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a b s t r a c t
A high-sensitivity assay has been developed for the detection of human topoisomerase I with single molecule resolution. The method uses magnetic sepharose beads to concentrate rolling circle products, produced by the ampliﬁcation of DNA molecules circularized by topoisomerase I and detectable with a
confocal microscope as single and discrete dots, once reacted with ﬂuorescent probes. Each dot, corresponding to a single cleavage–religation event mediated by the enzyme, can be counted due to its high
signal/noise ratio, allowing detection of 0.3 pM enzyme and representing a valid method to detect the
enzyme activity in highly diluted samples.
Ó 2014 Elsevier Inc. All rights reserved.

Isothermal ampliﬁcation techniques such as the rolling circle
ampliﬁcation (RCA)2 have been widely and successfully employed
to detect nucleic acids, protein, or other small molecules showing
to be valid alternatives to polymerase chain reaction (PCR) for clinical and research applications [1,2]. An improvement of the diagnostic strategy involves the possibility to detect the enzymatic activity
rather than the enzyme concentration [3]. This may be especially
important in cancer diagnostics and therapy where the detection
of a protein is often insufﬁcient to give information for the treatment
to be used [4–6]. A clinically relevant enzyme is the human topoisomerase IB (hTop1) that represents the only target for anticancer
drugs of the camptothecin (CPT) family [7]. Topoisomerases are
key enzymes involved in the control and maintenance of the topological state of the DNA. The enzyme accomplishes this by breaking
and rejoining the DNA backbone to solve torsional problems occurring during the replication or transcription [8]. HTop1 is a 91-kDa
protein composed of 765 amino acids and organized into four distinct domains: N-terminal, core, linker, and C-terminal domains
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[9,10]. The catalytic cycle is composed of ﬁve steps: (i) DNA binding
and formation of a noncovalent complex, (ii) DNA cleavage due to a
nucleophilic attack operated by a tyrosine residue (Tyr723) on one
DNA strand and resulting in the formation of 30 -phosphotyrosine
bond, (iii) strand rotation of the intact strand around the nicked
strand to resolve the supercoil, (iv) religation of the DNA strand,
and (v) enzyme release [11]. CPTs stabilize the hTop1–DNA covalent
complex, transforming hTop1 into a cell poison [12,13]. The enzyme,
trapped by CPTs, is not able to religate the cleaved strand, causing
the collision of the CPT–hTop1–DNA stalled complexes with the replication forks and leading to genome instability and cell death
[14,15].
The efﬁciency of CPT is related to the enzyme function [16], and
so detection of the enzyme activity represents a useful indicator for
the screening of these chemotherapeutic drugs. Detection of hTop1
activity is classically performed using radiolabeled oligonucleotides, which does not permit the detection of samples at low concentrations [13,17]. Due to this limitation, a sensitive RCA
procedure has recently been developed for the detection of Top1
enzyme [3,18]. This procedure, termed REEAD (rolling circle enhanced enzyme activity detection), is based on the detection of
rolling circle products (RCPs) anchored on glass slides and visualized as single dots using ﬂuorescent probes [3]. The limitation of
the method lies in the fact that in the glass slides the signals are
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spread over a large area that is orders of magnitude larger than a
typical microscopic image.
In this article, we present a method that permits the increase in
sensitivity of REEAD using magnetic sepharose beads to concentrate the ﬂuorescent RCPs. Furthermore, the magnetic core permits
an easy handling of beads during the washing steps, avoiding sample loss [19]. A scheme of the strategy (Fig. 1) is based on what is
presented in Refs. [18] and [19].
The N-hydrosuccinimide (NHS)-activated magnetic sepharose
beads (Fig. 1A) (GE Healthcare) are resuspended in the storage
solution (100% 2-propanol). From the stock, 10 ll of beads is transferred to a centrifuge tube and rinsed with 200 ll of ice-cold 1 mM
HCl. For each washing step, a magnet is used to hold the beads at
the tube bottom. After the equilibration step, the beads are rinsed
twice in activation buffer (0.2 M NaHCO3 and 0.5 M NaCl, pH 8.3),
and following the last removal 200 ll of activation buffer containing 10 lM RCA primer is added. The tube is placed on the tilt rotator for 1 h to allow for a good mixing of the reaction components.
The beads are washed with deactivation buffer A (0.5 M ethanolamine and 0.5 M NaCl, pH 8.3), then washed with deactivation buffer B (0.1 M sodium acetate and 0.5 M NaCl, pH 4.0), and left in
200 ll of deactivation buffer B for 2 h on the tilt rotator. For each
sample, 5 ll of activated beads (Fig. 1B) is rinsed in 100 ll of blocking buffer (SuperBlock T20 buffer, Thermo Scientiﬁc, supplemented
with 50 lg/ml poly-deoxyinosinic–deoxycytidylic acid, Sigma–
Aldrich) and left to mix on the tilt rotator for 6 h. The circularization reactions are carried out separately by incubating the puriﬁed
hTop1 enzyme [17] with 100 nM of a DNA dumbbell-shaped substrate, made by a long single-stranded oligonucleotide, containing
a standard sequence for hTop1 cleavage–religation activity, a
complementary sequence for an RCA primer (p), and an annealing
sequence for the ﬂuorescent probe (i) (Fig. 1G, step I) [3]. The
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reaction is carried out in 20 mM Tris–HCl (pH 7.5), 0.1 mM
Na2EDTA, 10 mM MgCl2, 50 lg/ml acetylated bovine serum
albumin (BSA), and 150 mM KCl at 37 °C for 1 h to permit the
dumbbell to be converted into a closed circle by the enzyme
(Fig. 1G, steps II and III). The reaction is stopped by heat inactivation of the enzyme at 95 °C for 5 min.
The circularized DNA products are added to the primerfunctionalized beads in a 1 Phi29 buffer (New England Biolabs)
with a ﬁnal volume of 100 ll (Fig. 1C). The tubes are heated at
95 °C for 5 min and left at 55 °C for an additional 5 min before they
are placed on the tilt rotator overnight to allow the hybridization
between the RCA primer and the p loop of the dumbbell
(Fig. 1C). The beads are rinsed three times in a 1 Phi29 buffer,
and the RCA is performed in 10 ll of ﬁnal volume containing 1
Phi29 buffer, 200 mg/ml BSA, 250 mM deoxynucleoside triphosphate (dNTP), and 1 ml of Phi29 polymerase (New England
Biolabs). To amplify the substrate, the tubes are then placed on a
thermomixer at 30 °C and centrifuged at 1200 rpm for 3 h
(Fig. 1D). The beads are then rinsed twice in 1 phosphatebuffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4,
and 1.46 mM KH2PO4, pH 8.0), and 100 ll of 1 lM ATTO488 ﬂuorescent probe solution is added (Fig. 1E). The beads are allowed
to mix for 5 h on the tilt rotator, then rinsed three times in 1
PBS, and ﬁnally placed at the center of a glass slide using a magnet
and visualized using a confocal microscope (Fig. 1F). Following this
protocol, each RCP gives rise to a ﬂuorescent signal that corresponds to a single hTop1-mediated cleavage–religation event.
The confocal images, taken with a 50 objective lens, correspond
to an area of 100 lm2, and several images are taken in order to
analyze all of the beads. For the beads in a particular ﬁeld of view,
a series of images are taken at different planes every 0.8 lm in
depth. Each series is acquired under both brightﬁeld and
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Fig.1. RCA-based protocol for the detection of hTop1 activity. (A) NHS-activated sepharose magnetic beads are shown. (B) Activated beads with the RCA primer (black segments)
are shown. (C) The circularized dumbbell substrate (black circle) hybridizes with the RCA primer. (D) The rolling circle ampliﬁcation reaction produces multiple tandem copies
of the dumbbell sequence called RCPs (rolling circle products). (E) Fluorescent probes (in red) bind the complementary site along the dumbbell copies. (F) RCPs are visualized
using a confocal microscope. (G) HTop1-mediated circularization reaction of dumbbell substrate is shown. HTop1 recognizes the cleavage sequence (I), contained in the double
region of the dumbbell (shown by the arrow in the enlargement), cleaves 3 bases upstream the 30 end (II), and religates using the 50 -OH of the overhang, generating a closed
single-stranded circle (III). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig.2. (A) Confocal images of magnetic sepharose beads at 3 nM and 300 pM hTop1 concentrations. The average images in brightﬁeld (green) and ﬂuorescence (red) channels
have been superimposed to show the ﬂuorescent dots corresponding to the RCPs. (B) Plot of the number of dots versus hTop1 concentration. The reported graph refers to a
single representative experiment. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

ﬂuorescence and then superimposed. Subsequently, the images of
every series are averaged in order to obtain the total number of
ﬂuorescent dots for every bead. The images have been taken for
products obtained for a dumbbell substrate incubated with hTop1
concentrations ranging from 0.03 pM to 30 nM. A sample with the
dumbbell substrate subjected to the same protocol in the absence
of the protein was used as a negative control. The reproducibility
was ensured by preparing a stock solution of magnetic beads from
which the same aliquot was withdrawn for each sample. Indeed, in
each sample, we counted the number of beads and saw an average
of 20 beads with a standard deviation of 4 beads. Because the average number of beads is the same from one experimental run to the
other, we just count the spots on all of the beads for every run.
In Fig. 2A, representatives images of the magnetic beads covered with the ﬂuorescent dots, observed for the reactions carried
out at a 3 nM or 300 pM hTop1 concentration, are shown. The
two images clearly show that the number of dots decreases as a
function of the hTop1 concentration. The number of dots for one
representative experiment is plotted as a function of the hTop1
concentration, as shown in Fig. 2B. The number of dots is dependent on protein concentration in the range from 0.3 to 300 pM.
In all of the experimental replicas at 0.3 pM, at least one dot was
counted. A statistical analysis, carried out as described in the online supplementary material, indicates that the detection limit
(the concentration of hTop1 for which we expect at least one
dot) is approximately 13 pM in the worst case even if optimal
experimental conditions can ensure a limit of approximately
1 pM. All of the negative control samples, in which hTop1 was
not added, do not show any ﬂuorescent dot. An experiment carried
out with the same enzyme fraction but using the glass slides as
support for RCA permits the detection of clear positive signals for
no less than 300 pM of hTop1 (data not shown), demonstrating
that concentrating the signals onto beads leads to a considerable
increase in detection sensitivity.
In conclusion, the increase in sensitivity of REEAD attained by
concentrating the signal using magnetic beads may pave the way
for the future detection of hTop1 activity even in single cancerous
cells. This strategy could evolve into a standard protocol for screening the efﬁciency of speciﬁc CPT derivatives in chemotherapy.
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