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ABSTRACT

Several recent studies have shown that human topo-
isomerase I (htopoI) can recognize various DNA
lesions and thereby form a covalent topoisomerase I–
DNA complex, which is known to be detrimental to
cells. We have investigated whether htopoI recognizes
another htopoI that is covalently trapped on a DNA
substrate. For this purpose we created an artificial
DNA substrate containing a specific topoisomerase I
binding sequence, where the enzyme was trapped in
the covalently bound form. We demonstrate that,
in vitro, free htopoI stimulates the formation of an
additional cleavage complex immediately upstream
of the covalently bound topoisomerase I. The
predominant distance between the two cleavage
sites is 13 nt. In addition we find that these two
enzymes may form direct protein–protein contacts
and we propose that these may be mediated through
the formation of a dimer by domain swapping
involving the C-terminal and the core domains.
Finally, we discuss the possibility that the double
cleavage reaction may be the initial step for the
removal of the recognized cleavage complex.

INTRODUCTION

Human topoisomerase I (htopoI) is an abundant enzyme that is
involved in several important pathways, such as transcription
and replication (1–4), where the removal of positive supercoils
is required for ongoing RNA and DNA synthesis. HtopoI
catalyses a reversible transesterification reaction by forming a
covalent 3′-phosphotyrosyl bond between a DNA strand and
an enzyme tyrosine residue while leaving a free 5′-hydroxyl
terminus downstream of the cleavage site (5).

The subsequent ligation reaction is inhibited by a family of
alkaloids called camptothecins (CPT) that possess an antitumor

effect due to a specific interaction with htopoI. This interaction
leads to the stabilization of a reversible covalent complex
between htopoI and the DNA backbone, thereby introducing a
nick into the DNA. The cytotoxic effect of these types of
complexes is probably due to fragmentation of the genome that
occurs when ongoing replication forks collide with covalently
bound topoisomerases (6,7).

It has recently been demonstrated that various DNA lesions
can increase the amount of reversible cleavage complexes
between htopoI and DNA (8). These lesions include, among
others, abasic sites, oxidative damage, gaps, base mismatches
and UV-photoproducts (9–13). HtopoI recognizes these
lesions and a reversible covalent complex is formed. This may
be due to an increased affinity for the DNA or to an indirect
inhibition of the ligation process. When present prior to the
DNA replication process these complexes block fork migra-
tion, and may initiate non-homologous recombination. The
complexes may also cause genome fragmentation, as has been
shown for complexes formed in the presence of CPT (6,7,14).
Wu and Liu (15) found that a collision with the transcription
machinery can lead to the formation of irreversible complexes,
which pose a great threat to the survival of the cell. Thus, it
would be advantageous for cells to have repair mechanisms for
the removal of these kinds of DNA–protein crosslinks.
However, when a high number of protein–DNA crosslinks are
present, it may be beneficial for the organism if these lesions
become a signal for the initiation of the apoptotic pathway
instead.

A number of studies have searched for a repair mechanism
for topoisomerase I–DNA complexes, and several models for
such a mechanism have also been suggested (16–19).
However, a complete repair mechanism has not yet been
detected. Our intention was to investigate if htopoI cleavage
complexes would be recognized as a lesion in an in vitro
system. A synthetic DNA substrate was designed containing a
unique htopoI cleavage site, where htopoI could be trapped; a
so called ‘suicide substrate’, L193s. We show here that in an
in vitro system a ‘dimer’-like complex can be formed between
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two htopoI enzymes, where the downstream enzyme is
engaged in a suicidal cleavage complex. This was shown with
recombinant enzyme expressed in the yeast and the baculo-
virus system. In addition we show data which suggest that a
direct protein–protein interaction takes place and that this
interaction may be mediated through a ‘domain-swapping’
mechanism. The formation of such a double cleavage complex
is a novel finding which represents an as yet unknown function
of htopoI. We speculate that the htopoI enzyme blocked in the
cleaved state is specifically recognized by the second htopoI
enzyme through putative protein–protein interactions. The
cleavage complex could then be excised and a repair pathway
initiated. Alternatively, ‘dimer’ formation could act as a signal
for apoptosis.

MATERIALS AND METHODS

Preparation of recombinant htopoI

The topoisomerase I expression plasmid pHT143 was trans-
fected into the Saccharomyces cerevisiae strain RS190.
Expression and purification of recombinant htopoI was
performed as described (20). The final protein concentration
was ∼250 µg/ml as measured according to Bradford (21).
Storage was at –20°C in 5 mM Tris–HCl pH 7.5, 170 mM
NaCl, 50% glycerol, 0.5 mM DTT, 0.5 mM EDTA. Three
different batches were used during the course of our investiga-
tions.

Topoisomerase I expressed in the baculovirus system was
purified in the following way. HiV insect cells were infected
with a wild-type htopoI baculovirus clone (a generous gift
from Dr James Champoux, University of Washington, Seattle,
WA) for 48 h at 27°C. Cells were harvested by centrifugation
and resuspended in 4 packed cell volumes (PCV) lysis buffer
(10 mM Tris–HCl pH 8.0, 1 mM EDTA, 5 mM DTT, 1 mM
PMSF, 5 mM leupeptin, 1% aprotinin). The cells were lysed
using a Dounce Teflon homogenizor. Afterwards 4 PCV
sucrose/glycerol buffer (50 mM Tris–HCl pH 8.0, 10 mM
MgCl2, 25% sucrose, 50% glycerol, 2 mM DTT) was added.
One PCV saturated ammonium sulfate (pH 7.0 at 4°C) was
added drop-wise. After 30 min on ice the solution was centri-
fuged for 3 h at 35 000 r.p.m. using a Beckman SW40-Ti rotor.
The pellet was discarded and 4 vol saturated ammonium
sulfate was added to the supernatant and the solution was
incubated on ice for 30 min. The precipitate was centrifuged
and redissolved in 42 vol Ni-wash buffer (30 mM HEPES
pH 7.9, 150 mM NaCl, 20 mM imidazole pH 8.0, 10% glycerol,
1 mM mercaptoethanol, 1 mM PMSF). The solution was
loaded on a 1 ml pre-equilibrated Ni-NTA Agarose (Qiagen)
and subsequently washed with Ni-wash buffer. Topoisomerase I
was eluted with Ni-elution buffer (30 mM HEPES pH 7.9,
150 mM NaCl, 250 mM imidazole pH 8.0, 10% glycerol,
1 mM mercaptoethanol, 1 mM PMSF) and collected in 0.5 ml
fractions. The fractions were analyzed according to Bradford
(21) and by SDS–PAGE. HtopoI-containing fractions were
pooled and loaded on a pre-equilibrated 1 ml Resource Q
column using an FPLC apparatus (Pharmacia). HtopoI did
not bind to the column material and was collected in the
run-through fractions. These were stored at –20°C in storage
buffer (15 mM HEPES–KOH pH 7.8, 170 mM NaCl, 0.5 mM

DTT, 0.5 mM EDTA, 50% glycerol). The concentration was
∼250 µg/ml.

Synthetic DNA substrates

For the substrate L193s three different oligonucleotides (DNA
Technology, Aarhus, Denmark) were used: OL1, 5′-
AAAAAAAGACTTAGA-3′; OL2, 5′-TTTTTTTTTTTTTT-
TTTTCTAAGTCTTTTTTTGCCTTCGCCCGGATCCCCG-
CCAAGCTTACCTGCCCTTTGGGCAGGTAAGCTTGGC-
GGGGATCCGGGCGAAGGC-3′ and OL3, 5′-AGAAAAA-
AAAAAAAAAAAAAGGATCCCCGGAGTGAATTCGGC-
CCCTTTGGGCCGAATTCACTCCGGGGATCC-3′. The oligo-
nucleotides were purified by HPLC using a reverse phase column.
OL1 was labeled with 100 µCi [γ-32P]ATP (3000 Ci/mmol;
Amersham Pharmacia), while OL2 was phosphorylated with
non-radioactive ATP. OL1 and OL2 were precipitated, redis-
solved in ddH2O, and mixed with OL3 in a total volume of
30 µl. Then 1200 U T4 polynucleotide ligase was added
(BioLabs) and the mixture was incubated for 3–4 days at 4°C.
The ligation mixture was subsequently loaded on a 1 mm 7%
denaturing polyacrylamide gel (SequaGel Sequencing System,
National Diagnostics). After electrophoresis the full-length
band was identified by autoradiography, excised, and eluted
overnight in TE buffer (10 mM Tris–HCl pH 7.5, 1 mM
EDTA) at 37°C. The eluted oligonucleotide was precipitated,
redissolved and phosphorylated with ATP for 30 min at 37°C.
The full-length oligonucleotide was precipitated and redis-
solved in 30 µl TE.

In the following experiments between 555 and 925 Bq L193s
were used for each reaction. This is equivalent to a molar ratio
between L193s and htopoI ranging from 1:500 to 1:1000.

Titration with htopoI using L193s as substrate

L193s was incubated with increasing amounts of htopoI for
40 min at 37°C in 20 µl buffer I (12.5 mM HEPES–KOH pH
7.9, 6 mM MgCl2, 50 mM KCl, 42.5 mM NaCl, 21% glycerol,
0.5 mM EDTA, 1 mM DTT). The reactions were terminated by
the addition of 0.4% SDS and 125 µg/ml proteinase K; htopoI
was degraded by a further incubation at 37°C for 60 min. The
DNA molecules were precipitated by ethanol/LiCl (0.6 M).
After 30 min on ice the mixture was centrifuged; the pellet was
redissolved in sequence loading buffer, heated to 95°C for 5
min and analyzed on a 20% denaturing polyacrylamide gel.
The gels were analyzed using a PhosphorImager (Molecular
Dynamics, Storm 860) and quantified with the software Image-
Quant.

Comparison of proteinase K with trypsin digestion

L193s was incubated with 0 or 500 ng htopoI in a 10 µl
reaction volume in buffer I as described above. The reactions
were terminated by the addition of either a final concentration
of 0.4% SDS without protease, 125 µg/ml proteinase K or
80 µg/ml trypsin. The samples were incubated at 37°C for 60
min, then the DNA was precipitated by ethanol/LiCl and
analyzed on a 14% denaturing polyacrylamide gel.

Investigation of the effect of camptothecin

L193s was incubated with 0 or 500 ng htopoI in a 13 µl
reaction volume in buffer I for 5 min at 37°C. Subsequently
2 µl DMSO or CPT dissolved in DMSO was added at the
indicated concentrations and samples were incubated for an
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additional 15 min at 37°C. The reactions were terminated as
described. Samples were removed for SDS–PAGE analysis
prior to protease digestion in order to quantify the degree of
suicide cleavage in each reaction. The remainder of the sample
was analyzed as described.

Proteolysis of htopoI with subtilisin

An aliquot of 2 µg htopoI (4 µl) was incubated with TE or
various concentrations of subtilisin (as indicated in the text)
diluted in TE in a total volume of 10 µl 6 mM HEPES pH 7.9,
6 mM Tris–HCl pH 7.5, 68 mM NaCl and 20% glycerol for
20 min at 25°C. The reaction was terminated by adding 5 mM
PMSF then placed on ice. Half of the reaction mixture was
analyzed by SDS–PAGE and Coomassie brilliant blue
staining. The rest was incubated with L193s in a reaction
volume of 15 µl 13 mM HEPES–KOH pH 7.9, 30 mM NaCl,
43 mM KCl, 5 mM MgCl2 and 16% glycerol for 40 min at
37°C. The reactions were terminated with SDS and a sample
was taken for analysis of suicide cleavage on a 7.5% SDS–
PAGE. The rest was incubated with proteinase K and analyzed
as described.

RESULTS

Sequence, two-dimensional structure, and function of the
DNA substrates

A so-called suicide substrate, L193s, was designed, which
efficiently trapped a htopoI cleavage complex at a defined

position. The complete sequence and two-dimensional struc-
ture of the DNA substrate is depicted in Figure 1A. L193s
consisted of a 193 nt oligonucleotide that folded back on itself,
thereby forming a 92 bp double-stranded region with a 3 nt
loop at both ends. In the center of the substrate, there was a 3 nt
5′ overhang at a nick. The sequences of the last three nucleotides
at each end of the oligonucleotide were identical. Furthermore,
a specific 16 nt-long htopoI binding and cleavage sequence
(22,23) was included in such a way, that the nick was located
3 nt 3′ to the htopoI cleavage site. Cleavage by htopoI at this
site became suicidal due to the presence of a 5′ phosphate next
to the cleavage site (Fig. 1). Thus, the presence of the 5′ phos-
phate prevents ligation and thereby prevented the release of
htopoI after the cleavage reaction had taken place. This stable
complex was designated as a cleavage complex.

Correct substrate folding was verified by the existence of
BamHI cleavage sites at the positions indicated in Figure 1A
(data not shown). It was also verified that the suicide cleavage
of htopoI took place at the correct position. The suicide
cleavage reaction catalyzed by htopoI on L193s is schemati-
cally outlined in Figure 1B. The utilized recombinant htopoI
preparations were either expressed in yeast or baculovirus and
purified to near homogeneity (Fig. 2A and B).

Titration with human topoisomerase I

To investigate whether htopoI could cleave L193s at positions
other than at the suicide cleavage site, L193s was incubated
with increasing amounts of yeast-expressed htopoI (Fig. 3A).

Figure 1. Two-dimensional structure and complete sequence of the substrate L193s and schematic outline of the function. (A) The htopoI cleavage site is indicated
with an arrow. The radioactive label (32P) is located on nucleotide 15 (indicated with an asterisk; base shown in bold). BamHI restriction sites are indicated.
(B) HtopoI binds to the hexadecameric binding sequence and cleaves the upper strand forming a covalent phosphotyrosine linkage with the fourth nucleotide (num-
bered as in A) and thus produces an oligomer consisting of three bases. The overhang is identical with those three bases, therefore, when the trimer is liberated by
htopoI, the 5′ end can hybridize to the complementary strand and close the gap. Because the 5′ end is phosphorylated, htopoI is irreversibly trapped. The position
of the hexadecameric binding sequence is shown in bold.
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The reactions were terminated by the addition of 0.4% SDS
and htopoI was digested with proteinase K. With increasing
concentrations of htopoI a cleavage pattern consisting of four
double bands occurred. The double bands were designated by
the letters A, b, c and d, where A represented the most predom-
inant cleavage site. None of the bands migrated to a position
that precisely fitted the sequence identical marker; instead they
had an intermediate mobility. Because highly pure recom-
binant htopoI was used (Fig 2A, lane 1) we assumed that these
bands were due to additional htopoI cleavage of substrates that
already had been cleaved suicidally.

DNA fragments are protein linked

In order to investigate further if the observed bands repre-
sented DNA fragments with proteinase K-resistant peptides
bound to the 3′ end, three parallel experiments with varying
concentrations of yeast-expressed htopoI were performed. We
hypothesised that without proteinase K digestion, the DNA
from the four double bands should still enter the gel if they
were DNA fragments without covalently attached protein
moieties. In contrast, if htopoI was attached to the 3′ end, the
DNA would no longer be able to enter the gel, but rather
remain in the slot. As shown in Figure 3B (lanes 3, 5 and 7)
none of the four double bands were detected when the proteinase
K digest was omitted, indicating that a large molecule was
bound to the DNA fragments.

The cleavage frequency depended on the amount of htopoI
added (Fig. 3B, lanes 2 and 4; Fig. 3A, lanes 2–6), indicating
that htopoI was indeed responsible for the formation of the
double bands. Furthermore, because four double bands were
produced, htopoI must have cleaved the substrate at several
distinct positions just upstream from the radioactively labeled
nucleotide. It is well known that a high concentration of salt
shifts the equilibrium of htopoI from the cleaving to the non-
bound state. Thus, if cleavage was due to htopoI, it should be
possible to reverse the cleavage reactions by the addition of
high concentrations of salt. Therefore, one reaction was
stopped with 300 mM NaCl and incubated for another 10 min
at 37°C prior to the addition of SDS. The reaction mixture was
then divided into two halves, and one portion was treated with
proteinase K (Fig. 3B, lane 8) whereas the other aliquot was

kept untreated (Fig. 3B, lane 9). Salt treatment provoked a
clear reduction of the band intensities (Fig. 3B, lanes 6 and 8).
For bands A and c, product formation was diminished by 60–70%,

Figure 2. Coomassie staining of yeast and baculovirus-expressed recombinant
htopoI. Coomassie staining of a 7.5% polyacrylamide gel. (A) Recombinant
htopoI expressed in S.cerevisiae. Lane 1, ∼3 µg yeast-expressed htopoI.
(B) Recombinant htopoI expressed by baculoviruses. Lane 1, 200 ng; lane 2,
400 ng; lane 3, 1000 ng; lane 4, 1500 ng. Marker is a 10 kDa ladder and the size
of some of the bands are indicated in kDa.

Figure 3. Titration with recombinant yeast-expressed htopoI. (A) Autoradio-
gram of a 20% sequencing gel. L193s was incubated with: lane 1, no htopoI;
lane 2, 125 ng; lane 3, 250 ng; lane 4, 500 ng; lane 5, 750 ng; lane 6, 1250 ng
htopoI for 40 min at 37°C. The buffer conditions were identical in all samples.
Thereafter all reactions were terminated by the addition of 0.4% SDS and the
protein was digested with proteinase K. (B) Autoradiogram of a 20% sequenc-
ing gel. L193s was incubated with: lane 1, no htopoI; lanes 2 and 3, 250 ng;
lanes 4 and 5, 750 ng; lanes 6–9, 1250 ng yeast-expressed htopoI for 40 min at
37°C. For each concentration of htopoI used the reaction mixtures were split
into two aliquots and stopped by the addition of SDS. The samples shown in
lanes 1, 2, 4 and 6 were incubated with proteinase K. The samples shown in
lanes 8 and 9 were terminated by the addition of 300 mM NaCl for 10 min at
37°C, divided into two aliquots. One sample was additionally incubated with
proteinase K (lane 8). Letters A, b, c and d indicate double bands.
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while for bands b and d, a reduction of ∼40% was observed.
When the samples were incubated for longer than 40 min after
the addition of htopoI, the intensities of the cleavage products
A, b, c and d declined, but did not completely disappear (data
not shown). A similar effect was seen with the salt reversal
shown in Figure 3B (lane 8). This strongly suggests that htopoI
was responsible for these cleavage reactions, because a puta-
tive contaminating endonuclease would be expected to
produce an accumulating number of cuts with increasing incu-
bation time.

Position of the second cleavage site on L193s

The results from Figure 3A and B were further supported by
comparing digests performed with either proteinase K (Fig. 4,
lanes 1 and 2), trypsin (Fig. 4, lane 3), or without protease
treatment (Fig. 4, lane 4). In these experiments only band A
was clearly seen, because cleavages b, c and d were too weak
to be detected. Trypsin produced a different digestion pattern
(Fig. 4, lanes 2 and 3). Thus, the double bands produced by
proteinase K treatment became a single band when trypsin
digestion was employed. It has been previously shown that a
complete trypsin digestion of DNA-bound htopoI leaves seven
amino acids bound to the DNA (12,24). This supports the
results shown in Figure 3B where cleavage by a second htopoI
only occurred on substrates that already contained a suicidally
attached htopoI molecule. The cleavage product, named A*,
represented the same cleavage site as the proteinase K double
band A. This shows that proteinase K digestion yielded a
protease-resistant peptide with two different lengths most
likely corresponding to 5 and 6 amino acids, respectively.

Baculovirus-expressed htopoI was used to produce the
results shown in Figure 4. The fact that the cleavage sites from
Figure 3A and B were reproduced with a highly purified htopoI
from another source (Fig. 2B) strongly supports the view that
htopoI was responsible for the cleavage reaction. In order to
identify the precise location of the cleavage sites we relied on
the experimental finding that trypsin cleavage of htopoI cova-
lently bound to DNA generates a mobility shift of  ∼5 nt in a
14% sequencing gel (12,24). Because A* had a mobility of
18 nt, the size of the covalently bound DNA fragment can be
estimated to 13 nt. Thus, we assume that the incision occurred

∼13 nt upstream from the suicidally bound htopoI. Comparable
mobility shifts were also observed for bands b, c and d (data
not shown). Therefore, it can be estimated that these bands
resulted from cleavages that took place 15, 17 and 11 nt
upstream from the covalently attached htopoI, respectively.
Because the radioactive label was placed 12 nt upstream from
the suicidal cleavage site, band d may also have resulted from
a fraction of the suicidally cleaved substrates that were not
cleaved at position three, but instead at position five. It is well
known that the majority of htopoI incisions take place at posi-
tion three, but a minor fraction occurs at position five in the
htopoI recognition sequence, which was included in our
substrate L193s (25,26).

The second cleavage reaction is sensitive to CPT treatment

To further support the view that the cleavage reaction was
caused by a htopoI, L193s and htopoI were incubated in the
presence of the topoisomerase I-specific drug CPT. A titration
with CPT was performed and the influence on the suicide
cleavage as well as the cleavage complex specific incisions
was tested. CPT showed no effect on the suicide cleavage
(Fig. 5A). This, however, is not surprising because the suicide
substrate has the same effect as CPT, namely the inhibition of
the religation step. Therefore CPT cannot block ligation at the
site of suicide cleavage because religation is already inhibited.
The effect of CPT on the second cleavage reaction is shown in
Figure 5B and C. In the presence of CPT up to ∼12-fold stimu-
lation was observed. However, because DMSO alone also
showed a ∼2-fold stimulation, the stimulatory effect of CPT
may have been at least 6-fold.

The autoradiogram in Figure 5C indicates that CPT also had
a stimulatory effect on cleavage sites b, c and, to a smaller
extent, d. These alternate cleavage reactions were rather rare
events compared to the cleavage at position A.

Limited digest with subtilisin did not affect the suicide
cleavage, but eliminated the second cleavage step

The short distance from the suicidal cleavage site to cleavage
sites A, b, c and d suggests that the two htopoI molecules were
in extreme proximity of each other on the DNA substrate.
Therefore, we wanted to investigate whether protein interac-
tions between the two enzymes were taking place. To investi-
gate this we performed a limited proteolysis of htopoI with
subtilisin. Stewart et al. (27) reported that limited proteolysis
of htopoI with subtilisin removed the N-terminal domain by
specifically cleaving in the linker region so that the core and
the C-terminal domain were liberated, but remained associated
with each other and sustained catalytic activity. More recently,
Ireton et al. (28) generated a mutant htopoI that lacked the
N-terminal domain and parts of the linker domain. After puri-
fying this enzyme both monomers and dimers were present.
Based on these findings a model for the dimerisation was set
up and a ‘domain swapping’ interaction of the dimer was
suggested. According to this model the core domain of one
enzyme binds to the C-terminal domain of the other one and
vice versa. We therefore tested whether such a model could
explain our results. HtopoI was digested with subtilisin as
described. The course of the reaction was followed by SDS–
PAGE and Coomassie staining (Fig. 6A). A minor fraction of
htopoI was converted to a 80 kDa form (Fig. 6A, lane 2;
marked with a scroll symbol) while the major fraction had a

Figure 4. Position of the second cleavage. Autoradiogram of a 14% sequenc-
ing gel. L193s was incubated with: lane 1, no htopoI; lanes 2–4, 500 ng htopoI
for 40 min at 37°C. The reactions shown in lanes 1, 2 and 4 were terminated by
the addition of SDS and subsequently aliquots 1 and 2 were incubated with
proteinase K. The reaction shown in lane 3 was stopped by the addition of
trypsin. Lane 4, no protease was added.
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molecular weight of ∼60 kDa (Fig. 6A, lane 2; marked with
dollar symbol). With increasing concentrations of subtilisin the
80 kDa form was completely converted to the 60 kDa product
(Fig. 2, lanes 3–5). Based upon published data (27) it was
known that the 80 kDa fragment had lost the N-terminal
domain while the 60 kDa fragment had lost both the N- and
C-terminal domains. We treated L193s with these different
digestion products and measured the amount of suicide
cleavage. The bandshift caused by the suicide cleavage reac-
tion changed drastically after digestion with subtilisin (Fig. 6B,
lanes 2 and 3). The bandshift caused by undigested htopoI
(marked with an asterisk) is shown in lane 2. In lane 3 the
upper band represents the bandshift caused by the 80 kDa frag-
ment (marked with a scroll symbol) which has a slightly faster
mobility than the full-length htopoI. The lower migrating band
(marked with a hash symbol) is due to the attachment of the
∼15 kDa C-terminal domain of htopoI (containing the active
site tyrosine) which associates with the 60 kDa fragment under
native conditions. From the data presented in Figure 6B it can
be concluded that the 60 kDa core domain and the 15 kDa
C-terminal domain retain enough activity to support an effec-
tive suicide cleavage reaction although this was slightly less
effective than that caused by the full-length enzyme. The
ability of these htopoI fragments to perform the double
cleavage reaction is shown in Figure 6C. When lanes 2 and 3
are compared, a dramatic effect can be seen. Despite the fact
that the digested htopoI still retained the ability to perform the
suicide cleavage step (Fig. 6B, lanes 3–5) the ability to carry
out the double cleavage reaction was lost (Fig. 6C, lanes 3–6).
In Figure 6C (lanes 3 and 4) a residual activity of the cleavage
product A was still detectable, but this was probably caused by
a small fraction of 80 kDa htopoI in these reactions. The data
from Figure 6B and C are presented diagrammatically in
Figure 6D. Although the degraded forms of htopoI as shown in
lanes 2 and 3 retained ∼60% of the suicide cleavage, the ability
to perform the double cleavage reaction was reduced to <10%
or even totally lost. Because the enzyme was still active this
suggests that a protein interaction may be necessary for the
double cleavage to occur. This protein contact could be medi-
ated through the core and C-terminal domain. Thus, when only
the 80 kDa fragment was produced by subtilisin digestion this
had no effect on the suicide or double cleavage (data not
shown). The latter result rules out that the N-terminus was
involved in the dimerisation reaction.

DISCUSSION

This study demonstrated that recombinant htopoI expressed in
S.cerevisiae or by baculovirus is able to recognize a htopoI
cleavage complex and cleave predominantly 13 nt upstream
from this complex. Figure 7 is a schematic representation of
these cleavage reactions. If only the suicidally cleaved DNA is
taken into consideration, the double cleavage efficiency was
found to be up to 12% in all experiments. In the presence of
CPT this efficiency could be increased by 3–6-fold up to a
maximum of 35%. The efficiency was dependent on the
quality of the DNA substrate, which was purified fresh for
most of the different experiments.

The recognition process may have been mediated through
dimer formation between the two htopoI molecules on the
DNA substrate. Ireton et al. (28) observed that a mutant htopoI

Figure 5. CPT sensitivity of the second cleavage. Baculovirus-expressed
htopoI (500 ng) was incubated with the suicide substrate in the presence of
DMSO or CPT as indicated. C, without htopoI; htopoI, htopoI under standard
conditions. (A) The graphics represent a quantification of the percentage of
suicide cleavage in relation to the total substrate used. (B) Quantification of the
relative effect of DMSO and CPT on the second cleavage site ‘A’. (C) Auto-
radiogram of a 14% sequencing gel showing the results quantified in (B). The
results shown are representative of three independent experiments.
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(topo70∆L), which lacked the N-terminus and had a shortened
linker, could form dimers in solution. Based on limited diges-
tions of htopoI with subtilisin a model was suggested
according to which the C-terminus of one enzyme binds to the
core of another enzyme and vice versa. This phenomenon was
called domain swapping. Data presented in Figure 6A–D
suggest that a similar dimerisation may have taken place. A
htopoI enzyme binds and cleaves DNA suicidally. Thus, it is
blocked in the catalytic cycle and is ‘frozen’ in the cleavage
conformation. This conformation was shown by Stewart et al.

(27) to be different to the non-bound state especially in the
linker region. It is therefore possible that the interaction
between the C-terminus and the core domain is less strong
when compared to the non-bound state. This may allow the
possibility that the core domain of a second htopoI interacts
with the C-terminus of the ‘frozen’ htopoI and simultaneously
cleaves the DNA, thus generating the second cleavage seen in
our experiments through the formation of a dimer. However, if
the linker of htopoI is broken, the second htopoI enzyme may
still cleave upstream from the frozen htopoI and also ‘swap’
core domains, but because the linker is broken there are no
longer protein contacts between the first and second htopoI
that hold the latter in place. Therefore, after religation the
second htopoI is released and able to diffuse away. Thus, the
second cleavage reaction can no longer be detected. Although
still hypothetical this model is nevertheless supported by the
data presented in Figure 6C, and by the very close proximity
between the two cleavage sites. The distance of 13 nt corre-
sponds to ∼44 Å. Redinbo et al. (29) and Stewart et al. (30)
published the crystal structure of a reconstituted htopoI bound
or complexed to DNA. They found that htopoI contacted DNA
4 bp upstream and 6 bp downstream from the cleavage site in a
htopoI recognition sequence similar to the one used by us.
When bound to DNA htopoI covered 60 Å along the DNA.
Because the 44 Å we found is considerably less than the 60 Å
published for the crystal structure, direct protein–protein inter-
actions between the two adjacent htopoI molecules are highly
likely. In addition the longest distance we found between the
two cleavage sites was ∼58 Å or 17 nt. Protein–protein interac-
tions should not exceed a distance of 60 Å, which again
supports that direct protein interactions could take place
leading to dimer formation.

The presence of such dimers in vivo was recently suggested
by Mao et al. (31). MCF-7 cells were irradiated with UV and
dimethyl suberimidate (DMS) was subsequently added to the
media in order to crosslink proteins. The chromosomal DNA
was then extracted, bound to a filter, and probed by antibodies
for htopoI bound covalently to the DNA. Using this technique
there was a significant increase in the amount of htopoI bound
covalently to the UV irradiated DNA when DMS was added.
This was interpreted as a possible dimer formation between
two htopoI molecules that occurred only when the DNA was
irradiated with UV (31). Lesions such as abasic sites, UV
photoproducts and oxidized bases are preferentially bound by
htopoI and all these lesions lead to a stabilization of the
enzyme in the cleaved state (9,13,32,33). This situation is
mimicked by our suicide substrate. Thus, a recognition of the
frozen htopoI as proposed for our in vitro system may also be
true for htopoI frozen in the vicinity of the DNA damages

Figure 6. Limited digest of baculovirus-expressed htopoI with subtilisin. (A)
Coomassie staining of a 7.5% polyacrylamide gel showing the partial digest of
htopoI by subtilisin. HtopoI (2 µg) was incubated with 0, 20, 40, 60 and 120 ng
subtilisin for 20 min at room temperature and 800 ng htopoI of each reaction
was loaded in lanes 1–5 respectively. Full-length htopoI is indicated with an
asterisk; htopoI lacking the N-terminus is indicated with a scroll symbol; core
domain lacking the N- and C-terminus is indicated with a dollar symbol; M
indicates the 10 kDa protein ladder. (B) Autoradiogram of a 7.5% polyacryla-
mide gel. L193s was incubated with: lane 1, no htopoI; lanes 2–6, htopoI; and
subtilisin at a concentration of 20 (lane 3), 40 (lane 4), 60 (lane 5) and 120 ng
(lane 6). The asterisk represents the shift caused by suicide cleavage of full-
length htopoI; the scroll symbol represents the suicide cleavage of htopoI miss-
ing the N-terminus (80 kDa); the hash symbol represents the suicide cleavage
of the C-terminal domain and the core domain; however, only the C-terminal
domain is covalently attached to the substrate. (C) Autoradiogram of a 14%
sequencing gel. The same numbering is used as in (B). (D) The results from
(B) and (C) were quantified and depicted in a column chart. The numbering on
the x-axis represents the same as described in (B) and (C). Black bars represent
the relative degree of suicide cleavage and quantify the results shown in (B);
gray bars represent the relative degree of second cleavage site ‘A’ and quantify
the results shown in (C).

Figure 7. Schematic representation of the sites of double cleavage. The cleav-
age sites are indicated by arrows and the same lettering is used as in Figures 3A
and B, 4, 5C and 6C. The size of the arrow indicates the cleavage frequency at
this site.
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in vivo. Such a mechanism would also ensure that a topoI
dimer does not form in the absence of damages, because the
cleaved state during a normal catalytic cycle of htopoI would
be too short to be recognized by another htopoI molecule.

When a htopoI enzyme recognizes a DNA lesion and forms
a cleavage complex it is principally able to perform the religa-
tion step and diffuse away. However, religation and diffusion
is much slower on damaged DNA. The cleavage complex may
also be converted into an irreversible lesion (15,34) that effec-
tively blocks transcription and replication. Several groups have
searched for a mechanism that would repair such a lesion (17–19),
but, until now, very little has been known about the removal of
such lesions in human cells. It is possible that the recognition
of a cleavage complex is the initiation of a repair event. If,
however, there are too many lesions it may also serve as a
signal for the induction of apoptosis. If only a few complexes
are present a repair pathway could be initiated via recombina-
tion with the second htopoI enzyme being used as a ligase.
Several groups have shown that htopoI may be involved in
recombination events (11,26,35–38). At present this is still a
hypothesis which is, however, undergoing further investiga-
tion in our laboratory.
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