | inhibition.>
(iii) Substitution at 10 and 11 positions of the A ring are
generally unfavorable to the biological activity.> Exceptions
are the 10,11-methylenedioxy or 10,11-ethylenedioxy func-
tional group at the A ring substantially increases the DNA
topo | inhibition.5*% (iv) Small substituents at 10 position
of the A ring generally increases the DNA topo | inhibition.
Substitution at 10 position with a hydroxyl group contributes
to the increased activity of SN-38 and topotecan.”® (v)
Substitution at the 11 position of the A ring by fluorine or
cyano group also increases the DNA topo | inhibition.>” (vi)
Substitution at the 7 position of the B ring has been found
to be more potent, and an increase in water solubility has
been observed depending on the nature of the substituent.>*
(vii) Substitutions at 7 and 9 positions of B and A rings do
not affect the DNA topo | inhibitory activity, suggesting the
absence of tight interaction with the receptor site and the
regions around positions 7 and 9.% (viii) Comparison of the
stability among CPT-, SN-38-, and 10-OH-CPT-induced
cleavable complexes reveals that the OH group at position
10 enhances stability of the cleavable complexes. The
difference between SN-38- and 10-OH-CPT-induced cleav-
able complexes suggests that the ethyl group at the 7 position
isalso important for stabilizing the interaction between CPT
derivatives and topo I-DNA complex.5® (ix) Substitutions at
7 and 10 positions of B and A rings (where the substituent
at position 10 is a hydroxyl group) result in greatly improved
human blood stabilities of CPT derivatives. SN-38 is one of
the best examples with 7-alkyl-10-hydroxy substitution
pattern.® (x)The stability of the E-ring lactone in human
plasma can be affected by derivatization of the quinoline
ring.%



216 Chemical Reviews, 2009, Vol. 109, No. 1

0]
g 7 654 16,22
10 X N7 "0
B|] ¢l pl o0 k21
" N, 33 o
R332 8ISy
1 HiG 5 OH
18
I II

Figurel. Structure of 20(S-camptothecin (1) and their ring-opened
carboxylic acid sodium salt (I1).

2.2. C/D Ring

There are few reports that have focused on the modification
of C and D rings of CPT (Figure 3). It has generally been
suggested that either the replacement or the substitution at
C/D ring would reduce the activity. Reports on C/D-ring
substituents have also been limited, presumably due to the
paucity of accessible carbons for substitution and more
difficult synthetic routes leading to potential analogues. There
are only two available sites for substituents, C-5 and C-14
in the C/D-ring.?° The SAR for the C/D- ring of the CPT
derivatives includes the following: (i) Substitution at 5
position of the C ring by acetoxy, alkoxy, amino, or hydroxyl
group generally diminishes the antitumor activity.?%% (ii)
Substitutions of alkoxy or several other groups at C-5 of the
C-ring are reasonably well tolerated when accompanied by
the additions of hydroxy!l or nitro groups to the A-ring. 9-OH-
5-OEt-CPT is one of the best examples.*26! Exceptions are
the CPT derivatives, VI and VII, which contained no
additional group within the quinoline ring and showed a good
or maintain the same potency equivalent to CPT.5282 (iii)
Substitution at C-14 of the D-ring by methyl ester group
generally reduces the antitumor activity.%* (iv) The pyridone
carbonyl of CPT is an important ring for stabilizing the
enzyme—DNA—CPT ternary complex. The deaza derivative
of CPT (VII11) is the best example, which should maintain
quite asimilar shape and planarity relative to CPT, was found
to be approximately 60-fold less efficient as a topo |
inhibitor.®® (v) 14-Azacamptothecin (1X) has exhibited
reasonable potency as atopo | poison and topo | dependent
cytotoxic agent, and stabilized enzyme-linked DNA breaks
with the same sequence selectivity as CPT itself.17:66

H

(@] (@]
X N | O'Na*
N0
OH

HyC—

2.3. E Ring

CPT occursin two different enantiomeric forms 20-Sand
20-R indicating the particular arrangement of atoms and
groups in space around the chiral center (C-20). It has already
been demonstrated that 20-R CPT is inactive both in topo |
inhibition and in vivo assays, while the 20-S CPT has great
potency in inhibiting human colon cancer xenografts in nude
mice.5” The SAR for the E-ring of the CPT derivatives
includes the following: (i)The lactone (E-ring) with 20-S
configuration is critical for both efficient topo | inhibition
and in vivo potency. (ii) Any changesin the E-ring, such as
replacement of the lactone by a lactum group, reduction of
the lactone, removal of the carbonyl oxygen, or removal of
the 20-hydroxy! group, inactivate the molecule.® (iii) Under
physiological conditions, the presence of a-OH group (20-S
configuration) results in an equilibrium that favors the
(inactive) open carboxylate over the (active) ring-closed
lactone form, 172041598970 (jy) There are two possible reasons
for the importance of o-OH group (20-S configuration) of
CPT for topo | inhibition: (a) the formation of a hydrogen
bond between the hydroxyl group and the enzyme—DNA
complex and (b) the presence of an intramolecular hydrogen
bond with the lactone carbonyl of CPT (C-21 position). Both
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interactions may facilitate the possible E-ring opening
reaction.5*8 (v) Esterification of the 20-OH group, which
can either eliminate the intramolecular hydrogen bonding or
increase the steric hindrance of the carbonyl group of E-ring,
results in the stability of the lactone ring in vivo.r"72 A
series of 20-O-linked nitrogen-based CPT esters including
ester (X) was reported by Wang et a.,” which possesses
the both lower cytotoxic in vitro and better antitumor activity
in vivo than topotecan.

0
XN 0
P < OCHj
HsC o\n/\/N OCHs
o)
X

(vi) Replacement of the 20-OH group by amino or
halogens resultsin the significant diminished activity.*"? (vii)
It is important to note that homoCPT (XI) obtained by the
replacement of o-hydroxylactone moiety with 5-hydroxy-
lactone exerts potent inhibition of topo I, elevated levels of
cytotoxicity, and stability of the lactone after 24 h at
physiological pH.” These demonstrations have prompted the
synthesisandeval uationof numeroushomoCPT derivativesSt™ 8
Among them, the most important homoCPT derivatives is
10,11-difluoro-homoCPT (X11), which exhibits strong anti-
proliferative activity against numerous cell lines and is
currently in phase | clinical trials.t"™
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Q
A N
PRy 0
N 3
HsC—" “OH
X1
o}
F 0
A N
F N N
HsC—" “OH
X1

2.4. DIE Ring

The SAR for the D/E ring of CPT derivatives with respect
to their involvement in hydrogen bonding with topo [-DNA
complex includes the following: (i) It has aready been
proposed that O17 (carbonyl oxygen), 020 (oxygen of the
20-OH group), 021 (lactone carbonyl), O (lactone oxygen),
and the H atom of the 20-OH group of CPT would be
involved in hydrogen bonding with the topo [-DNA
complex.>8-8 (ji) On the basis of molecular electrostatic
potential (MEP) values, Jena and Mishraf? have shown that
hydrogen-bond strengths are involved for the four oxygen
atoms where these atoms would serve as hydrogen bond
acceptors and follow the order O17 (carbonyl oxygen) >
021 (lactone carbonyl) > O (lactone oxygen) > 020
(oxygen of the 20-OH group). The H atom of the 20-OH
group would be a hydrogen bond donor. The surface MEP
value near to the H atom of the 20-OH group of CPT is
appreciably smaller due to an intramolecular hydrogen bond
between the H atom of 20-OH group and the O21 (lactone
carbonyl) atom.
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Figure 2. Structure of topotecan (I11), Irinotecan (1V), and SN-
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Figure 3. Structure of CPT analogues modified in C/D-ring.

3. Quantitative Structure—Activity Relationships
(QSAR)

Quantitative structure—activity relationship (QSAR) isone
of the well-developed areas in the computational chemistry.
The interest in the application of QSAR has steadily
increased in recent decades because it has repeatedly proven
itself to be a low-cost, high-return investment. In the past
45 years, the use of QSAR, since the advent of this
methodology,® has become increasingly helpful in under-
standing many aspects of chemical—biological interactions
in drug and pesticide research, as well as in the field of
toxicology.®*® This method is useful in elucidating the
mechanisms of chemical —biological interactions in various
biomolecules, particularly enzymes as well as membranes,
organelles, and cells, and in humans.®+86-88 |t has also been
used for the evaluation of absorption, distribution, metabo-
lism, and excretion (ADME) phenomenain many organisms
and whole animal studies.®®>® The QSAR approach employs
extrathermodynamically derived and computational-based
descriptors to correlate biological activity in isolated recep-
tors, cellular systems, and in vivo. Four standard molecular
descriptors routinely used in QSAR analysis are electronic,
hydrophobic, steric, and topological indices. These descrip-
tors are invaluable in helping to delineate a large number of
receptor—ligand interactions that are critical to biological
processes. The quality of a QSAR model depends strictly
on the type and quality of the data, and not on the hypotheses
and is valid only for the compound structure analogues to
those used to build the model. QSAR models can stand alone
to augment other computational approaches or can be
examined in tandem with the equations of a similar mecha-
nistic genre to establish their authenticity and reliability.
Potential use of QSAR models for screening of chemical
databases or virtual libraries before their synthesis appears
equally attractive to chemical manufacturers, pharmaceutical
companies, and government agencies. All the QSAR models
reported in this review are for 20-S-CPT derivatives.

Chemical Reviews, 2009, Vol. 109, No. 1 217

3.1. Review of QSAR Studies from the Literature
3.1.1. QSAR for the Inhibition of DNA Topoisomerase |

When the data of Wall et al.% for the inhibition of DNA
topoisomerase | by X-CPTs (XI11) was used, eq 1 was
developed.®

0O

9
0 SN 0
X A \
LI S N N0
Hye—" Yo
X111

log 1/C=0.43Clog P — 0.4306"y — 0.89MR,+ 1.11I +
6.37 (1)

where n = 17, r2 = 0.862, s = 0.226, ¢ = 0.681, Q =
4.108, and F41, = 18.739.

Ineq 1, Cisthe molar concentration of X-CPTs (XII1) that
cause 50% inhibition of topo | cleavable complex formation,
o'y is the sum of the Hammett parameters of substituents at
positions 9, 10, and 11, while MRy is the molar refractivity
only for the subgtituents a positions 9. The negative coefficient
with o™y (—0.43) implies that highly electron releasing sub-
dituents at positions 9, 10, and 11 may strengthen the inhibitory
activity of these compounds against topo |I. An unfavorable
steric interaction at C-9 position has been detected by the
presence of a negative coefficient of MRy (—0.89). Theindicator
variable | is assigned the value of 1 and O for the presence and
absence of X = 10-OCH,0-11 group. Its positive coefficient
suggests that the presence of a 10,11-methylenedioxy moiety
at the A ring increasesthe activity. A postive hydrophobic effect
for the whole molecule is aso appeared in this equation.
However, this equation does not allow any clue for an adequate
distinction between the o™ responsiveness of topo | inhibition
for 9-, 10-, and 11-substituents. Considering these drawbacks
of eq 1, QSAR 2 was developed using only 10-X-CPTs from
the same data set of Wall et d.,% which gave a very good
correlation between the inhibitory activities of 10-X-CPTs
toward topo | and the hydrophobic parameters of their
X-substituents.®

log 1/C = 0.75(£0.20)m + 6.24(£0.10)  (2)

wheren = 8, r> = 0.936, s= 0.110, ¢ = 0.890, Q = 8.795,
and F1¢ = 87.750.

In the above QSAR model, 7ty is the hydrophobicity of
the substituents at position 10. Its positive coefficient (+-0.75)
suggests that the presence of highly hydrophaobic substituents
at position 10 increases the activity.

In a recent work,® two QSAR models 3 and 4 were
demonstrated for the inhibition of topo | by CPT analogues
X1V and XV, respectively.

Inhibition of DNA topo | by 7-X-9-Y-10-Z-CPTs
(X1Vv)®

y 0
z SN o
NN
HsC— OH
X1V
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log 1/C = 0.84(+0.22)Clog P — 0.62(+0.14)B5, —
0.59(+0.33)MR, — 0.45(+-0.36)MR, +
0.88(:0.28)l, — 0.52(+0.28)l, + 6.37(0.3D)  (3)

where n = 30, r> = 0.854, s = 0.258, ¢> = 0.738, Q =
3.581, and F6'23 = 22.422.

In this equation, C represents the minimum concentration
(mol/L) of CPT anaogues (X1V) that inhibited the cleavable
complex formation by 50%. Clog P isthe calculated partition
coefficient in n-octanol/water and is a measure of hydro-
phobicity for the whole molecule. Positive coefficient of Clog
P suggests that the highly hydrophobic molecules will be
more active. B5x is a Verloop's sterimol descriptor, which
measures the maximum width of the X-substituents. MRy
and MRy are the calculated molar refractivities of Y and Z
substituents, respectively. A negative sign associated with
B5x, MRy, and MRz brings out steric effect for these
substituents. The indicator variable (1,) takes the value of 1
and O for the presence and absence of hydroxyl group at
position 10, respectively. Similarly, |, takes the value of 1
and O for the presence and absence of n-alkyl groups at
position 7, respectively. The presence of the hydroxyl group
at position 10 increases the activity as evidenced by the
positive coefficient of theindicator variable (1,). The negative
coefficient of the indicator variable (I,) suggests that the
presence of branched alkyl groups at position 7 is preferred
over n-alkyl groups. On the basis of the QSAR model 3,
two compounds (X =H,Y =Z=Br,and X =H,Y =2Z
= OH) are suggested as potentia synthetic targets that also
fulfill the conditions of Lipinski’'s “rule of five" for ora
bioavailability. The predicted log 1/C for these two com-
pounds obtained from eq 3 is 7.29 and 7.58, respectively.

Inhibition of DNA topo | by 7-X-9-Y-10,11-methylene-
dioxycamptothecins (XV)%

Y X (o]
< ~ N | (0]
0 N N0
Hsc—" “OH
XV

log /C=—0.71(+0.20)7r, —
0.88(£0.39)I;+ 0.73(+£0.44)1, + 7.19(£0.22)  (4)

where n = 16, r2 = 0.873, s = 0.215, ¢ = 0.788, Q =
4.349, and F31, = 27.496.

In this equation, C is the molar concentration of CPT
analogues (X V) that inhibited the cleavable complex by 50%.
7ty is the calculated hydrophobic parameter for X-substitu-
ents, which is the most important parameter for this series
of compounds. The negative coefficient with yx suggests
that molecules (XV) with highly hydrophilic X-substituents
would present better inhibitory activity. I3 and I, are indicator
variables, which pinpoint the unusua activities of X =
aminomethyl groups and X = cyclic groups, respectively.
The negative coefficient of |3 suggests that the presence of
X = aminomethyl groups will be detrimental to the activity.
On the other hand, the presence of X = cyclic groups will
promote the inhibitory activity as shown by the positive
coefficient of 4.

On the basis of the QSAR model 4, three compounds [X
= CHj(-NCH,CH,NHCH,CH,-), Y = H; X = CH,NHCH3,
Y = H; and X = cyclo-C;H;, Y = H] are suggested as
potential synthetic targets that also fulfill the conditions of
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Lipinski’s “rule of five” for oral bioavailability. The predicted
log 1/C for these three compounds obtained from eq 4 is
6.50, 6.75, and 7.01, respectively.

Three-dimensional quantitative structure—activity relation-
ship (3D QSAR) with acomparative molecular field analysis
(CoMFA) was conducted by Carrigan et a.> on a series of
32 CPT analogues to correlate topo | inhibition with their
steric and electrostatic properties. COMFA model with the
greatest predictive validity was obtained when both the R-
and Sisomers were included in the data set, and semiem-
pirica charges were calculated for MM3 minimized low-
energy lactone structures. A cross-validated R? (r?,) of 0.758
and anoncross-validated R? of 0.916 were obtained for MM3
minimized structures with PM 3 ESP charges for the 32 CPT
analogues.

A training set of 43 structurally diverse CPT anaogues
for their topo I inhibition activities was used by Lu et a.*
to construct a 3D QSAR with a comparative molecular field
analysis. The COMFA model gave a good cross-validated
correlation in which g? was 0.495. Then, the analysis of the
noncross-validated PLS model in which r? was 0.935 was
built and permitted demonstrations of high predictability for
the activities of the 10 CPT analogues in the test set. The
CoMFA contour maps illustrated that a more negatively
charged group at positions 9, 10, and 11 of CPT would
increase activity, but excessively increasing the bulky group
at position 10 would be adverse to the activity; substituents
that occupy position 7 with the bulky positively charged
group will enhance the inhibition activity.

A tuned 3D QSAR model was also developed by Amat et
al.% using molecular quantum similarity measures (MQSM)
to predict the topo | inhibition for 12 CPT analogues. The
best regression model was obtained with r2 = 0.928 and ¢
= 0.866. TQSAR analysis of CPT analogues using the topo
| inhibition activity demonstrates that MQSM can be a useful
tool to predict the activities of therapeutic agents.

3.1.2. QSAR for the Inhibition of Various Cancer Cells

Three series of CPT derivatives (XVI—XVIII) were used
by Li and co-workers® to develop three QSAR models 5—7,
which represent the correl ations between biological activities
of these compounds and their topological molecular descrip-
tors. They used the following topological descriptors: Ax =
topological molecular descriptors Ax;%” ™y, = Kier and Hall
vaence connectivity indices® 1% "k = Kier shape indices® 1%
m, = Randic indices of different orders;'®> *ACIC = average
complementary information content index;'% “CIC = comple-
mentary information content index;'® kSIC = structure
information content index;'®® RPCG = relative positive
charge;’™ and P = polarity.1®

Cytotoxic activities (plCsp) of 7-X-camptothecins (XVI)
on H460 human NSCLS cell line*

X O

7

NN o

N N0
HC—" YOH
XVI

plCs, = 3.045'ACIC — 8.347RPCG — 0.286%K + 7.514
S

where n = 23, r> = 0.841, s = 0.313, Q = 2.930, and F3 19
= 33.597.
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Based on this QSAR model, it had been predicted that
the lower value of RPCG and the larger value of *ACIC of
the X-substituents are preferred to lead to higher cytotoxic
activity. Thisisto say that more lipophilicity leads to more
potent anticancer activity.

Inhibition of HL-60 (human promyelocytic leukemic) cells
by 7-X-10-Y-CPTs (XVI11)%

X 0
10 7
¥ SN o
NS
Hyc—" “OH
XVII

pICs, = —0.756X, — 1.493X, + 0.669X, —
1.981x 102X, +8.452 (6)

where n = 15, r2 = 0.907, s = 0.381, Q = 2.500, and F4 1o
= 24.352.

plCs is the biological activities (inhibition effects on the
growth of HL-60) of CPTs (XVI1); X; is?ACIC of X; X, is
3k, of X; Xzis? of X; and X, is Ax3 of Y.

According to the above QSAR model, authors® have
predicted that the lipophilicity of the substituents at C-7
position of the ring-B play an important role to increase
biological activity of CPT derivatives (XVI1). Because X;
represents a comparative study of lipophilicity versus
topological molecular descriptors for the substituents at
position 7. It's negative coefficient (—0.756) suggests that
less lipophilic (hydrophobic) substituents will be needed at
position 7 to increase the biological activities of the CPT
derivatives (XVI11). The steric factor of the substitutions at
C-10 position of the ring-A also affects the activity. In most
cases, more steric substituents at position C-10 lead to less
biological activity (plCsp).

Cytotoxic activities (ICsp) of 20-S-camptothecin akanoic
esters (XVI11) on BRE-MCF-7 cells (abreast cancer cell ling)®

[e]
= N ‘ (@]
NSNS0
Hsc—" YO
o7 >x
XVIIT

ICy, = 0.215'CIC + 36.658P " —1.564°SIC —

8.354x10° (7)

where n = 10, r? = 0.907, s = 0.542, Q = 1.757, and F3g
= 19.544.

On the basis of the above QSAR equation, it has been
suggested that the polarity plays an important role in
increasing the biological activities of CPT esters (XVIII).

A QSAR study was performed by Dallavalle et a.'% to
predict cytotoxic activities (1Csg) of CPT derivatives (XIX)
against H460 human NSCLC cell line, employing descriptors
related to the lipophilicity. A multiple linear regression
analysis afforded the following QSAR model 8.

Y=—0.039(X1) — 0.020(X2) + 0.332(X3) + 6939  (8)

where n = 21, r? = 0.820, s = 0.441, Q = 2.053, and F37
= 26.48.

In the above equation, Y represents plCsy, where ICx is
the cytotoxic activities of CPT derivatives (X1X) in molar

Chemical Reviews, 2009, Vol. 109, No. 1 219

concentration. X1 is the molecular volume (A3) of Ry, X2is
the molecular volume (A3) of R, and X3 is Clog P or log
D (in case of ionizable groups). According to the above
equation, it has been suggested that the most important
determinant for the in vitro cytotoxicity of the CPT deriva
tives (X1X) is the lipophilicity.

From the cytotoxic data of CPT derivatives (XX) against
SKOV-3 human ovarian cancer cells,'” QSAR eq 9 was
developed.1®

By
N o
o
SNy o
NS N0
7 Hsc—" “OH
XX

log 1/C=6.90CMR — 0.33CMR?>— 28.31  (9)

where n = 10, r? = 0.921, s= 0.278, ¢ = 0.723, Q = 3.452,
and F,; = 40.804 and optimum CMR = 10.50(9.65—10.90).
In this equation, C is the molar concentration of the CPT
derivatives (XX) that causes 50% cell death (1Csp). QSAR
9 is a parabolic correlation in terms of CMR (calculated
molar refractivity of the whole molecule), which suggests
that the cytotoxic activities of CPT derivatives (XX) against
SKOV-3 cells first increases with an increase in molar
refractivity up to an optimum CMR value of 10.50 and then
decreases. Clog P cannot replace CMR. Substituting log P
for CMR in eg 9 gave avery poor fit (Clog P vs CMR; r =
0.036), indicating interaction in nonhydrophobic space.

A hierarchical clustering analysis was conducted by Fan
et al.® to define antitumor activity patterns in a data set of
167 tested CPTs obtained from the NCI drug database.
QSAR studies for 58 CPTs were carried out using the mean
50% growth inhibitory concentrations (Glsg) for 60 cell lines
as the dependent variables. Different statistical methods,
including stepwise linear regression, principal component
regression (PCR), partial least-squares regression (PLS), and
fully cross-validated genetic function approximation (GFA)
were applied to construct quantitative structure—activity
relationship models. The best model was obtained from the
GFA method in terms of correlation coefficients and cross-
validation analysis. The cross-validated r? for the final GFA
model was 0.783, indicating a predictive QSAR model. The
most important descriptors for the QSAR models were partia
atomic charges at the 11- and 12-positions of the A-ring and
three interatomic distances that define the relative spatia
dispositions of three significant atoms (the hydroxy! hydrogen
of the E-ring, the lactone carbonyl oxygen of the E-ring,
and the carbonyl oxygen of the D-ring).

Comparative molecular field analysis (CoOMFA), compara
tive molecular similarity index analysis (CoMSIA), and
docking studies were used by Yoon et al.'*° to predict the
biological activity of a 4-benzylpiperazine derivative of CPT-
11 [7-ethyl-10-[4-(1-benzyl)-1-pi perazino] carbonyl oxycamp-
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tothecin (BP-CPT)] in U373MG gliomacell lines transfected
with plasmids encoding rabbit liver carboxylesterases (rCE)
or human intestinal carboxylesterases (hiCE). BP-CPT has
been reported to be activated more efficiently than CPT-11
by arat serum esterase activity; however, 3D QSAR studies
(CoMFA and CoMSIA) predicted that rCE would activate
BP-CPT less efficiently than CPT-11. The models of CoMFA
and CoMSIA were based on the relative activity values of
10 compounds (CPT-11 plus nine analogues) for the training
set and 4 compounds (CPT-11 derivatives including BP-CPT)
for the test set. The SN-38 portions of all the 14 molecules
were superimposed. COMFA analysis was based on steric
plus electrostatic properties, PLS analysis gave a cross-
validated o? correlation coefficient of 0.528 and conventional
noncross-validated correlation coefficient of r> = 1. The steric
parameter alone as the primary descriptor gave a higher
cross-validated ¢ (0.583) than that observed when both steric
and electrostatic properties were combined. This observation
suggests that the steric descriptor predominates in this
structure—activity relationship model. Assimilar to COMFA
analysis, a primary descriptor of steric plus electrostatic
parameters gave a lower g? value in COMSIA analysis than
that with steric properties done. PLS analysis of the COMSIA
values for compoundsin the training set resulted in ? value
of 0.440 and r? value of 0.999 for both parameters and a ¢?
value of 0.656 and r? value of 0.997 for the steric descriptor
alone. The hydrophobic descriptor also produced an excellent
g? value of 0.678 and r? value of 0.998. Thus, COMFA and
CoMSIA results suggest together that steric properties may
most accurately predict the biological activity of this class
of prodrugs, with the hydrophobicity of the compound also
a possible contributing factor. Molecular docking studies
were performed to identify potential three-dimensional
intermolecular interactions that determine or contribute to
prodrug binding by the target enzyme rCE. Interestingly, the
SN-38 moiety common to both CPT-11 and BP-CPT docked
into the active site in a similar orientation. However, the
carbony! carbon of BP-CPT was closer by 2.1 A to the Ser-
221 hydroxyl group than was the carbonyl carbon of CPT-
11. It was unknown whether this closer proximity of the BP-
CPT to Ser-221 would be more likely to facilitate hydrolysis
of the prodrug or to stabilize the enzyme/prodrug complex,
thereby decreasing the efficiency of hydrolysis of the
prodrug.

Irinotecan (CPT-11) is a widely used potent antitumor
drug. However, overexpression of ABCG2 (BCRP/IMXR/
ABCP) confers cancer cells resistance to SN-38 (the active
metabolite of CPT-11). A molecular modeling to circumvent
cancer drug resistance associated with ABCG2 was con-
ducted by Aida-Hyugaji et a.** using fourteen new SN-38
analogues, which were evaluated by molecular orbital (MO)
calculations and neural network (NN) QSAR technique.
Finally, it was suggested that the solvation energy (AG) and
log P (hydrophobicity and hydrophilicity) values of com-
pounds are criticaly related to determine substrates of
ABCG2 and may be good indices for drug resistance.

3.2. Evaluation of New QSAR Models

3.2.1. Materials and Methods

All of the data has been collected from the literature (see
individual QSAR for respective references). ECsg or ICx iS
the concentration of CPT derivatives that cause 50% inhibi-
tion of topo | cleavable complex formation. Similarly, Glsg
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or 1Cs is the concentration of CPT analogues required to
produce 50% growth inhibition or 50% death of cancer cells.
ECs, aso represents the concentration of CPTs that caused
50% cytotoxicity to protozoa. In the literature, the values of
ECso, 1Cso, and Glgy are given either in uM or nM
concentration. For the comparison point of view, al the
values of ECsg, |Csg, and Glsg have been converted into molar
concentrations and explained after each equation. In QSAR
studies, we often like the more effective compounds to have
ahigher “activity” and not alower. Thisisthe main reason;
it is very common in QSAR development to transform the
concentration of adesired effect “C” to an activity (negative
logarithm of the concentration) by the following equation:
A= —log C = log 1/C.

Thus, the above equation was used to transform ECsy, |Csy,
and Glsg into their negative logarithm; that is, log 1/ECs,
log UICsy, and log 1/Glsg, respectively. log 1/ECs, log
1/1Cs, and log 1/Gl 5, are the subsequent dependent variables,
which define the biological parameter for QSAR develop-
ment. Physicochemical descriptors are autoloaded, and
multiregression analyses (MRA) are used to derive the QSAR
by utilizing the C-QSAR program.**? Selection of descriptors
is made on the basis of permutation and correlation matrices
among the descriptorsin order to avoid collinearity problems.
Details about the C-QSAR program, the search engine, the
choice of parameters, and their use in the development of
QSAR models have been discussed previously.!t3114

The parameters used in this review have been discussed
previoudly in detail along with their application.®* Briefly,
Clog P isthe calculated partition coefficient of a compound
in n-octanol/water and is a measure of its hydrophobicity,
while 7 is the hydrophobic parameter for substituents only.
o,0",and o~ are Hammett electronic parameters that apply
to substituent effects on aromatic systems. B1, B5, and L
are Verloop's sterimol parameters for substituents.*> Bl is
ameasure of the minimum width of a substituent, B5 defines
the maximum width of the substituents, and L is the
substituent length. CMR is the calculated molar refractivity
for the whole molecule. Molar refractivity (MR) is calculated
from the Lorentz—Lorenz equation and is described as
follows: [(n? — 1)/(n? + 2)](MW/6), where nisthe refractive
index, MW is the molecular weight, and ¢ is the density of
the substance. MR is dependent on volume and polarizahility.
It can be used for a substituent or for the whole molecule.

A new polarizability parameter, NVE, was developed,
which is shown to be effective at delineating various
chemico—biological interactions.*'¢~1° NVE represents the
total number of valence electrons and is calculated by simply
summing up the valence electrons in a molecule, that is, H
=1,C=4S=4N=5P=50=6,S=6, and
halogens = 7. It may also be represented as: NVE = n, +
n, -+ n,, where n, is the number of e ectronsin o-orbital, n,
isthe number of electronsin s-orbitals, and n, is the number
of lone pair electrons. MgVl is the molar volume for the
whole molecule.*® The indicator variable | is assigned the
value of 1 or O for special features with special effects that
cannot be parametrized and has been explained wherever
used.

In QSAR equations, n is the number of data points, r is
the correlation coefficient between observed values of the
dependent and the values calculated from the equation, r? is
the square of the correlation coefficient and represents the
goodness of fit, ¢? is the cross-validated r? (a measure of
the quality of the QSAR model), and s is the standard
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Table 1. Biological (ECsp or 1Csp; mol L1127 and Physicochemical Parameters Used To Derive QSAR Egs 10 and 22

log VECs, (eq 10)

log VICs (eq 22)

No. X Y obsd. Pred. Obsd. Pred. A TTx Ty

1 CHs H 5.97 5.70 0.27 6.93 7.03 —0.10 0.56 0.00
2 CH,CHs H 535 5.56 —0.21 7.11 7.36 —-0.25 1.02 0.00
3 (CH,).CH3 H 514 5.40 —0.26 6.73 7.73 —1.00 155 0.00
42 (CH2)3CH3 H 514 523 —0.09 6.41 8.14 —-1.73 2.13 0.00
5 H OH 6.46 6.78 —0.32 NDP 7.60 ND 0.00 —0.67
6 CHs OH 6.89 6.62 0.27 8.28 8.00 0.28 0.56 —0.67
7 CH,CHjs OH 6.49 6.48 0.01 8.43 8.32 0.11 1.02 —0.67
8 (CH,).CHs OH 6.22 6.32 —0.10 8.45 8.70 —0.25 155 —0.67
9 (CH,)sCH3 OH 6.28 6.15 0.13 8.96 9.11 —0.15 2.13 —0.67
10 H OCHjs 6.14 5.89 0.25 6.51 6.66 —0.15 0.00 —0.02
11 CHs OCHjs 5.62 573 —0.11 7.18 7.06 0.12 0.56 —0.02
12 CH,CHs OCHs 555 5.59 —0.04 7.59 7.39 0.20 1.02 —0.02
13 (CH,).CHs OCHjs 535 5.43 —0.08 7.66 7.76 —0.10 155 —0.02
14 (CH,)sCH3 OCHjs 555 5.26 0.29 8.47 8.17 0.30 2.13 —0.02

aNot included in the derivation of QSAR 22 ®ND = not determined.

deviation. The cross-validated r? (¢?) is obtained by using a
leave-one-out (LOO) procedure as described by Cramer et
al.?* Q is the quality factor (quality ratio), where Q = r/s.
Chance correlation due to the excessive number of param-
eters (which also increases the r and s values) can, therefore,
be detected by the examination of the Q value. High values
of Q indicate the high predictive power of the QSAR models
and the lack of “over-fitting”. F represents the Fischer
statistics (Fischer ratio), F = fr?/[(1 — r?)m], where f is the
number of degrees of freedom [f = n — (m + 1)], nisthe
number of data points, and m is the number of variables.
The F value is actualy the ratio between explained and
unexplained variance for a given number of degrees of
freedom. Thus, it indicates a true relationship or the
significance level for MLR models. The modeling was taken
to be optimal when Q reached a maximum together with F,
even if dightly nonoptimal F values have normally been
accepted. A significant decrease in F with the introduction
of one additional variable (with increasing Q and decreasing
s) could mean that the new descriptor is not as significant
as expected; that is, its introduction has endangered the
statistical quality of the combination. However, the statistical
quality could be improved by the introduction of a more
convincing descriptor.122-124

Compounds were deemed to be outliers on the basis of
their deviation between observed and calculated activities
from the equation (obsd. — pred. > 2s).1251% Each regression
equation includes 95% confidence limits for each term in
parentheses. All new QSAR models reported here are derived
by us and were not formulated by the original authors.

3.2.2. Results and Discussion

3.2.2.1. QSAR for the Inhibition of DNA Topoi-
somerase |. Vladu et a.*” synthesized a series of 7-X-10-
Y-CPTs (XVII) and evaluated their ability to trap human
DNA topoisomerase | in cleavable complexes. The activity
data of CPTs (XVII) was givenin ECs, (M), which required
producing cleavable complexes with purified topo | in 50%
of the plasmid DNA. These values were converted into log
1/ECs of the analogues (XVI1) in molar concentration and
are given in Table 1. We used these data to develop eq 10
(Table 1).

log 1/ECy, = —0.30(£0.19)7, — 1.37(+0.42)7, +
5.87(+0.28) (10)

where n = 14, r2 = 0.859, s = 0.227, ¢ = 0.750, Q =
4.084, and F,1; = 33.507.

The hydrophobic parameters wx and 7y are for the
substituents at positions 7 and 10, respectively. Its negative
coefficients suggest that there is a need for less hydrophobic
substituents at both positions.

A series of 7-X-10-Y-11-aza-CPTs (XXI) were synthe-
sized and evaluated for topoisomerase |-targeting activity as
well as for cytotoxicities against different cell lines by
Uehling et al.*?® The topo I-mediated DNA cleavage data of
these compounds (XXI) was given in ICs (NM), where 1 Csg
is the minimum drug concentration that produced 50%
fragmentation of DNA in the presence of excess calf thymus
topoisomerases. These data of 1Csy were converted into log
1/1Cso in molar concentration and used in the devel opment
of QSAR eg 11 (Table 2).

O
Y = | AN N | (o)
NS\ SN0
H,Cc—" “OH

XXI

log 1/1Cg, = —0.40(:0.17)MR,, + 1.08(:0.56)| +
0.50(:0.39)1, + 6.74(+£0.33) (11)

where n = 17, 1> = 0.784, s = 0.334, ¢ = 0.652, Q =
2.653, and F313 = 15.728; my versus MRy; r = 0.010.

MRy isthe calculated molar refractivity of Y -substituents,
whereas | is an indicator variable taking the value of 1 and
0 for the presence and absence of an amidine group in the
Y -substituents, respectively. Similarly, I, is an indicator
variable taking the value of 1 for X = CHz and O for X =
H or C,Hs, respectively. The negative sign of MRy brings
out a steric effect for the Y-substituents. sy (calculated
hydrophobicity of Y-substituents) cannot replace MRy.
Substituting v for MRy in eq 11 gave a very poor fit (r2 =
0.388, ¢> = —0.046), indicating interaction in nonhydro-
phobic space. The indicator variables (I and I;) with positive
coefficients suggest that the presence of an amidine group
in the Y -substituents and a methyl group in the X-substituents
will enhance the activity.

In an effort to improve the water solubility of CPT, Rahier
et al.*® synthesized four 20-O-phosphate derivatives (XXI1).
These compounds are found freely water soluble, stable at
physiological pH, and stabilize the human topo I-DNA
covalent binary complex with the same sequence selectivity
as CPT itself. This may be possible due to either elimination
of intramolecular hydrogen bonding or increasing steric
hindrance of the carbonyl group of E-ring, results in the
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Table 2. Biological (ICsp; mol L%, Physicochemical, and Structural Parameters Used To Derive QSAR Eq 11

Verma and Hansch

log VI1Cs (eq 11)

No. X Y obsd. pred. A MRy | I
1 H H 6.42 6.74 —-0.32 0.00 0 0
2 CoHs H 6.47 6.74 -0.27 0.00 0 0
3 CHs Br 7.55 6.93 0.62 0.78 0 1
4 C,Hs Br 6.91 6.43 0.49 0.78 0 0
5 CHs CN 6.84 7.05 -0.21 0.48 0 1
6 C;Hs CN 6.57 6.55 0.02 0.48 0 0
7 CH3 CH,NH, 6.63 6.91 -0.28 0.83 0 1
8 CoHs CH,NH, 6.78 6.41 0.37 0.83 0 0
9 CoHs C(NH2)NOH 7.15 7.22 —0.08 1.48 1 0
10 oHs C(NH2)NH 7.48 7.41 0.08 1.02 1 0
11 CHs C=CCH,NH, 6.30 6.56 —0.26 1.71 0 1
12 CoHs C=CCH,NH, 5.97 6.06 —0.09 1.71 0 0
13 CoHs C=CCH,N(CHj3), 5.88 5.69 0.19 2.64 0 0
14 CHs C=CCH,(-NCH,CH,0OCH,CH,-) 5.95 5.83 0.13 3.54 0 1
15 C:Hs (CH,)3N(CH3), 5.83 5.66 0.16 2.69 0 0
16 C:Hs COOC;Hs 6.02 6.11 —0.08 158 0 0
17 C,Hs CONH(CHy),N(CHa), 5.03 5.50 -0.47 3.09 0 0

Table 3. Biological (ICsp; mol L% and Physicochemical
Parameters Used To Derive QSAR Eq 12

log VICx (eq 12)

No. X obsd. pred. A TTx
1 H (CPT) 6.05 5.97 0.08 0.00
2 P(=0)(OH), 4,70 488 -018 —0.62

3 P(=O)(OH)(OCHs) 448 447 001 —085
4 P(=0)(OH)(CH,) 424 414 010 —1.04
52 P(=0)(OH)(Ph) 443 551 —108 —0.26

aNot included in the derivation of QSAR 12.

stabilization of the lactone ring.”">7? Thus, it is a very good
example for the comparison between o-OH (20-9) and a-OX
(20-9 of CPTs in improving their water solubility and
stabilizing topo [-DNA covalent binary complex. The topo
[-dependent cytotoxicity data of these four compounds along
with CPT (1) in S cerevisiae was givenin |Csy (uM), where
|Csp isthe inhibition of RS321Nph-topo | grown in minimal
medium containing 3% raffinose or galactose for 2 days at
30 °C. These data of 1Csy were converted into log 1/1Cs
(molar concentration) and are given in Table 3. Eq 12 was
derived from the data in Table 3.

0

SN o

P

N NN No
HyC— YOX
XXII

log 1/1Cy, = 1.77(40.86)rmy + 5.97(-0.64)
(12)

wheren = 4, r> = 0.975, s= 0.156, ¢ = 0.718, Q = 6.327,
and F1, = 78.000; outlier: X = P(=0)(OH)Ph.

7y is the calculated hydrophobicity of X-substituents,
which is found to be the single most important parameter
for this data set. This suggests that at all the parts where
X-substituents have been entered, hydrophobic contacts have
been made. The linear rx model suggests that the molecules
with highly hydrophobic X-substituents will be more active.
Although this is a very small data set, it is the best model
and explains 97.5% of the varience in log 1/ICs,. The outlier
[X = P(=0)(OH)Ph] is much less active than expected by
seven times the standard deviation. Possible reasons for its
unusually low activity are not obvious athough its bulk and/

or geometry due to the presence of phenyl group (in place
of OH group) may reduce the coplanarity with 20-O-
phosphate group and minimize the topo I-dependent
cytotoxicity.

Lu et a.* collected the inhibitory data of topo | from the
literature for some series of CPT derivatives, which was
determined using the cleavable complex assay. We used their
data [plCsy or log U/ICsy, Where 1Csy was assessed by
minimum concentration (mol/L) of the drug that inhibited
the cleavable complex formation by 50%] for 7-X-9-Y-10,11-
(methylenedioxy)camptothecins (X X111) and developed eq
13 (Table 4).

Y X 0
<O XN ;o
0 N" = X 0
Ho,c—" YOH
XXIII

log 1/1Cg, = —0.59(+0.15)MR, —
1.31(+0.61)MR, — 0.71(+0.47)| + 8.30(:0.39) (13)

where n = 11, r2 = 0.947, s = 0.117, ¢ = 0.788, Q =
8.316, and F37 = 41.692; outlier: X = CHy(—N[+]=CHCH=
CHC(CH,OH)=CH-), Y = H; zx versus MRy; r = 0.627;
sy versus MRy; r = 0.091.

MRy and MRy are the calculated molar refractivity of X-
and Y -substituents, respectively. The indicator variable (1)
takes the value of 1 for X = H (unsubstituted) and O for X
= different groups (substituted), respectively. One compound
in Table 4 was deemed to be an outlier on the basis of their
deviation (>2s).

When the inhibition data of 7-X-10,11-(ethylenedioxy)-
camptothecins (XX1V) against DNA topo | from the same
collection of Lu et al. was used,* eq 14 was derived (Table

5).
X (@]
[O NN 0
0 N N0
OH

HaC—
XXIV

logL/1Cy, = —0.62(+0.16)MR, —
0.44(£0.28)l 4 8.48(£0.46)  (14)
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Table 4. Biological (ICsp; mol L™%),% Physicochemical, and Structural Parameters Used To Derive QSAR Eq 13

log VI1Cs (eq 13)

No. X Y obsd. pred. A MRy MRy |
1 CH2(-NCH,CH,N(CH3)CH,CH»-) H 6.38 6.34 0.04 3.34 0.00 0
2 CH,CI H 7.82 7.74 0.08 0.96 0.00 0
3 H H 7.57 7.59 -0.02 0.00 0.00 1
4 H Cl 6.82 6.94 -0.12 0.00 0.49 1
5 H NH, 7.21 7.10 0.11 0.00 0.37 1
6 H NO, 6.82 6.79 0.03 0.00 0.61 1
7 CHy(-N[+]=CHCH=CHCH=CH-) H 6.68 6.63 0.05 2.85 0.00 0
8 CH2(-NCH=CHN=CH-) H 6.80 7.01 -0.21 2.19 0.00 0
9 CH2(-NCH=CHN[+](CH3)=CH-) H 6.66 6.69 —0.03 2.75 0.00 0
10 CHa(-N[+]=CHCH=NCH=CH-) H 6.85 6.75 0.10 2.64 0.00 0
112 CHy(-N[+]=CHCH=CHC(CH,OH)=CH-) H 7.00 6.26 0.74 347 0.00 0
12 CHa(-N[+]=CHCH=CHCH=N-) H 6.72 6.75 —0.03 2.64 0.00 0

aNot included in the derivation of QSAR 13.

Table 5. Biological (ICsp; mol L%),% Physicochemical, and Structural Parameters Used To Derive QSAR Eq 14

log 1/ ICsp (eq 14)

No. X obsd. pred. A MRy |
1 CHy(—NCH,CH,N(CH3)CH,CH,—) 6.52 6.39 0.13 3.34 0
2 CH,CI 7.96 7.88 0.08 0.96 0
3 CHy(—N[+]=CHCH=CHCH=CH-) 6.72 6.69 0.03 2.85 0
4 CHy(—NCH=CHN=CH-) 6.70 6.66 0.04 2.19 1
5 CHy(—N[+]=CHCH=NCH=CH-) 6.74 6.83 —0.09 2.64 0
6 CHy(—N[+]=CHCH=CHCH=N-) 6.60 6.83 -0.23 2.64 0
7 CHy(—N[+]=CHCH=CHC(CH,0H)=CH-) 6.22 6.31 —0.09 3.47 0
8 CHy(—NCH=CHN[+](CH3)=CH-) 6.28 6.32 —0.04 2.75 1
9 CHy(—N[+]=CHCH=C(CH,0OH)CH=CH-) 6.47 6.31 0.16 3.47 0

wheren =9, r2 = 0.943, s= 0.141, ¢ = 0.806, Q = 6.887, log 1/1Cy, = —1.48(£0.47)MR, + 0.75(+0.33)! +

and F,e = 49.632; mrx versus MRy; r = 0.536.

ICsp is the minimum concentration (mol/L) of the drug
that inhibited the cleavable complex formation by 50%, MRy
isthe calculated molar refractivity of X-substituents, whereas
| isan indicator variable taking the value of 1 and O for the
presence and absence of an imidazole moiety in the X-
substituents. The negative sign of MRy brings out a steric
effect for the X-substituents. sty (calculated hydrophaobicity
of X-substituents) cannot replace MRy. Substituting sy for
MRy in eq 14 gave avery poor fit (r?2 = 0.421, o = —0.479),
suggesting interaction in nonhydrophobic space. The negetive
coefficient of the indicator variable indicates that the absence
of imidazole moiety in the X-substituents would be favorable
for higher activity.

3.2.2.2. QSAR for the Inhibition of Various Cancer
Cells. 3.2.2.2.1. Madification of Ring A. In an effort to
improve the water solubility of CPT, 16 water soluble 10-
substituted quaternary ammonium salts of CPT (XXV) were
synthesized by Zu et a.** and also evaluated for their
antitumor activities on different three cancer cells in vitro.
All of these salts possess lower cytotoxicities than CPT in
comparison. The cytotoxic data was given in 1Csy (ug/mL),
which was converted into 1Cs, (mol/L). From the cytotoxicity
data of these compounds against two human cancer cell lines
(KB and HCT-8), we derived egs 15 and 16.

Cytotoxic activities (ICs; mol/L) of CPTs (XXV) to KB
(human epidermoid carcinoma of the nasopharynx) cells.
Data obtained from Zu et al.** are shown in Table 6.

“**"@@Q@

HyC—

9.50(+£0.32) (15)

where n = 12, 12 = 0.882, s = 0.247, ¢ = 0.739, Q =
3.802, and F,9 = 33.636; outliers: X = CHO,n=2; X =
COOH, n=2; X = F, n = 3; x versus MRx; r = 0.435

A negative coefficient of MRy (calculated molar refractiv-
ity of X-substituents) brings out a steric effect for the
X-substituents. It has been observed that sk (calculated
hydrophobicity of X-substituents) cannot replace MR.
Substituting sz for MRy in eq 15 gave a very poor fit (r> =
0.342, ¢ = —0.075), suggesting interaction in nonhydro-
phobic space. Indicator variable | = 1 and O for n = 3 and
2, respectively. The presence of n = 3 increases the activity
as evidenced by the positive coefficient of the indicator
variable (1). Three compounds were deemed to be outliers
on the basis of their deviation (>2s).

Cytotoxic activities (ICsp; mol/L) of CPTs (XXV) to
HCT-8 (human colon cancer) cells. Data obtained from Zu
et al.* are shown in Table 6.

log 1/1Cg, = —1.41(:0.50)MR, + 0.88(-0.35)| +

9.35(+0.34) (16)

where n = 12, r2 = 0.874, s = 0.265, ¢ = 0.697, Q =
3.528, and F,o = 31.214; outliers: X = CHO, n=2; X =
COOH, n=2; X = F, n= 3; x versus MRx; r = 0.435.

QSAR egs 15 and 16 are very similar to each other, which
suggest that CPTs (XXV) may target an enzyme of similar
kind in human KB and HCT-8 cancer cells.

3.2.2.2.2. Modification of Ring B. Cytotoxic activities (1 Cso;
mol/L) of 7-CH=NO-X-CPTs (XXVI) to H460 human
NSCLC cells. Data obtained from Dallavalle et a.'% are
shown in Table 7.
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Table 6. Biological (ICsp; mol L™%),** Physicochemical, and
Structural Parameters Used To Derive QSAR Egs 15 and 16

log 1/ ICs0 (eq 15) log 1/ ICs (eg 16)

No. X n obsd. pred A obsd. pred A MRy |
1 H 2 614 635 -021 601 621 -020 010 O
2 COCHz 2 520 485 035 523 478 045 112 0
3? CHO 2 616 549 067 615 539 076 069 O
4 CHOH 2 518 544 -026 513 534 -021 072 O
5 OH 2 618 6.08 010 6.06 595 010 029 0
6 CH3 2 589 567 022 553 556 -003 056 O
7 F 2 617 637 -020 611 622 -012 009 O
8 COOH 2 621 548 073 6.27 538 089 069 0
9 H 3 718 7.10 008 714 7.09 005 010 1
10 COCHz; 3 522 560 -038 522 566 -044 112 1
11 CHO 3 627 624 003 648 6.27 021 069 1
12 CHOH 3 621 6.19 002 618 622 -005 072 1
13 OH 3 710 6.83 027 711 6.83 028 029 1
142 CHs 3 ND° 642 ND ND 644 ND 056 1
15* F 3 517 712 -195 540 710 -171 0.09 1
16 COOH 3 621 623 -002 620 626 -006 069 1

@Not included in the derivation of QSAR egs 15 and 16. °ND =
not determined.

Hyc—" OH
XXVI

log 1/1Cg, = 0.46(+0.16)7, — 0.39(+0.11)MR, +
0.86(--0.38)| + 1.04(+0.35)I, + 7.51(£0.32) (17)
where n = 24, 12 = 0.829, s = 0.321, ¢ = 0.711, Q =

2.835, and F4,19 =

23.028; outliers: X

= COC5H5,

CH,COOH; C(CH3)2COOH, CH206H4(4-C6H3)
In this equation, mx and MRy are the calculated hydro-
phobic and molar refractivity descriptors of the X-substitu-
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ents, respectively. Positive sy suggests that cytotoxic
activities of these molecules will increase with the increase
of hydrophobicity of X-substituents. On the contrary, the
increase in the molar refractivity of the X-substituents (MRy)
decreases the cytotoxic activities of these compounds (nega-
tive coefficient). The indicator variable (1) takes the value
of 1 and O for the presence and absence of the heterocycle
in the X-substituents, respectively. Similarly, the indicator
variable (I,) takes the value of 1 for X = (un)substituted
benzyl group and O for X = other than (un)substituted benzyl
group, respectively. The positive coefficient of the indicator
variables (I and I;) suggests that the presence of either a
heterocyclic or (un)substituted benzyl group in the X-
substituents would increase the activity. Compounds 2, 11,
12, and 24 (Table 7) were omitted on the basis of their
deviation (>2s).

The outlier (X = COCgHs) is much less active than
expected by three times the standard deviation. Possible
reasons for its unusually low activity are not obvious
although its bulk and/or geometry due to the presence of
phenyl group may reduce the coplanarity with X-group and
minimize the cytotoxicity. Two other outliers [X =
CH,COOH and C(CH3),COOH] might be due to the pres-
ence of ionizable carboxylic group, because it represents the
calculated hydrophobicity of neutral X-substituents. The
derivative [X = CH,CgH4(4-C¢Hs)] was also considered to
be an outlier due to being much less active than expected
by 3.5 times the standard deviation. Possible reasons for its
unusually low activity are also not obvious although its bulk
and/or geometry due to the presence of biphenyl group may
reduce the coplanarity with X- group and minimize the
cytotoxicity.

Table 7. Biological (ICsp; mol L™1%),% Physicochemical, and Structural Parameters Used To Derive QSAR Eq 17

log 1/ ICs (eq 17)

No. X obsd. pred. A TTX MR | I,
1 H 7.49 7.51 —0.02 0.00 0.00 0 0
28 COCgHs 5.75 6.71 —0.96 0.79 3.01 0 0
3 CHjs 7.40 7.26 0.14 -0.16 0.46 0 0
4 CH,CH=CH, 7.22 7.27 —0.05 0.62 1.37 0 0
5 CH,CH(CH,)O 7.70 7.55 0.15 —0.63 1.37 1 0
6 CMe; 7.82 7.29 0.53 1.08 1.86 0 0
7 C(CH3),CH,OH 6.47 6.57 —0.10 -0.37 201 0 0
8 C(CH3),COOCMe3 6.85 6.58 0.27 1.26 3.90 0 0
9 CH,CH,NH, 6.31 6.55 —0.24 —1.00 1.30 0 0
10 CH,CH,NMe, 6.52 6.60 —0.08 -0.11 2.22 0 0
112 CH,COOH 5.63 6.65 —-1.02 —-0.94 112 0 0
122 C(CH3),COOH 432 6.57 —-2.25 -0.33 2.04 0 0
13 CH,CONH(CH>)3NH, 5.28 5.66 —-0.38 -1.43 3.09 0 0
14 CH,CONH(CH,)sNHCOOCMe; 5.77 5.52 0.25 0.36 5.60 0 0
15 CH,CH,—Morpholinyl 7.10 7.13 —-0.03 -0.08 3.13 1 0
16 CH,CH,-3-(N-Me)Piperidinyl 7.00 7.27 -0.27 0.88 3.90 1 0
17 CH,CH2-1-Uracylyl 6.30 6.44 —-0.14 —-1.31 3.44 1 0
18 CeHs 6.80 7.10 -0.30 121 251 0 0
19 CH,CgHs 7.52 7.79 —-0.27 0.84 2.98 0 1
20 CH,CgH4(4-CHs) 7.70 7.84 -0.14 1.34 344 0 1
21 CH,CeH4(4-NOy) 777 7.44 0.33 0.58 3.59 0 1
22 CH,C¢Fs 7.55 7.99 —0.44 1.35 3.05 0 1
23 CH,CgH4(4-NHy) 7.60 7.09 0.51 —-0.39 3.34 0 1
242 CH,CgH4(4-CsHs) 6.55 7.69 —-1.14 273 5.49 0 1
25 C(CeHs)3 5.84 6.08 —-0.24 3.63 8.00 0 0
26 CH>-9-Anthracenyl 6.72 6.52 0.20 3.19 6.35 0 0
27 CH,-4-Pyridyl 7.52 7.00 0.52 —0.66 2.76 1 0
28 CHy-2-Imidazolyl 6.68 6.91 -0.23 -1.33 2.19 1 0

2Not included in the derivation of QSAR eq 17.




Camptothecins: A SAR/QSAR Study

Table 8. Biological (ICsp; mol L™ and Physicochemical
Parameters Used To Derive QSAR Eq 18

log U 1Cs (eq 18)

No. X obsd. pred. A Clog P
1 CH=NCgHs 6.89 6.66 0.23 184
2 CH=NCgH1; 6.43 6.38 0.05 2.67
3  CH=N(CHy),N(CH3z), 692 594 098 -0.04
4 CH=N(CH,),OH 6.44 6.16 0.28 0.23
5 CH=NCgH,(4-NO,) 655 6.64 —0.09 1.95
6 CH=NCH,CsHs 6.55 6.51 0.04 2.40
7 CH,NH; 563 584 -021 -015
8 CH,NHCgHs 651 6.66 —0.15 184
9 CH,NHCgH 11 6.46 655 —0.09 2.30

10  CH,NH(CH,),N(CHy), 635 642 —007 064
11  CH,NHC(=NH)NH, 490 487 003 —098

2Not included in the derivation of QSAR eq 18.

Table 9. Biological (ICsp; mol L~%)8 and Physicochemical
Parameters Used To Derive QSAR Eq 19

log 1/ ICs (eq 19)

No. X obsd. pred. A MRy
1 H[20(9-CPT] 740 7.39 0.01 0.00
2 NHCH,CH,OH 428 456 —0.28 154
3 NHCH,CH,CH,CH,OH 446 4.40 0.06 247
4 NHCH(CH,0H), 430 441 -011 216
5 NHCH,CH,N(CHs), 452 441 011 2.68
6 NHCH,CH,N(CH,)4 432 445 —-0.13 3.22
7  NHCH,CH,N(CH,)s 463 449 014 3.68
8 NHCH,CH,N(CH,CH,NHCH,CH,) 4.45 4.48 -0.03 3.59
9  NHCH,CgHs 433 445 —-0.12 324
10 NHCH; 533 515 0.18 0.92
11 NHOH 562 573 —-0.11 0.61
12 NHCH,CH,CI 470 4.44 0.26 1.88

Cytotoxicity (ICsp; mol/L) of 7-X-CPTs (XVI) to H460
human NSCL C cells. Data obtained from Dallavalle et a .13t
are shown in Table 8.

log 1/1Cg, = 0.86(£0.26)Clog P —

0.27(0.12)Clog P? +5.97(+0.22)  (18)

where n = 10, r2 = 0.924, s = 0.180, ¢ = 0.864, Q =
5.339, and F,7 = 42.553; optimum Clog P = 1.62(1.33—2.30);
outlier: X = CH=N(CH2)2N(CH3)2

This is a parabolic correlation in terms of Clog P, which
suggests that the cytotoxic activities of CPT derivatives
(XV1) against H460 cells first increases with an increase in
their hydrophobicity up to an optimum Clog P of 1.62 and
then decreases. One derivative [X = CH=N(CH,),N(CHs),]
was deemed to be an outlier due to being much more active
than expected by five times to the standard deviation.

3.2.2.2.3. Modification of Ring C. Average cytotoxicity
(ICsp; mol/L) of 5-X-CPTs (XXVII) to 56 human tumor cell
lines. Data obtained from Subrahmanyam et al.%° are shown
in Table 9.

X 0
NN o
N
HaC—" YOH
XXVII

log 1/1Cgy = —3.65(:0.70)MR, +

3.74(+0.85) log(s x 10M™ + 1) + 7.15(+0.35)  (19)
where n = 12, r2 = 0.970, s = 0.182, ¢ = 0.952, Q =
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5.412, and F3g = 86.223; inversion point for MRy = 2.39;
log f = —0.81; 7k versus MRy; r = 0.551.

This is an inverted bilinear relation in terms of MRy
(calculated molar refractivity of X-substituents), which
suggests that activity of these compounds first decreases
linearly as the molar refractivity of the X-substituents
increases, and that after a certain point (inversion point; MRy
= 2.39) activity begins to increase gradually. This may
correspond to an allosteric reaction, 91113132133

3.2.2.2.4. Modification of Ring E. A series of 20-O-linked
nitrogen based CPT esters (XXVI11) was synthesized and
evaluated for their cytotoxicities against different human
cancer cell lines by Wang et al.”® From the cytotoxicity data
of these compounds against two human cancer cell lines
(A2780 and Bel7402), we derived egs 20 and 21.

Cytotoxicity (ICsp; mol/L) of CPTs (XXVIII) to A2780
(human ovarian cancer) cells. Data obtained from Wang et
al.™ are shown in Table 10.

0
SN o
N NS0
Hie— 0
oA
X
XXVIIT

log 1/1Cy, = 2.05(0.96)7, — 0.42(+0.18)7r, > +
4.70(£1.26) (20)

wheren =9, r? = 0.908, s= 0.076, ¢ = 0.602, Q = 12.539,
and F,s = 29.609; optimum sy = 2.46(2.22—2.59). Two
compounds 2 and 5 (Table 10) were omitted on the basis of
their deviation (>2s).

Cytotoxicity (ICsp; mol/L) of CPTs (XXVII1) to Bel 7402
(human liver cancer) cells. Data obtained from Wang et a.”
are shown in Table 10.

log 1/1Cg, = 12.81(+3.37)MR, — 1.25(+0.33)MR,* —
24.84(+8.53) (21)

where n = 12, r2 = 0.892, s = 0.258, ¢ = 0.841, Q =
3.659, and F, = 37.167; optimum MRy = 5.14(5.03—5.26);
7y versus MRy; r = 0.654; outlier: compound 4 in Table
10.

7tk and MRy are the calculated hydrophobicity and molar
refractivity of X-substituents, respectively. Equation 20 isa
parabolic correlation in terms of hydrophobicity of X-
substituents, whereas eq 21 is a parabolic correlation in terms
of molar refractivity of X-substituents. This suggests that
CPTs (XXVII1) may act by different mechanisms or interac-
tion with other cellular targets in addition to nuclear topo |
in each of these two human cancer (A2780 and Bel7402)
cell lines.

3.2.2.2.5. Modification of A/B Rings. Growth inhibitory
activity (1Cso; mol/L) of 7-X-10-Y -camptothecins (XVI1) to
HelLa/SF (human cervical carcinoma in serum-free media)
cells. Data obtained from Vladu et al.**” are shown in Table
1.

log 1/1Cg, = 0.71(+0.26)7, — 1.45(£0.53)7, +
6.64(+£0.32) (22
where n = 11, r> = 0.931, s = 0.231, ¢ = 0.847, Q =
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Table 10. Biological (ICso; mol L% and Physicochemical Parameters Used To Derive QSAR Egs 20 and 21°

log 1/ 1Cs (Eq. 20) | log 1/ ICs (Eq. 21)
No. X Obsd | Pred. A Obsd | Pred. A | X MRy
1 N/ \N 7.25 7.20 | 0.05 8.05 7.67 | 0.38 |2.20 5.72
\_/
H4CO
28 @N/ \N 7.57 7.20 | 0.37 8.10 8.09 | 0.01 2.18 | 5.10
_/
3 /~\ 7.17 7.22 0.05 | 7.23 7.68 |-045 | 2.29 5.72
O,N N  N—
__/
VARRY 7.16 7.08 | 0.08 7.19 7.83 | -0.64 | 3.06 | 5.60
Ne N N—
_/
5° N/ \N 7.80 6.89 | 0.91 7.74 7.81 | -0.07 | 3.36 | 35.6]
n_/
F3C
6 . () N/ \N 7.25 7.23 1 0.02 8.15 8.09 [0.06 |2.49 |5.12
__/
7 /\ 7.05 7.11 0.06 | 7.19 7.02 | 0.17 1.93 6.07
H1COC N N—
\__/
8 /~\ 7.04 7.04 | 0.00 7.29 7.10 [ 0.19 | 3.13 6.03
H3C N N—
\_/
H3C
9 /T \ 6.54 6.57 | -0.03 | 7.11 6.98 |0.13 3.72 | 6.09
Cl N N—
_/
Cl
10 N/ \N 7.10 7.20 | -0.10 | 7.33 7.67 | -0.34 | 220 |5.72
n_/
OCH;
11 H3COj©\/> 7.08 7.00 | 0.08 8.05 7.93 |0.12 1.72 5.51
N
HaCO ~
12 Q 0] ND | 6.89 | ND 6.11 6.29 | -0.18 | 3.37 | 6.34
N_
W
@]
13 @] ND | 6.64 | ND 6.10 6.10 | 0.00 1.27 | 3.88
N_
@]

aNot included in the derivation of QSAR eq 20. °Not included in the derivation of QSAR eq 21. °ND = not determined.

4.177, and F,5 = 53.971; outliers: X = (CH).CHas, Y = H;
X = (CH2)3CH3, Y = H.

The hydrophobic parameters wx and my are for the
substituents at the 7- and 10-position, respectively. The
negative coefficients of 7ty suggests that the less hydrophobic
substituent at position-10, that is, hydroxyl group will be
favorable as compared to the methoxyl group for the
enhanced inhibitory activity of CPTs (XVI1) to HelLa/SF
cells. Two compounds [X = (CH2).CH3, Y = H; X =
(CH2)3CHs, Y = H] were deemed to be outliers due to being
much less active than expected by 4.3 and 7.5 times to the
standard deviation, respectively.

It is important to note here that the two egs 10 and 22
are obtained from the same data set, which are very similar
to each other but differ in the nature of their . Equation
10 (—0.30srx) suggests that |ess hydrophobic substituents

at C-7 position will increase the topo | activities of CPTs
(XVI11). On the contrary, the increase in the hydrophobicity
of the X-substituents (+0.71my) increases the growth
inhibitory activities of these compounds against Hel a/
SF cells (eq 22). The reasons for these conflicting results
about the hydrophobicity of the C-7 substituents are not
much clear because DNA topo | is the sole target of the
CPT family of anticancer compounds.

We would agree with the suggestion of Wang et al.'3
that such structural modifications may change susceptibility
to cellular efflux mechanisms or to interaction with other
cellular targets or loci in addition to nuclear topo I. Increasing
hydrophobicity by addition of akyl groups at the C-7 position
can increase persistence of C-10 substituted CPT analogues,
aresult that parallels an increase in antiproliferative activity
against a variety of human cancer cell lines. To provide a
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Table 11. Biological (ICs; mol L™1),** Physicochemical, and
Structural Parameters Used To Derive QSAR Eq 23
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Table 12. Biological (ICsy; mol L% and Physicochemical
Parameters Used To Derive QSAR Eq 24

log U/ 1Cs (eq 23)

log 1/ I1Cs (eq 24)

No. X Y  obsd. pred. A x  lon No. X Y obsd.  pred. A Ty
1 H H 648 670 —022 0.00 1 CH; Br 9.00 857 043 0.78
2 CHO H 641 664 —023 —0.09 2 CHs Br 815 857 —-042 0.78
3 CHO OH 575 547 0.28 —0.09 3 C,Hs CN 777 7.37 0.40 0.48
4 CHO OCH; 6.74 6.64 0.10 -—-0.09 4 CH, CH,NH, 6.91 6.60 0.31 0.83
5  CH;OCOCH; H 682 659 023 —0.18 5 CHs  CHoNH, ND® 660 ND 0.83
6 CHOCOCH, OH =~ 515 541 ~026 018 62 CHs C(NH)NOH 815 653 162 148
78 CH,OCOCH; OCH; 740 659 081 —0.18 7 CH. CgNHZ;NH 651 679 -028 102
8 CN H 598 646 —048 —0.39 2 A : : s .

9 CN OH 595 528 003 —039 8 CHs; C=CCH,NH, 6.45 6.56 011 171
10 CN OCH; 618 646 -028 —039 9 CoHs  C=CCHNH, 645 6.56 —011 171
11 CH=CHCHO 677 664 013 —009 10 GHs COOCH; 759 78 -023 158

12 CH=CHCOOC;Hs
13 CH=CHCN

14 CH=C(CN)CN

15  CH=C(CN)COOC,Hs
16 CH=C(Br)Br

17 CH(OH)CH.NO,

18  CH,CH,COOCHs

aNot included in the derivation of QSAR eq 23.

740 7.22 018 085
6.89  6.68 021 -0.03
6.52 6.26 026 —-0.71
680 —-020 017
534 793 -—-259 201
591 573 018 -—159
722 711 011 067
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structural evidence for the observed increase in persistence
for 7-alkyl modifications, Adam and colleagues'® substituted
BACPT (7-butyl-10-amino-camptothecin) in the X-ray crys-
tal structure of the ternary topo I/DNA complex for TPT.?*
By superposing BACPT to TPT; all E-ring contacts were
maintained. Modeling of the binding mode of BACPT
revealed a direct hydrogen bond contact for the 10-amino
to the side chain of Glu-356 of core subdomain | of topo |
in addition to known contacts found for other CPTs. More
important, residues 350—356 and 425—431 of core subdo-
main | may provide induced fit stabilization to the hydro-
phobic akyl moiety at the C-7 position.

Cytotoxicity (ICsp; mol/L) of 7-X-10-Y-camptothecins
(XVI1) to H460 (human nonsmall-cell lung carcinoma) cells.
Data obtained from Dallavalle et al.** are shown in Table
11.

log 1/1Cg, = 0.61(£0.27)7, — 1.18(£0.36)1 o, +
6.70(£0.16) (23)

where n = 16, r2 = 0.859, s = 0.258, ¢> = 0.778, Q =
3.593, and F,13 = 39.599; outliers: X = CH,OCOCHg3, Y
= OCHj3; X = CH=C(Br)Br, Y = H.

my is the calculated hydrophobicity of X-substituents,
whereas loy is an indicator variable taking the value of 1
and O for the presence and absence of a hydroxyl group in
the Y -substituents, respectively. The negative coefficient of
the indicator variable indicates that the presence of H-
bonding polar hydroxy! group at position 10 is detrimental,
asmall alkoxy group, possibly an H-bond acceptor, is better
tolerated. This result is in contradiction to that of eq 22,
which may be due to the difference in the nature of either
X-substituents of the CPTs or the cell lines. One compound
[X = CH,OCOCHj3, Y = OCHg] was deemed to be an outlier
due to being much more active than expected by 3 times to
the standard deviation. On the other hand, the other derivative
[X = CH=C(Br)Br, Y = H] was deemed to be an outlier
due to being much less active than expected by 10 times to
the standard deviation.

Cytotoxicity (ICsp; mol/L) of 7-X-10-Y -11-aza-camptoth-
ecins (XXI) to HT29 (human colon carcinoma) cells. Data
obtained from Uehling et al.*® are shown in Table 12.

aNot included in the derivation of QSAR eq 24. °ND = not
determined.

Table 13. Biological (ICsy; mol L~%)7and Physicochemical
Parameters Used To Derive QSAR Eq 25

log 1/ ICs (eq 25)

No. X Y obsd. pred. A TTX

1 H H 8.53 8.67 -0.14 0.00
2 OH H 6.58 6.87 —0.29 —0.67
3 CHs; H 8.86 8.97 -0.11 0.56
4 Br H 9.03 8.68 0.35 0.86
5 Cl H 8.67 8.86 -0.19 0.71
6 H Br 8.54 8.67 -0.13 0.00
7 H Cl 8.75 8.67 0.08 0.00
8 H F 9.0 8.67 0.33 0.00
R H OH 6.96 8.67 -1.70 0.00
10 Cl Cl 8.80 8.86 —0.07 0.71
112 NH, H 7.62 4.16 3.46 —-1.23
12 OCH; F 8.94 8.64 0.31 —0.02
13 OH F 7.06 6.87 0.19 —0.67
14 CHs; F 8.82 8.97 —0.15 0.56
15 F F 8.66 8.84 —0.19 0.14

aNot included in the derivation of QSAR eq 25.

log 1/1Cg, = 1.02(£0.39)77, + 7.66(-0.33)
(24)

wheren = 8, r2 = 0.874, s= 0.359, g? = 0.736, Q = 2.605,
and Fyg = 41.619; outlier: X = C,Hs, Y = C(NH,)NOH.

sy is the calculated hydrophobic parameter of Y -substit-
uents, which is the single most important parameter for this
data set. The linear 7y model suggests that the molecules
with highly hydrophobic Y -substituents will be more active.
One compound [X = C,Hs, Y = C(NH,)NOH] was deemed
to be an outlier due to being much more active than expected
by 4.5 times to the standard deviation.

Inhibitiory concentration (ICso; mol/L) of 7-ethyl-10-X-
11-Y-camptothecins (XXIX) to PC-6/SN2—5H2 (SN-38-
resistant) cells. Data obtained from Y oshikawa et a.*%" are
shown in Table 13.

log 1/1Cg, = 1.52(40.34)7, — 1.74(+0.64)7, > +
8.67(x0.21) (25)

where n = 13, r2 = 0.914, s = 0.244, ¢ = 0.809, Q =
3.918, and F, 1o = 53.140; optimum szrx = 0.44(0.31—0.66);
outlier: X =H,Y = OH; X = NH,, Y = H.
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Table 15. Biological (Glsy; mol L™1),6* Physicochemical, and Structural Parameters Used To Derive QSAR Eqs 27 and 28

Verma and Hansch

log V/Gls (EQ. 27)

log UGls, (EQ. 28)

No. R X Y z obsd. pred. A obsd. pred. A Clog P CMR |
1 CH,CH,0OH H H OH 5.49 5.58 —0.09 5.47 5.28 0.19 0.34 10.91 0
2 CH,CH,F H H OH 6.60 6.70 —0.10 6.30 6.35 —0.05 1.26 10.77 0
3 CH,CH,OCHj, H H OH 6.17 6.36 —0.19 5.92 6.41 —0.49 0.90 11.37 0
4 CH.CF3; H H OH 7.00 6.97 0.03 7.00 7.08 —0.08 1.80 10.80 0
5 CH,CH,OH H NO, H 5.38 5.24 0.14 5.47 5.43 0.04 0.15 11.37 0
6 CH,CH,F H NO, H 6.20 6.53 —0.33 6.60 6.50 0.10 1.07 11.23 0
7 CH,CH,OCHj5 H NO, H 6.36 6.13 0.23 6.37 6.56 —0.19 0.71 11.83 0
8 CH,CF; H NO, H 7.22 6.91 0.31 7.70 7.23 0.47 161 11.26 0
9 CH,CH,F CHs H OH 6.00 6.08 —0.08 5.10 5.48 —0.38 2.28 11.70 1
10° CH,CH,OCHj5 CHs H OH 6.26 6.10 0.16 6.22 553 0.69 193 12.30 1
11 CH,CF3 CHs H OH 6.00 5.81 0.19 6.40 6.20 0.20 2.82 11.73 1
122 CH,CH,0OH CHs OCHg H 5.30 6.01 -0.71 5.42 5.10 0.32 159 12.30 1
13 CH,CH,F CoHs OCHg H 6.10 6.00 0.10 5.97 6.17 -0.20 251 12.16 1
14 CH,CH,0CH3; CoHs OCHg H 5.94 6.10 —0.16 6.28 6.23 0.05 215 12.76 1
15 CH,CF3 C,Hs OCHg H 5.41 5.61 —0.20 555 6.89 —-1.34 3.05 12.19 1

aNot included in the derivation of QSAR eq 27. ®Not included in the derivation of QSAR eq 28.

Parabolic dependence on mx (calculated hydrophobic
parameters of X-substituents) provides an optimum hydro-
phobicity of 0.44, where | Cs, represents the drug concentra-
tion (mol L) that required for the reduction of cell growth
by 50%. One compound [X = H, Y = OH] was deemed to
be an outlier due to being much less active than expected
by 7 times to the standard deviation. On the other hand, the
derivative [X = NH,, Y = H] was deemed to be an outlier
due to being much more active than expected by 14 times
to the standard deviation.

3.2.2.2.6. Modification of A/C Rings. A series of 5-X-9-
Y -10-Z-camptothecins (XX X) was synthesized and eval uated
for their cytotoxic activities against seven cancer cell lines
by Subrahmanyam et al.%? The cytotoxicity data (Glsp) was
given in uM, where Gls, stands for the concentration of the
drug required to produce 50% growth inhibition of the cell
under study. The cytotoxic activities of these compounds
(Glgg) against UACC 62 (melanoma) cancer cell line was
converted into molar concentration and used to develop eq
26 (Table 14).

XXX

log 1/ Gl gy = 2.18(:0.73)MRy + 1.92(+-1.36)
(26)

where n = 11, r2 = 0.836, s = 0.337, ¢ = 0.749, Q =

2.712, and F1 g = 45.878; 7y versus MRy; r = 0.003; outlier:
X = CH,COCHg, Y = NO,, Z = H.

MRy isthe calculated molar refractivity of X-substituents
and its positive coefficient suggests that an increase in molar
refractivity of X-substituents should result in stronger cy-
totoxicity against UACC 62 (melanoma) cancer cells. Li-
pophilicity of the X-substituentsis not found to play a definite
role as evidenced by avery poor correlation between sty and
MRy (7tx Vs MRy; r = 0.003). Substituting zx for MRy in
Eg. 26 gave a very poor fit (r? = 0.012, ¢> = —0.562)
suggesting interaction in nonhydrophobic space. One com-
pound [X = CH,COCHj3, Y = NO,, Z = H] was deemed to
be an outlier due to being less active than expected by three
times to the standard deviation.

3.2.2.2.7. Modification of A/B/C Rings. A series of 5-OR-
7-X-9-Y -10-Z-camptothecins (XX XI) was a so synthesized
and evaluated for their cytotoxicities against seven cancer
cell lines by Subrahmanyam et al.5! The cytotoxicity data
(Glso) was given in uM, where Gl s, represents the concentra
tion of the drug required to produce 50% growth inhibition
of the cell under study. The cytotoxicity data of these
compounds (Glsg) against two cancer cell lines (DU-145 and
ACHN) was converted into molar concentration to develop
eqgs 27, and 28.

Cytotoxicity (Glsg; mol/L) of 5-OR-7-X-9-Y-10-Z-camp-
tothecins (XXXI) to DU-145 (prostate) cancer cells. Data
obtained from Subrahmanyam et al.®* are shown in Table
15.

Table 14. Biological (Glsp; mol L)% and Physicochemical Parameters Used To Derive QSAR Eq 26

log U/Gls (eq 26)

No. X Y Z obsd. pred. A MRy TTx

1 CH,COOCH; H H 5.19 5.56 -0.37 1.67 0.54
2 CH,COOCH; H OH 5.76 5.56 0.20 1.67 0.54
3 CH,COOCH; NO, H 5.39 5.56 —-0.17 1.67 0.54
4 CH,COCHj5 H H 5.45 5.22 0.23 152 0.24
5 CH,COCHj5 H OH 5.12 5.22 —-0.10 152 0.24
6% CH,COCHj5 NO, H 6.52 5.22 1.30 152 0.24
7 CH,COOCH,CH,F H H 6.70 6.60 0.10 2.15 0.79
8 CH,COOCH,CH,0OH H H 6.70 6.90 —-0.20 2.29 -0.11
9 CH,COOCH,CF; H H 7.15 6.67 0.48 2.18 0.84
10 CH,CONH, H H 4.80 5.01 -0.21 1.42 —0.63
11 CH,CO(pyrrolidin-1-yl) H H 6.39 5.92 0.47 1.84 —0.67
12 CH,CO(piperidin-1-yl) H H 6.48 6.93 —0.45 2.30 —0.67

2Not included in the derivation of QSAR eq 26.
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Table 16. Biological (ICs; mol L% and Physicochemical Parameters Used To Derive QSAR Eqgs 29—33

log 1/1Cs (Eq. 29) log 1/ICs, (Eq. 30) log 1/1Cs (Eq. 31)
No. X Y Z Obsd. | Pred. A Obsd. | Pred. A Obsd. | Pred. A
1 H H H 7.64 | 7.81 -0.17 | 7.64 | 7.86 -0.22 | 770 | 791 -0.21
2 CHs |H H 7.80 |7.33 047 | 7.85 | 734 0.51 ] 7.70 | 733 0.37
3 H CH; H 7.64 |7.62 002 | 7.68 | 7.66 002 772 | 7.69 0.03
4 C,Hs | CH; H 687 | 692 -0.05 | 7.07 | 6.89 0.18 | 6.82 |6.83 -0.01
5 H C,Hs H 7.68 | 7.33 035| 7.77 | 734 043 | 7.72 | 733 0.39
6 H CH,CN H 752 11732 020 ] 743 |7.33 0.10 | 740 | 7.32 0.08
7 H (CH;,),NH,.AcOH H 6.38 | 7.01 -0.63 | 6.29 | 7.00 -0.71 | 627 695 -0.68
8 H H H,ON 0+ HCl 527 | 523 0.04 | 502 |503 -0.01 | 481 | 4.74 0.07
9 H H CH,N(CH;),.HCI 550 [ 6.51 -1.01 | 5.09 | 645 -1.36 | 5.02 | 633 -1.31
10 CPT 797 17794 0.03| 7.85 |7.76 0.09 | 777 | 779 -0.02
11 SN-38 785 | 1785 0.00 | 7.80 | 7.90 -0.10 | 8.10 | 7.96 0.14
12 Topotecan 725 7352 -0.27 | 7.27 | 7.55 -028 | 742 | 7.57 -0.15
log VICs (Eq. 32) log 1VICsy (Eq. 33)

No. Obsd. | Pred. A Obsd. | Pred. A CMR | Clog P

1 7.55 1783 -0.28 | 7.89 | 8.11 -0.22 {1 10.79 1.35

2 785 732 0.53 | 815 | 763 050 11.72 2.38

3 759 | 7.64 -0.05 | 8.00 | 7.96 0041 11.26 1.79

4 6.85 |6.87 -0.02 | 7.12 | 7.18 -0.06 | 12.19 2.82

5 772 1732 040 | 7.89 | 7.65 0241 11.72 232

6 749 | 7.31 0.18| 785 | 7.63 0221 11.74 0.94

7 627 1697 -0.70 | 6.76 | 7.29 -0.53 1 12.09 1.05

8 498 1493 0.05| 5.13 |5.09 0.04 | 13.46 1.10

9 506 | 641 -1.35 | 5.07 | 6.69 -1.62 | 12.55 1.19

10 770 | 7.67 0.03| 774 | 7.73 0.01 9.52 0.90

11 796 | 787 0.09 | 822 |8.13 0.09 | 10.60 1.97

12 732 754 -0.22 | 7.51 | 7.86 -0.35 41 1143 0.73

aNot included in the derivation of QSAR egs 29—33.
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log /Gl g, = 2.00(+0.59)Clog P —

0.49(+0.19)Clog P? — 0.89(:0.51)| + 4.96(+0.42)
(27)

where n = 14, r2 = 0.874, s = 0.219, ¢ = 0.726, Q =
4.269, and F3 1= 23.122; optimum Clog P= 2.04(1.73—2.57);
outlier: R = CH,CH,0OH, X = C;Hs, Y = OCH3, Z = H.

Cytotoxicity (Glsg; mol/L) of 5-OR-7-X-9-Y-10-Z-camp-
tothecins (XXXI) to ACHN (rena) cancer cells. Data
obtained from Subrahmanyam et a.®* are shown in Table
15.

log 1/Glg, = 1.29(-0.44)Clog P + 0.86(:-0.60)CMR —
3.00(£1.03)l — 6.92(+4.56) (28)

where n = 13, r2 = 0.857, s = 0.312, ¢ = 0.717, Q =
2.968, and F39 = 17.979; Clog P versus CMR; r = 0.462;
outliers: R = CH,CH,OCH3, X = C;Hs, Y = H, Z = OH,;
R= CH2CF3, X = C2H5, Y = OCH3, Z = H.

Equation 27 is a parabolic correlation in terms of
hydrophobicity with optimum Clog P of 2.04, whereas eq
28 is a linear correlation in terms of Clog P followed by
CMR. Both equations have an indicator variable (1) that takes
the value of 1 and O for the presence and absence of an ethyl
group at position-7, respectively. The negative coefficient
of the indicator variable suggests that the presence of an ethyl
group at position-7 is detrimental to the activity for this data
set. Equations 27 and 28 represent the cytotoxicities of a
series of CPTs (XXXI) against two different cancer cell lines

and are very different from each other, which suggests that
these compounds may act by different mechanisms or
interaction with other cellular targets along with topo | in
each of these two human cancer (DU-145 and ACHN) cell
lines. In eq 27, one compound [R = CH,CH,OH, X = C,Hs,
Y = OCHgs, Z = H] was deemed to be an outlier due to
being less active than expected by 3 times to the standard
deviation. On the other hand, two compounds [R =
CH;CH,OCHj3, X = C;Hs, Y = H, Z = OH; R = CH,CF;,
X = C,Hs, Y= OCHjs, Z = H] in eq 28 were deemed to be
outliers due to being much more and much less active than
expected by 2.2 and 4.3 times to the standard deviation,
respectively.

3.2.2.2.8. Miscellaneous CPTs. It was claimed that the
hexacyclic CPTs exhibited antitumor activities superior to
those of the original pentacyclic ring system, probably due
to the increased planarity exerted by an additional ring. Based
on this fact, Kim et al.1%” synthesized a series of hexacyclic
CPTs (XX) and evaluated their cytotoxic activities along with
three known compounds (CPT, SN-38, and topotecan)
against different human cancer cell lines. The cytotoxicity
data (ICsp) was given in nM, where 1Cg represents the
concentration of the compound causing 50% cell death. The
cytotoxicity data (I1Csp) of these compounds (XX) against
five human cancer cell lines (WiDr, A549, MKN45, SK-
OV-3, and H128) was converted into molar concentration
and then used in the development of egs 29—33.

Cytotoxicity (1Csp; mol/L) of hexacyclic CPTs (XX), CPT,
SN-38, and topotecan to WiDr (human colon) cancer cells.
Data obtained from Kim et a.2" are found in Table 16.

log 1/1Cy, = 5.31(+3.77)CMR — 0.26(-0.16)CMR? —
21.60(+£19.34) (29)
where n = 11, r2 = 0.859, s = 0.334, ¢ = 0.775, Q =
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2.775,and F,g=24.369; optimum CMR = 10.25(8.03—10.86);
Clog P versus CMR; r = 0.133; outlier: X =Y =H, Z =
CH.NMe,-HCI.

Cytotoxicity (1Csp; mol/L) of hexacyclic CPTs (XX), CPT,
SN-38, and topotecan to A549 (human lung) cancer cells.
Data obtained from Kim et al.»%” are shown in Table 16.

log 1/1Cg, = 5.95(+4.26)CMR — 0.29(40.19)CMR? —
24.36(£22.69) (30)

where n = 11, r? = 0.851, s = 0.376, ¢> = 0.752, Q =
2.452, and F,g=22.846; optimum CMR = 10.29(8.06—10.89);
Clog P versus CMR; r = 0.133; outlier: X =Y =H, Z =
CH.NMe,-HCI.

Cytotoxicity (1Csp; mol/L) of hexacyclic CPTs (XX), CPT,
SN-38, and topotecan to MKN45 (human stomach) cancer
cells. Data obtained from Kim et a.2%” are shown in Table
16.

log 1/1Cy, = 6.73(+3.67)CMR — 0.33(£:0.16)CMR? —
26.67(20.99) (31)

where n = 11, r2 = 0.906, s = 0.324, ¢> = 0.812, Q =
2.938, and F,g=38.553; optimum CMR = 10.30(9.09—10.79);
Clog P versus CMR; r = 0.133; outlier: X =Y =H, Z =
CH.NMe,-HCI.

Cytotoxicity (ICsp; mol/L) of hexacyclic CPTs (XX), CPT,
SN-38, and topotecan to SK-OV-3 (human ovary) cancer
cells. Data obtained from Kim et a.’%” are shown in Table
16.

log 1/1Cg, = 6.41(+4.20)CMR — 0.31(40.18) CMR? —
25.33(£24.05) (32)

where n = 11, r2 = 0.859, s = 0.371, ¢ = 0.786, Q =
2.499, and F,g=24.369; optimum CMR = 10.37(8.64—10.91);
Clog P versus CMR; r = 0.133; outlier: X =Y =H, Z =
CH.NMe,-HCI.

Cytotoxicity (ICsp; mol/L) of hexacyclic CPTs (XX), CPT,
SN-38, and topotecan to H128 (human lung) cancer cells.
Data obtained from Kim et al.1%” are shown in Table 16.

log 1/1Cg, = 7.70(+3.64)CMR — 0.36(20.16)CMR? —
32.54(£20.87) (33)

where n = 11, r2 = 0.896, s = 0.322, ¢ = 0.844, Q =
2.941, and F,g=34.462; optimum CMR = 10.57(9.76—10.96);
Clog P versus CMR; r = 0.133; outlier: X =Y =H, Z =
CH,NMe;-HCl.

All the above five equations (egs 29—33) are parabolic
relationsin terms of molar refractivity of the whole molecules
with optimum CMR of 10.25—10.57. Hydrophobicity is not
found to play a definite role as evidenced by a very poor
correlation between Clog P and CMR (Clog P vs CMR; r
= 0.133). One common compound (X =Y = H, Z =
CH,NMe,-HCl) was deemed to be an outlier in al these
five equations (egs 29—33) due to being less active than
expected by 3—5 times their standard deviations. The
similarity of these equations suggests that the hexacyclic
CPTs (XX), CPT, SN-38, and topotecan may target an
enzyme of similar kind in these five human cancer (WiDr,
A549, MKN45, SK-OV-3, and H128) cells.

Jew et al.’*® synthesized a series of hexacyclic CPTs
(XXXI1) and evaluated their cytotoxic activities along with
two other known compounds (CPT and 7-N-isopropylami-
noethyl-CPT) against five different human tumor cell lines.
The cytotoxicity data (ICsp) Was given in uM, where 1Cs,

Verma and Hansch

Table 17. Biological (ICsp; mol L% and Physicochemical
Parameters Used To Derive QSAR Eq 34

log 1/ ICs (eq 34)
No. X obsd. pred. A Clog P
1 CH,CH; 821 7.70 051 138
2 CH,CH,CH; 759 701 058 191
3 CH(CHa), 705 730 —-025 169
4 CH,CH(CHjy), 619 648 -029 231
52 CH(CH3)CH,CH;3 551 6.60 —-109 222
6  (CHy)3CHs 595 631 -036 244
7  CH,CH(CH3)CH,CH;3 595 5.79 016 284
8  7-(CH,);NHCH(CH3),-CPT 814 7.98 016 117
9 CPT 785 834 -—-049 0.90

aNot included in the derivation of QSAR eq 34.

represents the concentration of the compound causing 50%
cell death. The cytotoxicity data (ICsg) of these compounds
against one human tumor cell line (DLD-1) was converted
into molar concentration and used in the development of eq
34 (Table 17).

X
HOAc.HN

log 1/1Cy, = —1.32(0.61)Clog P + 9.52(+1.18)
(34)

where n = 8, r> = 0.824, s = 0.440, ¢ = 0.686, Q = 2.064,
and F1¢ = 28.091; outlier: X = CH(CH3)CH,CHa.

The negative Clog P term shows that the highly hydro-
philic molecules for this data set would present better
cytotoxic activities. One compound (X = CH(CH3)CH,CHj3)
was deemed to be an outlier due to being less active than
expected by 2.5 times to the standard deviation.

A series of hexacyclic CPTs (XXXII1) was aso synthe-
sized by Jew et al.**8 and evaluated their cytotoxic activities
along with CPT against five different human tumor cell lines.
From the cytotoxicity data (ICsp; mol/L) of these compounds
against one human tumor cell line (HEC-1-B), we developed
eq 35 (Table 18).

log 1/1Cy, = —1.15(0.55)Clog P + 8.15(--1.16)
(35)

wheren = 7, r> = 0.854, s= 0.347, ¢ = 0.701, Q = 2.663,
and F,5 = 29.247; outlier: X = CH(CH3),. One compound
[X = CH(CH),] was deemed to be an outlier due to being

Table 18. Biological (ICs; mol L% and Physicochemical
Parameters Used To Derive QSAR Eq 35

log 1/ ICs (eq 35)

No. X obsd.  pred. A Clog P
1 CH,CHjs 6.72 661 0.11 134
22 CH(CHa), 489 625 —136 1.65
3 CH,CH(CHj3), 544 554 -0.10 227
4 CH(CH3)CH,CH3 548 565 —0.17 2.18
5 (CH,)sCH3 544 540 0.04 2.40
6 CH,CH(CH3)CH,CH; 546 494 0.53 2.80
7 CH,CH,N(CoHs)2 4.92 543 —-051 2.37
8 CPT 7.22 7.12 0.10 0.90

2Not included in the derivation of QSAR eq 35.
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less active than expected by 3.9 times to the standard
deviation.

3.2.2.3. QSAR for the Antiprotozoal Activity. African
trypanosomes (Trypanosoma brucel species) are parasitic
protozoa causing lethal diseases in human and cattle. It has
been shown that CPT is cytotoxic to African trypanosomes
and related pathogenic hemoflagellates.**® In another study,
aseries of CPT derivatives (see Table 19) was tested against
axenically cultured, bloodstream form, T. brucei by Bodley
et al.} The cytotoxicity data (ECsp) was given in uM, which
was converted into molar concentration and used to develop
eq 36 (Table 19).

log 1/ECy, = 0.47(40.25)Clog P — 1.25(+0.29)| +
6.42(+0.41) (36)

where n = 23, r> = 0.837, s = 0.319, ¢ = 0.770, Q =
2.868, and F,y = 51.350; outliers: 9-NH,-CPT; 10-
NH,—CPT. The indicator variable (1) takes the value of 1
for CPTs and O for EDCPT and MDCPTs.

The negative coefficient of the indicator variable suggests
that the presence of 10,11-ethylenedioxy or 10,11-methyl-
enedioxy group would enhance the activity, which is further
supported by the fact that it explains alone 71.4% of the
varience in log 1/ECs,. Two compounds (9-NH,-CPT and
10-NH,-CPT) were deemed to be outliers due to being more
active than expected by 2.45 and 2 times, respectively, to
the standard deviation.

Table 19. Biological (ECsy; mol L~1),4° Physicochemical, and
Structural Parameters Used To Derive QSAR Eq 362

log VECs, (eg 36)

No. cmpds obsd. pred. A ClogP |
1 CPT 580 558 022 087 1
2 7-C,Hs-CPT 6.20 6.06 0.14 1.90 1
3 7-CgH--CPT 610 630 —-020 243 1
4 7-C,Hs-9-NH-CPT 6.07 5.80 0.27 1.35 1
5 7-C,Hs-9-NO,-CPT 557 599 -042 1.76 1
6 7-C,Hs-10-NH,-CPT 6.21 5.80 041 1.35 1
7 7-C;Hs-10-NO,-CPT 6.22 5.99 023 176 1
8 9-CI-CPT 6.09 5.93 016 163 1
9 9-NH,-CPT 6.08 5.32 076 032 1
10  9-NO,-CPT 580 551 029 073 1
11 10-CHs-CPT 564 581 -017 137 1
12 10-CI-CPT 582 593 -011 1.63 1
13 10-NH,-CPT 592 532 060 032 1
14  10-NO,-CPT 568 551 0.17 0.73 1
15  11-NHx-CPT 474 532 —0.58 0.32 1
16  12-NHx-CPT 492 532 -040 032 1
17  7-CH3;-EDCPT 716 711 0.05 148 O
18 MDCPT 680 683 —-008 098 O
19 7-CH;-MDCPT 736 711 025 148 O
20 7-C,Hs-MDCPT 722 735 —-013 201 O
21 7-CyHs-9-NH,-MDCPT  7.24  7.11 013 148 O
22 7-C,Hs-9-NO,-MDCPT 677 727 —050 183 O
23 9-CI-MDCPT 739 7.22 017 171 O
24 9-NH,-MDCPT 713 6.63 050 045 O
25 9-NO,MDCPT 640 679 —-039 080 O

aCPT = Camptothecin; MDCPT = 10,11-Methylenedioxycamp-
tothecin; EDCPT = 10,11-Ethylenedioxycamptothecin. ® Not included
in the derivation of QSAR eq 36.
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Werbovetz et al.** examined CPT and four of its 10,11-
methylenedioxy analogues (XX XIV) against the pathogenic
protozoan Leishmania donavani in vitro. The cytotoxicity
data (ECso) was given in uM, which was converted into
molar concentration and used in the development of eq 37
(Table 20).

y 0
x><o SN
X o N o
Hye—" “OH
XXXIV
log 1/ECy, = 8.58(-2.15)MgVol — 15.61(+5.60)

(37)

wheren = 4, r2=0.993, s= 0.107, g = 0.982, Q = 9.318,
and F,, = 283.714; Clog P versusMgVoal; r = 0.358; outlier:
X =Y =H.

The steric hindrance of MgVol (molar volume) was found
to be the most significant variable for this data set. No role
for the hydrophobic effect was found. Although thisisavery
small data set, it is the best model and explains 99.3% of
the varience in log 1/ECs,. One compound (X =Y = H)
was deemed to be an outlier due to being more active than
expected by six times the standard deviation.

3.2.3. Validation of the QSAR Models

QSAR model validation becomes an essential part in
developing a statistically valid and predictive model, because
the real utility of a QSAR model is in its ability to predict
accurately the modeled property for new compounds. Criteria
of validation of the QSAR models have aready been
discussed.*"14271% The following approaches have been used
to validate the QSAR models 10—37.

3.2.3.1. Fraction of the Variance. The fraction of the
variance of an MRA model is expressed by r2. It is believed
that the closer the value of r? to unity, the better the QSAR
model. The values of r? for these QSAR models are from
0.784 to 0.993, which suggests that these QSAR models
explain 78.4—99.3% of the variance in the data set. Accord-
ing to the literature, the predictive QSAR model must have
r2 > 0.6.145'146

3.2.3.2. Cross-Validation Test. The values of ¢ for these
QSAR models are varied from 0.602 to 0.982. The high
values of ¢? validate the QSAR models. According to the
literature, the predictive QSAR model must have o >
0_5.145,146

3.2.3.3. Standar d Deviation (9). sisthe standard deviation
about the regression line. The smaller the value of sthe better
the QSAR model. The values of s for these QSAR models
are from 0.076 to 0.440.

Table 20. Biological (ECsp; mol L)% and Physicochemical
Parameters Used To Derive QSAR Eq 37

log VECs, (eq 37)

No. X Y obsd. pred. A MgVol
1 F H 6.80 6.82 —0.02 2.62
22 H H 7.19 6.52 0.67 2.58
3 H cl 7.48 7.57 —0.09 2.70
4 H NH, 7.49 7.38 0.11 2.68
5 CPT 5.24 5.24 0.00 243

2Not included in the derivation of QSAR eq 37.
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@ For the substituent; 7-Et-10-X-11-Y,
the hydrophobicity of X-substituents
should be around 0.44

@ Substitutions at C-7 with hydroxy
group at C-10 result in greatly
improved human blood stabilities
of CPT derivatives

@® Monosubstitution at C-9 or C-10 by
NH, or OH is preferred

@ Monosubstitution at C-11 by F, CN,
NH, or OH is preferred

@ Monosubstitution at C-12 greafly
reduces the activity

® Substitution at C-9 and C-10 by
halides and other electron-rich groups
(e.g. NH, or OH, etc.) is preferred

@ Substitution at C-10 and C-11 reduces
the activity. Exceptions are the 10,11-
methylenedioxy or 10,11-ethylenedioxy
functional groups

@ The hydrophobicity (log P) of the
CPT derivatives is preferred
between 1.30-2.60

@ Molar refractivity (MR) of the CPT
derivatives is preferred between
8.00-11.00.

@ Less hydrophobic substituents
(e.g. Me, Et, etc) is preferred

@® Substitution at C-14
by methyl ester group
exhibited the loss of
antitumor activity

Verma and Hansch

@ Substitution at C-5 by acetoxy,
alkoxy, amino, or hydroxy group
reduces the antitumor activity

@ Substitution at C-5 may be
tolerated if ring-A is substituted by
OH or NO; groups

@ Carbonyl group is
important in stabilizing
the enzyme - DNA - CPT
ternary complex

@ 20-S-configuration
is critical for the
activity

@ Replacement of 20-OH group by OCO(CH;),X
is preferred, if the hydrophobicity and molar
refractivity of X-substituents should be
around 2.40 and 5.20, respectively

@ Replacement of 20-OH group by amino,
halogens, or O-phosphates results in
significant diminished activity

@ Replacement of o-hydroxylactone moiety
with B-hydroxylactone (homoCPT) resuits
in increase activity

Figure 4. Brief description of SAR/QSAR of CPT on the basis of the results of SAR and QSAR models.

3.2.3.4. Quality Factor (Q). Chance correlation, due to
the excessive number of parameter (which increases also the
r and s vaues) is detected by the examination of Q
value.*?? 12 The high values of Q (2.064—12.539) for these
QSAR models suggest that the high predictive power for
the QSAR models as well as no over- fitting.

3.2.3.5. Fischer Statistics (F). Fischer statistics (F) isthe
ratio between explained and unexplained variance for agiven
number of degrees of freedom. The larger the value of F
the greater the probability that the QSAR eguation is
significant. The F-values for these QSAR models are from
15.728 to 283.714, which are statistically significant at the
95% level.

All the QSAR models (except eq 13) also fulfill the thumb
rule condition that (number of data points)/(number of
descriptors) > 4.

3.2.4. Overview

An analysis of our QSAR models (eqs 10-37) reveals
two most important descriptors, for example, hydropho-
bicity and molar refractivity, which are valid for the
activity of such abig, complicated, and flexible molecules
like CPTs. Out of 28 QSAR, 14 contain a correlation
between activity and hydrophobicity. A positive linear
correlation is found in seven equations (egs 12, 17, 22,
23, 24, 28, and 36). The coefficient with the hydrophobic
parameter varies considerably, from a low value of 0.46
(eq 17) to the high value of 1.77 (eq 12). These data
suggest that activity might be improved by increasing
compound/substituents hydrophobicity. It is important to
note here that the compound solubility decreases by
increasing compound/substituents hydrophobicity, thus
limiting bioavailability. The existence of a linear only
correlation between activity and compound/substituents
hydrophobicity suggests that the log P/ values were not
great enough to establish the upper limit of the activity,
that is, the balance between log P/x values and the
compound activity. Thus, more compounds will be needed
for those data sets to establish the upper limit of the log

P/z values by the development of either parabolic or
bilinear QSAR models. A negative linear correlation is
found in 4 equations (egs 10, 22, 34, and 35), and the
coefficient range from —0.30 (eq 10) to —1.45 (eq 22).
L ess hydrophobic congeners in these compound families
might display enhanced activity (note: eq 22 contains a
positive correlation with st and a negative correlation with
sy, SO one should preserve a hydrophilic group at
Y -position while boosting the hydrophobicity of the
X-substituents). Parabolic correlations with hydrophobic
parameter of the substituents are found in two equations
(egs 20 and 25), which reflect situations where activity
increases with increasing hydrophobicity of the substit-
uents up to an optimal value and then decreases. These
are the encouraging examples, where the optimal values
of oz (hydrophobic parameter of the substituents) are well
defined, which are 2.46 and 0.44, respectively. Parabolic
correlations with the molecule’s overall hydrophobicity
are also found in two equations (egs 18 and 27). The
optimal log P for these equations is 1.62 and 2.04,
respectively.

The second important parameter is molar refractivity of
the molecules/substituents, which is present in 15 QSAR. A
positive linear correlation is found in two equations (egs 26
and 28) with coefficient 2.18 and 0.86. These data suggest
that the activity might be improved by increasing compound/
substituents molar refractivity/polarizability. A negative
linear correlation isfound in six equations (egs 11 and 13-17)
and the coefficient range is found to be from —1.48 (eq 15)
to —0.39 (eq 17). Less steric congeners in these compound
families might display enhanced activity. Parabolic correla
tion with molar refractivity of the substituents is found in
one eq 21, which shows that activity is optima for a
particular value, or range of values, of MR. The optimal MR
for this equation is 5.14. Parabolic correlations with the
molecule’s overall molar refractivity are found in five
equations (egs 29-33). The optimal molar refractivity of the
whole molecules for these equationsis from 10.25 to 10.57.
Bilinear correlation with molar refractivity of the substituents
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is also found in one eq 19, which reflects situation where
activity declines with increasing molar refractivity of the
substituents and then changes direction and increases. This
may correspond to an allosteric reaction. Molar volume is
shown in one QSAR (eq 37), but it does not seem to play as
important arole as hydrophobicity and molar refractivity for
the data sets that we have examined.

The presence of outliers is one of the most difficult
problems in QSAR. Outliers are those compounds that have
unexpected biological activities and are unable to fit in a
QSAR model. It could be associated with one of the
following reasons: (1) the experimental errorsin the primary
data, (2) the molecules may act by different mechanisms,
(3) members of the data set may have different rates of
metabolism, (4) the parameters used may not be the best,
and (5) the intrinsic noise associated with both the original
data and the methodological aspects involved in the con-
struction of a QSAR model 147150

4. Summary of the SAR and QSAR

A brief summary of the structure—activity relationships
(SAR) and quantitative structure—activity relationships
(QSAR) is shown in Figure 4.

5. Conclusions

The CPT analogues are emerging as a promising group
of chemotherapeutic agents. The structure—activity relation-
ships (SAR) provide insight into the mechanism of topo |
inhibition and helped in the synthesis of various CPT
analogues by modifying the different rings of the origina
CPT molecule, giving each analogue a unique property.
These modifications have resulted in various improvements
in the parent molecule, including changes in bioavailability,
stabilization of the lactone ring, and/or a decrease in the
substrate recognition by drug-resistant proteins as well as
improvements in the toxicity profile in preclinical studies.
QSAR paradigm has been proved to be useful in understand-
ing the requirements of physicochemical properties of the
substituents in many key locations as well as molecules as
a whole. An investigation of the QSAR results relative to
the CPT analogues suggests that the two most important
descriptors, for example, compound/substituent hydrophobic-
ity and molar refractivity, are also valid for the activity of
CPTs—hig, complicated, and flexible molecules. According
to Franke and Gruska, “ The drug discovery process is of
avery complex nature, effective drug design requires an
entire spectrum of techniques in which QSAR methods
still play an important role...” .*5! Thus, the knowledge of
SAR, together with the generation of QSAR, constitutes a
large body of evidence that may assist in the development
of new CPT with excellent antitumor activity and low
toxicity.

At the end, we would like to consider the compounds that
are in the advanced stage of clinical trials (111, 1V
XXXV —=XXXXIV). Two of them, topotecan (I11) for the
treatment of the ovarian and small-cell lung cancers and
irinotecan (1V) for the metastatic colorectal cancers have
already been approved by the FDA. The structures, Clog P
and CMR vaues of these compounds (III, 1V,
XXXV —=XXXXIV) are as follows:
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X 0
R NN o
N” X o)
HaC—" YOH

IIT (Topotecan)

[R = OH, X = CHN(CH3)p, Y = H]
(Clog P =0.73; CMR = 11.43)

1V (Irinotecan)

R= —09‘-N:>—N:>, X=H,Y =CoHyl

(Clog P=2.73; CMR = 16.12)

It isinteresting to note that all of these compounds (except

X 0
X N | (0]
o
N X 0
Hac—" “OH

XXXV [Rubitecan; X = NO,]
(Clog P=0.76, CMR = 10.13)
XXXVI [IDEC-132; X = NHj]
(Clog P = 0.35; CMR = 9.89)

X 0
NN o
o
N N 0
HaC—" YOH

XXXVII [Gimatecan; X = CH=NOC(CHs)3]
(Clog P = 2.23; CMR = 12.49)

XXXVIII [Karenitecin; X = CH,CH,Si(CH3)3)
(Clog P=3.70; CMR = 12.73)

XXXIX [CKD-602; X = CHoCH,NHCH(CH3)s]
(Clog P = 1.17; CMR = 12.21)

O
F Q
= N
F N
HaC—" OH
XXXX [Diffomotecan]
(Clog P = 1.21; CMR = 10.02)
0]
= N | (@]
o
N X 0

XXXXI [Bay 38-3441]
(Clog P = 1.54; CMR = 23.84)

XXXVIII) have the Clog P values either low or very close
to the predicted range (Clog P = 1.30—2.60; see Figure 4
and egs 18 and 27). The CMR values of four compounds
XXXV, XXXVI, XXXX, and XXXXI1) arein the predicted
range (CMR = 8.00—11.00; see Figure 4 and Egs. 29-33)
and the rest have higher values (except two compounds |11
and XXXXIII, which have CMR values very close to the
predicted range). The question arises of whether the relatively
low Clog P is necessary or is this accidental because of the
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HO
\/\O 0

XXXXII [DRF-1042]
(Clog P = 0.29; CMR = 10.76)

NH,

HaC—" “OH

XXXXIII [Exatecan]
(Clog P = 0.95; CMR = 11.58)

(\N,CHg

HsC—" “OH

XXXXIV [Lurtotecan]
(Clog P =1.56; CMR = 13.92)

high CMR. Clog P and CMR can be collinear unless careis
taken in substituent selection. Of course Clog P isimportant
in bicavailability; however, usually values in the range of
1.50—3.00 suffice for this purpose.

6. References

(1) wal, M. E.; Wani, M. C.; Cook, C. E.; Pdmer, K. H.; McPhail,
A.T.; Sm, G. A. J. Am. Chem. Soc. 1966, 88, 3888.
(2) Wall, M. E. Med. Res. Rev. 1998, 18, 299.
(3) Legarza, K.; Yang, L.-X. In Vivo 2005, 19, 283.
(4) Moertel, C. G.; Schutt, A. J.; Reitemeier, R. J.; Hahn, R. G. Cancer
Chemother. Rep. 1972, 56, 95.
(5) Gottlieb, J. A.; Luce, J. K. Cancer Chemother. Rep. 1972, 56, 103.
(6) Wani, M. C.; Ronman, P. E,; Lindley, J. T.; Wall, M. E. J. Med.
Chem. 1980, 23, 554.
(7) Carrigan, S. W.; Lii, J.-H.; Bowen, J. P. J. Comput.-Aided Mol. Des.
1997, 11, 61.
(8) Hsiang, Y.-H.; Hertzberg, R.; Hecht, S,; Liu, L. F. J. Biol. Chem.
1985, 260, 14873.
(9) Dancey, J.; Eisenhauer, E. A. Br. J. Cancer 1996, 74, 327.
(10) Pommier, Y .; Pourquier, P.; Fan, Y.; Strumberg, D. Biochim. Biophys.
Acta 1998, 1400, 83.
(11) Markman, M. Oncologist 2005, 10, 695.
(12) Ahmad, T.; Gore, M. Expert Opin. Pharmacother. 2004, 5, 2333.
(13) Stewart, D. J. Oncologist 2004, 9 (Suppl. 6), 33.
(14) Ormrod, D.; Spencer, C. M. Drugs 1999, 58, 533.
(15) Fuchs, C.; Mitchell, E. P.; Hoff, P. M. Cancer Treat. Rev. 2006, 32,
491,
(16) Pavillard, V.; Charasson, V.; Laroche-Clary, A.; Soubeyran, |.; Robert,
J. Anticancer Res. 2004, 24, 579.
(17) Li, Q.-Y.; Zu, Y.-G.; Shi, R-Z.; Yao, L.-P. Curr. Med. Chem. 2006,
13, 2021.
(18) Legarza, K.; Yang, L.-X. Anticancer Res. 2006, 26, 3301.
(19) Hsiang, Y.-H.; Lihou, M. G; Liu, L. F. Cancer Res. 1989, 49, 5077.
(20) Thomas, C. J,; Rahier, N. J;; Hecht, S. M. Bioorg. Med. Chem. 2004,
12, 1585.
(21) Wang, X.; Wang, L.-K.; Kingsbury, W. D.; Johnson, R. K.; Hecht,
S. M. Biochemistry 1998, 37, 9399.
(22) Hertzberg, R. P.; Caranfa, M. J.; Hecht, S. M. Biochemistry 1989,
28, 4629.
(23) Miller, S. E.; Pilch, D. S. Ann. N.Y. Acad. Sci. 2000, 922, 309.
(24) Staker, B. L.; Hjerrild, K.; Feese, M. D.; Behnke, C. A.; Burgin,
A.B., J.; Stewart, L. Proc. Natl. Acad. Sci. U.SA. 2002, 99, 15387.
(25) Argaman, M.; Bendetz-Nezer, S.; Matlis, S;; Segd, S.; Priel, E.
Biochem. Biophys. Res. Commun. 2003, 301, 789.
(26) Petrangolini, G.; Pratesi, G.; De Cesare, M.; Supino, R.; Pisano, C,;
Marcellini, M.; Giordano, V.; Laccabue, D.; Lanzi, C.; Zunino, F.
Mol. Cancer Res. 2003, 1, 863.

Verma and Hansch

(27) Ji, Y.; Hayashi, K.; Amoh, Y.; Tsuji, K.; Yamauchi, K.; Yamamoto,
N.; Tsuchiya, H.; Tomita, K.; Bouvet, M.; Hoffman, R. M. Anticancer
Res. 2007, 27, 713.

(28) Liu, X.; Lin, J; Bao, Y.; Lin, X.; An, L. J. Dermatol. Sci. 2006, 42,
262.

(29) Hayward, R. L.; Macpherson, J. S.; Cummings, J.; Monia, B. P,
Smyth, J. F.; Jodrell, D. I. Clin. Cancer Res. 2003, 9, 2856.

(30) Saleem, A.; Edwards, T. K.; Rasheed, Z.; Rubin, E. H. Ann. N.Y.
Acad. Sci. 2000, 922, 46.

(31) Meng, L.-H.; Liao, Z.-Y.; Pommier, Y. Curr. Top. Med. Chem. 2003,
3, 305.

(32) Mdliepaard, M.; van Gastelen, M. A.; deJong, L. A.; Pluim, D.; van
Waardenburg, R. C. A. M.; Ruevekamp-Helmers, M. C.; Floot,
B. G. J; Schellens, J. H. M. Cancer Res. 1999, 59, 4559.

(33) Chrencik, J. E.; Staker, B. L.; Burgin, A. B.; Pourquier, P.; Pommier,
Y.; Stewart, L.; Redinbo, M. R. J. Mol. Biol. 2004, 339, 773.

(34) Lauria A.; Ippalito, M.; Almerico, A. M. J. Mol. Moddl. 2007, 13, 393.

(35) Bocian, W.; Kawecki, R.; Bednarek, E.; Sitkowski, J.; Pietrzyk, A.;
Williamson, M. P.; Hansen, P. E.; Kozerski, L. Chem—Eur. J. 2004,
10, 5776.

(36) Oberlies, N. H.; Kroll, D. J. J. Nat. Prod. 2004, 67, 129.

(37) Driver, R. W,; Yang, L.-X. Mini-Rev. Med. Chem. 2005, 5, 425.

(38) Ulukan, H.; Swaan, P. W. Drugs 2002, 62, 2039.

(39) Garcia-Carbonero, R.; Supko, J. G. Clin. Cancer Res. 2002, 8, 641.

(40) Zunino, F.; Pratesi, G. Expert Opin. Invest. Drugs 2004, 13, 269.

(41) Hatefi, A.; Amsden, B. Pharm. Res. 2002, 19, 1389.

(42) Sriram, D.; Yogeeswari, P.; Thirumurugan, R.; Ratan Bal, T. Nat.
Prod. Res. 2005, 19, 393.

(43) Adams, D. J. Curr. Med. Chem. Anticancer Agents 2005, 5, 1.

(44) Lorence, A.; Nesser, C. L. Phytochemistry 2004, 65, 2735.

(45) Kim, D.-K.; Lee, N. Mini-Rev. Med. Chem. 2002, 2, 611.

(46) Corbett, K. D.; Berger, J. M. Annu. Rev. Biophys. Biomol. Sruct.
2004, 33, 95.

(47) Eriksson, L.; Jaworska, J.; Worth, A. P.; Cronin, M. T. D.; McDowell,
R. M.; Gramatica, P. Environ. Health Perspect. 2003, 111, 1361.

(48) Verma, R. P.; Hansch, C. Bioorg. Med. Chem. 2007, 15, 2223.

(49) Wang, X.; Zhou, X.; Hecht, S. M. Biochemistry 1999, 38, 4374.

(50) Redinbo, M. R.; Stewart, L.; Kuhn, P.; Champoux, J. J.; Hol, W. G. J.
Science 1998, 279, 1504.

(51) Bailly, C. Crit. Rev. Oncol. Hematol. 2003, 45, 91.

(52) Leu, Y.-L.; Roffler, S. R.; Chern, J-W. J. Med. Chem. 1999, 42,
3623.

(53) Wani, M. C.; Nicholas, A. W.; Wall, M. E. J. Med. Chem. 1986, 29,
2358.

(54) Carrigan, S. W.; Fox, P. C.; Wall, M. E.; Wani, M. C.; Bowen, J. P.
J. Comput.- Aided Mol. Design 1997, 11, 71.

(55) Wani, M. C,; Nicholas, A. W.; Manikumar, G.; Wall, M. E. J. Med.
Chem. 1987, 30, 1774.

(56) wall, M. E.; Wani, M. C.; Nicholas, A. W.; Manikumar, G.; Tele,
C.; Moore, L.; Truesdde, A.; Leitner, P.; Besterman, J. M. J. Med.
Chem. 1993, 36, 2689.

(57) Yaegashi, T.; Sawada, S.; Nagata, H.; Furuta, T.; Yokokura, T.;
Miyasaka, T. Chem. Pharm. Bull. 1994, 42, 2518.

(58) Tanizawa, A.; Kohn, K. W.; Kohlhagen, G.; Leteurtre, F.; Pommier,
Y. Biochemistry 1995, 34, 7200.

(59) Burke, T. G.; Mi, Z. J. Med. Chem. 1993, 36, 2580.

(60) Subrahmanyam, D.; Sarma, V. M.; Venkateswarlu, A.; Sastry,
T. V. R. S,; Kulakarni, A. P.; Srinivasa Rao, D.; Krishna Reddy,
K. V. S. R. Bioorg. Med. Chem. 1999, 7, 2013.

(61) Subrahmanyam, D.; Sarma, V. M.; Venkateswarlu, A.; Sastry,
T.V.R. S, Srinivas, A. S. S. V.; Krishna, C. V.; Deevi, D. S;; Kumar,
S. A.; Babu, M. J; Damodaran, N. K. Bioorg. Med. Chem. Lett.
2000, 10, 369.

(62) Subrahmanyam, D.; Venkateswarlu, A.; Reo, K. V.; Sastry, T. V. R. S,;
Vandana, G.; Kumar, S. A. Bioorg. Med. Chem. Lett. 1999, 9, 1633.

(63) Sugimori, M.; Ejima, A.; Ohsuki, S.; Matsumoto, K.; Kawato, Y ;
Yasuoka, M.; Tagawa, H.; Terasawa, H. Heterocycles 1994, 38, 81.

(64) Crow, R. T.; Crothers, D. M. J. Med. Chem. 1992, 35, 4160.

(65) Nicholas, A. W.; Wani, M. C.; Manikumar, G.; Wall, M. E.; Kohn,
K. W.; Pommier, Y. J. Med. Chem. 1990, 33, 972.

(66) Rahier, N. J.; Cheng, K.; Gao, R.; Eisenhauer, B. M.; Hecht, S. M.
Org. Lett. 2005, 7, 835.

(67) Wani, M. C.; Nicholas, A. W.; Wall, M. E. J. Med. Chem. 1987, 30,
2317.

(68) Hertzberg, R. P.; Caranfa, M. J; Holden, K. G.; Jakas, D. R,
Gallagher, G.; Mattern, M. R.; Mong, S.-M.; Bartus, J. O.; Johnson,
R. K.; Kingsbury, W. D. J. Med. Chem. 1989, 32, 715.

(69) Mi, Z.; Burke, T. G. Biochemistry 1994, 33, 10325.

(70) Burke, T. G.; Munshi, C. B.; Mi, Z.; Jiang, Y. J. Pharm. Sci. 1995,
84, 518.

(71) Ceo, Z.; Harris, N.; Kozielski, A.; Vardeman, D.; Stehlin, J. S,;
Giovanella, B. J. Med. Chem. 1998, 41, 31.



Camptothecins: A SAR/QSAR Study

(72) Cao, Z.; Pantazis, P.; Mendoza, J.; Early, J.; Kozielski, A.; Harris,
N.; Vardeman, D.; Liehr, J;; Stehlin, J. S;; Giovanella, B Ann. N.Y.
Acad. Sci. 2000, 922, 122.

(73) Wang, C.-Y.; Pan, X.-D.; Liu, H.-Y.; Fu, Z.-D.; Wei, X.-Y; Yang,
L.-X. Bioorg. Med. Chem. 2004, 12, 3657.

(74) Lavergne, O.; Lesueur-Ginat, L.; Rodas, F. P.; Bigg, D. C. H. Bioorg.
Med. Chem. Lett. 1997, 7, 2235.

(75) Lavergne, O.; Lesueur-Ginot, L.; Rodas, F. P.; Kasprzyk, P. G,;
Pommier, J.; Demarquay, D.; Prevost, G.; Ulibarri, G.; Rolland, A.;
Schiano-Liberatore, A.-M.; Harnett, J.; Pons, D.; Camara, J.; Bigg,
D. C. H. J. Med. Chem. 1998, 41, 5410.

(76) Lavergne, O.; Harnett, J.; Rolland, A.; Lanco, C.; Lesueur-Ginot,
L.; Demarquay, D.; Huchet, M.; Coulomb, H.; Bigg, D. C. H. Bioorg.
Med. Chem. Lett. 1999, 9, 2599.

(77) Lavergne, O.; Demarquay, D.; Bailly, C.; Lanco, C.; Rolland, A.;
Huchet, M.; Coulomb, H.; Muller, N.; Baroggi, N.; Camara, J.; Le
Breton, C.; Manginot, E.; Cazaux, J.-B.; Bigg, D. C. H. J. Med. Chem.
2000, 43, 2285.

(78) Larsen, A. K.; Gilbert, C.; Chyzak, G.; Plisov, S. Y.; Naguibneva,
I.; Lavergne, O.; Lesueur-Ginot, L.; Bigg, D. C. H. Cancer Res. 2001,
61, 2961.

(79) Lansiaux, A.; Facompré, M.; Wattez, N.; Hildebrand, M.-P.; Bal,
C.; Demarquay, D.; Lavergne, O.; Bigg, D. C. H.; Bailly, C. Mal.
Pharmacol. 2001, 60, 450.

(80) Kerrigan, J. E.; Pilch, D. S. Biochemistry 2001, 40, 9792.

(81) Laco, G. S; Callins, J. R; Luke, B. T.; Kroth, H.; Sayer, J. M.; Jerina,
D. M.; Pommier, Y. Biochemistry 2002, 41, 1428.

(82) Jena, N. R.; Mishra, P. C. J. Mol. Model. 2007, 13, 267.

(83) Hansch, C.; Mdoney, P. P.; Fujita, T.; Muir, R. M. Nature 1962,
194, 178.

(84) Hansch, C.; Leo, A. Exploring QSAR: Fundamentals and Applications
in Chemistry and Biology; American Chemical Society: Washington,
D.C. 1995.

(85) Schultz, T. W.; Hewitt, M.; Netzeva, T. I.; Cronin, M. T. D. QSAR
Comb. Sci. 2007, 26, 238.

(86) Selassie, C. D.; Garg, R.; Kapur, S.; Kurup, A.; Verma, R. P,
Mekapati, S. B.; Hansch, C. Chem. Rev. 2002, 102, 2585.

(87) Winkler, D. A. Briefings Bioinf. 2002, 3, 73.

(88) Hall, L. H.; Hall, L. M. SAR QSAR Environ. Res. 2005, 16, 13.

(89) Hou, T. J; Zhang, W.; Xia, K.; Qiao, X. B.; Xu, X. J. J. Chem. Inf.
Comput. Sci. 2004, 44, 1585.

(90) Khan, M. T. H.; Sylte, I. Curr. Drug Discovery Technol. 2007, 4, 141.

(91) Verma, R. P. Bioorg. Med. Chem. 2005, 13, 1059.

(92) Hansch, C.; Verma, R. P. Top. Heterocycl. Chem. 2007, 10, 43.

(93) Hansch, C.; Verma, R. P. ChemMedChem 2007, 2, 1807.

(94) Lu, A.-J,; Zhang, Z.-S; Zheng, M.-Y .; Zou, H.-J.; Luo, X.-M; Jiang,
H.-L. Acta Pharmacol. Sin. 2007, 28, 307.

(95) Amat, L.; Robert, D.; Besal(, E.; Carbo-Dorca, R. J. Chem. Inf.
Comput. Sci. 1998, 38, 624.

(96) Li, M.-J; Jang, C.; Li, M.-Z;; You, T.-P. J. Mol. Sruct.:
THEOCHEM 2005, 723, 165.

(97) Yao, Y.-Y; Xu, L; Yang, Y.-Q.; Yuan, X.-S. J. Chem. Inf. Compui.
Sci. 1993, 33, 590.

(98) Kier, L. B.; Hall, L. H. J. Pharm. i. 1981, 70, 583.

(99) Kier, L.B.; Hall, L. H. Molecular Connectivity in Sructure-Activity
Analysis; Wiley: New York, 1986.

(100) Kier, L. B. Quant. Struct.-Act. Relat. 1985, 4, 1009.

(101) Kier, L. B., Rouvray, D. H.; Eds. Computational Chemical Graph
Theory; Nova Science Publishers: New Y ork, 1990.

(202) Randic, M. J. Am. Chem. Soc. 1975, 97, 6609.

(103) Basak, S. C.; Harriss, D. K.; Magnuson, V. R. J. Pharm. ci. 1984,
73, 429.

(104) Stanton, D. T.; Egolf, L. M.; Jurs, P. C.; Hicks, M. G. J. Chem. Inf.
Comput. Sci. 1992, 32, 306.

(105) Osmidowski, K.; Hakiewicz, J.; Redecki, A.; Kaliszan, R. J. Chro-
matogr. 1985, 346, 53.

(106) Dadlavale, S; Ferrari, A.; Biasotti, B.; Merlini, L.; Penco, S.; Gallo,
G.; Marzi, M.; Tinti, M. O.; Martinelli, R.; Pisano, C.; Carminati,
P.; Carenini, N.; Beretta, G.; Perego, P.; De Cesare, M.; Pratesi, G.;
Zunino, F. J. Med. Chem. 2001, 44, 3264.

(107) Kim, D.-K.; Ryu, D. H.; Lee, J. Y.; Lee, N.; Kim, Y.-W.; Kim, J.-
S.; Chang, K.; Im, G.-J;; Kim, T.-K.; Choi, W.-S. J. Med. Chem.
2001, 44, 1594.

(108) Verma, R. P.; Hansch, C. Mol. Pharmaceutics 2006, 3, 441.

(109) Fan, Y.; Shi, L. M.; Kohn, K. W.; Pommier, Y.; Weinstein, J. N.
J. Med. Chem. 2001, 44, 3254.

(110) Yoon, K. J. P.; Krull, E. J.; Morton, C. L.; Bornmann, W. G.; Lee,
R. E.; Potter, P. M.; Danks, M. K. Mol. Cancer Ther. 2003, 2, 1171.

(111) Aida-Hyugadiji, S.; Nakagawa, H.; Nomura, J.; Sakurai, M.; Na-
gashima, U.; Ishikawa, T. Croat. Chem. Acta. 2007, 80, 277.

(112) C-QSAR Program; BioByte Corp.: 201 W. Fourth St., Suite 204,
Claremont, CA 91711, www.biobyte.com.

Chemical Reviews, 2009, Vol. 109, No. 1 235

(113) Hansch, C.; Hoekman, D.; Leo, A.; Weininger, D.; Selassie, C. D.
Chem. Rev. 2002, 102, 783.

(114) Verma, R. P.; Hansch, C. Nat. Protoc. DOI: 10.1038/nprot.2007.125
(freely available at: http://www.natureprotocols.com/2007/03/05/
development_of_gsar_models usi_1.php).

(115) Verloop, A. In The Serimol Approach to Drug Design; Marcel
Dekker: New York, 1987.

(116) Hansch, C.; Steinmetz, W. E.; Leo, A. J.; Mekapati, S. B.; Kurup,
A.; Hoekman, D. J. Chem. Inf. Comput. Sci. 2003, 43, 120.

(117) Hansch, C.; Kurup, A. J. Chem. Inf. Comput. Sci. 2003, 43, 1647.

(118) Verma, R. P.; Kurup, A.; Hansch, C. Bioorg. Med. Chem. 2005, 13,
237.

(119) Verma, R. P.; Hansch, C. Bioorg. Med. Chem. 2005, 13, 2355.

(120) Abraham, M. H.; McGowan, J. C. Chromatographia 1987, 23, 243.

(121) Cramer, R. D., I1I; Bunce, J. D.; Patterson, D. E.; Frank, |. E. Quant.
Struct.-Act. Relat. 1988, 7, 18.

(122) Pogliani, L. Chem. Rev. 2000, 100, 3827.

(123) Pogliani, L. J. Phys. Chem. 1996, 100, 18065.

(124) Agrawd, V. K.; Singh, J.; Khadikar, P. V.; Supuran, C. T. Bioorg.
Med. Chem. Lett. 2006, 16, 2044.

(125) Selassie, C. D.; Kapur, S.; Verma, R. P.; Rosario, M. J. Med. Chem.
2005, 48, 7234.

(126) Verma, R. P.; Hansch, C. Virology 2007, 359, 152.

(127) Vladu, B.; Woynarowski, J. M.; Manikumar, G.; Wani, M. C.; Wall,
M. E.; von Hoff, D. D.; Wadkins, R. M. Mol. Pharmacol. 2000, 57,
243.

(128) Uehling, D. E.; Nanthakumar, S. S.; Croom, D.; Emerson, D. L.;
Leitner, P. P.; Luzzio, M. J.; Mcintyre, G.; Morton, B.; Profeta, S;;
Sisco, J,; Sternbach, D. D.; Tong, W.-Q.; Vuong, A.; Besterman,
J. M. J. Med. Chem. 1995, 38, 1106.

(129) Rahier, N. J; Eisenhauer, B. M.; Gao, R.; Jones, S. H.; Hecht, S. M.
Org. Lett. 2004, 6, 321.

(230) Zu, Y .-G, Li, Q.-Y.; Fu, Y.-J; Wang, W. Bioorg. Med. Chem. Lett.
2004, 14, 4023.

(131) Dalavale, S,; Ferrari, A.; Merlini, L.; Penco, S.; Carenini, N.; De
Cesare, M.; Perego, P.; Pratesi, G.; Zunino, F. Bioorg. Med. Chem.
Lett. 2001, 11, 291.

(132) Verma, R. P. Lett. Drug Des. Discovery 2005, 2, 205.

(133) Mekapati, S. B.; Kurup, A.; Verma, R. P.; Hansch, C. Bioorg. Med.
Chem. 2005, 13, 3737.

(134) Wang, X.; Wang, L.-K.; Kingsbury, W. D.; Johnson, R. K.; Hecht,
S. M. Biochemistry 1998, 37, 9399.

(135) Adams, D. J; da Silva, M. W.; Flowers, J. L.; Kohlhagen, G.;
Pommier, Y.; Colvin, O. M.; Manikumar, G.; Wani, M. C. Cancer
Chemother. Pharmacol. 2006, 57, 135.

(136) Dallavale, S.; Delsoldato, T.; Ferrari, A.; Merlini, L.; Penco, S,;
Carenini, N.; Perego, P.; De Cesare, M.; Pratesi, G.; Zunino, F.
J. Med. Chem. 2000, 43, 3963.

(137) Yoshikawa, M.; Ikegami, Y .; Hayasaka, S.; Ishii, K.; Ito, A.; Sano, K.;
Suzuki, T.; Togawa, T.; Yoshida, H.; Soda, H.; Oka, M.; Kohno, S,;
Sawada, S.; Ishikawa, T.; Tanabe, S. Int. J. Cancer 2004, 110, 921.

(138) Jew, S.-S.; Kim, H.-J; Kim, M. G.; Roh, E.-Y.; Hong, C. II; Kim,
J-K.; Lee, J-H.; Lee, H.; Park, H.-G. Bioorg. Med. Chem. Lett. 1999,
9, 3203.

(139) Bodley, A. L.; Shapiro, T. A. Proc. Natl. Acad. Sci. U.SA. 1995,
92, 3726.

(140) Bodley, A. L.; Wani, M. C.; Wall, M. E.; Shapiro, T. A. Biochem.
Pharmacol. 1995, 50, 937.

(141) Werbovetz, K. A.; Bhattacharjee, A, K.; Brendle, J. J.; Scovill, J. P.
Bioorg. Med. Chem. 2000, 8, 1741.

(142) Jaworska, J. S.; Comber, M.; Auer, C.; Van Leeuwen, C. J. Environ.
Health Perspect. 2003, 111, 1358.

(143) Cronin, M. T. D.; Walker, J. D.; Jaworska, J. S.; Comber, M. H. |.;
Watts, C. D.; Worth, A. P. Environ. Health Perspect. 2003, 111,
1376.

(144) Cronin, M. T. D.; Jaworska, J. S.; Walker, J. D.; Comber, M. H. I.;
Weatts, C. D.; Worth, A. P. Environ. Health Perspect. 2003, 111, 1391.

(145) Golbraikh, A.; Tropsha, A. J. Mol. Graphics Modell. 2002, 20, 269.

(146) Tropsha, A.; Gramatica, P.; Gombar, V. K. QSAR Comb. Sci. 2003,
22, 69.

(147) Garg, R.; Kurup, A.; Mekapati, S. B.; Hansch, C. Chem. Rev. 2003,

, 703.

(148) Verma, R. P.; Hansch, C. Bioorg. Med. Chem. 2005, 13, 4597.

(149) Polanski, J.; Bak, A.; Gieleciak, R.; Magdziarz, T. J. Chem. Inf.
Model. 2006, 46, 2310.

(150) Ekins, S.; Mestres, J.; Testa, B. Br. J. Pharmacol. 2007, 152, 9.

(151) Franke, R.; Gruska, A. Quantitative Sructure-Activity Relationhsip
(QSAR) Models of Mutagens and Carcinogens, CRC Press: Boca
Raton, 2003; Chapter 1, p 1.

CR0780210





