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ABSTRACT

The anticancer prodrug 7-ethyl-10-[4-(1-piperidino)-1-piperidino-
Jearbonyloxycamptothecin (CPT-11) is a highly effective campto-
thecin analog that has been approved for the treatment of colon
cancer. It is hydrolyzed by carboxylesterases to yield 7-ethyl-10-
hydroxycamptothecin (SN-38), a potent topoisomerase | poison.
However, upon high-dose intravenous administration of CPT-11,
a cholinergic syndrome is observed that can be ameliorated by
atropine. Previous studies have indicated that CPT-11 can inhibit
acetylcholinesterase (AChE), and here, we provide a detailed anal-
ysis of the inhibition of AChE by CPT-11 and by structural analogs.
These studies demonstrate that the terminal dipiperidino moiety in
CPT-11 plays a major role in enzyme inhibition, and this has been
confirmed by X-ray crystallographic studies of a complex of the

drug with Torpedo californica AChE. Our results indicate that
CPT-11 binds within the active site gorge of the protein in a
fashion similar to that observed with the Alzheimer drug donepezil.
The 3D structure of the CPT-11/AChE complex also permits mod-
eling of CPT-11 complexed with mammalian butyrylcholinester-
ase and carboxylesterase, both of which are known to hydrolyze
the drug to the active metabolite. Overall, the results presented
here clarify the mechanism of AChE inhibition by CPT-11 and
detail the interaction of the drug with the protein. These studies
may allow the design of both novel camptothecin analogs that
would not inhibit AChE and new AChE inhibitors derived from the
camptothecin scaffold.

CPT-11 (Camptosar, irinotecan) is a camptothecin-derived
prodrug that is activated by carboxylesterases to yield the
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potent topoisomerase poison SN-38 (Tanizawa et al., 1994).
CPT-11 has demonstrated good antitumor activity against
both drug-naive and drug-resistant tumors and is approved
for the treatment of colon cancer. It is currently being as-
sessed for efficacy toward a variety of solid tumors in both
adults and children (Furman et al., 1999; Saijo, 2003; Simon
et al., 2004). As an indication of its remarkable antitumor
activity, >90% of children with a variety of solid tumors who
had previously undergone multiple cycles of chemotherapy
with little or no response demonstrated improvement after
CPT-11 administration (Furman et al., 1999). Such efficacy
in phase I studies is exceptionally rare.

CPT-11 is a carbamate that requires cleavage by carboxyl-

ABBREVIATIONS: CPT-11, irinotecan, 7-ethyl-10-[4-(1-piperidino)-1-piperidino]carbonyloxycamptothecin; AChE, acetylcholinesterase; BChE,
butyrylcholinesterase; EeAChE, Electrophorus electricus acetylcholinesterase; h, human; PB-CPT, 7-ethyl-10-[4-(1-piperazino)-1-benzyl]carbonyl-
oxycamptothecin; rCE, rabbit liver carboxylesterase; SN-38, 7-ethyl-10-hydroxycamptothecin; TcAChE, Torpedo californica AChE; PDB, protein
data bank; RMS, root mean square.
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esterases to yield SN-38 (Fig. 1). Both CPT-11 and SN-38 can
exist as either a lactone or a hydroxy acid form, with the
opening of the E-ring facilitating this process (Pommier et
al., 1991). The equilibrium between these two isomers is
pH-dependent; thus, at pH 4 both drugs are in the lactone
form, at pH 9 they are in the open-ring hydroxyacid form, and
at intermediate pH values, both are present (Pommier et al.,
1991). The antitumor activity of the hydroxy acid form is
much poorer than that of the lactone isomer (Hsiang and Liu,
1988; Pommier et al., 1991). Because the milieu within solid
tumors is believed to be acidic in nature, this environment
may contribute to the antitumor activity of the drug.

In patients treated with CPT-11, either the levels or the
activity of the specific carboxylesterases that activate the
drug is low. Hence, in typical single high-dose bolus infusion,
<5% of the CPT-11 is converted to SN-38 (Rivory et al,,
1997). Consequently, high plasma levels of the parent drug
are present for considerable periods of time. CPT-11 is given
as the drug rather than SN-38 for several reasons. First,
CPT-11 is considerably more water-soluble than SN-38, per-
mitting intravenous infusion. Second, SN-38 is approxi-
mately 1000-fold more cytotoxic than CPT-11 and has a very
narrow therapeutic “window”. This is exemplified by mouse
xenograft studies in which at lower doses, no antitumor ac-
tivity is observed, and at higher doses, severe toxicity is
apparent. Indeed, this usually results in significant numbers
of animal deaths. CPT-11 does not demonstrate these prob-
lems, and therefore, clinical trials have used this drug as the
therapeutic agent.

During intravenous administration of CPT-11, typically at
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doses of 50 to 350 mg/m?, a cholinergic syndrome is fre-
quently observed (Gandia et al., 1993; Abigerges et al., 1995;
Bugat et al., 1995; Petit et al., 1997). This includes rhinitis,
increased salivation, miosis, lacrimation, diaphoresis, flush-
ing, and intestinal hyperperistalsis. These symptoms can be
rapidly alleviated by atropine, suggesting that the side ef-
fects result from interaction of the parent drug with acetyl-
cholinesterase (AChE).

Previous studies have demonstrated that although CPT-11
is an inhibitor of both human (hAChE) and Electrophorus
electricus AChE (EeAChE) (Kawato et al., 1993; Dodds and
Rivory, 1999; Morton et al., 1999), it can be activated by
butyrylcholinesterase (BChE). The contribution of the latter
enzyme toward antitumor activity is, however, unclear. Re-
cently, Blandizzi and coworkers (2001) reported that AChE
was not inhibited by CPT-11 in an in vivo model. To under-
stand the mode of interaction of AChE with CPT-11, we have
undertaken a series of biochemical and structural studies
with a panel of different AChEs. These included crystallo-
graphic experiments using the Torpedo californica protein
(TcAChE), whose structure has been determined previously
(Sussman et al., 1991).

The 3D structure of TcAChE (Sussman et al., 1991) con-
tains a catalytic triad of amino acids (Ser200, His440, and
Glu327) lying at the bottom of a deep (approximately 20 A)
gorge. The gorge walls are coated with numerous aromatic
side chains. The catalytic binding site, which is responsible
for the hydrolysis of acetylcholine, is composed of an acyl
binding pocket, an anionic binding site, and an oxyanion
hole. The latter orients the acetylcholine ester bond for cleav-

4-Piperidinopiperidine 4-Benzylpiperidine

Piperazinobenzyl-CPT

1-Benzylpiperazine

D () s

1-Phenylpiperidine  1-Piperidine carboxamide

~CH,

@J Donepezil

Fig. 1. Chemical structures of CPT-11 and SN-38 (lactone forms) and of 4-piperidinopiperidine, 4-benzylpiperidine, 1-benzylpiperazine, 1-phenylpi-
peridine, piperidine carboxamide, PB-CPT and donepezil [(*+)-2,3-dihydro-5,6-dimethoxy-2-[[1-(phenylmethyl)-4-piperidinyllmethyl]-1H-inden-1-one].

The camptothecin rings (A-E) are indicated in CPT-11.
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age after it binds to Ser200, and the anionic binding site
juxtaposes the positive quaternary ammonium moiety in ace-
tylcholine so that it makes cationic-7 interactions with Trp84
(Sussman et al., 1991). At the top of the gorge, there are loops
containing a secondary binding site (termed the “peripheral”
binding site), which binds bulky inhibitors. This includes
compounds that do not penetrate into the gorge and bifunc-
tional inhibitors, which are long enough to span it. The
peripheral site contains Trp279, a residue with which both
types of inhibitors can make either cationic-7 or 7 inter-
actions (Harel et al., 1993). Our structural data show that
CPT-11 orients along the active-site gorge of TcAChE anal-
ogously to the anti-Alzheimer drug donepezil [(*+)-2,3-
dihydro-5,6-dimethoxy-2-[[1-(phenylmethyl)-4-piperidinyl]-
methyl]-1H-inden-1-one], making similar interactions with a
series of highly conserved aromatic residues. This orientation
precludes attack by the active-site serine on the ester bond,
thereby preventing hydrolysis of CPT-11 to yield SN-38.

Materials and Methods

Enzymes, Drugs, and Chemicals. Human AChE (hAChE) and
EeAChE were purchased from Sigma-Aldrich (St. Louis, MO).
TcAChE was prepared as described previously (Raves et al., 1997;
Sussman et al., 1988).

CPT-11 and SN-38 were generous gifts kindly provided by Dr. J. P.
McGovren (Pfizer, New York, NY), and donepezil was obtained from
the pharmacy of St. Jude Children’s Research Hospital (Memphis,
TN) as Aricept tablets (Pfizer). PB-CPT (7-ethyl-10-[4-(1-piperazino)-
1-benzyl]carbonyloxycamptothecin) was synthesized as described
previously (Yoon et al., 2003).

4-Piperidinopiperidine, 4-benzylpiperidine, 1-benzylpiperazine,
1-phenylpiperidine, 1-piperidine carboxamide, acetylthiocholine
chloride, and 5,5'-dithiobis-2-nitrobenzoic acid were all obtained
from Sigma-Aldrich.

Acetylcholinesterase Inhibition. AChE activity was deter-
mined as described previously (Ellman et al., 1961) using 0.5 mM
acetylthiocholine as a substrate in 50 mM HEPES, pH 7.4, with
modifications as reported by Doctor et al. (1987). Briefly, substrate
and inhibitor were pipetted into the individual wells of 96-well
plates, and enzyme was then added simultaneously using a multi-
well pipettor. Data points were then recorded at 15-s intervals for 2
min. Inhibitor concentrations ranging from 10 pM to 100 uM were
assayed, and all data points were measured in duplicate. Data were
fitted to the following equation to determine the mode of enzyme
inhibition (Webb, 1963):

 Hs)1 ~ B) + Kula— B)}
~ [Iis] + oK} + Ki{als] + oKy}

1

where i is fractional inhibition, [I] is inhibitor concentration, [s] is
substrate concentration, « is the change in affinity of substrate for
enzyme, (3 is the change in the rate of enzyme-substrate complex
breakdown, K is the dissociation constant for the enzyme-substrate
complex, and K; is the inhibition constant. An examination of curve
fits, with « ranging from 0 to % and B from 0 to 1, was performed
using GraphPad Prism software (GraphPad Software Inc., San Di-
ego, CA). The curve generating the highest 2 value for the curve fit
and subsequent statistical analysis were used to assign the mode of
enzyme inhibition. K; values were then calculated from these data
sets.

X-Ray Crystallography. TcAChE crystals were grown by the
vapor-diffusion method using a 1.5-ul drop of a solution of 10 mg/ml
protein mixed with 1.5 ul of mother liquor at 4°C. The mother liquor
solution contained 25% polyethylene glycol 600 in 0.05 M HEPES,
pH 7.5, and 0.027 M gallamine triethiodide. The latter was added to

produce trigonal crystals of space group P3,21 (B. Brumshtein, un-
published results). Crystals with dimensions of 0.2 X 0.1 mm grew
within 3 weeks. The complex with CPT-11 was obtained by transfer-
ring the crystals to a saturated solution of CPT-11 in mother liquor
for 16 h. X-ray data were collected from a single crystal on an R-axis
diffractometer at 100 K in-house at the Weizmann Institute after
washing the mother liquor off the crystal with Parathone N oil. The
data were processed using the program XDS (Kabsch, 1993), and the
structure was solved by molecular replacement using the P3,21-
native TcAChE structure as a starting model. Data were refined
using Crystallography & NMR System software (Brunger et al.,
1998) and fitted using O (Jones et al., 1991). The final CPT-11/
TcAChE structure refined to an R-factor of 18.7% and R-free of
23.7%. Data processing and refinement statistics are shown in
Table 1.

Overlaying of Protein Structures

CPT-11/TcAChE and Donepezil/TcAChE Crystal Struc-
tures. The coordinates of the CPT-11/TcAChE structure were over-
laid with the coordinates obtained from the donepezil/TcAChE struc-
ture (PDB code 1IEVE) (Kryger et al., 1999). The RMS deviation for
the two structures was 0.35 A for 516 Ca atoms.

CPT-11/TcAChE and hBChE Structures. The coordinates of
the CPT-11/TcAChE structure were overlaid with the coordinates
obtained from the hBChE structure (PDB code 1P0I) (Nicolet et al.,
2003). This resulted in a Ca RMS deviation of 0.8 A for 448 amino
acid residues. The CPT-11/hBChE model was then subjected to 90
cycles of energy minimization using the Crystallography & NMR
System software (Brunger et al., 1998) to minimize van der Waals
clashes between CPT-11 and hBChE. Convergence to a minimum
occurred after 90 cycles of refinement and resulted in the total
energy decreasing from 6290 to 2819 kcal, and the van der Waals
energy decreased from 1575 to 922 kcal.

CPT-11/TcAChE and Rabbit Liver Carboxylesterase Struc-
tures. The coordinates of the CPT-11/TcAChE structure were over-
laid with the coordinates obtained from the rabbit liver carboxyles-
terase structure (rCE; PDB code 1K4Y) (Bencharit et al., 2002)). This
resulted in a Coa RMS deviation of 0.9 A for 285 residues. As for the

TABLE 1
Data collection and refinement statistics

Data collection _

Wavelength (A) 1.54
Unit cell (A) 137.75, 70.87
Space group . P3,21
Resolution range (A) 30-2.6
Number of unique reflections 23,798
Completeness (%)* 98.5 (90.9)
oD 10.3 (4.7)
Roym(D (%)* 8.0 (24.0)
Refinement and model statistics
Resolution range (A) 30-2.6
Number of reflections 23,820
R-factor®: work, free® (%) 18.7, 23.7
Average B-factors (A?) 39.9
Root mean square deviation from ideal
values .
Bond length (A) 0.007
Bond angle (°) 1.3
Dihedral angles (°) 21.7
Improper torsion angles (°) 0.88

Estimated coordinate error
Low resolution cutoff (A) 5.0

ESD from Luzzati plot (A) 0.28
ESD from SIGMAA (4) 0.42
Ramachandran outliers (%) 3.3

“ Data for the outer shell are given in parentheses.

b R-factor = 3|F, — [F//=F,, where F, is the observed amplitude of an X-ray
reflection, and F, is the calculated amplitude of this reflection derived from the
refined coordinates.

¢ R-free is the R-factor calculated using 10% of randomly selected reflections. This
therefore represents an unbiased measure of the quality of the structural data.



CPT-11/hBChE model, the CPT-11/rCE model was subjected to 90
cycles of energy minimization. The total energy decreased from 4846
to 2256 kcal, and the van der Waals energy decreased from 1536 to
794 kcal.

Results

Inhibition of Various AChEs by CPT-11 and Struc-
turally Related Compounds. To determine the domains
within CPT-11 that might be responsible for inhibition of
AChE, we performed enzymatic assays using a series of small
molecules resembling substructures of the parent drug.
Thus, we assessed the ability of 4-piperidinopiperidine,
4-benzylpiperidine, 1-benzylpiperazine, 1-phenylpiperidine,
1-piperidine carboxamide, CPT-11, SN-38, PB-CPT, and
donepezil (Fig. 1) to inhibit hAChE, EeAChE, and TcAChE.
The data obtained are presented in Table 2. hAChE was
effectively inhibited by both CPT-11 and donepezil with K;
values of 51 and 0.88 nM, respectively. SN-38 was a weak
inhibitor, with its K, value being ~400-fold higher than that
of CPT-11 and >20,000-fold higher than that of donepezil.
This suggested that the camptothecin rings do not signifi-
cantly contribute to the binding of CPT-11 to AChE. How-
ever, 4-piperidinopiperidine, which is the moiety removed
from CPT-11 to produce SN-38, was a reasonable inhibitor of
hAChE (K; = 2.92 uM). The structurally related compounds
4-benzylpiperidine, 1-benzylpiperazine, phenylpiperidine,
and piperidine carboxamide displayed no inhibition at a max-
imum concentration of 100 uM. These data indicated that the
interaction of the dipiperidino moiety with amino acid resi-
dues within AChE was the major factor in enzyme inhibition.
This was supported by the results obtained with PB-CPT,
which was a ~170- and ~10,000-fold poorer inhibitor of
hAChE than CPT-11 and donepezil, respectively.

Comparable results were obtained with EeAChE (Table 2),
suggesting that the interaction of the compounds with the
two AChEs was similar. Thus, CPT-11 was a very potent
inhibitor of EeAChE, with SN-38 demonstrating >100-fold
weaker inhibition. As for hAChE, 4-piperidinopiperidine was
a much more potent inhibitor of EeAChE than 4-benzylpip-
eridine, 1-benzylpiperazine, 1l-phenylpiperidine, or piperi-
dine carboxamide. Finally, studies with TcAChE confirmed
the observations made for the other two AChEs, with both
CPT-11 and 4-piperidinopiperidine efficiently inhibiting the
enzyme (Table 2).

We wished, therefore, to identify the molecular interac-
tions between CPT-11 and AChE that were responsible for
the pattern of inhibition constants displayed in Table 2.
Because a substantial number of ligand-protein complexes
have been obtained using TcAChE (Sussman et al., 1993;
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Silman et al., 1994; Harel et al., 1995; Wlodek et al., 1996;
Kryger et al., 1999), this enzyme was chosen for the struc-
tural studies.

3D Structure of the CPT-11/TcAChE Complex. To de-
termine the 3D structure of the CPT-11/TcAChE complex, a
single crystal of TcAChE grown in the presence of gallamine
triethiodide (B. Brumstein, M. Harel, J. Sussman, and U.
Silman, unpublished data) was soaked in a solution contain-
ing CPT-11. The soaked crystal diffracted to 2.6 A and be-
longed to the trigonal space group P3,21, which was distinct
from the P3;21 trigonal form originally used to solve the
structure of TcAChE (Sussman et al., 1991). In this novel
crystal form, the entrance to the active-site gorge is not
blocked by a symmetry-related molecule, as is the case for the
P3,21 form (PDB code 1EA5). However, the RMS deviation of
the Ca chain between the P3,21 and the P3,21 crystal struc-
tures was only 0.3 A, indicating a virtually identical confor-
mation of the two molecules. The electron density allowed
tracing of residues 4 to 536 of TcAChE and showed the
location of CPT-11 and 241 water molecules. An iodide ion
interacting with the side chains of His264 and Glu268 was
also observed, which displayed 60% occupancy. For three
asparagine residues, Asn59, Asn416, and Asn456, electron
density was clearly visible that could be ascribed to the initial
residues of attached oligoglycosides. The electron-density
map of CPT-11 at 2.6 A resolution did not permit distinction
between the lactone and carboxylate forms at the E-ring.
Hence, arbitrarily, the lactone form was refined.

The CPT-11 molecule spanned the active-site gorge (Fig. 2,
A and B), interacting with a series of residues from Trp84 at
the bottom of the gorge to Phe284 at the top. Nine of the 13
amino acids that interacted with CPT-11 were aromatic
(Tyr70, Trp84, Tyrl21, Trp279, Phe284, Phe330, Phe331,
Tyr334, and His440) (Fig. 3). Because the kinetic data pre-
sented above indicated that the piperidinopiperidine moiety
made the major contribution toward the binding of CPT-11 to
AChE, we also examined the contacts made by the drug in
the lower part of the gorge. These primarily included com-
plementary surface contacts with Trp84, Tyr121, Phe331,
and His440 and, in particular, a stacking interaction with
Phe330. No direct H-bonds were seen between AChE and this
portion of CPT-11.

As a consequence of the orientation of CPT-11 within the
active-site gorge, the carbamate moiety was positioned adja-
cent to residues Phe331 and Tyr334. Thus C9, the carbon of
the carbamate linkage in CPT-11, was 9.3 A from Ser200 Oy,
the nucleophilic atom within the catalytic triad. Any attempt
to dock CPT-11 closer to Ser200 Oy (i.e., in a position where
hydrolysis could occur) met with failure because of severe

TABLE 2
K, values for the inhibition of human AChE, EeAChE, and TcAChE by CPT-11 and structurally related compounds
hAChE EeAChE TcAChE
Compound
N Curve Mode of Curve Mode of N Curve Mode of
K = SE. Fit Inhibition K+ SE Fit Inhibition K = SE. Fit Inhibition
nM r? nM r? nM r?
CPT-11 50.5 * 3.9 1.0 P.C. 9.7+ 2.2 0.94 C 26.4 + 1.7 1.0 C
SN-38 20,100 = 3570 0.82 C 1040 = 250 0.79 C >100,000 N.A. N.A.
4-Piperidinopiperidine 2920 *+ 520 0.97 P.C. 5300 = 1840 0.86 C 241 = 4.2 0.98 C
PB-CPT 8790 + 1500 0.98 P.C. N.D. 3990 = 500 0.94 C
Donepezil 0.88 = 0.27 0.95 C 0.66 = 0.13 0.97 C 0.96 = 0.2 0.98 C

P.C., partially competitive; C, competitive; N.A., not applicable because no inhibition was observed; N.D., not determined.
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steric clashes with TcAChE. These data clearly show that
TcAChE is not capable of hydrolyzing CPT-11.

Overlay of the CPT-11/TcAChE and Donepezil/
TcAChE Crystal Structures. Because the piperidinopip-
eridine moiety in CPT-11 is structurally homologous to the
benzylpiperidino moiety in donepezil, it seemed plausible
that the two inhibitors would interact very similarly with
amino acids in the active-site gorge. We therefore overlaid
the Ca backbones of the CPT-11/TcAChE complex and the
donepezil/TcAChE complex (PDB code 1EVE) (Kryger et al.,
1999). The resulting overlay of the drug molecules is shown
in Fig. 4. The terminal benzene and piperidino domains of
donepezil and CPT-11, respectively, and their penultimate
heterocyclic rings display substantial overlap. Furthermore,
the indanone ring of donepezil and the middle rings of the
camptothecin moiety of CPT-11 align almost in the same
plane, stacked against the indole ring of Trp279.

A

Fig. 2. Crystal structure of TcAChE in complex with CPT-11. A, a view of
the active-site gorge with CPT-11 with its carbon atoms color-coded in
yellow except for C9 carbon (green), oxygen atoms in red, and nitrogen
atoms in blue. Aromatic and nonaromatic amino acid side chains that
interact with CPT-11 are shown in blue and magenta, respectively. The
figure was made using PyMOL (http://pymol.sourceforge.net). B, a stereo
view of the simulated annealing F —F_, omit map of CPT-11 at 2.5 o.
CPT-11 atom C9 is shown in green. The figure was drawn using Bob-
Script (Esnouf, 1997) and Raster3D (Merritt and Bacon, 1997). In both
figures, the AChE molecule is depicted such that the active-site gorge is
vertical with the peripheral site at the top.

Overlay of the CPT-11/TcAChE Complex with the
hBChE and the Rabbit Liver Carboxylesterase Struc-
tures. Previous studies indicated that although CPT-11is a
potent inhibitor of AChE, both BChE and carboxylesterases
can activate the drug to yield SN-38 (Potter et al., 1998;
Morton et al., 1999; Khanna et al., 2000). We therefore over-
laid the CPT-11/TcAChE structure on that of hBChE (PDB
code 1PO0I) (Nicolet et al., 2003)). We then modeled the drug
within the active-site gorge of hBChE, such that the carbam-
ate carbonyl oxygen was within bonding distance of Ser198
Oy (i.e., 1.6 A), the catalytic serine in hBChE. To avoid steric
clashes between CPT-11 and the protein, the side chain di-
hedral angle, x1, of Trp231 was rotated 110° away from its
native conformation. This resulted in a CPT-11/hBChE
model with the CPT-11 dipiperidino moiety fitting well in the
larger acyl pocket of hBChE.

The X-ray structure of an rCE (PDB code 1K4Y) (Bencharit
et al., 2002) was similarly fitted to the CPT-11/TcAChE
structure. Here again, CPT-11 was positioned so that the
carbamate carbonyl carbon was within bonding distance (i.e.,
1.6 A) of the active-site serine (Ser221). The dipiperidino and
camptothecin moieties were subjected to torsion angle rota-
tion to avoid steric clashes with the rCE structure.

Discussion

Several published reports have indicated that the antican-
cer drug CPT-11 is a potent AChE inhibitor (Kawato et al.,
1993; Dodds and Rivory, 1999; Morton et al., 1999). However,
recent studies (Blandizzi et al., 2001, 2002) have suggested
that this may not be caused by a direct interaction of the drug
with the enzyme. To elucidate the interaction of CPT-11 with
AChE, we have performed detailed biochemical studies with
the drug and with several analogs using three AChEs. Our
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Fig. 3. Interactions of CPT-11 with 7¢AChE in the CPT-11/TcAChE struc-

ture calculated using LIGPLOT (Wallace et al., 1995). Nonbonded interac-
tions are indicated by broken lines. CPT-11 atom C9 is shown in green.



data show that CPT-11 was an effective inhibitor of AChE at
concentrations of 9.7 to 51 nM for all three AChEs (Table 2).
Furthermore, both the camptothecin rings and the dipiper-
idino moiety present at the 10 position of the molecule con-
tribute to enzyme inhibition. SN-38, the hydrolysis product of
CPT-11, can inhibit AChE at concentrations ranging from 1
to 20 uM; however, because the plasma levels of this drug
that can be achieved in patients treated with CPT-11 range
from 20 to 150 nM (Rivory et al., 1997), it is unlikely that
SN-38 contributes to the inhibition of hAChE in vivo. Con-
versely, because plasma CPT-11 concentrations as high as 17
uM have been reported in patients after administration of
600 mg/m? of the drug (Rivory et al., 1997) and the K, for the
inhibition of hAChE is ~51 nM, it is plausible that the
cholinergic syndrome observed in patients with cancer is
indeed caused by direct interaction of CPT-11 with AChE.
The biochemical studies showed that SN-38 was a poorer
inhibitor of TcAChE than hAChE or EeAChE (Table 2). In
the latter two proteins, Phe330 is substituted with a tyrosine,
and torsional rotation of Tyr330 can bring its hydroxyl group
to within hydrogen-bonding distance of the hydroxyl oxygen
on the A ring of SN-38. This would probably make SN-38 a
better inhibitor of the hAChE and EeAChE than of the T.
californica enzyme.

All three enzymes were inhibited by both CPT-11 and done-
pezil (Table 2). Moderate inhibition was also observed with
4-piperidinopiperidine but not with other heterocyclic analogs
tested. Thus, the dipiperidino moiety at the 10 position of
CPT-11 seems to make a major contribution toward the inhibi-

<--Donepezil

Fig. 4. An overlay of the X-ray structures of CPT-11 and donepezil within
their complexes with TcAChE. The overlay of CPT-11 (yellow) and done-
pezil (green) complexed with TcAChE was achieved by aligning the Ca
data for the two structures and then removing the coordinates for both
proteins from the image. Hence, the alignment results from almost iden-
tical positioning of the drugs within the active-site gorge of TcAChE. The
figure was drawn using MolScript (Kraulis, 1991) and Raster3D (Merritt
and Bacon, 1997).
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tion of AChE. This was supported by our observation that both
SN-38 and PB-CPT poorly inhibited all three AChEs (Table 2).
In these two latter compounds, the dipiperidino chemotype is
replaced by either a hydroxyl group or by a piperazinobenzyl
moiety (Fig. 1). Initial in vitro studies with PB-CPT indicated
that it was not a potent antitumor agent (Yoon et al., 2003).
This was presumably caused by poor conversion to SN-38 by
carboxylesterases. However, we postulated that because
CPT-11 contains a piperidino ring, it might interact with AChE
in a similar fashion to donepezil. Because the crystal structure
of the donepezil/TcAChE complex had been determined previ-
ously (Kryger et al., 1999), we decided to determine the struc-
ture of the CPT-11/TcAChE complex.

The 3D crystal structure of the complex indeed revealed
that CPT-11 aligned within the active-site gorge of the en-
zyme very similarly to donepezil (Fig. 4). Stabilization of the
drug in the active site of TcAChE was achieved by eight 77—
stacking interactions of the camptothecin rings with aro-
matic amino acids that line the active-site gorge. In particu-
lar, interactions of the fused aromatic rings in CPT-11 with
the indole group of Trp279 demonstrated remarkable simi-
larity to the stacking of the indanone moiety of donepezil.
Moreover, the penultimate piperidino rings of both CPT-11
and donepezil occupied the same space near the bottom of the
gorge, and the aromatic portion of the molecules (i.e., the
camptothecin ring and the indanone moiety) both aligned
along an identical plane in the TcAChE active site. Thus, the
potency of CPT-11 as an AChE inhibitor is a result of several
factors. First, the CPT-11 dipiperidino occupies the same
space as the piperidino and benzyl rings of donepezil. How-
ever, the benzyl group in donepezil stacks against Trp84,
whereas in the CPT-11/TcAChE complex, the ultimate pip-
eridino ring which is not aromatic, is tilted by ~30° relative
to the benzyl plane. Second, the camptothecin ring system
(consisting of four aromatic rings and a cyclic lactone) allows
extensive interactions with numerous aromatic residues that
line the upper part of the active-site gorge. Finally, the di-
mensions of CPT-11 and the catalytic gorge are such that a
very “snug” fit occurs throughout the entire length of the
drug. It is this combination of factors that is responsible for
the effective inhibition of AChE by CPT-11.

Although CPT-11 inhibits AChE, it has been demonstrated
that BChE can hydrolyze the drug to SN-38 (Dodds and Rivory,
1999; Morton et al., 1999). This implies that the carbamate
moiety of CPT-11, located between the dipiperidino moiety and
the campthothecin rings, should be within bonding distance of
the active-site Ser198 Ov. The overlay of the CPT-11/TcAChE
structure with that of hBChE (PDB code 1P0I) indeed showed
that the loop present at the top of the active-site gorge (residues
282-286 in TcAChE) had a different conformation in the two
closely related enzymes (Fig. 5). This loop makes numerous
interactions with CPT-11 in TcAChE, and the positioning of
CPT-11 was such that the interaction of the carbon of the
cleaved carbamate bond (C9) with Ser200 Oy was prevented
(Fig. 5a). However, the position of the corresponding loop in
hBChE (residues 280—-284) does not allow CPT-11 to occupy the
upper part of the gorge. Moving the drug down the gorge to
avoid clashes with this loop brings the carbamate moiety within
bonding distance of Ser198 Ov. This resulted in a model in
which a very snug fit was observed between CPT-11 and the
acyl binding pocket of the protein (Fig. 5c). Furthermore,
hBChE contains an alanine residue at position 277 (Trp279 in
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Fig. 5. Comparison of the X-ray structure of the
CPT-11/TcAChE complex with the models of CPT-11/
hBChE and CPT-11/rCE. a, enlarged view of the ac-
tive-site gorge in the crystal structure of the CPT-11/
TcAChE complex. The polypeptide chain is displayed
in a ribbon representation; residues that interact
with CPT-11 are shown as blue sticks with oxygen
atoms in red. The residues making up the oxyanion
hole are shown in cyan, and Ser200 is shown with a
red-dotted surface. CPT-11 is color-coded as in Fig.
2a. It is clear that C9 of CPT-11, in green, is too far
away to bind covalently to TcAChE Ser200 Oy, with
the two atoms being 9.3 A apart. b, enlarged view of
the active-site gorge in the model of the CPT-11/
hBChE complex. The overall alignment and the
color-coding is the same as in Fig. 5a. CPT-11 is
significantly lower down the active-site gorge, and its
position permits the formation of a covalent bond
between CPT-11 atom C9 (green) and the active-site
Ser198 Oy (red). ¢, enlarged view of the active-site
gorge in the model of the CPT-11/rCE complex. The
overall alignment and the color-coding is the same as
in Fig. 5a. As in the case of the hBChE model, CPT-11
is significantly further down the active-site gorge
than in CPT-11/TcAChE, and its position permits the
formation of a covalent bond between CPT-11 atom
C9 (green) and the active-site Ser221 Ovy (red). Fig-
ures were drawn using PyMOL (http:/pymol.source-
forge.net).



TcAChE) that precluded any strong 7 stacking interactions
with the camptothecin moiety.

Recently, the X-ray structure of rCE that can efficiently ac-
tivate CPT-11 has been determined (Bencharit et al., 2002).
Although the two enzymes have very different substrate spec-
ificities, it is clear that their structures are evolutionarily con-
served. However, the structure of rCE in the area corresponding
to the peripheral binding site of TcAChE is very different, with
Lys301 occupying the position of TcAChE Trp279. In addition,
in rCE, as in hBChE, there are no aromatic side chains at the
top of the active-site gorge that could make = stacking inter-
actions of sufficient strength to prevent CPT-11 from accessing
the catalytic triad amino acids. Moreover, the rCE acyl binding
pocket has ample space to accommodate the dipiperidino moiety
of CPT-11, as is the case for hBChE (Fig. 5¢). Hence, the CPT-
11/TcAChE structure differs markedly from the models ob-
tained using both the hBChE and rCE X-ray structures. These
differences enable us to provide a rational structural explana-
tion for the inhibition of AChE by CPT-11 as opposed to drug
hydrolysis by rCE and hBChE.

Overall, the data presented here demonstrate that CPT-11 is
a potent inhibitor of AChE and that this is primarily mediated
by the piperidino rings binding within the anionic subsite of the
protein. In addition, the complex was stabilized by aromatic
7— stacking interactions between the camptothecin moiety
and aromatic amino acids that line the active-site gorge, in
particular Trp279 within the TcAChE peripheral binding site.
These studies have the potential to permit the design of novel
AChE inhibitors derived from the camptothecin scaffold and
new CPT-11 analogs that would not act as AChE inhibitors and
would thus be devoid of the cholinergic side effects.
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