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ABSTRACT: Topoisomerase I (topo I) is a ubiquitous DNA-cleaving enzyme and an important therapeutic
target in cancer chemotherapy. Camptothecins (CPTs) reversibly trap topo I in covalent complex with
DNA but exhibit limited sequence preference. The utilization of conjugates such as triplex-forming
oligonucleotides (TFOs) to target a medicinal agent (like CPT) to a specific genetic sequence and orientation
within the DNA has been accomplished successfully. In this study, different attachment points of the
TFO to CPT (including positions 7, 9, 10, and 12) were investigated and our findings confirmed and
extended previous conclusions. Interestingly, the conjugates induced specific DNA cleavage by topo I at
the triplex site even when poorly active or inactive CPT derivatives were used. This suggests that the
positioning of the drug in the cleavage complex by the sequence-specific DNA ligand is able to stabilize
the ternary complex, even when important interactions between topo I and CPT are disrupted. Finally,
certain TFO-CPT conjugates were able to induce sequence-specific DNA cleavage with the topo I mutants
R364H and N722S that are resistant to camptothecin. The TFO-CPT conjugates are thus valuable tools
to study the interactions involved in the formation of the ternary complex and also to enlarge the family
of compounds that poison topo I. The fact that an inactive CPT analogue can act as a topo I poison when
appropriately coupled to a TFO provides a new perspective at the level of drug design.

Topoisomerase I (topo I)1 is a ubiquitous DNA-cleaving
enzyme and an important therapeutic target in cancer
chemotherapy (1). Camptothecins (CPTs) trap the intermedi-
ate DNA/topo I covalent binary complex (cleavage complex),

in which the DNA is cut on one strand and covalently bound
to the enzyme through a 3′-phosphotyrosyl bond (2), inhibit-
ing the religation step of the catalytic cycle. The formed
DNA/topo I/drug ternary complexes can eventually collide
with the advancing replication forks, generating irreversible
double-stranded DNA (dsDNA) cuts leading to cell death
(3). Two derivatives of CPT, irinotecan and topotecan, are
very effective anticancer agents and are currently used in
the clinic (1). However, continuing efforts seek to increase
the efficacy of these agents, reduce their toxicity in patients,
and overcome the tumor drug resistance for this class of
compounds. A novel and interesting option would be to
increase the sequence specificity of the drug that is limited
at this time principally to sites that have a+1 guanine and
a -1 thymine at the cleavage site for the enzyme (4).
Targeting, to a specific chosen DNA site, of the poisoning
of the enzyme by CPT can be achieved upon covalent linkage
of the drug to a DNA sequence-specific ligand such as a
minor groove binder (MGB) or a triplex-forming oligonucle-
otide (TFO) (5-8). The ligand moiety of the conjugate binds
to its specific site, positions the drugs adjacent to this site,
and stabilizes topo I-mediated DNA cleavage only there.

The optimized TFO-CPT conjugates not only induce
strong and highly sequence-specific DNA cleavage but also
show increased resistance to salt-induced reversal (8). Thus,
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this strategy offers great promise to develop antitumor agents
having increased specificity and efficacy. Recently, we have
used the conjugates as useful tools to probe the molecular
interactions in the ternary DNA/topo I/drug complex and
suggested that different conformations may coexist (9). To
further study this flexibility in the cleavage complex at the
active site, CPT derivatives were here attached to the TFO
through different positions, including the 7, 9, 10, and 12
positions. According to structure-activity relationships
(SARs) (10-12) and structural studies (13-15), positions
7, 9, and 10 are easily substituted and face into the major
groove of DNA, which makes them ideal for TFO linkage.
Furthermore, it is assumed that inactive CPT derivatives
make weaker interactions in the ternary complex (14, 15).
We thus studied whether the conjugation of an inactive CPT,
a 20-deoxyCPT analogue, to the TFO and its consequent
stable positioning in the topo I/DNA binary complex by the
formation of the triple helix could stabilize the formed CPT/
topo I/DNA ternary complex and make an “inactive” CPT
derivative active. Furthermore, it has been suggested that
point mutations such as R364H, N722S, and D533G result
in CPT resistance by removing important interactions that
contribute directly to drug binding (16, 17). The positioning
of the CPT derivative by the conjugate in the cleavage
complex could create new and stable interactions and thus
overcome “resistance”.

EXPERIMENTAL PROCEDURES

For the cCPT and dCPT derivatives, mass determination
was accomplished by electrospray ionization on a Finnigan
3200 Quadrupole mass spectrometer. HPLC purifications
were performed upon a Varian Associates HPLC using an
Altech Alltima C18 reversed-phase column (250× 10 mm,
5 µm). 1H and13C NMR spectra were recorded in chloroform-
d, acetone-d6, or DMSO-d6, on a Varian spectrometer (300
MHz). For all oligonucleotides conjugates, mass determi-
nation was accomplished by electrospray ionization on a
Q-STAR pulsar I (Appleura) and HPLC purifications were
performed upon Agilent 1100 using a Xterra reverse-phase
C18 column (4.6× 50 mm, 2.5µm).

10-HydroxyCPT was purchased from Sino Dragon I/E Co.
Ltd. 9-(5-Aminopentanoyl)aminocamptothecin (9CPT) and
12-(6-aminohexyl)aminocamptothecin (12CPT) were gifts
from Urogene (France). All other chemicals were purchased
from Aldrich Chemical Co. All solvents were of analytical
grade. All synthetic transformations of CPT were carried out
under dry argon or nitrogen.

MGB hexa(N-methylpyrrole)carboxamide was obtained as
previously described (6).

Ethyl 10-CarboxymethyloxyCPT (2). To a solution of 10-
hydroxyCPT (1) (70 mg, 0.19 mmol) in dry acetone (40 mL)
was added potassium carbonate (anhydrous) (29 mg, 0.21
mmol), and the mixture was allowed to stir for a 10 min
period. To this mixture was added ethyl bromoacetate (35
mg, 0.21 mmol), and the resulting solution was stirred at
reflux for an 8 h period. The solvent was removed under
diminished pressure, and the resulting colorless was purified
by silica-gel column chromatography (95:5 CH2Cl2/MeOH)
to yield CPT ester2 as a colorless solid: yield, 53 mg (60%);
silica gel TLC Rf, 0.51 (95:5 CH2Cl2/MeOH); 1H NMR
(DMSO-d6) δ 0.89 (t, 3H), 1.24 (t, 3H), 1.88 (m, 2H), 4.21

(q, 2H), 5.01 (s, 2H), 5.28 (s, 2H), 5.43 (s, 2H), 6.52 (s,
1H), 7.31 (s, 1H), 7.55 (m, 2H), 8.11 (d, 1H), 8.57 (s, 1H);
mass spectrum (FAB),m/z451.1505 (M+ H)+ (C24H23N2O7

requires 451.1505).

Ethyl 10-Carboxymethyloxy-20-chloroCPT (3). To a solu-
tion of CPT ester2 (50 mg, 0.11 mmol) in freshly distilled
benzene (25 mL) was added pyridine (90µL, 1.1 mmol),
and the resulting solution was allowed to stir for a 5 min
period. To this solution was added thionyl chloride (41µL,
0.47 mmol), and the resulting solution was allowed to stir
at reflux for a 2 hperiod. The solvent was removed under
diminished pressure, and the resulting solid was purified by
silica-gel column chromatography (95:5 CH2Cl2/MeOH) to
yield 20-chloroCPT ester3 as a yellow solid: yield, 51 mg
(98%); silica-gel TLCRf, 0.54 (95:5 CH2Cl2/MeOH).

Ethyl 10-Carboxymethyloxy-20deoxyCPT (4). To a solu-
tion of 20-chloroCPT ester3 (51 mg, 0.11 mmol) in methanol
(20 mL) in the presence of palladium on carbon (10%) (10
mg) was maintained under hydrogen gas (20 psi) for 6 h.
The catalyst was removed by filtration, and the solvent was
concentrated under diminished pressure. The resulting solid
was purified by silica-gel column chromatography (95:5 CH2-
Cl2/MeOH) to yield deoxyCPT ester4 as a colorless solid:
yield, 20 mg (42%); silica-gel TLCRf, 0.53 (95:5 CH2Cl2/
MeOH); 1H NMR (DMSO-d6) δ 1.00 (t, 3H), 1.26 (t, 3H),
2.01 (m, 2H), 3.82 (t, 1H), 4.22 (q, 2H), 4.98 (s, 2H), 5.21
(s, 2H), 5.38 (m, 2H), 7.14 (s, 1H), 7.32 (m, 2H), 8.05 (d,
1H), 8.49 (s, 1H); mass spectrum (FAB),m/z 435.1540 (M
+ H)+ (C24H23N2O6 requires 435.1556).

10-Carboxymethyloxy-20-deoxyCPT (5) or dCPT. To a
solution of deoxyCPT ester4 (24 mg, 0.06 mmol) in ethanol
(10 mL) and water (10 mL) at 0°C was added potassium
carbonate (7 mg, 0.05 mmol), and the resulting solution was
stirred for a 4 h period, while the reaction was monitored
by TLC. The solvent was concentrated under diminished
pressure, and the resulting solid was dissolved in 15 mL of
water at 0°C. Purification was achieved by reversed-phase
HPLC using a linear gradient of 0.1% trifluoroacetic acid in
water containing increasing amounts of acetonitrile (0f 25
min, linear gradient from 24 to 39% at a flow rate of 4 mL/
min; tR, 17.4 min) to yield deoxyCPT acid5 as a colorless
solid: yield, 17 mg (76%);1H NMR (DMSO-d6) δ 0.99 (t,
3H), 2.01 (m, 2H), 3.81 (t, 1H), 4.91 (s, 2H), 5.24 (s, 2H),
5.39 (m, 2H), 7.18 (s, 1H), 7.52 (m, 2H), 8.07 (d,J ) 8.3
Hz, 1H), 8.52 (s, 1H); mass spectrum (FAB),m/z 429.1062
(M + Na)+ (C22H18N2O6Na requires 429.1063).

10-CarboxymethyloxyCPT or cCPT.To a solution of CPT
ester2 (40 mg, 0.09 mmol) in ethanol (10 mL) and water
(10 mL) at 0°C was added potassium carbonate (12 mg,
0.9 mmol), and the resulting solution was stirred for a 4 h
period, while the reaction was monitored by TLC. The
solvent was removed under diminished pressure, and the
resulting solid was dissolved in 15 mL of water at 0°C.
Purification was achieved by reversed-phase HPLC using a
linear gradient of 0.1% trifluoroacetic acid in water contain-
ing increasing amounts of acetonitrile (0f 25 min, linear
gradient from 24 to 39% at a flow rate of 4 mL/min;tR,
12.4 min) to yield cCPT as a colorless solid: yield, 12 mg
(31%); 1H NMR (DMSO-d6) δ 0.90 (t, 3H), 1.91 (m, 2H),
4.90 (s, 2H), 5.28 (s, 2H), 5.43 (m, 2H), 7.31 (s, 1H), 7.52
(m, 2H), 8.12 (d,J ) 8.3 Hz, 1H), 8.59 (s, 1H); mass
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spectrum (FAB),m/z 445.1011 (M+ Na)+ (C22H18N2O7Na
requires 445.1012).

CPT Analogues.All of the CPT analogues were dissolved
in DMSO at 5 mM and then diluted further with water prior
to use. The final DMSO concentration never exceeded 0.3%
(v/v) in all assays. They were attached to the 3′ end of the
TFO as described in Figure 2.

Oligonucleotides.Oligonucleotides were purchased from
Eurogentec (Belgium) and purified using quick spin Sepha-
dex G-25 (BioRad). Concentrations were determined spec-
trophotometrically at 25°C using molar extinction coeffi-
cients at 260 nm calculated from a nearest-neighbor model
(18).

The nomenclature of the oligonucleotides and conjugates
is the following: the abbreviation TFO is followed by a
number referring to the length of the oligonucleoide, followed
by the letter L (for linker), the number of carbon atoms in
the linker, and finally, by the denomination of the CPT
analogue [cCPT for 10-carboxymethyloxycamptothecin,
7CPT for 7-(2-aminoethyl)camptothecin, dCPT for the 10-
carboxymethyloxy-20-deoxycamptothecin, 9CPT for 9-(5-
aminopentanoyl)aminocamptothecin, and 12CPT for 12-(6-
aminohexyl)aminocamptothecin].

Synthesis of the Conjugates.The CPT derivatives were
conjugated to the terminal amino group of different linker
arms at the 3′ of the oligonucleotide according to the
procedures previously described (6, 8, 19) or as following.

Synthesis of TFO16-L4-cCPT and TFO16-L4-dCPT.
A total of 310 µg (60 nmol) of 3′-phosphorylated oligo-
nucleotide TFO was precipitated as the hexadecyltrimethyl-
ammonium salt and was then dissolved in 50µL of dry
DMSO. Solutions of 4-(dimethylamino)pyridine (5 mg in
25 µL of DMSO, 41 µmol), dipyridyl disulfide (6.6 mg in
25 µL of DMSO, 30µmol), and triphenylphospine (7.9 mg
in 50 µL of DMSO, 30µmol) were added. After 15 min of
incubation at room temperature, 1,4-diaminobutane (5 mg,
57 µmol) was added to the activated oligonucleotide. The
mixture was kept for 2 h at room temperature. The oligo-
nucleotide derivative was then precipitated with 2% LiClO4

in acetone, rinsed with acetone, and dissolved in 50µL of
water. The attachment of the diamino linker was quantitative.
Then, dCPT or cCPT was attached by activating the carboxyl
group withO-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyl-
uroniumhexafluorophosphate (HATU). The oligonucleotide
derivative was precipitated as the hexadecyltrimethylammo-
nium salt and dissolved in 100µL of dry DMSO. dCPT or
cCPT (400µg, 1 µmol), HATU (380µg, 1.1µmol), and 1
µL of triethylamine were added. The reaction was kept at
room temperature for 4 h. The oligonucleotide conjugate was
then precipitated with 2% LiClO4 in acetone, rinsed with
acetone, and purified by reversed-phase HPLC using a linear
acetonitrile gradient [0f 80% CH3CN in 0.2 M (NH4)-
OAc]. The average yield was 40%. The oligonucleotide
conjugates were characterized by UV spectroscopy, denatur-
ing gel electrophoresis, and mass spectrometry. TFO16-
L4-cCPT MS (ES-) m/z5618 [M- H]- (calculated, 5617);
TFO16-L4-dCPT MS (ES-) m/z 5602 [M - H]- (calcu-
lated, 5602).

Because it is known that 20-deoxyCPT can be oxidized
by O2 to afford CPT itself, for the assays, the conjugates
were dissolved in water just prior to utilization.

Synthesis of TFO16-9CPT and TFO16-12CPT.A sample
of 310 µg (60 nmol) of 3′-phosphorylated oligonucleotide
was precipitated as the hexadecyltrimethylammonium salt
and dissolved in 50µL of dry DMSO. Solutions of
4-(dimethylamino)pyridine (5 mg in 25µL of DMSO, 41
µmol), dipyridyl disulfide (6.6 mg in 25µL of DMSO, 30
µmol) and triphenylphospine (7.9 mg in 50µL of DMSO,
30 µmol) were added. After 15 min of incubation at room
temperature, CPT derivative 9CPT or 12CPT (0.4 mg, 1
µmol) was added to the activated oligonucleotide. The
mixture was kept at room temperature for 4 h. The oligo-
nucleotide conjugate was precipitate from the mixture by
the addition of 2% LiClO4 in acetone, rinsed with acetone,
and purified by reversed-phase HPLC using a linear aceto-
nitrile gradient [0f 80% CH3CN in 0.2 M (NH4)OAc]. The
average yield was 40%. The oligonucleotide conjugates were
characterized by UV spectroscopy and denaturing gel elec-
trophoresis. TFO16-9CPT MS (ES-) m/z 5603 [M - H]-

(calculated, 5603).
Synthesis of MGB Conjugates.dCPT and cCPT were

attached to the MGB hexa(N-methylpyrrole)carboxamide
according to the procedure previously described (6). MGB-
dCPT MS (ES-) m/z 1393 [M - H]- (calculated, 1392);
MGB-cCPT MS (ES-) m/z 1409 [M - H]- (calculated,
1408).

DNA Fragment.The plasmid pBSK(() was purchased
from Promega (France), and the 77 base pair (bp) target
duplex was inserted between theBamHI and EcoRI sites
(Figure 2 for the sequence). The detailed procedures for
isolation, purification, and labeling of a 324-bp DNA
fragment have been described previously (8).

Topo I and Mutants.Recombinant human topo I (topo I
wild type), mutant topo I R364H, and mutant topo I N722S
were purified from TN5 insect cells using a Baculovirus
construct for the NH2-terminus-truncated human topo I
cDNA as described previously (14, 20).

Topo I CleaVage Assays.The 324-bp radiolabeled target
duplex (50 nM) was incubated at 30°C for 90 min, in 50
mM Tris-HCl at pH 7.2, containing 60 mM KCl, 10 mM
MgCl2, 0.5 mM DTT, 0.1 mM EDTA, and 30µg/µL BSA,
in the presence of the TFO or MGB, at the indicated
concentration (total reaction volume of 10µL). The DNA-
topo I cleavage complexes were dissociated by the addition
of SDS (final concentration of 0.5%). After ethanol precipi-
tation, all samples were resuspended in 6µL of formamide,
heated at 90°C for 4 min, and then chilled on ice for 4 min,
before being loaded onto a denaturing 8% polyacrylamide
gel (19:1 acrylamide/bisacrylamide) containing 7.5 M urea
in 1×TBE buffer (50 mM Tris base, 55 mM boric acid, and
1 mM EDTA). To quantitate the extent of cleavage, the gels
were scanned with a Typhoon 9410 (Amersham Bio-
sciences). For the determination of cleavage levels, normal-
ization relative to the total loading was performed. The
cleavage efficacy was also normalized for each drug to the
cleavage efficacy of topo I alone in each experiment. The
experiments were repeated between 4 and 10 times.

Molecular Modeling.The X-ray crystal structure of human
topo I in covalent complex with DNA (21) was previously
prepared for molecular modeling as described (22). The
solvated and electroneutral topo I/DNA complex with a
docked CPT was then further modified in the following ways
using Insight II version 2000.1 molecular-modeling software
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(Accelrys, San Diego, CA): (1) The+1 through+4 bases,
relative to the cleavage site, of both DNA strands were
replaced with the corresponding bases used in this study,
and the remaining deoxynucleosides greater than+4 were
deleted. (2) A B-form triple-helix DNA was then added to
the model. The triple helix is composed of B-form A and T
homopolymer strands with a TFO annealed to the nonscissile
A strand. The triple-helix A and T homopolymer strands’
backbones were bound to the corresponding backbones of
the+4 nonscissile- and scissile-strand deoxynucleosides. The
bonds were then minimized in Insight II/Discover_3 using
the CFF force field to a final convergence of 1. (3) The
indicated linkers were built in Insight II/Biopolymer and then
bonded to the 3′-O of the TFO. (4) The indicated CPT
derivative was then bonded to the linker at the indicated
position (see Figure 2). (5) The topo 1/triple helix/CPT
complex was then resolvated, and additional sodium atoms
were added to the backbone phosphates of the triple helix
to keep the system electroneutral. The linker CPT as well
as active-site residues (excluding Tyr723), surrounding bases
including the rotated+1 deoxynucleoside, water, and ions
within 20 Å were minimized to a final convergence of 1
with no restraints. Note: the CFF force field lacks a torsion
parameter for the P-N bond found in all linkers. As a result,
the torsion stop control was turned off prior to the minimiza-
tion. (6) For interaction energy scores calculations, water,
ions, and DNA were first merged with topo I. The interaction
energy scores between the indicated CPT and topo I/DNA
were calculated in Insight II/Docking with a 20 Å cutoff.
The TFO and linker were not included in the interaction
energy score calculation.

RESULTS

Synthesis of the CPT Analogues.To test the attachment
point of CPT to the TFO, we used 9CPT and 12CPT, bearing
suitable linker arms in positions 9 and 12, respectively.

Synthetic elaboration of a CPT derivative with a car-
boxymethyloxy linker at C10 of the quinoline ring of CPT

has been previously reported (7, 9). Further, the removal of
the 20-hydroxyl group results in an inactive derivative and
has been reported previously and utilized in numerous studies
(11, 23, 24). The goal of this experiment was to prepare a
CPT analogue containing both features, required for the
preparation of the TFO-CPT conjugate of a CPT derivative
known not to form a stable ternary complex with topo I and
DNA. It is also important to note that C20-deoxyCPT
analogues are liable to reoxidize under relatively mild
conditions, thus necessitating that transformations utilizing
reagents or conditions capable of 20 oxygenation should be
avoided (ref 24 and references therein). Accordingly, a
straightforward four-step semisynthetic procedure starting
with 10-hydroxylCPT was used (Figure 1).

Treatment of1 with ethyl bromoacetate and anhydrous
K2CO3 in refluxing acetone produced ester2 in 60% yield.
The ester was then heated at reflux with 4 equiv of thionyl
chloride in the presence of 10 equiv of pyridine in anhydrous
benzene for 4 h. After purification, the resulting chloride3
was reduced using hydrogen gas over Pd/C (10%) to yield
the 20-deoxyCPT ester4 in 42% yield for two steps.
Saponification of deoxy ester4 via treatment with K2CO3

in a 1:1 mixture of ethanol and water resulted in the
formation of the 20-deoxy CPT acid5 (dCPT) in 76% yield.

Synthetic production of cCPT was performed in a manner
similar to that previously reported (7, 9).

Given the natural tendency of the C20 position to reoxidize,
a mock coupling reaction was performed to determine the
stability of the 20-deoxy species toward the conditions
needed to synthesize the TFO conjugates. Utilizing 4-amino-
butanol as a model amine, the 20-deoxy CPT derivative4
was coupled using BOP and diisopropylethylamine to
produce the amide conjugate. Low-resolution mass spec-
trometry demonstrated that the C20 position remained un-
oxidized through the synthesis and purification of this model
conjugate (data not shown).

Conjugates.The target DNA sequence used in this study
and the newly synthesized TFO-CPT are shown in Figure

FIGURE 1: Synthetic route used for the preparation of 20-deoxy-10-carboxymethyloxycamptothecin dCPT.
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2. The oligopurine‚oligopyrimidine triplex target site is 24-
bp long and is contained in a 77-bp duplex inserted in pBSK-
(() as previously described (8). A resulting 324-bp 3′-32P-
end-labeled DNA fragment was used for topo-I-mediated
DNA cleavage studies. The TFO used is a 16-mer (TFO16)
and contains 5-methyldeoxycytosines and 5-propynyldeoxy-
uraciles to form a stable triplex at physiological pH and
temperature (25). The MGB used is a hairpin polyamide
containing two sets of threeN-methylpyrrole carboxamide
units (abbreviated MGB) that we have previously attached
to 10-carboxycamptothecin to induce sequence-specific DNA
cleavage (6).

The TFO and MGB were attached at their 3′ end to
position 10 of an active camptothecin (cCPT) or its inactive
20-deoxy derivative (dCPT). In the case of the TFO
conjugates, a spacer of 4 carbon atoms (diaminobutane) was
used, in agreement with previous findings (8). Furthermore,
SARs (11, 12) and structural studies (13-15) have indicated
that positions 7, 9, and 10 face into the major groove of the
DNA and that bulky substitutions at these positions do not
decrease the pharmacological activity, while substitutions in
positions 11 and 12 do diminish activity. Because TFO binds
in the major groove, positions 7, 9, and 10 seemed quite

favorable for the coupling. Having already used positions 7
and 10, we attached to the TFO 9CPT, a CPT derivative
containing a linker arm at position 9 with a terminal amino
group suitable for conjugation. Attachment to position 12
of CPT was also explored by using 12CPT, bearing a
diaminohexyl linker in position 12.

Effect of the Drug Attachment Site.DNA cleavage by topo
I in the presence of the 9CPT and 12CPT conjugates is
shown in Figure 3. The 324-bp DNA restriction fragment
3′-32P-end labeled on the oligopyrimidine-containing strand
of the duplex was incubated in the presence of topo I and
either the CPT derivatives alone or linked to the TFO. The
new cCPT derivative and its conjugate (TFO16-L4-cCPT)
were used as controls and behaved as the previously studied
conjugates attached through position 10 (8, 9). In fact, while
5 µM of cCPT (lane 3) stabilized topo-I-mediated DNA
cleavage at different sites (a, b, and c), in the presence of
the triplex formed by 0.5µM TFO16-L4-cCPT (lane 4),
cleavage increased only at site b, situated 4 bp from the
triplex 3′ end, as expected. Noteworthy, throughout this
study, the conjugates were used at concentrations 5-10-fold
lower than that for CPT, because the tethered molecules are
considerably more potent than the free drug at inducing topo-

FIGURE 2: Sequence of the target and TFO used in this study and the structure of the conjugates. The 16-bp triplex target site is shown in
bold. The binding site of the MGB is underlined. The TFO binds in the major groove in a parallel orientation to the oligopurine strand of
the duplex. The 77-bp duplex target was inserted between theBamHI ad EcoRI sites of pBS((). The CPT-stabilized topo-I-mediated DNA
cleavage sites in the proximity to the triple helix are indicated by arrows (sites a, b, and c). M) 5-methyl-2′-deoxycytidine, and P)
5-propynyl-2′-deoxyuridine. The different CPT derivatives were attached to the 3′ end of the TFO. The TFO is abbreviated with 16-mer
in the names of the conjugates for all figures.
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I-mediated DNA cleavage (8). Under the experimental
conditions, all conjugates formed a triplex helix (data not
shown). Unexpectedly, the 9CPT derivative was poorly active
with a cleavage pattern (lane 5) corresponding to that of topo
I alone (lane 2). Upon covalent linkage to the 16-mer TFO
(TFO16-9CPT) and triplex formation (lane 6), a sequence-
specific DNA cleavage was observed at site b, comparable
in intensity to that of TFO16-L4-cCPT (lane 4). The
attachment through the unfavorable 12 position abolished
the cleavage ability of the conjugate (lane 9), even though
12CPT is an active topo I poison (lane 8). This observation
is in agreement with previous SARs that suggested that
substitutions in that part of the quinolone moiety of the
alkaloide decreases biological activity (10-12, 26). The
binding of the TFO alone (TFO16) affects only partially topo
I cleavage (lane 7).

ActiVation by Conjugation to TFO of InactiVe Topo I
Poisons. These preliminary results suggested that upon
conjugation to a TFO it is possible to induce a strong
sequence-specific DNA cleavage with relatively poor topo
I poisons. To test this hypothesis, we used 20-deoxyCPT,
which has been shown to be inactive (11, 23, 24). This
analogue was attached through a 10-carboxylmethyloxy
group to the diaminobutane linker at the 3′ end of the TFO16
to obtain TFO16-L4-dCPT. Figure 4A shows the analysis
of the topo I cleavage products on the radiolabeled target

DNA in the presence of the 20-deoxyCPT derivative (dCPT,
lane 6) or in the presence of its corresponding conjugate (lane
7). The parent 20-S-OH derivatives were used as the control
(cCPT, lane 3 and TFO16-L4-cCPT, lane 4). Clearly, the
covalent linkage to the TFO and formation of the triple-
helical structure enabled the otherwise inactive 20-deoxyCPT
to stabilize strong DNA cleavage by topo I at site b (lane
7), comparable to the control conjugate TFO16-L4-cCPT
(lane 4). The conjugates are thus able to position this inactive
CPT analogue in the cleavage complex and stabilize the
ternary complex. In Figure 4B, the ratio of the intensity of
cleavage at site b in the presence of the conjugate or another
CPT derivative over the intensity in the presence of cCPT
is represented on a logarithmic scale. All conjugates induced
a sequence-specific DNA cleavage at site b, regardless of
which CPT derivative was used. Furthermore, the MGB-
dCPT conjugate was also able to induce an efficient
sequence-specific cleavage at site b (Figure 4B), indicating
that the targeting is equivalent whether the CPT derivative
is brought from either the major groove (by the TFO) or the
minor groove (by the MGB).

These results imply that the conjugation of normally
inactive CPT derivatives to sequence-specific DNA ligands
can enable compounds that lack important functional groups

FIGURE 3: Sequence analysis of the topo-I-mediated cleavage
products in the presence of the TFO16-9CPT and TFO16-12CPT
conjugates. A 324-bp duplex, 3′-32P-end labeled on the oligopyrim-
idine strand (lane 1) was incubated with topo I (lane 2) in the
presence of 5µM cCPT (lane 3), 0.5µM TFO16-L4-cCPT (lane
4), 5 µM 9CPT (lane 5), 0.5µM TFO16-9CPT (lane 6), 0.5µM
TFO16 (lane 7), 5µM 12CPT (lane 8), or 0.5µM TFO16-12CPT
(lane 9). The positions of the cleavage sites are indicated (sites
a-c), as is the region corresponding to the triplex site.

FIGURE 4: Effect of the 20-S-hydroxyl group on the cleavage by
the TFO-CPT conjugate. (A) 324-bp duplex (lane 1) was incubated
with topo I (lane 2) in the presence of 5µM cCPT (lane 3), 0.5
µM TFO16-L4-cCPT (lane 4), topo I (lane 5), 5µM dCPT (lane
6), or 0.5 µM TFO16-L4-dCPT (lane 7). Adenine/guanine-
specific Maxam-Gilbert chemical cleavage reactions were used
as markers. The positions of the cleavage sites are indicated (sites
a-c), and the region corresponding to the triplex site is indicated
by an arrow. (B) Ratio between the intensity of cleavage at site b
in the presence of the triple helices and the intensity in the presence
of cCPT alone is represented, on a logarithmic scale, for wild-type
topo I. Data were compiled from 10 independent experiments.
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for the stabilization of the ternary complex. It is known that
CPT resistance results from point mutations in human topo
I that, in several cases, disrupt hydrogen bonds stabilizing
the CPT binding to the topo I/DNA cleavage complex (13-
15, 24). The next question was thus to investigate whether
the conjugates were able to form a stable ternary complex
with topo I mutants that still cleave DNA but are no longer
sensitive to CPT poisoning (14, 17, 20).

CleaVage in the Presence of CPT-Resistant Topo I
Mutants.We used two CPT-resistant mutants found in CPT-
resistant cancer cell lines: the R364H mutant, in which
arginine 364 is replaced by an histidine (27), and the N722S
mutant, containing a serine instead of asparagine 722 (28).
Figure 5 shows that the TFO16-L4-cCPT conjugate (lane
4) followed the resistance profile of cCPT alone (lane 3).
Interestingly, conjugate TFO16-L6-7CPT, attached to 7-(2-
aminoethyl)camptothecin (8), induced some sequence-
specific cleavage at site b in the presence of the topo I
mutants (lanes 5). Figure 6 depicts the percentage of cleavage
of several conjugates in the presence of the topo I tested. It
clearly appears that conjugate TFO16-L6-7CPT was able
to induce cleavage also in the presence of the topo I mutants.

Table 1 summarizes the loss in DNA cleavage at site b in
the presence of the topo I mutants for each conjugate

compared to the corresponding CPT derivative alone. The
percentage of cleavage for each drug, free or conjugated,
has been normalized to the amount of basal cleavage
observed in the presence of the enzyme alone. For the
analysis of the results, it is important to note that the topo I
mutants cleave the 324-bp DNA fragment less efficiently
than does the wild-type enzyme. TFO16-L4-cCPT is
comparable to cCPT, while the MGB conjugate MGB-cCPT
was still active with the R364H mutant. 7CPT induced
cleavage with the R364H mutant, while in the presence of
the N722S mutant, it behaved as cCPT (Figures 5 and 6).
The corresponding TFO16-L6-7CPT conjugate trapped
topo I/DNA cleavage complexes in the presence of both
mutants, showing a very small loss of activity. With the topo
I mutants, the 20-deoxy TFO conjugate (TFO16-L4-dCPT)
showed a loss of activity comparable to the 20-S-OH
equivalent, while the MGB conjugate MGB-dCPT still
stabilized the cleavage complex in the presence of the R364H
but showed a large loss of cleavage activity with the N722S
mutant.

Molecular-Modeling Studies.To better understand the
results obtained with the 20-deoxy CPT TFO conjugate
(TFO16-L4-dCPT) and the topo I mutants, we compared
by molecular-modeling studies how the TFO positions the

FIGURE 5: Effect of the topo I mutants on the sequence-specific
cleavage. A 324-bp duplex (lane 1) was incubated with topo I wild
type or mutants R364H or N722S (lane 2) in the presence of 5µM
10CPT (lane 3), 0.5µM TFO16-L4-cCPT (lane 4), or 0.5µM
TFO16-L6-7CPT (lane 5). Adenine/guanine-specific Maxam-
Gilbert chemical cleavage reactions were used as markers. The
positions of the cleavage sites are indicated (sites a-c) as well as
the region corresponding to the triplex site.

FIGURE 6: Intensity of cleavage of the conjugates in the presence
of the three topoisomerases I. The intensity of cleavage at site b in
the presence of the conjugates is represented for wild-type topo I
(white bars), the R364H mutant (black bars), and the N722S mutant
(hatched bars). Data were compiled from 4-10 independent
experiments as described in the Experimental Procedures.

Table 1: Loss of DNA Cleavage Activity in the Presence of the
Topo I Mutants at Site ba

loss R364H loss N722S

cCPT -0.48 -0.61
TFO16-L4-cCPT -0.58 -0.72
MGB-cCPT -0.10 -0.50
7CPT -0.07 -0.52
TFO16-L6-7CPT +0.16 -0.10
dCPT -0.10 -0.45
TFO16-L4-dCPT -0.12 -0.45
MGB-dCPT -0.01 -0.86

a The loss is calculated as-(1 - percentage of cleavage in the
presence of the mutant/percentage of cleavage in the presence of the
wild type), where the percentage of cleavage is normalized to the
percentage of cleavage in the presence of topoisomerase I (wild type
or mutants) at site b. The mean value of 3-10 experiments is reported.
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different CPTs in the topo I/DNA cleavage complex (Figure
7). Accordingly, when CPT is linked at the 7 position to the
TFO (TFO16-L6-7CPT), it is able to dock in a planar
orientation with respect to the active-site bases (parts A and
B of Figure 7), and therefore, to stack with the-1 thymine
and make a network of direct hydrogen-bond/electrostatic
interactions with the topo I/DNA active site including (Figure
7C): (1) the D-ring carbonyl oxygen hydrogen-bonds to
N722, which when mutated results in a CPT-resistant topo
I (28); (2) the E-ring carbonyl oxygen hydrogen-bonds to
K532, an essential residue (29); (3) the 20-S-OH hydrogen
hydrogen-bonds to the-1 scissile-strand thymine carbonyl
oxygen; and (4) the 20-S-OH oxygen makes an electrostatic
interaction with R364, which when mutated results in a
resistant topo I (27). The fact that the TFO and linker allows
CPT to make an optimal orientation in the topo I/DNA active
site could explain the cleavage activity of the TFO16-L6-
7CPT conjugate in the presence of the two topo I mutants
(Figures 5 and 6 and Table 1). In contrast, when the cCPT
conjugate is linked at position 10 (TFO16-L4-cCPT), the
E-ring carbonyl oxygen makes a rather long hydrogen-bond
to K532 at 3.2 Å, the D-ring carbonyl oxygen still makes a
hydrogen-bond to N722, while the 20-S-OH does not make
any hydrogen-bonds and has a significantly weaker electro-
static interaction with R364 (Figure 7D and data not show).
These results are due to the attachment to CPT via the A-ring
10 position that prevents cCPT from adopting a planar
orientation, with respect to the bases, in the topo I/DNA

active site. The fact that the 20-S-deoxyCPT (TFO16-L4-
dCPT) conjugate has similar activity as 20-S-OH TFO16-
L4-cCPT is consistent with the 20S-OH not making
hydrogen-bonds to the topo I/DNA active site when part of
these conjugates.

DISCUSSION

According to SARs and structural studies (10-15, 23, 26),
positions 7, 9, and 10 are suitable locations for large
substituents, without clashing with the surrounding topo I
and DNA structures. Furthermore, they face into the major
groove, making them ideal for TFO linkage. In agreement
with these experimental observations, conjugation of the
major-groove-binding TFO to CPT analogues at positions
7, 9, or 10 induced a specific DNA cleavage by topo I at
the triplex site. In contrast, positions 11 and 12 are considered
unfavorable to bulky substitutions, although some substitu-
tions in position 11, as 10,11-(methylenedioxy), 10,11-
(ethylenedioxy), 11-fluoro, and 11-cyano, have resulted in
active compounds (30, 31). Conjugation of the TFO to the
active 12CPT derivative through a side chain at position 12
gave an inactive conjugate, confirming the previous SAR
findings for CPT.

Interestingly, the 9CPT derivative used here was a poor
topo I poison, while the corresponding TFO-9CPT conju-
gate was able to induce DNA cleavage by topo I (Figure 3).
To further explore whether the conjugates were able to induce
DNA cleavage with inactive CPT analogues, we synthesized

FIGURE 7: Minimized structural models for the topo I/DNA complex in the presence of the conjugates. Topo I backbone in blue ribbon,
DNA backbone in teal ribbon, TFO backbone in red ribbon, linker in red, and CPT rendered in CPK. Bases around CPT are in yellow,-1
scissile-strand base below CPT, rotated+1 scissile-strand base to the right of CPT,+1 scissile-strand base above CPT, active-site Tyr723
and tyrosil-phosphate bond to-1 thymine in red. (A) Topo I/DNA in the presence of TFO16-L6-7CPT. (B) Close up of A. (C) Flattened
view of B with dashed lines indicating hydrogen-bonds/electrostatic interactions between CPT and the topo 1/DNA active site. (D) Close
up of the topo I/DNA complex in the presence of TFO16-L4-cCPT. Selected atom colors: oxygen, red; nitrogen, dark blue; carbon,
green; and hydrogen, white.
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a derivative of the well-characterized inactive CPT derivative,
20-deoxyCPT (23, 24). In fact, the 20-hydroxyl group of
the E-ring lactone of CPT is known to be of importance in
rendering CPT an active poison of topo I. A primary role of
the 20-hydroxyl group seems to be to produce a specific
interaction within the DNA/topo I cleavage complex (Figure
7C). In the recent crystal structure of the ternary complex
with topotecan (15), the drug intercalated as a bp, increasing
the distance between the-1 and+1 bp up to 7.2 Å. Several
interactions stabilized this conformation, as two water-
mediated hydrogen bonds with N722 and the catalytic
phosphotyrosine, and there is one direct hydrogen bond
between the 20-S-hydroxyl residue of topotecan and D533.
The TFO-CPT conjugate apparently bypasses this necessary
requirement by placing a CPT analogue in the cleavage
complex, thus rendering the 20-hydroxyl group an unneces-
sary structural feature. In fact, our molecular-modeling
studies reveal that the 20-S-OH makes only a small contribu-
tion when CPT is attached to the TFO via the 10 position.
Consequently, the 20-deoxyCPT-TFO conjugate maintained
DNA-cleaving ability equivalent to the parent conjugate. The
importance of the TFO and linker in stabilizing the interac-
tions of CPT with the topo I/DNA active site is emphasized.

This feature of the conjugates may be further exploited to
enlarge the family of CPT derivatives that poison topo I and
induce DNA damage. When linked appropriately to a TFO,
CPT does not need to sample DNA binding sites until it finds
a cleavage complex ideal to form a stable ternary complex,
because the TFO moiety of the conjugate tightly positions
and holds the linked CPT in the topo I/DNA active site.

As for inactive CPT derivatives, it is believed that several
topo I mutants are resistant to CPT, because they have
mutations near the topo I/DNA active site that remove an
amino acid hydrogen bond important for stabilizing the
ternary complex, as D533, R364, and N722 (14, 17).
Molecular-modeling studies have shown that these topo I
mutants do not create a steric clash that would prevent the
CPT from docking into the active site of the mutants (data
not shown); therefore,a priori, the conjugates could still
position CPT in the active site. As mutants, we chose mutant
R364H, in which a histidine replaces arginine 364, and
mutant N722S, in which asparagine 722 is substituted by a
serine (Figures 5 and 6 and Table 1). The conjugation of
cCPT to the TFO (TFO16-L4-cCPT) did not overcome
the resistance, while the MGB-cCPT conjugate did induce
some DNA cleavage in the presence of the R364H mutant,
thus partly evading resistance to CPT. In the presence of
the N722S topo I mutant, no cleavage was observed. These
differences in behavior could be explained by the fact that
the R364H mutation is adjacent to the minor groove of the
DNA, while N722S projects into the major groove (Figure
7B). In the case of 7CPT, the R364H mutant is still poisoned.
The TFO16-L6-7CPT conjugate induced significant DNA
cleavage in the presence of the R364H mutant and, moreover,
formed the ternary complex also in the presence of the N722S
mutant. This conjugate allows CPT to make an optimal
network of hydrogen-bonds and electrostatic interactions with
active-site residues and bases (parts A and B of Figure 7).
The amount of cleaved DNA, observed in the presence of
the topo I mutants, is small, but it is important to emphasize
that the mutant enzymes produce less cleavage on the 324-
bp DNA fragment than wild-type topo I (Figure 5). The 20-

S-hydroxyl was less important for the R364H mutant than
for the N722S mutant, as shown by the dCPT derivative
alone and conjugated to MGB. Again the TFO conjugate
behaved the same as the dCPT alone.

Altogether these findings with different attachment points
on the CPT skeleton, linker arms, and DNA ligands indicate
that all CPT conjugates can bind to and stabilize the topo
I/DNA cleavage complex, confirming that several conforma-
tions may coexist in the ternary complex. However, while
positions 7, 9, and 10 are favorable to the conjugation,
position 12 is completely unfavorable, probably because the
linker arm to the TFO moiety clashes with topo I/DNA in
the ternary complex. The fact that attachment via position
12 afforded a conjugate incapable of stabilizing DNA
cleavage, in parallel with the behavior of free CPT, argues
strongly that the activity of the other conjugates probably
does reflect binding interactions fundamentally analogous
to those accessible to the free CPTs. The molecular-modeling
studies presented here in fact support this conclusion, because
CPT in the TFO16-L6-7CPT conjugate was able to bind
in nearly the identical orientation and with the same network
of hydrogen-bond/electrostatic interactions to the topo I/DNA
active site, as does free CPT and active derivatives (14, 22).

The use of the conjugates facilitates the understanding of
the mode of binding of CPT in the covalent topo I/DNA
cleavage complex and the specific roles of the various
structural features of CPT. Importantly, the loss of the 20-
S-OH, a hydrogen-bond donor, in the CPT 20-deoxy deriva-
tive, can be compensated for by conjugating it to the TFO,
which stabilizes the ternary complex upon triplex forma-
tion: the TFO16-L4-dCPT was nearly as active as its 20-
S-OH analogue, TFO16-L4-cCPT. Furthermore, the con-
jugates can have other important implications in that they
partially overcame the CPT resistance of the topo I resistance
mutants N772S and R364H, as is shown by the TFO-7CPT
and MGB-cCPT conjugates.

Our present observations underline the structural interac-
tions of the TFO-CPT conjugates in the ternary complex.
The ability to effect sequence-specific cleavage of DNA and
to stabilize the cleavage product provides a novel and direct
strategy for the design of new antitumor agents with
increased efficacy and selectivity for specific genes.
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