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ABSTRACT

The activity of DNA topoisomerase I (Top1), an
enzyme that regulates DNA topology, is impacted
by DNA structure alterations and by the anticancer
alkaloid camptothecin (CPT). Here, we evaluated
the effect of the acetaldehyde-derived DNA adduct,
N2-ethyl-20-deoxyguanosine (N2-ethyl-dG), on human
Top1 nicking and closing activities. Using purified
recombinant Top1, we show that Top1 nicking-
closing activity remains unaffected in N2-ethyl-dG
adducted oligonucleotides. However, the N2-ethyl-dG
adduct enhanced CPT-induced Top1–DNA cleavage
complexes depending on the relative position of
the N2-ethyl-dG adduct with respect to the Top1 cleav-
age site. The Top1-mediated DNA religation (closing)
was selectively inhibited when the N2-ethyl-dG
adduct was present immediately 30 from the Top1
site (position +1). In addition, when the N2-ethyl-dG
adduct was located at the �5 position, CPT enhanced
cleavage at an alternate Top1 cleavage site immedi-
ately adjacent to the adduct, which was then at
position +1 relative to this new alternate Top1 site.
Modeling studies suggest that the ethyl group on
the N2-ethyl-dG adduct located at the 50 end of a
Top1 site (position +1) sterically blocks the dissocia-
tion of CPT from the Top1–DNA complex, thereby
inhibiting further the religation (closing) reaction.

INTRODUCTION

Double-stranded DNA exhibits fluidity in its topology by
fluctuating between supercoiled and relaxed states. This adapt-
ability is advantageous in cells, where regulating the access-
ibility of DNA segments to facilitate cellular functions like
transcription, replication and repair is of essence. The key
player that aids in regulating DNA topology is the enzyme

DNA topoisomerase I (Top1) (1,2). By creating a single-
stranded nick in duplex DNA, Top1 unwinds supercoiled
DNA. Once DNA is relaxed, Top1 reseals (or religates) the
DNA nicks to which it is associated [reviewed in (1–3)].

Normally, both the forward cleavage (k1) and reverse
religation (k2) reactions catalyzed by Top1 are in equilibrium,
with the cleaved intermediate (referred as cleavage complex)
representing a very small fraction of the Top1–DNA
complexes (k2 >> k1). However, Top1 inhibitors [like
camptothecin (CPT)] alter the equilibrium by inhibiting the
Top1 reversal reaction (k2 < k1), resulting in DNA breaks,
which if unrepaired lead to cell death (4). Structural modifica-
tions in DNA, such as abasic sites, mismatches, oxidative
lesions, base methylation (O6-methyl guanine, 5-methylcyto-
sine), base alkylations (vinyl adducts), carcinogenic adducts
and DNA strand breaks have also been shown to trap
Top1–DNA covalent complexes (5–10).

Alcoholic beverage consumption is strongly associated with
an increased risk of cancers of the upper gastrointestinal tract
(11). Several lines of evidence indicate that ethanol meta-
bolites like acetaldehyde and free radicals are predominantly
responsible for alcohol-associated carcinogenesis (11–13).
Acetaldehyde can react with the exocyclic amino group of
the guanine moiety in 20-deoxyguanosine and DNA leading
to the formation of several different DNA adducts (14). Of
these, the most well studied and biologically significant is N2-
ethyl-20-deoxyguanosine (N2-ethyl-dG) (15). This adduct has
been shown to form in the livers of mice exposed to ethanol in
the drinking water (16) and was also detected in DNA isolated
from white blood cells obtained from human alcoholics (17).

N2-ethyl-dG adducts can be detected in urine samples from
human volunteers that had not consumed alcohol for 1 week
prior to analysis (18), suggesting that it can form in the body
from endogenously generated acetaldehyde. Acetaldehyde
is produced endogenously during threonine catabolism (19),
and this pathway is enhanced in non-alcoholic liver injury
(20). These considerations suggest that the formation of
N2-ethyl-dG adducts may not be limited to the tissues of
individuals who abuse alcohol.
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In view of previous data showing that benzo[a]pyrene diol
epoxide DNA adducts on the N2 position of guanine can trap
Top1 (5,6), the initial goal of the present study was to evaluate
the effect of the N2-ethyl-dG adduct on Top1 nicking-closing
activity. For this purpose, we synthesized oligonucleotides
with N2-ethyl-dG adducts at selected positions relative to
a normal Top1 cleavage site. We studied the effect of the
N2-ethyl-dG adducts at these different positions on the forma-
tion and religation of Top1 cleavage complexes. Secondly, the
ability of these adduct in altering (enhancing or suppressing)
the effect of the selective inhibitor of Top1, CPT (4) (see
reviews at http://discover.nci.nih.gov/pommier/pommier.htm)
was investigated.

Here, we show that the N2-ethyl-dG adduct by itself does not
trap detectable amounts of Top1–DNA cleavage complexes.
However, this adduct does enhance the effect of CPT select-
ively when present on the base immediately downstream from
the Top1 cleavage site by inhibiting the religation (closing)
reaction. Our results indicate that N2-ethyl-dG adducts
enhance CPT-mediated trapping of Top1. These results are
discussed in light of the recently reported crystal structures of
the Top1–DNA complexes with a CPT derivative (21).

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 dimethylsulfoxide (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 reactions 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 (7). Terminal deoxynucleo-
tidyl transferase (TdT), dNTP [where N is A (adenosine),
C (cytosine), G (guanosine) or T (thymine)], and polyacryla-
mide/bis were purchased from GIBCO BRL (Gaithersburg,
MD) or New England Biolabs (Beverly, MA). Oligo quick
spin columns were purchased from Roche Diagnostics
Corporation (Indianapolis, IN). [a-32P]cordycepin 50-tripho-
sphate was purchased from DuPont-New England Nuclear
(Boston, MA). The oligonucleotides were synthesized by
MWG-Biotech (High Point, NC).

Synthesis of oligonucleotides containing single
N2-ethyl-dG adducts

A phosphoramidite containing N2-ethyl-dG adduct was synthe-
sized by Glen Research Inc. (Sterling, VA). Oligonucleotides
containing the lesion and control oligonucleotides were synthe-
sized on an Applied Biosystems 394 DNA/RNA synthesizer
using standard methods, followed by overnight deprotection in
28% ammonium hydroxide at 50�C. Oligonucleotides were
lyophilized and purified by polyacrylamide gel electrophoresis.

The presence of the lesion in oligonucleotides was
confirmed by digestion with venom phosphodiesterase and
alkaline phosphatase, followed by high-performance liquid
chromatography (HPLC) and gas chromatography-mass
spectrometry. A sample of pure N2-ethyl-dG was chemically

synthesized essentially as described previously (14) and
purified by HPLC for using as a standard in both methods.
The presence of the lesion in the oligonucleotides was
additionally confirmed using matrix-assisted laser desorption
ionization time-of-flight (Midland Certified Reagent
Company, Midland, TX).

Top1 reactions

Single-stranded oligonucleotides were 30-labeled with
[a-32P]cordycepin and TdT as described. Labeling mixtures
were subsequently centrifuged through mini quick spin
Oligo columns (Roche Diagnostics Corporation) to remove
the unincorporated [a-32P]cordycepin. Annealing to the unla-
beled 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.

For Top1 cleavage assays, labeled oligonucleotides
(�50 fmol/reaction) were incubated with 5 ng of recombinant
Top1 with or without drug at 25�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). The reactions
were stopped by adding SDS (0.5% final concentration). For
reversal experiments, the SDS stop was preceded by the addi-
tion of NaCl to a final concentration of 0.35 M followed by
incubation for varying time points (min) at 25�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 poly-
acrylamide gels (7 M urea) in 1· TBE (89 mM Tris-borate,
2 mM EDTA) 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 + substrate.

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

Top1 catalyzes two transesterification reactions. The first
reaction results in the formation of a covalent enzyme–DNA
complex, the rate of which is denoted as k1. The second reaction
religates the ends of the broken DNA, and the rate of this reverse
reaction is denoted as k2. Under normal conditions, 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 schematically represented as:

Cleaved DNA covalently 
linked to Top1

Intact DNA 

k1

k2

(1-r) CPT 

Top1 Top1

(r) 
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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 semi-log plot of the percentage of
cleavage product remaining after salt reversal (see Figures 2D
and 3D).

The religation rate constant k2 was calculated as:

k2 = Ln2=T1=2

The cleavage rate constant k1 was then calculated as:

k1 = k2 · r= 1 � rð Þ
where r is the fraction of cleavage product at the plateau
(see Figures 2C and 3C). Derivations of these equations are
described in detail previously (22).

RESULTS

The N2-ethyl-dG adduct enhances CPT-induced
trapping of Top1

To assess whether the N2-ethyl-dG adduct (Figure 1C)
influences the nicking-closing activity of Top1, we used a
labeled 23 bp oligonucleotide (sequence shown in Figure 1A)
containing a unique Top1 site, which can be trapped by CPT
yielding a 13mer product (5,6). Additional oligonucleotides
were synthesized which contained a single N2-ethyl adduct
(structure shown in Figure 1C) at the position +1, +2 or �5
relative to the Top1–DNA cleavage site on the top (scissile)
strand, or at the position �3 on the bottom strand. As shown in
Figure 1B, no effect of the N2-ethyl-dG adduct on Top1 clea-
vage was observed in the absence of CPT irrespective of their
location relative to the Top1–DNA cleavage site (Figure 1B,
15 Top1).

To further evaluate the possible influence of the N2-ethyl-dG
adduct on the cleavage of the DNA by Top1, we next tested the
effect of the N2-ethyl-dGadduct onTop1 in the presence ofCPT.
Trapping of Top1 induced by CPT was enhanced by the pre-
sence of N2-ethyl-dG adduct depending on its location relative
to the Top1–DNA cleavage site. When present 1 bp downstream
to the cleavage site position (+1), the enhancement of Top1-
trapping was the most significant, by about two times that in the
control DNA. In contrast, placement of the N2-ethyl-dG adduct
in either the +2 or �5 positions of the scissile strand or in the
�3 position of the non-scissile strand had little effect on CPT-
induced Top1 trapping. The N2-ethyl-dG adduct at the�5 posi-
tion enhanced cleavage at an alternate site yielding an 18mer
product (see Figure 1B). Based on these observations, we con-
clude that the N2-ethyl-dG adduct by itself does not affect the
nicking-closing activity of Top1, but the adduct does enhance
the CPT-induced Top1 cleavage when located on the +1 base
relative to a Top1–DNA cleavage site.

The N2-ethyl-dG adduct at the +1 position enhances
CPT-induced Top1 cleavage by inhibiting the
Top1-mediated reversal (religation) reaction

Of the two reactions (single-strand DNA cleavage and
religation) catalyzed by Top1, prior studies have shown that

CPT traps Top1–DNA complexes by inhibiting the religation
reaction (23–27). To determine the Top1 reaction influenced
by N2-ethyl-dG adduct that results in enhancing the CPT
effect, we carried out a kinetic analysis of cleavage and
religation of the CPT–Top1–DNA cleavage complexes with
adducts located downstream (+1 and +2) of the cleavage site
(Figure 2).

As shown in Figure 2A, in the presence of N2-ethyl-dG
adduct, the CPT-mediated trapping of Top1 increased with
time and reached a steady state as it does in the control.
The steady state cleavage for the +1 adduct was almost
twice that of the control, while the effect of the +2 adduct
was only marginally greater than control (Figure 2C). Upon
addition of salt that prevents Top1 from nicking the DNA, the
Top1 cleavage complexes reverse (26,28). The CPT–Top1–
DNA complexes formed in the +1 adduct oligonucleotide
reversed markedly slower than either the control or the +2
adduct (see Figure 2B). Even after 10 min, more than 50%
of the complexes persisted (Figure 2C), implying that the +1
N2-ethyl-dG adduct is inhibiting the reversal reaction of the
CPT-Top1–DNA complexes.

An evaluation of the rates of the forward cleavage (k1)
and reverse religation (k2) reactions of CPT–Top1–DNA com-
plexes in the presence of the +1 and +2 adducts (Table 1)
shows that k1 is not significantly altered in the presence of
adduct. However, k2 in the +1 adduct (0.07) was reduced by
more than 5 times, as compared to the control (0.37) and the +2
adduct (0.42), which were about the same. These experiments
indicate that the enhancing effect of the +1 N2-ethyl-dG adduct
on CPT-mediated trapping of Top1 is due to a stabilization of
the CPT–Top1–DNA complexes.

Enhancement of a secondary CPT–Top1–DNA cleavage
site by the N2

-ethyl-dG adduct located upstream (�5)
to the primary Top1 cleavage site

From Figure 1B, it is evident that the �5 adduct does not alter
the trapping of Top1 by CPT at the primary site that yields
a 13mer product, but does enhance cleavage at a secondary site
yielding an 18mer product (see Figure 1A). Kinetic analyses
of the cleavage and religation reactions were carried out to
identify the mechanism of Top1 cleavage enhancement by the
�5 adduct.

Figure 3 is a comparison of the differential effects of the �5
N2-ethyl-dG adduct on the two Top1 sites generating the
13 and 18mer cleavage products. From Figure 3A and C,
the amount of the 13mer product was comparable in the �5
adducted and unadducted (C) oligonucleotides, and the
reversal kinetics of the 13mer product were comparable
(Figure 3B and D and Table 2) in the control and �5
oligonucleotides. However, with regard to the 18mer product,
the steady state level of CPT–Top1–DNA complexes was
increased to �5-fold in the �5 oligonucleotide as compared
to the unadducted control (C) (Table 2). This enhancement
was related to about a 5-fold reduction of reversal rate of
the 18mer product in the �5 adducted oligonucleotide
(see Table 2).

It is notable that the �5 N2-ethyl-dG adduct is on the base
immediately downstream (30) from the 18mer, and therefore
is at the ‘+1’ position with respect to this secondary Top1
cleavage site.
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Molecular modeling of the N2-ethyl-dG adduct
at the +1 position

To gain insight into the molecular interactions that could
account for the enhanced trapping of CPT–Top1–DNA com-
plexes by the N2-ethyl-dG adduct at the +1 position, molecular
modeling was carried out. An N2-ethyl-dG adduct was
modeled (see Figure 4) into the guanine base at the +1 position

of the scissile strand of the crystal structure of human Top1 in
complex with DNA and a CPT derivative (21).

The terminal methyl of the N2-ethyl-dG adduct forms a 3.4s
Van der Waals contact with the CPT ethyl group at the position
20 on the drug. The ethyl adduct also comes within 4.3 and
4.4 s of the C14 and N1 positions, respectively, on the central
rings of the drug. Van der Waals interactions between the
adduct and the drug is likely to increase the affinity of drug

Figure 1. Enhancement of CPT-induced Top1-mediated DNA cleavage by N2-ethyl-dG adducts at specific positions. (A) Sequence of the 22mer oligonucleotide
used for this study with the 30 radiolabel (cordycepin indicated by 32P-A) on the scissile strand of the duplex. Algebraic numbers represent the four modified
oligonucleotides studied, where the numbered dG is adducted to an ethyl group (C). The modified bases corresponding to these positions within the oligonucleotides
are indicated as boxed bases. The Top1-mediated DNA cleavage site is indicated by a caret (^). (B) The control (C) oligonucleotide was reacted for 15 min at 25�C
with Top1 in the absence of drug (15 Top1) or in the presence of 0.1 or 1 mM CPT (CPT). Similar reactions were carried out using each of the four adducted (+1, +2,
�5 and�3) duplex oligonucleotides. Numbers 23, 18 and 13 indicate the size of the 30-labeled oligonucleotide and the Top1-mediated DNA fragments, respectively.
(C) Chemical structure of the N2-ethyl-dG adduct. (D) Quantitation of the Top1-mediated cleavage products obtained with CPT (0.1 and 1 mM) (mean – SD of three
independent experiments).
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for an enzyme–DNA complex containing this adduct at the
scissile strand +1 position.

DISCUSSION

As Top1 is an abundant and essential nuclear enzyme (1), in
the present work, we evaluated the effect of the
N2-ethyl-dG adduct on Top1 activity in vitro. We observed
that the adduct does not by itself trap Top1 cleavage
complexes to any significant extent. This is in contrast to
the N2-benzo[a]pyrene diol epoxide–dG adducts (7,10) that

act both as effective inhibitors of Top1 cleavage and religation
reactions depending on the position of the adduct. Although
both the benzo[a]pyrene diol epoxide and the N2-ethyl-dG
adducts occupy the DNA minor groove from the N2-dG posi-
tion, the difference in their effects on Top1 is probably due to
the difference in adduct size. While the N2-ethyl-dG adduct
is relatively small (see Figure 1C), the benzo[a]pyrene diol
epoxide adducts are significantly bulkier (7), which is probably
why they interfere with Top1 activity.

Trapping of Top1 by CPT was enhanced in the pre-
sence of the N2-ethyl-dG adduct (see Figure 1). The ethyl

Figure 2. Selective enhancement of CPT-induced trapping of Top1 by N2-ethyl-dG adducts at the +1 position relative to the Top1–DNA cleavage site. (A) The
labeled control (C) oligonucleotide as in Figure 1B was reacted with Top1 in the absence of drug for 120 min (120 Top1) or in the presence of 1 mM CPT (+CPT) at
25�C for the indicated time points (min). Similar reactions were carried out with the adducted oligonucleotides (+1 and +2). (B) Using the same 30-labeled
oligonucleotides as in (A), Top1 reactions were carried out at 25�C for 30 min in the absence of drug (30 Top1) or in the presence of 1mM CPT (+CPT). Reactions were
stopped before (0) and after salt reversal in 0.35 M NaCl at 25�C for the indicated time periods (min). Numbers 23 and 13 indicate the size of the 30-labeled
oligonucleotide substrate and the Top1-mediated DNA fragment produced with CPT respectively. (C) CPT-induced Top1-mediated cleavage products obtained for
control (square), adducted +1 (circle) and +2 (triangle) oligonucleotides from (A) were quantified and represented graphically. (D) Reactions carried out as in (B)
were quantified and the percentage of Top1-mediated cleavage products remaining after salt reversal for control (square), adducted +1 (circle) and +2 (triangle)
oligonucleotides were represented as semi-log plots. Values are normalized to the drug-induced cleavage product remaining at time 0 taken as 100%. Computation of
the kinetic constants is shown in Table 1.
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Figure 3. Selective enhancement of CPT-induced trapping of Top1 at a secondary site by the N2-ethyl-dG adduct at the position�5. (A) Top1 reactions were carried
out as in Figure 2A with the 30-labeled unadducted (C) and adducted oligonucleotide (�5) in the absence of drug for 120 min (120 Top1) or in the presence of 1 mM
CPT (+CPT) at 25�C for the indicated times (min). (B) Using the same oligonucleotides as in (A), the reactions were carried out with Top1 at 25�C for 30 min in the
absence (30 Top1) or in the presence of 1mM CPT (+CPT). Reactions were stopped before (0) and after reversal at 25�C for the indicated time periods (min). Numbers
23, 18 and 13 indicate the size of the 30-labeled oligonucleotide substrate and the Top1-mediated DNA fragments induced by CPT, respectively. (C) CPT-induced
Top1-mediated 13 and 18mer cleavage products obtained using control (square) and adducted�5 (circle) oligonucleotides from (A) were quantified and represented
graphically. (D) Reactions carried out in (B) were quantified and the percentage of CPT-induced Top1-mediated 13mer and 18mer cleavage products remaining after
salt reversal at 25�C in the control (square) and adducted�5 (circle) oligonucleotides were represented as semi-log plots. Values are normalized to the drug-induced
cleavage product remaining at time 0 taken as 100%. Computation of the kinetic constants is shown in Table 2.

Table 2. Cleavage and religation rate constants of the 13 and 18mer Top1–

DNA cleavage products trapped by CPT in Control (C) and N2-ethyl-dG

adducted (�5) oligonucleotide

13mer product 18mer product
C �5 C �5

T1/2 (min) 1.87 – 0.23 1.88 – 0.33 0.43 – 0.1 1.83 – 0.33
k2 (min�1) 0.37 – 0.05 0.38 – 0.06 1.69 – 0.36 0.38 – 0.07
k1 (min�1) 0.65 – 0.23 0.39 – 0.07 0.1 0.15 – 0.04
r 0.59 – 0.1 0.5 – 0.03 0.06 – 0.01 0.28 – 0.02

T1/2, religation rate half-life determined from the salt reversal experiments (see
Figure 3D); k2, religation rate constant determined from T1/2; k1, cleavage rate
constant (see Materials and Methods); r, fraction of cleavage product at the
plateau (see Figure 3C).
The values are an average of three independent experiments.

Table 1. Cleavage and religation rate constants of CPT-induced DNA cleavage

products in Control (C) and the N2-ethyl-dG adducted 23mer oligonucleotides

(+1 and +2)

C +1 +2

T1/2 (min) 1.87 – 0.23 9.73 – 1.52 1.72 – 0.36
k2 (min�1) 0.37 – 0.05 0.07 – 0.01 0.42 – 0.1
k1 (min�1) 0.65 – 0.23 0.71 – 0.16 1.2 – 0.26
r 0.59 – 0.1 0.85 – 0.06 0.69 – 0.03

T1/2, religation rate half-life determined from the salt reversal experiments
(see Figure 2D); k2, religation rate constant determined from T1/2; k1, cleavage
rate constant (see Materials and Methods); r: fraction of cleavage product at the
plateau (see Figure 2C).
The values are an average of three independent experiments.
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adduct-mediated enhancement of CPT-induced cleavage was
specifically observed when the adduct was located at the (+1)
position relative to the site of Top1 cleavage (Figure 2). This
was observed for two of the five adducts examined (�5 and
+1). In both cases, the N2-ethyl-dG adduct was immediately
flanking the cleavage site at the +1 position (50 end of the
cleaved DNA). Analysis of the kinetics of Top1 reactions
demonstrated inhibition of the reversal (religation) reaction
(Figures 2D and 3D and Tables 1 and 2). We interpret this
finding as a stabilization of CPT within the Top1–DNA com-
plex by (+1) N2-ethyl-dG adduct. As no structural data are
presently available for the Top1–DNA–CPT complex, we used
the published crystal structure of the Top1–DNA–Topotecan
complex (21) to understand how the (+1) N2-ethyl-dG adduct
could stabilize CPT within the Top1–DNA complex. The
binding of topotecan in the Top1–DNA complex appears
very similar to the binding of CPT (data not shown). As mod-
eled in Figure 4, the terminal methyl of the N2-ethyl-dG adduct
forms a 3.4 s Van der Waals contact with the ethyl group on
the drug. Such an interaction is likely to increase slightly the
affinity of the drug for an enzyme–DNA complex containing
this adduct at the scissile strand +1 position. The ethyl adduct
also comes within 4.3 and 4.4 s of the N1 and C14 positions,
respectively, on the central rings of the drug. While this is not
within Van der Waals contact distance, it does highlight an
additional role that this adduct might play in stabilizing the
Top1–DNA–drug ternary complex. An entrance and exit path

for the drug into the enzyme–DNA complex was recently
proposed based on an available channel from the surface of
the enzyme to the DNA (29). The ethyl adduct at the N2

position in this guanine sterically blocks this pathway, and
thus would be expected to slow dissociation of the drug
from the enzyme–DNA complex. Indeed, as described
above and shown in Figure 2 and Table 1, an N2-ethyl-dG
adduct at the (+1) site impacts the dissociation of CPT-trapped
Top1 cleavage complexes rather than its association with the
Top1–DNA complexes.

From our results, we conclude that the N2-ethyl-dG adduct
permits Top1-mediated DNA cleavage but that depending on
its position in the DNA sequence relative to the Top1 cleavage
site, in the presence of CPT, the N2-ethyl-dG adduct can
inhibit religation, resulting in accumulation (trapping) of
the Top1–DNA cleavage complex. Based on the inhibition of
the religation reaction and the observed interactions in the
model, we conclude that the enhancement of CPT-mediated
Top1 cleavage complexes by the N2-ethyl-dG adduct most
likely results from a combination of conformational and
electrostatic effects. These results can be interpreted in light
of the recently published crystal structures of Top1–DNA
complexes (30).
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