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CNRS-MNHN, INSERM U565, 43 rue Cuvier, BP26, 75231 Paris cedex 05, France

Received May 8, 2004; Revised July 27, 2004; Accepted September 7, 2004

ABSTRACT

Topoisomerase I (Top1) activities are sensitive to var-
ious endogenous base modifications, and anticancer
drugs including the natural alkaloid camptothecin.
Here, we show that triple helix-forming oligonucleo-
tides (TFOs) can enhance Top1-mediated DNA clea-
vage by affecting either or both the nicking and the
closing activities of Top1 depending on the position
and the orientation of the triplex DNA structure rela-
tive to the Top1 site. TFO binding 1 bp downstream
from the Top1 site enhances cleavage by inhibiting
religation and to a lesser extent DNA nicking. In con-
trast,TFO binding 4 bp downstream from the Top1 site
enhances DNA nicking especially when the 30 end of
the TFO is proximal to the Top1 site. However, when
the orientation of the triplex is inverted, with its 50

terminus 4 bp downstream from the Top1 site, religa-
tion is also inhibited. These position- and orientation-
dependent effects of triplex structures on the Top1-
mediated DNA cleavage and religation are discussed
in the context of molecular modeling and effects of
TFO on DNA twist and mobility at the duplex/triplex
junction.

INTRODUCTION

DNA topoisomerases play a vital role during cellular
metabolic processes such as replication, transcription, recom-
bination and repair when DNA relaxation is of essence (1–4).
DNA topoisomerases have been referred to as guardians of
the genome (5) or genome gate keepers (6) with the potential
of harming the genome when their activity is perturbed (4,6–9)
(see reviews at http://discover.nci.nih.gov/pommier/pommier.
htm). By nicking one DNA strand, allowing controlled rota-
tion and religating (closing) the break (see scheme in Mate-
rials and Methods), topoisomerase I (Top1) relieves the
torsional strain generated by DNA tracking during transcrip-
tion and replication. DNA, however, being a dynamic mole-
cule can exist in different forms (10). Depending on the

nucleotide sequence and its environment, DNA can form
multistranded helices through either the folding of a single
strand or the association of two, three or four strands (11). In
particular, the binding of a third strand in the major groove of
an oligopyrimidine�oligopurine DNA stretch forms a local
triple-helical structure called triple helix or triplex (12). Using
bioinformatics tools, it has been shown that sequences able to
form triplexes are widespread in the genome (13). More
importantly, triple helix-forming oligonucleotide (TFO) target
sequences have been found in regulatory regions, especially
in promoter zones and recombination hot spots of eukaryotic
DNA (14). It is likely that such unusual structures may play
an important role in controlling the functions of the genome.

Several studies have taken advantage of the specificity of
the recognition process between the TFO and duplex DNA to
develop sequence-specific gene targeting reagents in cells.
Depending on the desired effect, triplexes have been used
to knock down/out specific genes, direct nuclease cutting,
construct artificial restriction enzymes, induce recombination,
chromatin remodeling and transposon insertion or induce spe-
cific mutations in the genome (15). TFOs covalently linked to
anticancer drugs like camptothecin (CPT) and indolocarbazole
derivatives that target Top1 have helped in mediating select-
ivity of the drug to a target sequence and increasing the drug
efficacy at these sites (16). This enhanced effect of a TFO-drug
conjugate versus the unconjugated drug was found to be
dependent on the 30 and 50 position of the TFO–drug conjugate
relative to the DNA cleavage site (17). An unexpected result
was the enhanced Top1-mediated DNA cleavage by the
triple-helical structure alone (17).

The present study was undertaken to understand how multi-
stranded DNA structures like triplexes influence the activity of
Top1. To characterize the site-specific effects of triplexes on
Top1 cleavage activity, we introduced the triplex site starting
with one or four bases 30 from a well-characterized Top1
cleavage site (18–23). In a second set of experiments, we
altered the sequence of the DNA between the Top1 cleavage
site and the triplex site to study the role of the DNA sequence
in the effect of triplexes on Top1 cleavage activity. Finally,
we reversed the orientation of the triplex to see whether it
differentially affected the Top1 cleavage (17).
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MATERIALS AND METHODS

Drugs, enzymes and chemicals

CPT was obtained from the Drug Synthesis and Chemistry
Branch, National Cancer Institute (Bethesda, MD). Drug stock
solutions were made in dimethyl sulfoxide (DMSO) at 10 mM.
Aliquots were stored at�20�C and further dilutions were made
in DMSO immediately before use. The final concentration
of DMSO in the reaction did not exceed 10% (v/v).

Recombinant human Top1 was purified from TN5 insect
cells (HighFive, Invitrogen Corp., San Diego, CA) using a
Baculovirus construct for the N-terminus truncated human
Top1 cDNA as described previously (21). Terminal deoxynu-
cleotidyl transferase, dNTP [where N is A (adenosine),
C (cytosine), G (guanosine) or T (thymine)], agarose and
polyacrylamide/bis were purchased from GIBCO BRL
(Gaithersburg, MD) or New England Biolabs (Beverly, MA).
Oligo quick spin columns were purchased from Roche
DiagnosticsCorporation(Indianapolis, IN).[a32-P]-cordycepin
50-triphosphate was purchased from DuPont-New England
Nuclear (Boston, MA). Oligonucleotides were synthesized by
MWG-Biotech (High Point, NC).

Top1 reactions

Single-stranded oligonucleotides were 30 labeled with [a32-P]-
cordycepin and terminal deoxynucleotidyl transferase as
described in (19–21). Labeling mixtures were subsequently
centrifuged through mini quick spin Oligo columns (Roche
Diagnostics Corporation) to remove the unincorporated [a32-
P]-cordycepin. Annealing to the unlabeled complementary
strand was performed in 1· annealing buffer (10 mM Tris–
HCl, pH 7.8, 100 mM NaCl, 1 mM EDTA) by heating the
reaction mixtures to 95�C for 5 min, followed by slow cooling
to room temperature.

Triplex formation

TFOs were purchased from Eurogentec (Belgium) on the
0.2 mmol scale and purified using Micro Bio-Spin1 6 Chro-
matography columns (Bio-Rad, Hercules, CA). Concentra-
tions were determined spectrophotometrically at 25�C using
molar extinction coefficients at 260 nm calculated from a
nearest-neighbor model (24). The TFO is complementary to
the oligopurine strand of the duplex and parallel to it. The
orientation of the triplex is defined as the orientation of the
oligopurine strand of the duplex. Triplex formation was car-
ried out as described in (17). Briefly, the radiolabeled target
duplex (50 nM) was incubated for 2 h at 30�C in 50 mM Tris–
HCl, pH 7.5, 60 mM KCl, 10 mM MgCl2, 0.5 mM dithio-
threitol, 0.1 mM EDTA and 30 mg/ml of BSA, in the presence
of the TFO (1 mM) to form the triplex (total reaction volume,
20 ml).

For Top1 cleavage assays, labeled duplex or triplex DNA
(�50 fmol/reaction) was incubated with 5 ng of recombinant
Top1 with or without drug at either 25 or 0�C in 10 ml reaction
buffer (10 mM Tris–HCl, pH 7.5, 50 mM KCl, 5 mM MgCl2,
0.1 mM EDTA, 15 mg/ml BSA, final concentrations). Reac-
tions were stopped by adding SDS (0.5% final concentration).
For reversal experiments, the SDS stop was preceded by the
addition of NaCl to a final concentration of 0.35 M followed by
incubation for varying time points (min) at either 0, 25 or 37�C.

To the reaction mixtures, 3.3 vol of Maxam Gilbert loading
buffer (80% formamide, 10 mM NaOH, 1 mM NaEDTA, 0.1%
xylene cyanol and 0.1% bromophenol blue, pH 8.0) was
added. Aliquots were separated in 20% denaturing polyacryl-
amide gels (7 M urea) in 1· TBE (89 mM Tris-borate, 2 mM
EDTA, pH 8.0) for 2 h at 40 V/cm at 50�C.

Imaging was performed using a Phosphorimager (Molecular
Dynamics, Sunnyvale, CA). Quantification of the labeled
DNA bands was performed using the software ImageQuant
(that calculates the intensity of the band/product within a given
area). Then the percent cleavage of product was calculated
relative to the total product + the substrate.

Calculation of the cleavage (k1) and religation (k2) rate
constants for triplex and CPT-induced Top1-mediated
DNA cleavage

The normal catalytic cycle of Top1 consists of two transester-
ification reactions. The first transesterification cleaves the
DNA backbone by nucleophilic attack of the enzyme active
tyrosine (Tyr-723 in humans) to form a covalent enzyme–
DNA complex. The rate of this forward (nicking) reaction
is denoted as k1. Top1 catalyzes a second transesterification
that religates the ends of the broken DNA. The rate of this
reverse reaction (closing) is denoted as k2. Under normal con-
ditions, the Top1-mediated cleavage is transient (k2� k1).
CPT traps the Top1-cleavage complex by inhibiting religation
reversibility (i.e. by decreasing k2). This can be represented
schematically as follows:

At steady state,

k1 · 1 � rð Þ = k2 · r

In the presence of salt (NaCl) assuming that k1 = 0, the time
taken for half of the cleaved product to reverse (T1/2) was
calculated from the semilog plot of the percentage of cleavage
product remaining after the salt reversal experiments (see
Figures 3B, 3C, 4D, 4E, 5E and 6E).

The religation rate k2 was calculated as

k2 = Ln 2=T1=2

The cleavage rate k1 was calculated as

k1 = k2 · r= 1 � rð Þ

where r is the fraction of cleavage product at the plateau (see
Figures 2C, 4C, 5D and 6D). Derivations of these equations are
described in detail in (25).

Molecular modeling

Molecular modeling was performed by conformational energy
minimization with Jumna program package (version 10.3)
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(26). Neither water nor positively charged counter ions were
explicitly included in the energy minimization. However, their
effects were simulated by a sigmoidal, distance-
dependent, dielectric function (27), and by assignment of a
half-negative charge for each phosphate group. Computations
were carried out on a PC under Linux.

The structures containing duplex–triplex junction were built
and energy minimized as described previously (28). The B80
coordinates of DNA double helix and the coordinates of DNA
triple helices, which were derived from the previously
published B-like triple helix (29), were used for the
construction of duplex and triplex, respectively.

Adiabatic mapping was carried out in order to assess the
local twist flexibility at the scission site (two or five step away
from the junction for 27 or 30mer, respectively). In short, the

calculations were performed in a stepwise way starting from
the energy minimum with 1� increment.

RESULTS

Formation of a triplex 1 bp 30 from the Top1–DNA
cleavage site enhances cleavage by inhibiting the
religation reaction

Figure 2B shows that the presence of the triplex one base from
the Top1 cleavage site (sequence shown in Figures 1 and 2A)
enhanced the Top1-mediated DNA cleavage (+TFO) as com-
pared with Top1 alone (160 Top1). This enhancement
increased with the time (+TFO, 1–160 min) of Top1 reaction

5'-AAAAAGACTT^GGAATTTTTTTCTCTCTCTC- P-A

   TTTTTCTGAA-CCTTAAAAAAAGAGAGAGAG

30mer (I)

TFO

32

PPPPPPPMPMPMPMPM-5'PPPPPPPMPMPMPMPM-5'

5'-AAAAAGACTT^GCTATTTTTTTCTCTCTCTC- P-A

   TTTTTCTGAA-CGATAAAAAAAGAGAGAGAG

30mer (II)

32

5'-AAAAAGACTT^GCTAGAGAGAGAGAAAAAAA- P-A

   TTTTTCTGAA-CGATCTCTCTCTCTTTTTTT

30mer (III)

32

5'-AAAAAGACTT^GTTTTTTTCTCTCTCTC- P-A

   TTTTTCTGAA-CAAAAAAAGAGAGAGAG

27mer

32

Figure 1. Sequences of the oligonucleotides used for this study. Sequences of the target 27, 30mer (I), (II) and (III) duplex oligonucleotides and the TFO showing the
30 radiolabel (cordycepin indicated by 32P-A) on the scissile strand of the duplexes. The TFO binds in the major groove in a parallel orientation to the oligopurine
strand of the duplex and is indicated by a dashed arrow. The Top1-mediated DNA cleavage site is indicated by a caret (̂ ), and the nucleotides between the site of
cleavage and formation of the triplex are highlighted in bold. M, 5-methyl-20-deoxycytidine; P, 5-propynyl-20-deoxyuridine.
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at a slower rate in the presence of the triplex than in the
presence of +CPT (see Figure 2B and C).

To determine the effect of TFO on the religation reaction,
the stability of the Top1-mediated DNA cleavage complex
was tested by salt reversal experiments and compared with
CPT, a known inhibitor of the Top1-mediated DNA religation
(as 21,30,31) (http://discover.nci.nih.gov/pommier/pommier.
htm). Kinetic analyses of the rate of reversal of the complexes
at different temperatures (0, 25 and 37�C; Figure 3 and

Table 1) showed the religation rate (k2) to be slower for
TFO than for CPT. Lowering the temperature at which religa-
tion of the complexes was carried out slowed down the religa-
tion process (Figure 3B and C) (31), but the ratio of the rates of
religation of Top1–DNA cleavage complexes with either CPT
or TFO remained almost the same irrespective of temperature
(Table 1). Thus, the formation of a triplex 1 bp 30 from the
Top1-cleavage site enhances the steady-state Top1-mediated
DNA cleavage by inhibiting religation. Moreover, presence of
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Figure 2. Triplex formation 1 bp 30 from the Top1 site enhances steady-state DNA cleavage and slows down the forward rate of cleavage by Top1. (A) Sequence of the
27mer duplex DNA showing the orientation of the TFO by a dashed arrow. (B) The 27mer oligonucleotide was 30 end labeled on the scissile strand and the
corresponding triplex was formed (+TFO). The labeled 27mer oligonucleotide was reacted with Top1 in the absence of drug for 160 min (160 Top1) or in the presence
of 1 mM CPT at 25�C for the indicated times (min). Similar reactions were carried out in the absence of CPT using the 27mer triplex oligonucleotide (+TFO) in the
absence (DNA) or in the presence of Top1. Numbers 28 and 18 indicate the size of the 30 labeled oligonucleotide and the Top1-mediated DNA fragment induced by
TFO or CPT, respectively. (C) The Top1-mediated cleavage products obtained for CPT (square) and TFO (circle) were quantified and represented graphically. The
horizontal dashed line corresponds to the Top1-mediated DNA cleavage in the absence of CPT or TFO. Computed kinetic constants are summarized in Table 1.

5166 Nucleic Acids Research, 2004, Vol. 32, No. 17

http://discover.nci.nih.gov/pommier/pommier


this triplex also inhibits the nicking step, albeit to a lesser
extent than the religation (closing) step (Table 1), thereby
resulting in a net increase in steady-state cleavage (Figure 2C).

Formation of a triplex 4 bp 30 from the Top1–DNA
cleavage site enhances the rate of Top1-mediated
cleavage

We next tested the relationship between Top1 activity and
distance between the triplex–duplex junction and the Top1

site. In the 30mer (I), 4 bp were inserted between the
triplex–duplex junction and the Top1 site (sequences shown
in Figures 1 and 4A). Kinetics of the Top1-mediated DNA
cleavage showed a rapid increase and saturation in the
formation of the 21mer product with time both in the presence
of TFO and CPT (Figure 4B and C).

Reversibility analyses of the Top1 cleavage complexes
showed that the complexes induced by TFO in the 30mer
(I) substrate (+TFO) reversed extremely fast, irrespective of

Figure 3. Triplex formation 1 bp 30 from the Top1 cleavage site interferes with the Top1-mediated religation. (A) The 27mer oligonucleotide labeled on the 30 end of
the scissile strand (shown in Figure 1 and 2A) was reacted with Top1 in the absence of drug (+Top1) or in the presence of 1 mM CPT at 25�C for 30 min. The reactions
were reversed in 0.35 M NaCl at 25�C for the indicated times (min). Time 0 refers to the samples taken immediately before the NaCl addition. Similar reactions were
carried out using the 27mer triplex oligonucleotide (+TFO) in the absence (DNA) or in the presence of Top1 at 25�C for 30 min. The reactions were stopped before (0)
and after reversal at 25�C for the indicated times (min). (B and C) Reactions as in (A) were carried out with salt reversals at 0�C (B), 25�C [(hollow squares and circles;
(C)] or 37�C [filled squares and circles; (C)]. The percentage of the Top1-mediated cleavage products remaining after salt reversal for CPT (squares) and TFO
(circles) were quantified and represented in semilog plots. Values are normalized to the drug-induced cleavage product remaining at time 0 taken as 100%.
Computation of the reversal kinetic constants is summarized in Table 1.

Table 1. Cleavage and religation rate constants of CPT and TFO in the 27 and 30mer (I) oligonucleotides

27mer 30mer (I)
0�C 25�C 25�C 0�C
CPT TFO Ratio TFO/CPT CPT TFO Ratio TFO/CPT CPT TFO Ratio TFO/CPT CPT TFO Ratio TFO/CPT

T1/2 (min) 4.5 76 16.88 0.15 3.9 26 0.36 <0.09 <0.25 7.6 <0.4 <0.05
k2 (min�1) 0.15 0.009 0.06 4.62 0.18 0.04 1.93 >7.7 >4 0.087 >1.8 >20.69
k1 (min�1) NA NA NA 0.68 0.04 0.06 2.45 >2.99 >1.22 0.224 >1.41 >6.3
r NA NA NA 0.13 0.19 1.46 0.56 0.28 0.5 0.72 0.44 0.61

T1/2, Religation rate half-life determined from the salt reversal experiments (see Figures 3B, 3C, 4D, 4E, 5E and 6E); k2, religation rate constant determined from T1/2;
k1, cleavage rate constant (see Materials and Methods); r, the fraction of cleavage product at steady state (see Figures 2C, 4C, 5D and 6D); NA, not applicable as the
Top1-mediated DNA cleavage failed to form measurably in the presence of TFO at 0�C.

Nucleic Acids Research, 2004, Vol. 32, No. 17 5167



the temperature of reversal (Figure 4D and E; Table 1) as
compared with CPT (+CPT). Consequently, the rate of the
cleavage reaction (k1) was greater for TFO than for CPT
(Table 1), although the amount of cleaved product was less
for TFO than for CPT at equilibrium (Figure 4C and Table 1).
A net increase in the 21mer cleavage product over time implies
that the presence of the TFO 4 bp 30 from the Top1 site
enhances the forward cleavage (nicking) reaction.

Enhancement of the Top1-mediated DNA cleavage rate
by triplexes 4 bp 30 from the Top1 site is not affected
by the intervening DNA sequence

By altering the DNA sequence between the site of
Top1–DNA cleavage and the triplex–duplex junction from

a –GGAA– (purine-rich) in the 30mer (I) to a –GCTA– in
the 30mer (II) oligonucleotide (sequence shown in Figures 1
and 5A), we evaluated the contribution of the 4 bases purine-
rich stretch, if any, to the enhancement of Top1 cleavage by
the triplex seen in the 30mer (I) oligonucleotide. Kinetic ana-
lysis of the Top1-mediated DNA cleavage in the presence of
triplex on the forward cleavage (Figure 5B and D) and on the
reverse religation reaction (Figure 5C and E) in the 30mer (II)
oligonucleotide showed no significant difference from that
seen in the 30mer (I) oligonucleotide (see Figure 4). From
Table 2, it can be deduced that the triplex formation in both
30mer (I) and 30mer (II) oligonucleotides shows faster rates
for both cleavage (k1) and religation (k2) compared with CPT.
Thus, the triplex formation starting 4 bp 30 from the Top1–
DNA cleavage site enhances the Top1 forward cleavage rate
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Figure 4. The Top1-mediated DNA cleavage complexes induced by TFO in the 30mer (I) oligonucleotide are rapidly reversible. (A) Sequence of the 30mer (I) duplex
DNA showing the orientation of the TFO by a dashed arrow (see Figure 1). (B) Top1 cleavage reactions as in Figure 2B were carried out at 25�C using the 30mer (I)
oligonucleotide (+CPT) and its corresponding triplex (+TFO) for the indicated times (min). Numbers 31 and 21 indicate the size of the 30 labeled substrate
oligonucleotide and the Top1-mediated DNA fragment, respectively. (C) Graphical representation of the data shown in panel B. The horizontal dashed line
corresponds to the Top1-mediated DNA cleavage in the absence of TFO or CPT. (D and E) The Top1-mediated DNA cleavage products remaining after salt reversals
at 0�C (Panel D) and 25�C (Panel E) for CPT (square) and TFO (circle) were quantified and represented graphically. Computed kinetic constants are summarized in
Table 1.
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(k1). Moreover, this enhancement is independent of the 4 bp
duplex DNA sequence intervening between the Top1 cleavage
site and the triplex junction.

Orientation of the triplex affects the Top1-mediated
DNA religation

To evaluate the possible role of the orientation of the
triplex with respect to the Top1-mediated DNA cleavage,

we synthesized the 30mer (III) oligonucleotide (sequence
shown in Figures 1 and 6A) containing the polypurine stretch
on the scissile strand. The triplex is inserted in a reverse
orientation compared to the 30mer (II) oligonucleotide with
its 50 end 4 bp 30 from the Top1 cleavage site. Figure 6 shows
that the triplex in the 30mer (III) oligonucleotide markedly
enhanced Top1–DNA cleavage as compared with Top1 alone
and even with Top1 + CPT. Though the amount of cleaved
product formed was more with TFO (Figure 6B and D and
Table 2; r value) than with CPT in the 30mer (III) oligonu-
cleotide, the rate of the forward cleavage reaction (k1) was
slightly slower when compared to the 30mer (II) oligonucleo-
tide (see Figure 5B and D and Table 2).

Kinetic analyses of the reversal rates (Figure 6C and E;
Table 2) showed the religation rate (k2) to be markedly slower
in the presence of TFO in the 30mer (III) as compared to the
30mer (II) oligonucleotide (see Figure 5C and E; Table 2).
Thus, the orientation of the triplex determines the step of
the Top1-reaction affected. In the reverse orientation
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Figure 5. Altering the sequence between the Top1–DNA cleavage site and the duplex–triplex junction does not influence how the triplex formation affects Top1–
DNA cleavage. (A) Sequence of the 30mer (II) duplex DNA showing the orientation of the TFO by a dashed arrow (see Figure 1). (B) Similar Top1 reactions as in
Figures 2B and 4B were carried out using 30 radiolabeled 30mer (II) oligonucleotide. (C) Using the same oligonucleotides as in panel B, salt reversal reactions (as in
Figures 3 and 4D–E) were carried out at 25�C for the indicated times (min). Time 0 refers to the samples taken immediately before the NaCl addition. Numbers 31 and
21 indicate the size of the 30 labeled oligonucleotide substrate and the Top1-mediated DNA fragment, respectively. (D and E) Graphical representation of the data in
panels B and C, respectively. The horizontal dashed line in panel D corresponds to the Top1-mediated DNA cleavage in the absence of CPT or TFO. Computed kinetic
constants are summarized in Table 2.

Table 2. Effect of local DNA sequences and the orientation of the TFO on the

cleavage and religation rate constants of Top1–DNA cleavage complexes

30mer (I) 30mer (II) 30mer (III)
CPT TFO CPT TFO CPT TFO

T1/2 (min) 0.36 <0.09 0.45 <0.09 0.64 0.4
k2 (min�1) 1.93 >7.7 1.54 >7.7 1.1 1.7
k1 (min�1) 2.45 >2.99 3.8 >2.7 0.45 1.5
r 0.56 0.28 0.71 0.26 0.29 0.48

Reactions were performed at 25�C (see Table 1).
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[30mer (III)], the triplex formed 4 bp from the Top1 site
enhances steady-state DNA cleavage primarily by inhibiting
the Top1-mediated DNA religation.

Orientation and position of triplex formation affects
the DNA twist at the Top1–DNA cleavage site
differentially

By molecular calculations, we minimized the conformational
energy (kcal) versus the twist (�) in the B-form DNA
duplex, containing a nick at the Top1 cleavage site, in
the absence (open circles) and presence (filled circles) of
the triplex (Figure 7). In the 27mer target (Figure 7A), the
torsion in the presence of the triple helix is displaced 2�

downwards compared to the DNA alone, indicating that
more energy is needed to religate the cleaved strand, in
agreement with the results of the salt-reversal experiments.
In both the 30mer (I) (data not shown) and 30mer (II)

oligonucleotides (Figure 7B) modeling predicts that the
two targets with TFOs are equivalent to the DNA alone.
The width of the pit corresponding to the thermal energy at
RT (0.5 kcal) is the same in these two targets, but it
increases greatly in the case of 30mer (III) oligonucleotide
(Figure 7C). The differential effect of triplex formation on
the DNA twist in the four oligonucleotides could account for
the differences in the affected Top1 reaction step: cleavage
or religation. Graphic inspection and analysis of helical
parameters of all the four models did not show pronounced
structural distortion such as bending at the junction, except
usual structural transition from triplex to duplex, which
spans over 2–3 bp in duplex region. At this regard, the nick
in 27mer target falls in such a triplex–duplex transition, and
may explain the downward displaced twist profile because
the triplex is underwound as compared to the duplex in
B-form DNA.
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DISCUSSION

Top I has been extensively characterized in its ability to alter
the topology of DNA and in its sensitivity to abnormal DNA
structures (17,19–22,32–36). The crystal structure of

Top1–DNA complexes has been resolved (18,37–39). Top1
can process four stranded structures, such as Holliday junc-
tions (19,40), and binds to quadruplex DNA structures (41,42).
The present study was carried out in an attempt to throw light
on how triplexes affect Top1 activity.

For this purpose, we designed oligonucleotides bearing a
strong Top1 cleavage site (19,23,43,44) flanked by a 16 bp
oligopurine�oligopyrimidine triplex site to which a 16mer
TFO containing 5-methyl-deoxycytosine (M) and 5-propynyl-
20-deoxyuridine (P) binds strongly and in well-characterized
conditions (45). The Top1-mediated DNA cleavage site is
situated either at the 30 end of the triplex on the oligopyrim-
idine-containing strand of the duplex [oligonucleotides 27 and
30mer (I) and (II)] or at the 50 end on the oligopurine-
containing strand of the duplex [oligonucleotide 30mer (III)],
respecting the geometry imposed by the formation of the
cleavage complex (see Figure 1). Indeed, crystal structures
show that Top1 encircles the DNA duplex with most of the
enzyme contacts 50 from the cleavage site. Therefore, the 50

hydroxyl end of the broken DNA is free to rotate around the
intact phosphodiester, which is essential for the Top1-
mediated DNA relaxation (18,38,39,46).

To investigate how triplexes increase the steady-state level
of DNA cleavage, we carried out kinetic analysis of the cleav-
age (nicking) and religation (closing) reactions. Religation
experiments were carried out in the presence of salt to preserve
the stability of triplex and duplex DNA structure (47). CPT
was used as a ‘positive control’ since it is a known inhibitor of
the Top1 religation reaction (9,30,31,48,49).

We find that several mechanisms are responsible for the
enhancement of Top1-mediated DNA cleavage by TFO
depending on the triplex position and orientation relative to
the Top1 cleavage site. In the 27mer, because of the closeness
of the triple-helical structure, the cleavage reaction is slow
compared to CPT alone, but the reversal reaction is even
slower (25 times) and the global effect is a higher steady-
state cleavage (Figures 2 and 3; Table 1). Both the 30mer
(I) and 30mer (II) substrates, bearing the cleavage site 4 bp
30 from the 30 triplex end, show a very different interference
mechanism compared to the 27mer. Nevertheless, both 30mer
(I) and (II) show similar behavior: increased cleavage. The fast
reversal (Figures 4 and 5; Table 2) compared to CPT results in
a less steady-state cleavage product. The similarity between the
30mer (I) and (II) substrates indicates no effect of changing the
base pair sequence (from -GGAA- to -GCTA-) (see Figure 1)
between the cleavage site and the duplex–triplex junction.
However, upon reversing the triplex orientation, as in the
30mer (III) substrate, so that the cleavage site is on the 50

side of the triplex on the oligopurine-containing strand of the
duplex, DNA religation becomes inhibited like in the case of
CPT and the 27mer triplex, and the steady-state cleavage is
2-fold higher than with CPT (Figure 6D and Table 2).

To elucidate the observed differences in the steps of
the Top1 reaction that are affected by the different triplexes-
containing oligonucleotides, we carried out modeling studies
(see Figure 7). Based on molecular calculations (adiabatic
mapping) after minimizing the conformational energy (kcal)
versus the twist (�) in the B-form DNA duplex containing a
nick at the Top1 cleavage site, we found that differences in the
twist of DNA could account for the differences seen in the
effect of the triplexes on the Top1-mediated DNA cleavage.

Figure 7. Effect of the triplex formation on the local flexibility at the scission
site. By adiabatic mapping using conformational energy minimizations, the
conformational energy (kcal) versus the twist (�) in the B-form DNA duplex,
containing a nick at the Top1-cleavage site (shown by a caret in the sequence),
in the absence (open circle) and in the presence of a triple helix (filled circle) in
the 27mer (A), 30mer (II) (B) and 30mer III (C) oligonucleotides was
determined and represented graphically. The sequences of the corresponding
oligonucleotides are represented above the graphs showing the orientation of
triplex formation by an arrow and the sequence it interacts within a box.
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Figure 7A shows that in the 27mer target, the torsion in the
presence of the triple helix is displaced 2� downwards com-
pared to the DNA alone, indicating that more energy is needed
to religate the cleaved strand. This is in agreement with the
experimental data (Figure 3), showing, that in the presence of
the triple helix, Top1 religates 25 times slower (Table 1), and,
even if it cleaves more slowly, the net result is an increase in
Top1 cleavage (Figure 2). The slower cleavage rate might be
due to the proximity of the triplex junction, only one base from
the Top1 cleavage site.

The two 30mer, 30mer (I) and (II), behave experimentally in
a similar way: the rate of cleavage in the presence of the triple
helix is faster than the one in CPT even if the fraction of
cleavage product is decreased by half. On the other hand,
the religation is at least four times faster than in the case of
CPT (Tables 1 and 2). The modeling predicts that the two
targets are equivalent to the DNA alone. The width of the
pit corresponding to the thermal energy at RT (0.5 kcal) is
also the same in these two targets (Figure 7B), but this was
greatly increased in the case of 30mer (III) oligonucleotide
(Figure 7C) where the orientation of the triplex is in reverse.
Experimentally, the triplex in the 30mer (III) produced steady-
state cleavage almost 2-fold higher compared to that with CPT
(Figure 6D and Table 2). The interpretation is that in the first
configuration [30mer (I) and (II)], the DNA twist at the cleav-
age site is similar to the DNA in the absence of TFO. This is
consistent with normal religation. In the second case [30mer
(III)], the local flexibility or dynamic twist is abnormal. The
DNA is moving around at the site of cleavage, which might
interfere with religation.

To our knowledge, the stimulation of the Top1 cleavage
(nicking) step by the triplexes [as in 30 (I) and (II)] is rather
unique. Until now, DNA modifications and Top1 inhibitors
were found to block religation (19–21,44,50). Several scenar-
ios can be envisaged to account for the stimulation of the DNA
cleavage rate by triplexes. Major changes are observed in the
conformation and/or dynamics of the minor groove in the
presence of the triple helix (the minor groove is shallower
and wider as compared to that in B-DNA). The size of the
Crick–Hoogsteen groove varies with the sequence. DNase I
cleavage is enhanced at the 30 junction (51). When there are
hydrophobic propynyl deoxyuridine in the third strand, the
triplex has a bent appearance. It is established that the presence
of a bent in DNA induced by a poly(dA)�poly(dT) tract on the
region 30 to the cleavage site stimulates Top1 binding and
cleavage (52). Furthermore, experiments of the Top1-
mediated relaxation of supercoiled DNA plasmid in the pres-
ence of triplex show DNA to be unwound (data not shown).
Htun and Dahlberg (53) have shown that formation of an
intramolecular triplex in supercoiled DNA results in relaxation
of about one negative superhelical turn for every 11 bp of the
repeat involved in triplex formation.

Our study shows that Top1 reactions can be differentially
affected by multistranded structures like triplexes. Either by
favoring the cleavage reaction or by inhibiting the religation
reaction, triplexes enhance the Top1-mediated cleavage. The
reaction affected depends on the relative position and orienta-
tion of the triplex with respect to the Top1 site. Localization of
the TFO 1 bp from the cleavage site in the 30 orientation or 4 bp
from the cleavage site in the 50 orientation inhibits the religa-
tion step, probably by distorting the 50 end of the cleaved DNA

so that it cannot be aligned for religation to the 30 end linked to
the tyrosyl moiety of Top1. Positioning the triplex 4 bp down-
stream from the Top1 cleavage site in the 30 orientation favors
the forward cleavage reaction. This probably could imply a
distortion in the DNA structure that favors the Top1-mediated
DNA cleavage. The significance of these effects, assuming
that triplexes can form naturally or be used pharmacologically,
remains to be further explored.
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