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Abstract

The anticancer prodrug CPT-11 is a highly effective camptothecin analog that has been approved for the treatment of colon
cancer. The 2.8 resolution crystal structure of its complex withrpedo californica acetylcholinesteras@¢AChE) demonstrates
that CPT-11 binds t@cAChE and spans its gorge similarly to the Alzheimer drug, Aricept. The crystal structure clearly reveals
the interactions, which contribute to the inhibitory action of CPT-11. Modeling of the complexes of CPT-11 with mammalian
butyrylcholinesterase and carboxylesterase, both of which are known to hydrolyze the drug, shows how binding to either of the two
enzymes yields a productive substrate-enzyme complex.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction CPT-11is a carbamate that requires cleavage by CEs
to yield SN-38 as shown:
CPT-11 (Camptosar, irinotecan, 7-ethyl-10-[4-(1-
piperidino)-1-piperidino]carbonyloxycamptothecin) is a ?  He
camptothecin-derived prodrug that is activated by car- 9\?@}2 ? + Enz-Ser-OH —
boxylesterases (CEs) to yield the potent topoisomerase % Sy bo @
poison SN-38 (7-ethyl-10-hydroxycamptothecif)]. Q
CPT-11 has demonstrated good antitumor activity CPT-11 N
against both drug-iee and resistant tumors, and is
approved for the treatment of colon cancer. It is cur- /\/{ HiC ﬁ )
rently being assessed for efficacy towards a variety of W} + Ser-o NK:LN
solid tumors both in adults and childré-5]. %o SHy N—~_)-on Q

SN-38 dipiperidino
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During i.v. administration of CPT-11, a cholinergic molecules, and 3 out of 4 putatifeAChE glycosylation
syndrome is frequently observfgl-9]. These symptoms  sites. An iodide ion interacting with the side-chains of
can be rapidly alleviated by atropine, suggesting that the His264 and Glu268 was also observed, which displayed
side effects result from interaction of the parent drug 60% occupancy. The electron density shows glycosidic
with acetylcholinesterase (AChE). bonding of Asn59V-acetylglucosamine (NAG)-fucose

We, and others, have demonstrated that CPT-11 can(FUC); Asn416-NAG-NAG, and a branched Asn457-
directly inhibit both human and eel AChE0-12] NAG(FUC)-NAG-mannose.
whereas it can be activated by butyrylcholinesterase = The CPT-11 molecule spans the active-site gorge,
(BChE). To understand the mechanism of inhibition of interactingwith a series of residues from Trp84 atthe bot-
AChE by CPT-11, we have undertaken to solve the X-ray tom of the gorge to Phe284 in the topmost loBm( 1).

structure of this complex. Nine of the 13 amino acids with which CPT-11interacts
are aromatic (Tyr70, Trp84, Tyrl21, Trp279, Phe284,
2. Results Phe330, Phe331, Tyr334, His440), and the drug thus

makes numerous contacts with the protein.

2.1. 3D structure of the CPT-11/TcAChE complex
2.2. Overlay of the CPT-11/TcAChE complex with

The 3D-structure of the complex dfcAChE and the hBChE and rabbit liver CE structures
CPT-11 at 2.& resolution was solved from X-ray data
collected from a single crystal dfcAChE grown in We earlier reported that whilst CPT-11 is a potent
the presence of gallamine triethiodide (Brumshtein, per- inhibitor of AChE, both hBChE and CEs can activate the
sonal communication), and soaked in a solution contain- drug to yield SN-3810]. Predictive computer modeling,
ing CPT-11. The crystals belong to space gré3p21. based upon th&cAChE crystal structure, indicated that
In this crystal form, the entrance to the active-site gorge the active site of hBChE was large enough to accom-
is not blocked by a symmetry-related molecule as is the modate the drug, and that the carbamate function can
case for the?3,21 trigonalTcAChE crystals (PDB code  be positioned so as to allow nucleophilic attack by the
1EAS5). The RMS deviation of the &€ chain between  active-site serine, Ser19&0]. To confirm this predic-
the P3,21 and theP3;21 crystals is only 0.3, indi- tion, we overlaid the CPT-1T/AChE complex structure
cating an identical conformation of the twittAChE onthatof hBChE (PDB code 1PO0I), witha®MS devi-
3D structures. The final complex structure refined to an ation of 0.8A for 448 amino acid residues. Modeling the
R-factor of 18.7% an&-free of 23.7%. The electronden-  drug in the active-site gorge with the carbamate carbonyl
sity of this complex allowed tracing of residues 4-536 of oxygen within bonding distance of Ser198 Gesulted
TcAChE, and showed the location of CPT-11, 241 water in a CPT-11/hBChE model of exquisite fii). 2). In

TrpB4

Ser200

(a) (b)

Fig. 1. Crystal structure of the CPT-TEAChE complex. (a) CPT-11 is shown in green as a space-filling structure spanning the active-site gorge.
Trp279 is shown in cyan, Trp84 in magenta, and Ser200, which is too far from the hydrolysable CPT-11 ester bond to interact with it, is shown in
blue. (b) Stick model of CPT-11 with allcAChE residues that are at a distance ¥8f@om it. Figure made using PyMO[13].
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Fig. 2. Model structure of the complex of CPT-11 with hBChE. (a) CPT-11 is shown in green as a space-filling structure spanning the active-site
gorge. Ser198, whosey@itom is within bonding distance of the carbonyl carbon of CPT-11, is shown in blue, the oxyanion hole residues are shown
in cyan, and Trp82 is shown in magenta. (b) Stick model of CPT-11 together with all hBChE residues at a distaAdeon3i@ Figure made

using PyMOL[13].

this model, Trp2311 is rotated by 110away from its 11/TcAChE structure, and displayed axdRMS devi-
native conformation in hBChE to avoid steric clashes ation of 0.9A for 285 residuesRig. 3. Here again,
between CPT-11 and the rest of the protein. The CPT- CPT-11 was positioned so that the carbamate car-
11/hBChE model was subjected to 90 cycles of energy bonyl oxygen was within bonding distance of Ser221
minimization using program CNR4] to minimize van CB, and the dipiperidino and camptothecin moieties
der Waals clashes between CPT-11 and hBChE. Thiswere subjected to torsion angle rotation to avoid
minimization resulted in the total energy dropping from steric clashes with the rCE structure. The CPT-11/rCE
6290 to 2819 kcal, and the van der Waals energy from model was subjected to 90 cycles of energy mini-
1575 to 922 kcal. mization and the total energy dropped from 4846 to

The X-ray structure of a rabbit liver CE (rCE; PDB 2256 kcal, and the van der Waals energy from 1536 to
code 1K4Y [15]) was similarly fitted to the CPT- 794 kcal.

oxyanion hole-->

(b)

Fig. 3. Model structure of the complex of CPT-11 with rCE. (a) CPT-11 is shown in green as a space-filling structure spanning the active-site gorge.
Ser221, whose @atom is within bonding distance of the carbonyl carbon of CPT-11, is shown in blue, the oxyanion hole residues are shown in
cyan. (b) Stick figure model of CPT-11 together with all rCE residues at a distanc& €& it. Figure made using PyMO[13].
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of its structure with that of cAChE revealed that their
folds are very similar, with a & RMS deviation of
The crystal structure of its complex withicAChE 0.9A for 285 amino acid residues. While they have
revealed that CPT-11 aligns within the active-site gorge very different substrate specificities, it is clear that their
of the enzyme very similarly to Aricept (PDB code structures are evolutionarily conserved. The rCE struc-
1EVE). Stabilization of the drug within the active-site ture in the area corresponding to that of theAChE
gorge is achieved by numerous-m stacking interac- peripheral binding site is very different from that of the
tions of the camptothecin rings with those of the aromatic latter, with Lys301 occupying the position @¢AChE
amino acids that line the catalytic gorge. In particular, Trp279. In addition, in rCE, as in hBChE, there are no
interactions of the fused aromatic rings with the indole aromatic side chains at the top of the active-site gorge,
group of Trp279, which is part of the peripheral binding which could maker—r stacking interactions of sufficient
site of the enzyme, demonstrates remarkable similarity to strength to prevent CPT-11 accessing the amino acids

3. Discussion

the stacking of the indanone moiety of Aricept. Thus, the
potency of CPT-11 as an AChE inhibitor is due to several
factors: firstly, the dipiperidino rings occupy the anionic
subsite of the active site, and the ultimate piperidino ring,
is tilted by ca. 30 relative to the plane of the indole ring

of Trp84. Secondly, the camptothecin ring system (con-
sisting of 4 aromatic rings and a cyclic lactone) allows for
extensive interactions with the numerous tyrosine, tryp-
tophan and phenylalanine residues that line the upper

of the catalytic triad. In particular, Trp279 in the CPT-
11/TcAChE structure makes®—m stacking interactions
with rings B and C of the camptothecin moiety. Hence,
the CPT-117cAChE structure differs markedly from the
models obtained using the hBChE and rCE X-ray struc-
tures, explaining the inhibition of the former by CPT-11,
rather than the hydrolysis observed with the latter two
enzymes.

Overall, the data presented here demonstrates that

part of the active-site gorge. Finally, the dimensions of CPT-11 is a potent inhibitor of AChE, and that this
CPT-11 and the catalytic gorge are such that the drugis primarily mediated by the piperidino rings binding
fits very ‘snugly’ along the entire length of the gorge. within the anionic subsite of the protein. In addition, the

This combination of factors results in effective AChE
inhibition by CPT-11.

While CPT-11 inhibits AChE, we, and others, have
demonstrated that BChE can hydrolyze the drug to
SN-38[10,11] This implies that the carbamate moi-
ety of CPT-11, located between the dipiperidino moi-
ety and the fused aromatic rings, should be within
bonding distance of the active-site seringd.CThe
overlay of the CPT-1TlcAChE structure with that of
hBChE (PDB code 1PO0I) shows that the loop present
at the top of the active-site gorge (residues 282-286
in TcAChE) has a different conformation in the two
closely related enzymes. This loop makes numerous
interactions with CPT-11 ifcAChE, but its position
in hBChE does not allow the drug to occupy the upper
part of the gorge. Moving the drug down the gorge to
avoid clashes with the corresponding loop in hBChE
(residues 280-284), brings the carbamate moiety within
bonding distance of Ser1983Cresulting in a model of
the CPT-11BChE complex in which the CPT-11 fits
very snugly. BChE lacks the key AChE peripheral bind-
ing site residue Trp279, which is replaced by Ala277.
This difference results in failure of CPT-11 to inhibit
BChE [16], since its camptothecin moiety does not
make strongr—m stacking interactions at the top of the
gorge.

Recently, we determined the X-ray structure-GE
that can efficiently activate CPT-115]. Comparison

complex is stabilized by aromatie—mr stacking inter-
actions between the camptothecin rings and aromatic
amino acids that line the active-site gorge, and in partic-
ular with Trp279 within thel'cAChE peripheral binding
site.

4. Methods

TcAChE crystals were grown by the vapor diffusion
method, using a 1.4l drop of a solution of 10 mg/mi
protein mixed with 1.5l of mother liquor at £C.
The mother liquor solution contained 25% PEG 600
in 0.05M HEPES, pH 7.5, and 0.027 M gallamine tri-
ethiodide, which was added in order to produce crystals
of spacegroup3,21 (Brumshtein, unpublished results).
Trigonal crystals with dimensions of 0.2 mx0.1 mm
grew within 3 weeks. The complex with CPT-11 was
obtained by transferring the crystals to a saturated solu-
tion of CPT-11 in mother liquor for 16 h. X-ray data
were collected from a single crystal, onRuaxis diffrac-
tometer at 100K, after washing the mother liquor off
the crystal with Parathone N oil. The data were pro-
cessed using XD 7], and the structure was solved by
molecular replacement, using th8,21 nativeTcAChE
structure as a starting model. Data were refined using
CNS|[14] and fitted using 18]. Data processing and
refinement statistics are shown below:
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Data collection

Wavelength .(°\) 154
Unit cell (3) 137.75, 70.87
Space group P3;21
Resolution rangeX) 30-2.6
Number of unique reflections 23,798
Completeness () 98.5 (90.9)
Ilo(I)? 10.3 (4.7)
Rsyn(l) (%)? 8.0(24.0)
Refinement and model statistics
Resolution rangeX) 30-2.6
Number of reflections 23,820
R-factor: work, free (%) 18.7,23.7
Average B-factorsA?) 39.9
RMSD from ideal values
Bond length &) 0.007
Bond angle¥) 1.3
Dihedral angles?) 21.7
Improper torsion angles) 0.88
Estimated coordinate error
Low resolution cut-off é) 5.0
ESD from Luzzati plot,(f\) 0.28
ESD from SIGMAA @) 0.42
Ramachandran outliers (%) 3.3

a Data for the outer shell are given in parentheses.
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