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however, three-dimensional quantitative structure-activity
relationship studies predicted that rCE would activate BPCPT less efficiently than CPT-11. This was confirmed by
both growth inhibition experiments and kinetic studies.
The method is being used to design camptothecin prodrugs predicted to be activated by specific CEs. (Mol
Cancer Ther. 2003;2:1171 – 1181)

Introduction
Abstract
7-Ethyl-10-[4-(1-piperidino)-1-piperidino]carbonyloxycamptothecin (irinotecan, CPT-11) is a camptothecin
prodrug that is metabolized by carboxylesterases (CE) to
the active metabolite 7-ethyl-10-hydroxycamptothecin
(SN-38), a topoisomerase I inhibitor. CPT-11 has shown
encouraging antitumor activity against a broad spectrum
of tumor types in early clinical trials, but hematopoietic
and gastrointestinal toxicity limit its administration. To
increase the therapeutic index of CPT-11 and to develop
other prodrug analogues for enzyme/prodrug gene therapy
applications, our laboratories propose to develop camptothecin prodrugs that will be activated by specific CEs.
Specific analogues might then be predicted to be activated,
for example, predominantly by human liver CE(hCE1), by
human intestinal CE (hiCE), or in gene therapy approaches
using a rabbit liver CE (rCE). This study describes a molecular
modeling approach to relate the structure of rCE-activated
camptothecin prodrugs with their biological activation.
Comparative molecular field analysis, comparative molecular similarity index analysis, and docking studies were used to
predict the biological activity of a 4-benzylpiperazine
derivative of CPT-11 [7-ethyl-10-[4-(1-benzyl)-1-piperazino]carbonyloxycamptothecin (BP-CPT)] in U373MG glioma cell lines transfected with plasmids encoding rCE or
hiCE. BP-CPT has been reported to be activated more
efficiently than CPT-11 by a rat serum esterase activity;
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In theory, therapeutic approaches designed to achieve
tumor cell-selective activation of nontoxic prodrugs have
the potential to produce tumor-specific cell kill. To be
successful in practice, however, the enzymes and prodrugs
comprising these approaches should fulfill several essential
criteria. These include a significant difference in potency
between the prodrug and the active metabolite and a
relative inefficiency of prodrug activation by ubiquitously
expressed endogenous human enzymes compared with the
enzyme exploited in the enzyme/prodrug therapeutic
approach. Two exogenous enzyme/prodrug combinations
have been investigated extensively: Herpes simplex virus
thymidine kinase/ganciclovir (1 – 4) and Escherichia coli
cytosine deaminase/5-fluorocytosine (5 – 7). Recently, our
laboratories have described the potential use of rabbit liver
carboxylesterase (rCE) with the camptothecin analogue 7ethyl-10-[4-(1-piperidino)-1-piperidino]carbonyloxycamptothecin (irinotecan, CPT-11; 8, 9).
rCE activates CPT-11 more efficiently than any enzyme
thus far identified (9, 11, 12), and its expression sensitizes
primary neuroblastoma cells to this prodrug (10). 7-Ethyl10-hydroxycamptothecin (SN-38), the active form of CPT-11,
is up to 1000-fold more potent than CPT-11 (13). A previous
report by Tsuji et al. described several additional camptothecin prodrugs (14). One analogue in particular, a 4-benzylpiperazine derivative, was activated 7-fold more efficiently
than CPT-11 by a rat serum esterase activity, suggesting that it
might be possible to identify camptothecin analogues that
would be preferentially activated by specific esterases.
Relevant to this study, rCE is 76% similar to rat serum esterase
at the amino acid level. CPT-11 is also activated by two known
human enzymes, human intestinal CE (hiCE) and human
liver CE-1 (hCE1), but activation of this prodrug in vivo is
relatively inefficient (15 – 17).
Therefore, based in part on the data of Tsuji et al., we
synthesized the 4-benzylpiperazine derivative of SN-38,
7-ethyl-10-[4-(1-benzyl)-1-piperazino]carbonyloxycamptothecin(BP-CPT), performed three-dimensional quantitative structure-activity relationship (QSAR) and docking
studies, and compared the ability of CPT-11 and BP-CPT
to inhibit growth of U373MG human glioma cells
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Figure 1. A, synthetic scheme of BP-CPT. Reagents and reaction
conditions for each synthetic step are detailed in ‘‘Materials and
Methods.’’ B, chemical structure of CPT-11.

transfected to express rCE or hiCE. K m values and catalytic efficiencies were also determined. The results of
this study are being used as the basis for designing other
camptothecin prodrugs for virus- and antibody-directed
enzyme prodrug therapy (VDEPT and ADEPT)
approaches.

Materials and Methods
Chemicals
CPT-11 was provided by Dr. J. P. McGovren (Pharmacia
& Upjohn, Kalamazoo, MI). A 10-mM stock solution in
100% methanol was stored at 20jC and was diluted
immediately before use. All other chemicals and supplies
were obtained from Sigma-Aldrich Chemical Co. (Milwaukee, WI), unless otherwise indicated.
Chemical Synthesis
SN-38 was prepared from the modified method by
Wood et al. (18). BP-CPT was synthesized using SN-38 as
a starting material by method previously used for
syntheses of nitrophenol derivatives (19). The synthetic
scheme for BP-CPT and the chemical structure of CPT-11
are shown in Fig. 1, A and B, respectively. Biotage FLASH
25+ column chromatography system was used to purify
reaction products, and TLC was performed on silica gel
plates (Merck TLC plate, silica gel 60 F254). Following
purification, BP-CPT was homogeneous by TLC. 1H Nuclear magnetic resonance (NMR) spectra were obtained
using a Varian INOVA-500 (500 MHz) and chemical shifts
are reported in parts/million (y) relative to residual solvent
peak or internal standard (tetramethylsilane) and coupling

constants ( J) are reported in Hz. Mass spectra were recorded
on a Bruker Esquire liquid chromatography mass spectrometry using electrospray ionization. Spectroscopy afforded
results consistent with the assigned structure.
Active Site Molecular Docking
For ligand-receptor docking, docking experiments were
performed using the program Genetic Optimization for
Ligand Docking (GOLD) to dock compounds into the
active site of the rCE. GOLD uses a genetic algorithm to
examine the ligand’s conformational flexibility (20). Structural coordinates for rCE were provided by Bencharit et al.
(21; PDB code 1K4Y). For molecular docking, the program
was set to propose the 10 best solutions by GOLD score,
and template molecules were docked into an active site
volume of 10 Å.
Molecular Surface
The molecular surface property map in Fig. 2 of the rCE
active site reflects lipophilic potential and was generated as
the Connolly surface using the SYBYL-based MOLCAD
program. The Connolly surface is essentially the portion of
the van der Waals surface of a molecule that is accessible to
solvent (22).
Molecular Modeling
All molecular modeling calculations and visualizations
were performed using the molecular modeling program
SYBYL 6.8 (23) on a Silicon Graphics Octane2 visual
workstation running under the IRIX 6.5 operating system.
Data Sets
The initial training set consisted of 10 compounds
comprising a series of camptothecin analogues having
carbamate-linked side chains and differing principally in
the substituents attached to the C-10 position of camptothecin. Input data were the negative logs of relative activity,
with relative activity defined as the percent hydrolysis by
rat serum esterase activity of each compound in the
training set under the experimental conditions reported
by Tsuji et al. (14). All analogues were constructed from the
standard fragment library in SYBYL. Structures were
energy minimized using the Tripos force field (24) with a
distance-dependent dielectric and the Powell conjugate
gradient algorithm with a convergence criterion of 0.001
kcal/mol Å. Partial atomic charges (Mulliken) of the
molecules were calculated using the PM3 Hamilitonian
model within MOPAC 6.0. (25).
Comparative Molecular Field Analysis and Comparative Molecular Similarity Index Analysis Studies:
Alignment and Interaction Energy
Comparative molecular field analysis (CoMFA) is a
mathematical expression of the correlation between the
chemical structure of a series of compounds and the experimentally determined biological activities of these
compounds (26). Comparative molecular similarity index
analysis (CoMSIA) is an alternative molecular field
analysis method to CoMFA. CoMSIA, like CoMFA, correlates the chemical structures with the biological activities of a set of compounds (27), but in addition to the
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Figure 2. GOLD docking of CPT11 and BP-CPT with the active site
of rCE. A and C, stereoview of
GOLD docking of the ligands (CPT11 and BP-CPT) with rCE active site
amino acid triad. The two prodrugs
are colored by atom type (C, white ;
N, blue ; and O, red ). Active site
amino acids are shown in orange
(Ser-221), magenta (Glu-343), and
purple (His-467). The distance between Ser-221 and the carbonyl
carbon of each analog is shown as
a yellow line . B and D, GOLD
docking of ligands with the MOLCAD surface contour map of the
rCE active site. Brown surfaces are
relatively hydrophobic compared
with green surfaces .

steric and electrostatic fields, CoMSIA also defines
hydrophobic fields and hydrogen bond donor and
acceptor fields and is used as an adjunct method to
CoMFA.
CoMFA and CoMSIA studies require alignment of the
three-dimensional structures of the molecules to be analyzed. SYBYL multifit alignment was used for the CoMFA
and CoMSIA molecular alignment. For the alignment, the
SN-38 moiety of compound 12, one of the most active
analogues reported by Tsuji et al., was used as a template.
Alignment of all 14 analogues using the five-membered SN38 fragment as a template is shown in Fig. 3. Following the
standard CoMFA procedure, each compound was inserted
into a three-dimensional lattice with grid points set to 2 Å
in x, y, and z directions. The steric and electrostatic
potential energy fields were calculated at each grid point
by summing the individual energy interactions between
each atom and a probe represented by a sp3 carbon with an
effective radius of 1.53 Å and a charge of +1. The interaction
energies measured for all of the molecules in a set were
placed in rows of the QSAR molecular spreadsheet. The
steric term represents van der Waals interactions and
the coulombic term represents electrostatic interactions.
The cutoff was set to 30 kcal/mol. To improve efficiency
and reduce noise, column filtering was set to 2.0 kcal/mol.

Partial Least Squares Analysis
A partial least squares (PLS; 28) method was used to
generate a linear regression equation to reflect differences
in the steric and electrostatic CoMFA fields and to correlate these differences with differences in biological activities. The predictive ability of the CoMFA models was
assessed using ‘‘leave-one-out (LOO)’’ cross-validation. For
the LOO procedure, compounds were extracted one at a
time from the data set, and the activity of the omitted
compound was then predicted by a new model derived
from the remaining compounds in the set. PLS (LOO)
produced the optimum number of principal components
and cross-validated correlation coefficient (q 2). A crossvalidated correlation coefficient of 1 indicates no deviation
between actual and predicted biological activities, while a
coefficient of 0 indicates random correlation between
chemical structure and its biological activity. The crossvalidated q 2 reflects the degree to which model-predicted
values match observed values. An acceptable lower limit
for this value is 0.40, with a q 2 = 0.40 – 0.50 regarded as
predictive and a q 2 > 0.5 as strongly predictive (29). The
PLS was then repeated without cross-validation to produce a final model having a conventional correlation
coefficient (r 2) to reflect the internal consistency of the
model. Non-cross-validated analyses were used for
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Figure 3. Molecular alignment of SN-38 prodrugs used in the CoMFA and CoMSIA modeling studies. All of the molecules were aligned using the SN-38
moiety of BP-CPT (compound 12) as a template by multifit alignment using SYBYL program.

predictions reported in Table 1. The three-dimensional
QSAR models are reported as CoMFA and CoMSIA
contour maps that show the regions of steric and
electrostatic fields of each model.
Cell Lines and Plasmids
U373MG glioma cells were purchased from the American Type Culture Collection (Bethesda, MD) and were
grown in Dulbecco’s MEM supplemented with 10% fetal
bovine serum (Hyclone Laboratories, Logan, UT), 1-mM
sodium pyruvate, 1-mM nonessential amino acids, and 2-mM
L-glutamine in a humidified atmosphere of 10% CO2 at 37jC.
The mammalian expression vector pIRES (Clontech Laboratories, Inc., Palo Alto, CA) encoding rCE (30) or hiCE (31)
was constructed as reported previously.
Transfection of Glioblastoma Cells
The method used to establish of U373pIRESneo, U373pIRESrCE, and U373pIREShiCE cell lines has been reported
previously (11).
Growth Inhibition Assays
Growth inhibition experiments were also done as previously reported (8). Results are reported as the concentration of
drug required to reduce cell number to 50% of untreated
controls (IC50; 32).
Determination of Kinetic Parameters for BP-CPT
K m values and efficiency of production of SN-38 for
BP-CPT with rCE, hiCE, and hCE1 were determined using
baculovirus purified protein, as published (33). Briefly, 500
units of enzyme (1 unit is the amount of enzyme required to
convert 1 Amol of o-nitrophenyl acetate to o-nitrophenol)
were incubated with increasing concentrations of BP-CPT
for 10 min at 37jC. The amount of SN-38 in each sample was
determined using reverse-phase high-performance liquid
chromatography (32). K m values were calculated from
hyperbolic plots using GraphPad Prism software.

Results
Synthesis of BP-CPT
Synthesis of the 4-benzylpiperazine derivative of CPT-11,
BP-CPT, was accomplished using SN-38 as a starting
material (Fig. 1A). To a stirring solution of SN-38 (11 mg,
0.027 mmol), pyridine (0.05 ml, 0.6 mmol) in dichloromethane (2 ml), triphosgene (14 mg, 0.047 mmol) was added
under argon atmosphere. After 1 h stirring at room
temperature, TLC was used to confirm that reaction was
complete. 1-Benzylpiperazine (0.03 ml, 0.08 mmol) and
pyridine (0.025 ml, 0.3 mmol) were then added to the
mixture, and the reaction mixture was stirred for 6 h at room
temperature (25jC). Dichloromethane was removed under
reduced pressure and the crude product was purified by
column chromatography using chloroform:methanol (9:1) to
give a light brown oil (7 mg, 66%). TLC R f = 0.4 (chloroform:methanol, 97:3); 1H NMR (500 MHz, CDCl3) y 0.98 (t, 3H, J =
1.4 Hz, CH2CH3), 1.40 (t, 3H, J = 1.4 Hz, CH2CH3), 1.6 (br s,
1H, OH), 2.4 (m, 2H, CH2CH3), 2.56 (m, 4H, N-CH2  2),
3.15 (q, 2H, J = 1.4 Hz, pyr-CH2CH3), 3.60 (s, 2H, CH2CH3),
3.63 (br s, 2H, N-CH2), 3.78 (br s, 2H, N-CH2), 5.22 (dd, 2H,
J = 2.3 and 4.6 Hz, CH2), 5.40 (d, 1H, J = 4.6 Hz, CH), 5.67
(d, 1H, J = 4.6 Hz, CH), 7.24 – 7.35 (m, 5H, ph-H5), 7.6 (dd,
1H, J = 2.3 and 0.7 Hz, ph-H), 7.85 (d, 1H, J = 0.7 Hz, ph-H),
8.21 (d, 1H, J = 2.3 Hz, ph-H); MS (electrospray ionization)
m/z 593 (M - 1, 100%), 549 (M - CO2, 38%). The structure
of CPT-11 is also shown for comparison (Fig. 1B).
Molecular Docking
Molecular docking studies were performed using GOLD
to identify potential three-dimensional intermolecular
interactions that determine or contribute to prodrug
binding by the target enzyme rCE.
Hydrolysis of substrates by rCE is known to involve Ser221, one of the members of the amino acid triad (Ser-221,
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Table 1. CoMFA/CoMSIA training (CPT-11, 1 – 9) and test (10 –
13) set

Structure
R

a
Predicted p(RA )

Actual
a

a

%RA

p(RA )

CoMFA

CoMSIA

CPT-11

100

-2.000

-1.995

-1.995

1

50

-1.69897

-1.701

-1.701

2

70

-1.8451

1.846

-1.849

3

160

-2.20412

2.197

-2.186

4

180

-2.25527

-2.260

-2.271

5

80

-1.90309

-1.904

-1.903

6

140

-2.14613

-2.151

-2.150

7

250

-2.39794

-2.398

-2.395

8

450

-2.65321

-2.654

-2.655

9

90

-1.95424

-1.953

-1.954

10

130

-2.11394

-1.854

-1.912

11

20

-1.30103

-1.968

-2.006

12

700

-2.8451

-1.907

-1.744

13

70

-1.8451

-2.229

-2.174

a

Relative activity expressed in article by Tsuji et al . (14).

Glu-343, and His-467) conserved in CE active sites (21).
The theoretical interaction between CPT-11 and BP-CPT
and this triad of amino acids is shown in Fig. 2, A/B and
C/D, respectively. In Fig. 2, A and C, the distance
between Ser-221 and the carbonyl carbon of each prodrug
is shown as a yellow line. In Fig. 2, B and D, the
MOLCAD surface of the rCE catalytic site reflects the
relative hydrophobic potential of the surface of this site.
Regions in brown are relatively hydrophobic compared
with regions in green. Interestingly, the SN-38 moiety
common to both CPT-11 and BP-CPT docked into the
active site in a similar orientation. However, the carbonyl
carbon of BP-CPT was closer by 2.1 Å to the Ser-221
hydroxyl group than was the carbonyl carbon of CPT-11.
It was unknown whether this closer proximity of the BPCPT 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.

Three-Dimensional QSAR Analysis
Three-dimensional QSAR studies were then performed
using previously reported CPT-11 analogues and biological
activity correlates to determine whether three-dimensional
QSAR studies could be used in conjunction with docking
studies to facilitate the design of CPT-11 prodrugs for
specific esterases. We performed both CoMFA and
CoMSIA analyses.
CoMFA. The model was based on the relative activity
values reported by Tsuji et al. (14) of 10 compounds (CPT11 plus nine analogues) for the training set and 4
compounds for the test set, as shown in Table 1. The SN38 portions of all 14 molecules were superimposed (Fig. 3),
and then all of the compounds were evaluated by CoMFA
and CoMSIA analyses. The negative log of the actual and
the CoMFA- and CoMSIA-predicted relative rates of
hydrolysis of each compound are also shown in Table 1.
Interestingly, both CoMFA and CoMSIA models predicted
reasonable values for all of the compounds, except BP-CPT.
BP-CPT showed f1 log unit discrepancy for both models.
These data suggested that, in contrast to published
biological data, BP-CPT would be predicted to be hydrolyzed less efficiently than CPT-11 by rat serum esterase
activity. This apparent discrepancy is considered further in
‘‘Discussion.’’
The statistical parameters for predicted CoMFA values are
shown in Table 2. Based on steric plus electrostatic properties, PLS analysis gave a cross-validated q 2 correlation
coefficient of 0.528 with an optimum number of six components and conventional non-cross-validated correlation
coefficient of r 2 = 1. The contribution of steric parameters
exceeded that of the electrostatic component, such that
analysis using the steric parameter alone as the primary
descriptor gave a higher cross-validated q 2 (0.583) than that
observed when both steric and electrostatic properties were
combined. The data suggest that the steric descriptor
predominates in this structure-activity relationship model.
CoMSIA. CoMSIA analysis was performed using the
same PLS protocol and procedure as was used for CoMFA.
The same set of 14 compounds was used to evaluate the
predictive power of CoMSIA models using steric, electrostatic, hydrophobic, and hydrogen donor and acceptor as
descriptors. Predicted CoMSIA values were similar to
predicted CoMFA values for all compounds.
Table 2. CoMFA statistical values

q 2a
Componentb
r 2c
SEd
Fe

Steric plus electrostatic

Steric

Electrostatic

0.528
6
1
0.006
2883

0.583
6
1
0.004
6643

0.183
1
1
0.011
1005

a

Cross-validated correlation coefficient.
Optimum number of components.
Non-cross-validated (conventional) correlation coefficient.
d
SE of estimate.
e
F ratio.
b
c
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Table 3. CoMSIA statistical values

q 2c
Componentd
r 2e
SEf
Fg

Steric

Electrostatic

Hydrophobic

0.656
3
0.997
0.028
160

0.126
5
1
0.005
4213

0.678
5
0.998
0.023
233

Hydrogen Da + Ab
0.065
1
0.978
0.072
23

Steric plus electrostatic
0.440
5
0.999
0.015
557

a

Donor.
Acceptor.
Cross-validated correlation coefficient.
d
Optimum number of components.
e
Non-cross-validated (conventional) correlation coefficient.
f
SE of estimate, measure of the unexplained uncertainty.
g
F ratio.
b
c

Statistical analysis of the predictive CoMSIA data is
shown in Table 3. Also similar to CoMFA analysis, a
primary descriptor of steric plus electrostatic parameters
gave a lower q 2 value than did steric properties alone. PLS
analysis of the CoMSIA values for compounds in the
training set resulted in q 2 value of 0.440 and r 2 value of
0.999 for both parameters and a q 2 value of 0.656 and r 2
value of 0.997 for the steric descriptor alone. The
hydrophobic descriptor also produced a good/excellent
q 2 value of 0.678 and r 2 value of 0.998. Taken together,
CoMFA and CoMSIA results suggest 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.
CoMFA Contour Maps
The visual outcomes from CoMFA studies to correlate chemical structures with biological activities are
depicted as three-dimensional contour maps. CoMFA
steric and electrostatic maps with CPT-11 inserted for
visual clarity are shown in Fig. 4, A – C. The field
values were calculated at each grid point as the
products of the QSAR coefficient and the SD of all
values in the corresponding column of the data table
(SD  coefficient). These values were plotted as a
percentage contribution to the QSAR equation. The
individual contributions from the steric and electrostatic fields were 80%/20% and 80%/20% for steric and
electrostatic fields, respectively.
CoMFA steric contour maps show regions with potentially favorable (green) or unfavorable (yellow) effects of
additional bulky groups on the biological activity of an
analogue. The green contours in Fig. 4 around the second
piperidino ring distal to the SN-38 moiety indicate that
additional bulky groups in this position might enhance the
biological activity of similar analogues. In contrast, yellow
contours indicate that bulky groups in this region might
result in steric hindrance and decreased biological activity.
Blue contours in Fig. 4 indicate that the additional
positively charged groups in this region may enhance
biological activity. In contrast, there are also regions (red
contours) where negatively charged groups may enhance

biological activity. Interestingly, the model predicts that
potential favorable changes to the prodrug molecules may
be introduced only in regions adjacent to the second
piperidino ring.
CoMSIA Contour Maps
The CoMSIA steric and electrostatic contour maps, similar to those shown for CoMFA, are represented in Fig. 5,
A – C. The orange contours in the steric field represent
sterically favored groups, and cyan indicates sterically
disfavored. The magenta contours between the first and
the second piperidino rings represent a region in which
positively charged groups are favored, and the white
contours indicate an area where negatively charged
groups are favored. Similar to CoMFA contour maps in
Fig. 4, CoMSIA maps indicated that efficient prodrug
activation can be maintained only by restricting changes
to these molecules to the groups distal to the first
piperidino ring. Further, taken together, the above
CoMFA and CoMSIA results (Figs. 3, 4, and 5; Tables 2
and 3) also suggested that the size and shape of groups in
the region occupied by the second ring of CPT-11 are a
primary determinant of efficiency of enzymatic activation
of this class of prodrugs and, more specifically, that BPCPT would be activated less efficiently than CPT-11 by
rCE. To test these predictions, two types of biological
studies were performed: growth inhibition assays and
kinetic studies.
Growth Inhibition by CPT-11 or BP-CPT Mediated by
rCE or hiCE Expression
rCE was selected as the target enzyme in this study
because its structural coordinates have been determined
and it is the most efficient enzyme known to cleave the
dipiperidino side chain at the C-10 of CPT-11, thereby
activating this prodrug.
U373MG human glioma cell lines were stably transfected with the control pIRES plasmid or this plasmid
containing the cDNA that encodes rCE, and growth
inhibition assays were performed. Each cell line was
exposed to a range of concentrations of CPT-11 or BP-CPT
for 4 h and growth inhibition curves and IC50 values were
determined (Fig. 6; Table 4). The IC50 of the two drugs in

Downloaded from mct.aacrjournals.org on June 17, 2021. © 2003 American Association for Cancer Research.

Molecular Cancer Therapeutics

Figure 4. CoMFA contour maps for the
(A) top, (B) side, and (C) bottom view of
CPT-11. These steric and electrostatic
CoMFA contour maps indicate the regions
around the prodrug where a change in the
field parameters affects the biological activity. If additional steric bulk is predicted
to enhance activity, the contours are
green . If steric bulk would likely decrease
activity, contours appear yellow . Blue and
red indicate regions where an increase in
positive or negative charge, respectively,
would enhance activity.

the vector-transfected U373pIRESneo cells differed only
by a factor of 2.4. Because the hydrophobicity of the two
compounds is similar (with ClogP values of 2.727 for CPT11 and 3.786 for BP-CPT), these results suggested that the
intracellular accumulation and activation of the two
compounds in control cells with low CE levels were
similar. In contrast, rCE expression in U373pIRESrCE cells
decreased the IC50 values for CPT-11 and BP-CPT by
f276- and 23-fold, respectively, supporting the hypothesis that like CPT-11, BP-CPT is a prodrug that is activated
by rCE. This result also indicates that rCE activated BPCPT less efficiently than it activated CPT-11.
Further, because the ability of endogenous human
enzymes to activate prodrugs is a factor in determining

the suitability of prodrugs for VDEPT applications, it was
also of interest to determine whether human CEs activate BPCPT. Therefore, we transfected U373MG cells with the cDNA
encoding hiCE and compared the relative ability of hiCE to
activate the two prodrugs in growth inhibition assay. hiCE
expression decreased the IC50 of CPT-11 by 11-fold but
decreased the IC50 of BP-CPT by only f2-fold, indicating that
hiCE converted BP-CPT to SN-38 less efficiently than it
converted CPT-11. Using the fold change in IC50 for CPT-11 in
the U373pIRESneo cell line as a basis for comparison (23/276
for rCE compared with 2/11 for hiCE), the data also suggested
that BP-CPT is a better substrate for rCE than for hiCE and
support the hypothesis that it may be possible to identify
substrates that interact selectively with specific CEs.
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Figure 5. CoMSIA contour maps for
the (A) top, (B) side, and (C) bottom
view of CPT-11. Orange regions are
those in which additional bulky groups
would be expected to enhance activation
of prodrugs, whereas presence of steric
bulk in cyan regions would decrease
activity. Magenta and white indicate
regions in which an increase in positive
or negative charge, respectively, would
enhance activity.

Kinetic Parameters Support Modeling and Growth
Inhibition Data
CoMFA/CoMSIA analyses based on the published
biological data predicted that BP-CPT would likely be a
relatively poor substrate for rCE compared with CPT-11
(Table 1). Growth inhibition data supported this prediction in that BP-CPT was 28-fold less potent than CPT-11 in
inhibiting the growth of glioma cells transfected to express
rCE. Because the active moiety of both CPT-11 and BPCPT is SN-38, the growth inhibition experiments suggest
that more CPT-11 than BP-CPT is converted to SN-38 by
rCE. To confirm these results, the K m of CPT-11 and BPCPT for rCE and the efficiency of SN-38 production from
each prodrug by rCE were determined (Table 5). The K m
values for CPT-11 and BP-CPT with rCE were 6.2 and 19.8

AM, respectively, and the yield of SN-38 produced (pmol/
h/mg CE protein) were 18,963 and 813, respectively.
Similar to results of modeling and growth inhibition
experiments, these data suggest that BP-CPT is a poorer
substrate for rCE than CPT-11. Additionally, while the
structural coordinates of hiCE and hCE1 have not been
determined, it would be essential for the intended VDEPT
applications that potential prodrugs be metabolized less
efficiently by hiCE and hCE1 than by rCE. Therefore, we
also determined the K m and catalytic efficiency of BP-CPT
with hiCE and hCE1. Data in Table 5 show that the K m for
hCE1 is >500 AM, suggesting that BP-CPT would not be
considered a substrate for hCE1. As expected, the
production of SN-38 by hCE1 in vitro, under ideal
conditions, was only 75 pmol/h/mg CE protein. In
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of BP-CPT in U373pIREShiCE and U373pIRESneo were
the same, indicating minimal activation of BP-CPT by
hiCE in situ. The most likely explanation for the above
data is, as has been proposed by Bencharit et al. (21), that
CE reaction products exit the catalytic gorge of the
enzyme through a ‘‘backdoor.’’ Potentially, the relatively
high affinity of either BP-CPT or one of the reaction
products of BP-CPT does not permit rapid release of
molecules from the catalytic site, thereby decreasing the
overall reaction velocity. This concept is considered in
more detail in ‘‘Discussion.’’

Discussion

Figure 6. Growth inhibition curves for CPT-11 and BP-CPT for U373MG
cells transfected with (A) empty vector, (B) rCE, and (C) hiCE cDNA. Drug
exposure was for 4 h. The number of cells was quantitated five cell
doubling times thereafter. Points, means of duplicate points in two to
three separate experiments; bars, SEM. rCE activates CPT-11 more
efficiently than any other known enzyme. hiCE is the most efficient human
enzyme known to activate CPT-11. U373pIRESneo cells express ~10
units of endogenous CE activity. U373pIRESrCE cells express ~1000
units of rCE activity. U373pIREShiCE cells express f200 units of hiCE
activity. Therefore, IC50 values for each drug with U373pIRESrCE and
U373pIREShiCE can be compared directly with U373pIRESneo cells to
evaluate the effect of rCE or hiCE expression on prodrug potency, but IC50
values for U373pIRESrCE and U373pIREShiCE cannot be compared
directly with each other.

contrast, BP-CPT had a higher affinity for hiCE than for
rCE (with a K m of 0.65 AM compared with 6.2 AM for rCE);
however, rCE produced ~3-fold more SN-38 than did
hiCE under the same conditions. These results are
consistent with growth inhibition data (Fig. 6). The IC50

CEs are relatively promiscuous enzymes that metabolize
many esters and carbamates (34, 35); however, relatively
large substrates such as CPT-11 are metabolized by only a
few enzymes of this class. We proposed that it might be
possible to design prodrugs that are analogues of CPT-11
but are activated by specific esterases for use in gene
therapy approaches to cancer treatment such as VDEPT or
ADEPT. To this end, it would be useful to identify a
molecular modeling ‘‘system’’ that would predict the ability
of a specific enzyme to metabolize a specific prodrug. While
the prodrug in this study (BP-CPT) was predicted and
confirmed to be a poorer substrate than CPT-11 for rCE, our
results demonstrate that the CoMFA/CoMSIA modeling
method accurately predicted the relative ability of rCE to
convert two ‘‘SN-38 prodrugs’’ to active moiety. This method
is currently being used to design prodrugs specifically for
VDEPT using rCE.
CoMFA and CoMSIA analyses demonstrated that steric
factors were the best single predictor of biological activity of
BP-CPT. In addition, because the docking models showed a
similar orientation of the SN-38 moiety for CPT-11 and
BP-CPT in the active site of rCE (Fig. 2), it is also likely that it
is either the proximity or the angle of the carbonyl group on
the side chain of the prodrug to the hydroxyl group of
Ser-221 that determines the rate of hydrolysis by a specific
CE. Interestingly, the carbonyl carbon of BP-CPT, which
was predicted and determined by biological evaluation to
be a worse substrate for rCE than CPT-11, lies closer to the
active Ser-221 than the carbonyl carbon of CPT-11. This
close interaction of BP-CPT and Ser-221 of rCE could either
enhance or slow the rate of enzymatic turnover. More
specifically, the K m of 19.8-AM BP-CPT for rCE suggested
that this prodrug binds reasonably well to the active site of
the enzyme. However, the affinity of the reaction products

Table 4. IC50 values obtained from growth inhibition assay

CPT-11
(IC50, AM)
BP-CPT
(IC50, AM)

U373pIRESneo

U373pIRESrCE

U373pIREShiCE

22.1 F 9.6

0.08 F 0.008

2.1 F 0.02

52.3 F 17.7

2.3 F 0.4

24.8 F 10.1

Data were expressed as means F SEM of triplicate experiments.
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Table 5.
hiCE

Kinetic properties of CPT-11 and BP-CPT by rCE and

Enzyme

K m (AM)

rCE
rCE
hiCE
hCE1

6.2
19.5
0.65
>500

CPT-11
BP-CPT

a

mammary carcinoma growth and metastasis by HSVtk/GCV gene therapy
using in vivo electroporation. Cancer Gene Ther., 9: 16 – 27, 2002.

SN-38 (pmol/h/mg CE protein)

3. Black, M. E., Kokoris, M. S., and Sabo, P. Herpes simplex virus-1
thymidine kinase mutants created by semi-random sequence mutagenesis
improve prodrug-mediated tumor cell killing. Cancer Res., 61: 3022 –
3026, 2001.

18,963
813
326
75

4. Wilder, O., Blaese, R. M., and Candotti, F. Enzyme prodrug gene
therapy: synergistic use of the herpes simplex virus-cellular thymidine
kinase/ganciclovir system and thymidylate synthase inhibitors for the
treatment of colon cancer. Cancer Res., 59: 5233 – 5238, 1999.

a

K m values were calculated from hyperbolic plots using GraphPad Prism software.

might hinder the conformational changes in the enzyme
that have been proposed to be required to facilitate exit of
one or both reaction products through the ‘‘backdoor’’ of
the enzyme (21).
In this current work, we used data reported previously
by Tsuji et al. (14) to predict the efficiency of activation of
CPT-11 analogues by rCE. Before confirmation by growth
inhibition assays and kinetic analyses, several factors were
identified that could have limited the information that
could be derived from the analysis. Firstly, the side chains
attached to the SN-38 in the molecules reported by Tsuji et al.
had large torsion angles and were very flexible. Secondly, a
limited number of compounds were studied and it was
unknown whether interpretable data would be derived from
the small training/test sets. Thirdly, the CPT-11 converting
enzyme isolated from rat serum by Tsuji et al. was only
partially purified, possibly confounding reported results for
enzymatic activity. With these potential limitations in mind
but relying on the conserved natures of CEs, we used the
structural coordinates for rCE to determine whether these
previously published results would provide informative data
on which to base molecular modeling studies for rCE. Our
data demonstrate that the predictions obtained from the
modeling experiments were validated by both growth
inhibition studies and kinetic analyses. This is the first report
on three-dimensional QSAR studies using a series of CPT-11
analogues, the side chains of which were modified. Of note, in
apparent contrast to data reported by Tsuji et al. for a partially
purified rat serum esterase activity, we observed that the
amount of SN-38 produced from BP-CPT by rat serum was
only 7.5% of that produced from CPT-11 (data not shown).
CoMFA and CoMSIA analyses are consistent with the
latter data.
Overall, the described three-dimensional QSAR approach appears to be a useful predictive model for the
design of novel SN-38 prodrug.
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