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A B S T R A C T

Human topoisomerase 1B is a ubiquitous and essential enzyme involved in relaxing the topological state of
supercoiled DNA to allow the progression of fundamental DNA metabolism. Its enzymatic catalytic cycle consists
of cleavage and religation reaction. A ternary fluorescence resonance energy transfer biosensor based on a
suicide DNA substrate conjugated with three fluorophores has been developed to monitor both cleavage and
religation Topoisomerase I catalytic function. The presence of fluorophores does not alter the specificity of the
enzyme catalysis on the DNA substrate. The enzyme-mediated reaction can be tracked in real-time by simple
fluorescence measurement, avoiding the use of risky radioactive substrate labeling and time-consuming dena-
turing gel electrophoresis. The method is applied to monitor the perturbation brought by single mutation on the
cleavage or religation reaction and to screen the effect of the camptothecin anticancer drug monitoring the
energy transfer decrease during religation reaction. Pathological mutations usually affect only the cleavage or
the religation reaction and the proposed approach represent a fast protocol for assessing chemotherapeutic drug
efficacy and analyzing mutant's properties.

1. Introduction

DNA topological problems, appearing during DNA duplication,
transcription and chromatin remodeling, can be resolved by DNA to-
poisomerase [1]. Human topoisomerase 1B (hTop1) relaxes the super-
coiled DNA in the absence of energy through direct transesterification
reaction [2]. HTop1 binds to supercoiled DNA to form the enzyme-DNA
non-covalent complex, through the active site tyrosine residue (Tyr723)
[3]. HTop1 resolves DNA torsional stresses by allowing controlled ro-
tation of one cleaved DNA strand through the intact one. The enzymatic
catalytic cycle is completed by religation of the cleaved 5′-hydroxyl
group to the tyrosine-DNA phosphodiester, resealing the DNA backbone
and releasing the enzyme [4]. The reversible DNA cleavage complex is
not only a critical step for strand passage during catalytic cycle, but also
the unique target of clinical anticancer drugs, which belong to

camptothecin (CPT) family [5]. Under normal condition, hTop1 clea-
vage complex is transient and even not detectable, but it can be spe-
cifically and reversibly trapped by CPT and its derivatives, leading to
the complex accumulation and cell death [6]. Several mutations in
hTop1 have been shown to impact enzymatic function and CPT efficacy
in vitro, in cultured cells or in patients [7]. A rapid and efficient analysis
of hTop1 enzymatic activity and drug sensitivity is required for a
clinical treatment and an anti-cancer drug screening.

The conventional biochemical analyses of hTop1 activities are based
on the detection at limited and selected time points of radiolabeled
oligonucleotide, when the produced DNA fragments are separated by
gel electrophoresis to calculate the reaction kinetics [8]. The radio-
active risk, the time and labor consumption and the requirement of
specialized skill limit the extensive application of this method. Solu-
tions based on unlabeled [9] or fluorescently labeled oligonucleotides
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[10–15] have been proposed for safe and sensitive detection of hTop1
activity. Rolling circle amplification based measurement have the ad-
vantage to detect hTop1 activity at very low enzyme concentration, but
the method detects the amplified signal after the topoisomerization
reaction and doesn't permit to follow the reaction process in real time
[10,11]. Quantum dot based nanosensor has been proposed to solve this
issue, however, it can only measure the religation process [12].
Fluorophore-quencher pairs based on molecular beacon have been also
proposed, but this protocol cannot distinguish between the cleavage
and the religation reaction [13–15]. The possibility to selective detects
the cleavage and religation reaction is useful since several mutations
affect only one of these processes [16]. In clinics this may be even more
important in order to asses' chemotherapeutic drugs efficacy.

In this work a ternary fluorescence resonance energy transfer
(FRET) biosensor based on a DNA substrate with three fluorophores to
analyze both cleavage and religation reactions is proposed. This mul-
tiplexed system allows us to track cleavage and religation procedures
under non-denaturing condition and to characterize anti-cancer drugs
reactivity.

2. Results and discussion

2.1. Design of FRET substrate with three fluorophores for detection of the
enzyme activity

A DNA substrate having three fluorophores is designed to directly
monitor the hTop1-mediated cleavage and religation reactions using
fluorescence (FL) measurement. The substrate is composed by cleavage
strand (CL14), complementary strand (CP25) and religation strand
(R11) able to complementary interact one with the other (Fig. 1A). The

CL14 and CP25 oligonucleotides are conjugated with fluorophores as
indicated in Fig. 1A and are phosphorylated at their 5′-end to avoid
nonspecific religation events [17]. The CL14 strand is annealed to CP25
to obtain CL14/CP25 suicide substrate (SS), containing a hTop1 pre-
ferred cleavage site indicated by an arrow (Fig. 1A). The CL14 strand is
labeled with FAM and Cy3 dyes (Fig. 1B, panel 1), to permit an efficient
FRET in the intact SS that is reduced upon occurrence of hTop1 clea-
vage reaction (Fig. 1B, panel 2). FAM and Cy3 are separated by 7 nu-
cleotides, for an estimated distance of about 24 Å that permits an effi-
cient FRET since the distance for 50% FRET efficacy is 44 Å [18].
HTop1 cuts the SS at the site indicated by the arrow, releasing the AG-3′
dinucleotide fragment that is too short to be religated and the enzyme
remains covalently bound to 12-oligonucleotide 3′-end [19].

After the cleavage reaction, excess of a complementary R11 oligo-
nucleotide having a Cy5 fluorophore labeled almost in the middle of the
oligonucleotide is added to trigger hTop1 mediated religation reaction
(Fig. 1B, panel 3). A new FRET system is obtained after religation,
consisting of Cy3 on cleaved substrate and Cy5 on R11 strand that are at
close a distance (Fig. 1B, panel 4). Cy3 and Cy5, on the religated DNA
substrate, are separated by 13 nucleotides with an estimated distance of
about 45 Å that permits an efficient FRET since the distance for 50%
FRET efficacy is about 60 Å [20]. As result, both the cleavage and re-
ligation reaction can be followed by a FRET experiment.

2.2. Comparison of the cleavage and religation reaction with an unlabeled
or fluorescently labeled DNA substrate

To investigate whether the presence of fluorophores alters the
cleavage and religation reaction, the hTop1 activity has been followed
using a substrate labeled at 5′-end of CL14 strand with and without
fluorophores conjugation, as illustrated in Fig. 2. An excess of hTop1
enzyme is incubated with the two SS substrates to obtain cleaved DNA
fragments that are resolved on a denaturing polyacrylamide gel, as
shown in Fig. 2A. The CL14 strand conjugated with two fluorophores
runs slower than unlabeled CL14 (Fig. 2A compare lane 1 to lane 10)
due to the larger molecular weight of the initial substrate. The enzyme
is able to cut the SS for both the unlabeled and fluorescently labeled
substrates, releasing a dinucleotide and remaining trapped over it. In
the case of the oligonucleotide labeled with fluorophores, the FAM dye
is released with the dinucleotide so that the cleaved labeled oligonu-
cleotide reaches a molecular weight comparable to that of the un-
labeled oligonucleotide (Fig. 2A). In both cases, the cleaved products
increase as a function of time indicating that the enzyme is able to
cleave the substrate either in absence or in presence of fluorophores.
Quantification of the cleavage percentage shows that the presence of
the fluorophores slightly slows down the kinetics of the cleavage re-
action without changing the qualitative trend (Fig. 2C).

After formation of the cleavage complex, the R11 oligonucleotide is
added to start the religation reaction in the presence of dimethyl sulf-
oxide (DMSO) or 60 μM CPT. The religated strand appears in the upper
part of the gel and again the bands run differently due to the different
molecular weight of the labeled and unlabeled oligonucleotides
(Fig. 2B). Also in this case the presence of the fluorophores slightly
decreases the religation rate without changing the qualitative trend
(Fig. 2D). In both cases, addition of the anticancer drug CPT slows down
the religation rate (Fig. 2B compare the lanes 7–10 to lanes 3–6, and the
lanes 17–20 to lanes 13–16), the rate being slower for oligonucleotide
labeled with fluorophores (Fig. 2B and D).

2.3. FRET analysis of hTop1 cleavage reaction using a fluorescent substrate

The fluorescence spectrum of the two fluorophores individually
inserted in the DNA substrates has been initially measured to evaluate
their emission spectra. The emission spectrum of FAM (Fig. 3A, green
full line) and the excitation spectrum of Cy3 (Fig. 3A, orange dashed
line) extensively overlap at around 520 nm, indicating that they may

Fig. 1. DNA FRET biosensor with three fluorophores. (A) Design of the fluorescent DNA
strands. A cleavage strand (CL14, orange and green) phosphorylated at 5′-end is syn-
thesized with an hTop1 preferred cleavage site, indicated by an arrow, flanked by a FRET
pair, FAM (green) and Cy3 (orange). The complementary strand (CP25, blue) is phos-
phorylated at 5′-end. The religation strand (R11, red) is conjugated with Cy5 (red)
fluorophore. (B) Schematic representation of the FRET based hTop1 activity analysis. (1)
CL14/CP25 substrate labeled with FAM/Cy3 FRET pairs; (2) The cleavage reaction re-
sulting in the formation of covalent DNA-enzyme complex and dissociation of AG-3′ di-
nucleotide fragment (green); (3) Addition of complementary R11 oligonucleotide labeled
with Cy5 (red); (4) Religation reaction bringing Cy3 and Cy5 FRET pairs at a close dis-
tance. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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serve as a donor/acceptor pairs for a FRET system (Fig. 3A). Indeed the
DNA substrate labeled with both FAM and Cy3 fluorophores, as de-
scribed in Fig. 1A, gives rise to an efficient FRET effect (Fig. 4A, 0min).
Upon addition of hTop1, the DNA substrate is cleaved with the con-
sequent release of FAM, resulting in an increase in the intensity at
518 nm and a decrease at 568 nm due to the reduction of the FRET
event (Fig. 4A 15–90min). This experiment indicate that the reaction
can then be followed plotting as a function of time the decrease of the
intensity at 568 nm or the intensity increase at 518 nm (Fig. 4A).

2.4. FRET analysis of hTop1 religation process using a fluorescent substrate

The emission and excitation spectra of Cy3 (Fig. 3B, orange full line)
and Cy5 (Fig. 3B, red dashed line) extensively overlap at around
610 nm, indicating they can be used as a donor/acceptor pairs in a
FRET system (Fig. 3B). Addition of a labeled Cy5-R11 strand to enzyme-
DNA complex labeled with Cy3 results in a significant increase of the
fluorescence intensity at 670 nm and a decrease at 570 nm as a function
of time (Fig. 4B). The efficient FRET process is due to the religation of
the R11 strand that brings the two fluorophores to a close distance
(Fig. 4B, 0–30min). The process can be followed plotting as a function
of time the intensity increase at 670 nm or the intensity decrease at
570 nm (Fig. 4B).

Both the cleavage and religation experiments have been done at an
ionic strength of 150mM KCl and at a SS concentration of 16 pmol, that
were found to be the best condition to have an optimal signal as shown
in the experiments at different ionic strengths (Fig. 5A) and substrate
concentrations (Fig. 5B).

Fig. 2. Analysis of cleavage and religation kinetics using
unlabeled (left) or fluorescently labeled (right) SS radi-
olabeled (*) at 5′-end of CL14 strand. (A) Cleavage kinetics.
Time course of cleavage reaction of hTop1 carries out with
unlabeled (lanes 2–9) or fluorescently labeled substrate
(lanes 11–18). (B) Religation kinetics. Time course of re-
ligation reaction upon addition of R11 complementary
substrate to hTop1 covalent complex in the absence (lanes
3–6 and lanes 13–16) or presence of 60 μM CPT (lanes 7–10
and lanes 17–20). Time 0 represents the covalent complex
before addition of R11 strand (lanes 2 and 12). “C” in-
dicates the substrate without the protein (lanes 1 and 10 in
A, lanes 1 and 11 in B). “Cleaved” identifies the strand
cleaved by enzymes at the preferred cleavage site.
“Religated” indicates the resealed DNA substrate. (C) and
(D) Percentage of cleaved fragment, normalized to time 90
or time 0 for cleavage and religation reaction respectively,
plotted against time for fluorescent (blue line) or not
fluorescent substrate (black line) in the absence (full line)
and presence of CPT (dashed line). n=3. (For interpreta-
tion of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 3. Fluorescence spectrum analysis of three fluorophores. (A) FL excitation and
emission spectra of FAM (green), Cy3 (orange) and Cy5 (red) individually labeled DNA
substrate. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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2.5. Screening of anti-cancer drug by FRET analysis

HTop1 is the unique molecular target of a class of anticancer
compounds belonging to the CPT family [21,22]. CPT binds to hTop1-
DNA covalent complex to generate CPT-hTop1-DNA ternary complex,

slowing down the religation and leading to hTop1 cleavage complex
accumulation. The efficacy of the proposed FRET system to detect CPT
inhibition has been investigated during religation process. HTop1 is
initially incubated with SS substrate at 37 °C for 90min to obtain the
enzyme-DNA cleavage complex. The Cy3 and Cy5 FRET system has
been followed upon addition of labeled R11 complementary strand in
the absence and presence of increasing CPT concentration from 60 to
100 μM. In the absence of CPT, the religation reaction is completed
within 30min (Fig. 6, black line). The increase of CPT concentration
gradually delays the religation process and, in the presence of 100 μM
CPT, it is delayed up to about 1 h (Fig. 6, green line). These results
indicate that the proposed FRET system represents an easy and efficient
way to monitor the drug response and can be proposed for a high
throughput screening of new cancer drug targeting hTop1.

2.6. Characterization of hTop1 mutants with the proposed FRET method

As a control the proposed FRET method has been tested on the in-
active Tyr723Phe mutant that can non-covalently bind to supercoiled
DNA with an affinity identical to the wild type enzyme, but it is not able
to carry out the cleavage process [23]. In line a negligible FL intensity
changes is observed for both cleavage (Fig. 7A) and religation (Fig. 7B)

Fig. 4. FRET efficiency analysis of cleavage and religation reactions. (A) Fluorescent
spectra (500–700 nm) monitoring cleavage reaction as function of time of a fluorescently
labeled SS in presence of hTop1 upon excitation at 488 nm. Insert: time course of FL
emission (FAM) at 518 nm. (B) Fluorescent spectra (550–750 nm) monitoring the re-
ligation reaction due to the addition of R11 upon excitation at 518 nm. Insert: time course
of FL emission (Cy3) at 568 nm.

Fig. 5. Effect of ionic strength (A) and SS concentration (B) on fluorescence emission.

Fig. 6. CPT reversibly slows down the religation reaction. Time course of FL emission of
Cy3 donor after adding of R11 strand, in the absence and presence of 60–100 μM of CPT,
to the cleaved complex, under an excitation of 518 nm. n=3.

Z. Wang et al. Archives of Biochemistry and Biophysics 643 (2018) 1–6

4



reactions and in this latter case the addition of CPT does not induce any
significant fluorescent difference. The method has been also tested on
the Gly717Phe mutant that has been previously shown to have a fast
religation rate that is only partially reduced in the presence of CPT
[24]. In line the FRET experiments indicate that the mutant shows a
cleavage kinetics comparable to the wild type (Fig. 7C) and a very fast
religation rate that is unaffected by CPT (Fig. 7D). These results show
the potentials of the designed FRET system for a fast analysis of the
mutant activity.

3. Conclusions

These results indicate that the proposed fluorescence approach can
be used to test the hTop1 cleavage and religation activity. The DNA
substrate labeled with three fluorophores permits to analyze the en-
zyme cleavage and religation kinetics following the FL spectrum. The
method can be applied, in vitro, to monitor the function of hTop1 mu-
tants with clinical significance following the reactivity toward the CPT
anticancer drug and it is suitable for an efficient high throughput
screening of drugs targeting hTop1.

4. Methods

4.1. Reagents and apparatus

CPT (Sigma-Aldrich) was dissolved in 99.9% dimethyl sulfoxide
(DMSO, Sigma-Aldrich) to a final concentration of 4mg/ml (11.5mM)
and stored at−20 °C. T4 polynucleotide kinase was provided from New
England BioLabs. [γ-32P] ATP (3000 Ci/mmol) was supplied by
PerkinElmer. All oligonucleotides were produced by Sangon biotech
(Shanghai) Co., Ltd. All other reagents were analytical grade and used
as received. The FL emission was detected using a Tecan Infinite M200
Pro. microplate reader.

4.2. HTop1 enzyme purification

HTop1 enzyme with an N-terminal FLAG tag was expressed by

single copy plasmid YCpGAL1-FLAG-hTop1 under galactose inducible
promoter transformed in Saccharomyces cerevisiae Top1 null strain EKY3
(ura3-52, his3Δ200, leu2Δ1, trp1Δ63, top1::TRP1, MATα) and purified
by anti-FLAG M2 monoclonal affinity gel (Sigma-Aldrich) with FLAG
peptide (Sigma-Aldrich) competitive elution as we previously described
[25]. Mutants of hTop1 Tyr723Phe and hTop1 Gly717Phe were gen-
erated by oligonucleotide-directed mutagenesis of YCpGAL1-FLAG-
hTop1 by QuikChange site-directed mutagenesis kit (Agilent technolo-
gies). The levels and integrity of both wild type and mutant enzymes
were assessed by immunoblot with monoclonal anti-FLAG M2 antibody
(Sigma-Aldrich).

4.3. Synthetic DNA substrates

Fluorescently labeled cleavage strand (CL14, 5′-P-GAAAAAA/Cy3/
GACTTAG-FAM-3′), complementary strand (CP25, 5′-P-TAAAAATTTT
TCTAAGTCTTTT-TTC-3′) and religation strand (R11, 5′-AGAAAAA/
Cy5/TTTT-3′) were produced by Sangon biotech (Shanghai) Co., Ltd
and verified by mass spectrum. The 5′-end of CL14 and CP25 were
phosphorylated to avoid nonspecific religation.

To prepare the radiolabeled substrate, T4 polynucleotide kinase was
used to transfer the radio phosphoryl donor of [γ-32P] ATP to the 5′-
end of CL14 strand. CL14 with a unique 5′ radiolabel was purified by
gel filtration using an Illustra G-25 column (GE Healthcare). To as-
semble the suicide substrate by hybridization, equal amount of CL14
and CP25 strands were heated to 95 °C for 5min, cooled slowly to room
temperature and kept at 4 °C until use in TE buffer containing 10mM
Tris-HCl pH 7.5 and 1.0mM EDTA.

4.4. Monitor hTop1 activities based on suicide substrate with three
fluorophores

The excitation and emission spectra of DNA substrates individually
labeled with FAM, Cy3 or Cy5 were measured to verify the spectral
overlap (Fig. 3A and B). The FRET pairs for cleavage were FAM as
donor and Cy3 as acceptor, which were conjugated to CL14 and further
hybridized with CP25 to build suicide substrate (SS). Equal and excess

Fig. 7. Analysis's of the cleavage and religation reactions of hTop1 mutants. Time course of the cleavage (Panel A and C) and religation (Panel B and D) reactions to monitor the wild type
(black), inactive mutant Tyr723Phe (blue) and CPT resistant mutant Gly717Phe (red). Full or dashed line indicate the reaction in the absence or presence of 60 μM CPT. n=3. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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amount of hTop1 wild type or mutant enzyme was incubated with
16 pmol SS in standard hTop1 reaction buffer containing 20mM
Tris–HCl pH 7.5, 0.1mM Na2EDTA, 10mM MgCl2, 5 μg/ml acetylated
bovine serum albumin and 150mM KCl. The reaction was performed at
37 °C and followed by FL measurement of FAM and Cy3 under the ex-
citation at 475 nm for 90min. The enzyme cuts SS releasing the dinu-
cleotide labeled with FAM and remains covalently conjugated to SS to
form the enzyme-DNA cleavage complex. The FRET dyes for religation
were composed by a Cy3 fluorophores present on the cleavage complex
as donor and Cy5 labeled on the religation strand R11 as acceptor. The
religation reaction was performed adding 40 pmol of R11 strand to the
cleavage complex in the presence of DMSO or 60 μM CPT. The reaction
was continually monitored at 37 °C and following the FL intensity of
Cy3 and Cy5 under the excitation wavelength of 520 nm. Key factors
influencing the reaction efficiency such as ionic strength and SS con-
centrations had been optimized to have a strong signal (Fig. 5).

4.5. Detect hTop1 activity using radiolabeled SS

The cleavage strand CL14 was radiolabelled with [γ-32P] ATP at its
5′-end [24]. The complementary strand CP25 was phosphorylated at its
5′-end with unlabeled ATP. Equal amount of CL14 and CP25 strands
were annealed to obtain the CL14/CP25 SS, containing hTop1 preferred
cleavage site. Identical amounts of wild type or mutant hTop1 enzyme
was incubated with 16 pmol SS in standard hTop1 reaction buffer at
37 °C. A 5 μl aliquots were removed at indicated time points and the
reaction was stopped with 0.5% (w/v) SDS. For the religation reaction,
equal amount of hTop1 wild type or mutant enzyme was incubated with
16 pmol SS for 90min at 37 °C. After the formation of the cleaved
complex, a 5 μl aliquot was removed and used as point at time 0.
Subsequently, 40 pmol of R11 oligonucleotide was mixed with the
cleavage complex to trigger the religation reaction in presence of DMSO
or 60 μM CPT. A 5 μl aliquots were removed at the indicated time points
and the reaction was stopped with 0.5% (w/v) SDS. Both the cleaved
and religated products were precipitated by ethanol and resuspended in
5 μl of 1 mg/ml trypsin, followed by incubation at 37 °C for 60min. The
samples were analyzed by denaturing 7M urea/20% polyacrylamide
gel electrophoresis in running buffer containing 48mM Tris, 45.5 mM
boric acid and 1mM EDTA.
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