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Apurinic/apyrimidinic (AP) endonucleases are vital DNA repair enzymes, and proposed to be a prognostic
biomarker for various types of cancer in humans. Numerous DNA sensors have been developed to
evaluate the extent of nuclease activity but their DNA termini are not protected against other nucleases,
hampering accurate quantification. Here we developed a new fluorescence enhancement (FE)-based
method as an enzyme-specific DNA biosensor with nuclease-protection by three functional units (an
AP-site, Cy3 and termini that are protected from exonucleolytic cleavage). A robust FE signal arises from
the fluorescent cis—trans isomerization of a cyanine dye (e.g., Cy3) upon the enzyme-triggered structural
change from double-stranded (ds)DNA to single-stranded (ss)DNA that carries Cy3. The FE-based assay
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rsc.li/rsc-advances and can be also utilized as a sensitive readout of other nuclease activities.

1. Introduction

AP endonucleases (apurinic/apyrimidinic) are key enzymes involved
in DNA base excision repair (BER), oxidative stress regulation, and
demethylation pathways. Moreover, many studies have recently
reported that AP endonuclease in humans (APE1) is overexpressed
in most cancer cells such as lung," ovarian,>® osteosarcoma,’
colorectal®® and breast'*"* cancers. APE1 thus has been proposed to
be a therapeutic target in various types of human cancer, and its
overexpression has been suggested to be a biomarker of cancer
progression. To date, numerous techniques have been developed to
evaluate the expression level of AP endonucleases, but each one has
its own advantages and disadvantages. For example, conventional
western blotting (WB)"**** involves multiple steps and is time-
consuming; and fluorescence-based sensors** and electro-
chemical biosensors™ recently developed have high sensitivity to AP
endonucleases but do not have absolute selectivity and specificity
because terminal ends of DNA sensors are not protected against
other exonucleases. Thus, there is an urgent need for a new
methodology capable of meeting sensitivity, selectivity, and speci-
ficity for early cancer diagnosis and cancer prognosis.
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Fluorescence enhancement (FE) is a photo-physical effect in
which the emission of a fluorophore becomes brighter due to
a local environmental change that raises the quantum yield of
the fluorophore. The photo-physical properties of cyanine dyes
are well characterized and their intensities vary depending on
cis-trans isomerization between fluorescent ¢trans-state and non-
fluorescent cis-state.”>*® In particular, when a protein binds to
the vicinity of Cy3, protein-induced fluorescence enhancement
(PIFE) occurs due to an increase of the lifetime and quantum
yield through isomerization events.”® Recent single-molecule
studies have quantified the extraordinary sensitivity of PIFE in
a range between 1 to 4 nm at the single molecule level and also
found that PIFE appears to be as a function of a distance
between the protein and the fluorophore.?”*® This proximity-
dependent effect has been utilized in various biophysical
studies, e.g., dynamics of polymerases*** and mechanisms of
helicases®** at the single molecule level as well as a motor
protein in bulk ensemble.*® Although PIFE has been used to
study activities of numerous enzymes at the single molecule
level, its transient fluorescent signal has limited the application
under steady-state experimental conditions.

In an effort to solve this unmet need, it is thus very important
to develop a rapid, reliable, and sensitive assay with analytical
capabilities that can make a large impact on a wide range of
applications from the rapid detection of biomarkers to the
unravelling of expression level of enzymes. Here, we report
a simple, rapid and sensitive technique that not only detects the
activity of type II AP endonuclease as a general cancer
biomarker but also accurately quantifies the amount of the
target enzyme. Our method can be achieved with the specific
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dsDNA probe that confers not only its target specificity via
protection of the termini from exonucleolytic cleavage but also
the FE-based readout via a change in the isomerization of
a cyanine fluorophore, Cy3, upon the structural conversion
from dsDNA to ssDNA. The purpose of biotin-NeutrAvidin end-
capping shown in Scheme 1 is to physically prevent all exonu-
cleolytic degradation. Therefore, the AP site of our probe is the
only site in which DNA can be endo-nucleolytically degraded by
the enzyme-specific activities of AP-endonucleases, endowing
specificity and selectivity toward APE1. In short, our DNA sensor
provides a new readout-platform of the FE that results from the
fluorescent cis—trans isomerization of a cyanine dye, Cy3. The
three functional groups of our probe (an AP-site, Cy3 and
termini protected from exonucleolytic cleavage) provide high
specificity and selectivity to the target AP endonuclease in the
presence of other nucleases.

2. Materials and methods
2.1 Materials and apparatus

DNA oligonucleotides were purchased from IDT (Integrated
DNA Technologies: Coralville, Iowa, USA), and their sequences
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Scheme 1 Schematic illustration of fluorescence enhancement (FE).
(A) Cis—trans isomerization of the cyanine fluorophore, Cy3, and
a biosensor capable of producing FE on Cy3 (dsDNA-FE) with an AP
site and exonucleolytic protection-antibody. (B) Enzymatic FE reaction
for type Il AP endonucleases containing the activities of AP endo- and
exo-nucleases. (C and D) Step-by-step procedures for reverting FE
and their corresponding results, illustrating that the molecular origin of
FE is cis—trans isomerization induced by a DNA structural change from
dsDNA to ssDNA. Error bars are means + SEM, and are produced by
three independent replications.
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can be found in Table S1 in the ESI.T NeutrAvidin and NHS-Cy3
were received from Pierce (USA) and GE Healthcare (USA),
respectively. T4 DNA polymerase and T7 exonuclease were
purchased from New England Biolabs (NEB: Ipswich, MA, USA).
Fluorescent measurements were recorded on a fluorescence
spectrometer (Model: FS-2, SCINCO, Inc., Seoul, Korea) using
a quartz cuvette with a path length of 10 mm (Starna Scientific:
16.100-F-Q-10/Z15) that contained reaction buffers in a range
between 50 to 100 pL.

2.2 Protein purification

Exonuclease 111,** Lambda exonuclease,® and Phi29 poly-
merase®® were purified as previously described. Briefly, they
were expressed in E. coli BL21(De3) star cells in 1 L of LB
(Conda) media with 100 ug mL™" of ampicillin (Duchefa) and
1 mM IPTG (LPS solution) at 18 °C for overnight, and APE1
(human) was expressed in E. coli BL21(De3) star cells in 1 L of LB
medium with 100 pg mL™" of ampicillin and 1 mM IPTG at
37 °C for 1 h. These proteins were FPLC-purified using Akta
Prime (GE Healthcare). For Exolll, standard A-buffer (20 mM
Tris-HCl, 200 mM NacCl, pH 7.5) and B-buffer (20 mM Tris-HCl,
200 mM NacCl, Imidazole 500 mM, pH 7.5) were applied to Ni-
NTA (HisTrap HP) for affinity purification. For APE1, standard
A-buffer (50 mM Tris-HCI, 200 mM NacCl, pH 7.5) and B-buffer
(50 mM Tris-HCl, 200 mM NacCl, imidazole 500 mM, pH 7.5)
were used for affinity purification. The purified proteins were
dialysed each A-buffer combined with glycerol (30%), aliquoted
and frozen in liquid nitrogen.

2.3 Cy3 labelling and annealing

For the fluorescent Cy3 conjugation, the non-hydrolysed strand
containing an internal amine-modification at various positions
was fluorescently labelled with Cy3 NHS ester (Ex/Em = 550/570
nm), as previously reported.’”?® The fluorescently labelled
oligonucleotide was annealed with its complementary strand
(molar ratio, 1 : 1) in Tris buffer (pH 8.0) with 100 mM NacCl by
heating at 95 °C for 2 min and cooling slowly to room temper-
ature for ~3 hours in a tube covered with aluminium foil. After
fluorescence labelling, the fluorescence efficiencies were
determined using Nanodrop™ and were more than 90%.

2.4 Gel-based degradation assay by electrophoresis

The activities of the enzymes (e.g., Exolll, hAPE1, and T4 DNA
polymerase) were confirmed by gel electrophoresis using the
Cy3-labelled AP DNA substrate (Fig. S1t). To prevent digestion
of the biotinylated ends, we further blocked these ends with
NeutrAvidin, taking advantage of the power of the NeutrAvidin-
biotin interaction. With NeutrAvidin in place, the exonuclease
reaction by Exolll was successfully prevented (Fig. S37). Next,
the Exolll reaction was performed in buffer C (10 mM Tris,
10 mM MgCl,, and 1 mM DTT, pH 7) for 3 min, and the hAPE1
reaction was performed with the AP-DNA substrate in buffer D
(50 mM potassium acetate, 20 mM tris-acetate, 10 mM
magnesium acetate, and 1 mM DTT, pH 7.9) for 3 min. For the
reaction by hAPE1, hAPE1 was combined with the AP-DNA
substrate in a tube for 10 min, and T4 DNA polymerase (100
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mM) was subsequently added to the same tube for 3 min. All
reactions were conducted at room temperature (25 °C), and
formamide was used to stop the enzymatic reactions. The gel
assays were run using denaturing gels (20% acrylamide, urea) at
room temperature (25 °C) for 1 h at 250 V.

2.5 NeutrAvidin attachment

For the capping-reaction to the biotinylated DNA termini using
NeutrAvidin, the NeutrAvidin (5 mg mL™') was diluted 10x.
Biotinylated dsDNA and NeutrAvidin (molar ratio, 1 : 10) were
mixed in a tube with 10 pL of DNA (10 uM), and 10 pL of Neu-
trAvidin (500 pg mL™") in the total volume of 30 pL of 1x
binding buffer (12% glycerol, 12 mM HEPES-NaOH [pH 7.9],
4 mM Tris-HCI [pH 7.9], 60 mM KCL, 1 mM EDTA, 1 mM DTT).
After mixing, the sample was placed in a 37 °C incubator with
shaking for 30 min in a dark tube. With NeutrAvidin in place,
the degradation reaction by various exonucleases was success-
fully prevented.*

2.6 Fluorescence spectrometer measurement

Fluorescence measurements were carried out using a fluores-
cence spectrometer (Model: FS-2, SCINCO, Inc., Nonhyeon-
dong, Gangnam-gu, Seoul, Korea) at room temperature. To
collect the Cy3 fluorescence signal, the excitation wavelength
was 532 nm and the emission-scanning range was 550 to
570 nm. All intensity measurements were conducted for 100 pL
of the solution in a quartz cuvette containing 1x reaction
enzyme buffer. To determine how PIFE increased the Cy3
intensity from the basal level, the fluorescently labelled DNA
probe was incubated in the quartz cuvette with either ExoIIl or
the sequential addition of APE1 and T4 DNA polymerase for
10 min at room temperature. After the completion of the reac-
tion, the Cy3 intensities were measured to evaluate the
enhancement of the Cy3 fluorescence intensity by the reactions.

3. Results and discussion
3.1 Design of a FE-based flaring biosensor

For a proof of concept, we chose E. coli Exolll, which belongs to
the type II family, as a representative AP endonuclease. ExollII is
a multifunctional enzyme that is capable of performing as
either an AP endonuclease or a 3’ — 5’ exonuclease, or both,
depending on the form of the DNA substrate.**** For instance, in
the presence of a dsDNA lacking an AP-site, it serves as a 3’ — 5’
exonuclease whereas in the presence of a dsDNA with an AP-site in
the middle of the dsDNA, the enzyme first recognizes and severs 5’
to the AP-site as an AP endonuclease and then subsequently
degrades one strand of dsDNA in the 3’ to 5 direction asa 3’ — 5
exonuclease, generating a 5’ ss-overhang. For ssDNA containing an
AP-site, ExollI cuts the AP-site and acts as a ss-endonuclease.*
Biochemical affinity studies**** have indicated that an AP
site can be employed as a bait for sensing AP endonucleases,
and recent technical developments have demonstrated
a distance-dependent PIFE.””*®* However, the PIFE method was
limitedly applied only to real-time single-molecule measure-
ments but the limitation came from the fact that PIFE
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transiently appears and spatiotemporally disappears when the
distance between a protein and Cy3 exceeds the proper prox-
imity. In addition, single molecule measurements require
special instruments and expertise to use the PIFE as a readout.

To overcome these limitations, we conceived a new FE
methodology by which the FE remains stable even after the
completion of the reaction. This methodology would make
experiments much easier and improve their fidelity and repro-
ducibility because the FE would become final product-
dependent but not transient interaction-dependent. To
develop such a fluorescence sensor, we paid attention to two
characteristics: (1) ExollII converts dsDNA to ssSDNA as a reaction
product and (2) Cy3 intensity is strongly affected by the local
environment around Cy3 so that it becomes brighter as the
following order: free Cy3 <Cy3 on dsDNA <Cy3 on ssDNA.* The
molecular basis of the photo-physical effect was found to be
redistribution of Cy3 cis-trans isomerization between fluores-
cent trans-state and non-fluorescent cis-state (top in Scheme
1A). If the isomerization of Cy3 takes place concomitant with
a structural change of the DNA probe, a new product-based
stable FE will be achieved.

For that purpose, an AP-site and Cy3 were incorporated into
dsDNA as the binding-hot-spot for AP endonucleases and
a fluorescent signal-generator, respectively. We constructed five
DNA probes in which the positions of Cy3 and the AP-site varied
and measured their fluorescent spectra in the presence of Exolll
and 10 mM Mg** using a FS-2 SCINCO fluorimetre™ (Fig. S21).
Consistently, the Cy3 emission peaks appeared at 570 nm.

We found that one of the DNA probes had a persistent FE
(termed as dsDNA-FE). The dsDNA-FE (bottom in Scheme 1A)
was composed of a non-hydrolysed fluorescence strand (3’
bottom strand) with Cy3 at 23 nt from the 3’ end; a hydrolysed
AP strand (5’ top strand) with an AP-site at 5 nt from the 3’ end;
and NeutrAvidin antibodies that blocked the dsDNA at all ends.
We thought that the stable FE resulted from the Cy3-bearing
ssDNA produced in the course of the hydrolysed strand degra-
dation starting from the AP-site, upon mixing Exolll with the
dsDNA-FE (Scheme 1B).

In contrast, the A2 probe, which has the NeutrAvidin but not
the AP site, did not produce any FE (Fig. S2t). We found that it
was not digested by Exolll (Fig. S3t). These experiments
confirmed that the terminal protection by NeutrAvidin pre-
vented the activity of exonucleases from the ends of dsDNA and
that both AP endo- and exo-activities were required for the
degradation of the dsDNA-FE. Overall, the data indicated that
the structural conversion from dsDNA to ssDNA was the source
of a stable FE, owing to a change in the isomerization frequency
between fluorescent ¢rans-state and non-fluorescent cis-state by
transforming local flexibility and mobility in the vicinity of Cy3.

3.2 Molecular origin of the persistent FE

To confirm that the FE arises from the Cy3 isomerization, we
reversed the degradation reaction step-by-step from ssDNA to
dsDNA to ascertain whether the reconstitution into the dsDNA-
FE suppressed the fluorescence signal (Scheme 1C). Upon
annealing of the 3’ bottom strand (Cy3-labelled ssDNA) and the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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5" top strand (complementary strand with AP-site), the fluores-
cence signal was reduced by half (Scheme 1D). The addition of
NeutrAvidin for terminal capping of DNA did not significantly
change the intensity of Cy3, but the subsequent addition of
Exolll increased the FE two-fold afterward. Therefore, we
concluded that the origin of the stable FE is indeed the isom-
erization of Cy3 caused by the structural conversion from
dsDNA to ssDNA.

The occurrence of the FE here reports whether an enzyme to
be tested contains both activities of AP endo- and exo-nucleases
(Scheme 1B). Importantly, the current FE methodology is photo-
physically different from the canonical PIFE, in that it is not
directly caused by the protein-Cy3 interaction. Rather, our FE
stems from the fact that the quantum yield of Cy3 in the final
product, ssDNA, is higher than that in dsDNA. Thus, the FE is
stable. A simple fluorescent dsDNA-FE with the AP-site func-
tions as a biosensor that is sensitive enough to identify type II
AP endonucleases.

3.3 Quantitative sensing for bacterial AP endonuclease
(ExolII)

We further investigated the effect of the presence or absence of
the AP-site and NeutrAvidin on the FE. Unlike the dsDNA-FE
(green in Fig. 1A), other dsDNA probes in which either the
NeutrAvidin (blue) or the AP-site (magenta), or both (orange)
were omitted did not exhibit a marked FE (Fig. 1A and B). The
results suggested again that both the AP-site and NeutrAvidin
were essential for the stable FE by ExolIl.

Next, we examined the capability to quantify the amount of
ExollI based on the FE. The spectra were obtained as a function

>
w

<
8
o)

&

600

300

Intensity (fold

Fluorescence Intensity (a.u.)

EXOlll
APsite -
NeutrAvidin - - - + o+

+

1.0
5 ﬂ ﬂ ﬂ
-+ o+ o+
+ +

540 560 580 600 620 640 660 680 700 720

Wavelength(nm)

900 —— dsDNA-FE 20
—_ e + EXOIIl 1nM
El +EXOlll 2nM —~ 18
s ———+ EXOIll 3nM 2
> —— +EXOlll 5nM s
5 600 +EXOlll 7nM - 16
5 ===+ EXOIll 10nM S
8 ——+EXOlll 20nM £
8 g™
£ 30 g
8 £ 121 [#
2
: ¥
£ . 10

540 560 580 600 620 640 660 680 700 720 [ 5 10 15 20
Wavelength(nm) EXOIll (nM)

Fig. 1 Quantification of the amount of AP endonuclease by FE. (A)
Fluorescence spectra obtained from various DNA probes with different
functional units, highlighting that both the AP site and NeutrAvidin play
essential roles in generating FE. (B) The effect of the presence or
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of the concentration of ExollI (hereafter [ExolII]) after ExolIl was
incubated with 80 nM dsDNA-FE probe (50 pL) for ~10 min. We
found that the FE occurred in a [Exolll]-dependent manner as
[ExoIII] was increased from 1 to 100 nM (Fig. 1C and D). A quan-
titation for ExollI could be spectroscopically determined by means
of the characteristic [ExoIlI]-dependent curve (Fig. 1C and D).

3.4 Quantitative sensing for human AP endonuclease
(hAPE1)

To develop a biosensor as a new tool for human applications, we
applied the same protocol developed for Exolll to hAPE1.
Although hAPE1 is structurally homologous to bacterial ExollI,
hAPE1 possesses strong activity of AP endonuclease but has very
weak 3’ to 5’ exonuclease activity compared to ExolII due to the
alteration in W280 residue*® (left of Fig. 2A). For this reason, the
conversion from dsDNA to ssDNA did not take place following
the addition of hAPE1 alone (Fig. 2B and C), and thus did not
exhibit any FE. We discovered that hAPE1 supplemented with
a 3’ to 5’ exonuclease activity by T4 DNA polymerase (DNAP),
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Fig. 2 Quantification of the amount of human AP endonuclease 1
(hAPEY). (A) A gel-electrophoresis assay showing the different activities
of Exolll and APEL. Exolll first cleaves the AP site and continues to
degrade dsDNA, whereas hAPE1 only possesses the activity of AP
endonuclease but not that of 3 — 5 exonuclease. However, the
addition of T4 DNAP, carrying the domain of 3 — 5 exonuclease,
recovers the combinatorial activity of both endo- and exo-nucleases.
(B and C) Neither hAPE1 nor T4 DNAP showed combinatorial activity,
but the addition of both showed this function, the same activity as
Exolll. (D) Fluorescence spectra obtained as a function of [hAPE1]
supplemented with 100 mM T4 DNAP. (E) Intensity vs. [nAPE1] curve
showing the fold change in FE. Error bars are means + SEM, and are
produced by three independent replications.
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Fig. 3 Enzymatic specificity of the biosensor (dsDNA-FE). (A) Fluo-
rescence spectra were obtained from various exonucleases, demon-
strating that the dsDNA-FE selectively detects type Il AP
endonucleases over the activity of other 3 — 5 or 5 — 3’ exonu-
cleases. Error bars are means + SEM, and are produced by three
independent replications. (B) Quantification of fluorescence intensity
of (A) at the wavelength of 568 nm.

recapitulated the multi-functional ExoIlI activities of both the
AP endo- and exo-nucleases (right of Fig. 2A). Further tests
confirmed that neither hAPE1 or T4 DNAP resulted in the FE but
the combination of both the proteins resulted in a marked FE,
comparable to that by ExolII (Fig. 2B and C).

To quantitatively detect APE1, we increased [APE1] from 0.01
to 5 nM in the presence of 100 nM T4 DNAP. The [APE1]
dependence on FE appeared in a wide range from 0.01 to 1 nM
(Fig. 2D and E), and saturated beyond 1 nM APE1. The high
sensitivity with the 10-fold range indicated that the quantitative
determination of APE1 can be spectroscopically assessed by the
characteristic [APE1]-dependent curve (Fig. 2E).

3.5 Specificity of the DNA sensor for type II AP
endonucleases

The dsDNA-FE should be specific only for type II AP endonu-
cleases and not detect other nucleases abundant in cells (e.g:, 3’
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— 5" and 5 — 3’ exonucleases; and site-specific and site-
nonspecific endonucleases). However, it has been reported
that no other endonuclease exists in human cells except for
hAPE1 as a sequence-specific or nonspecific endonuclease, even
though many endo-nucleases are present in prokaryotic systems.
Therefore, we only considered exonucleases as the other types of
nucleases that cleave the DNA probe. We tested hAPE1 alone; T4
DNAP and Phi29 DNAP as examples of 3’ — 5’ exonucleases; and
T7 exonuclease and lambda exonuclease as examples of 5 — 3
exonucleases. We found that the FE occurred only when ExollI or
hAPE/T4 DNAP were added to the reaction buffer that contained
dsDNA-FE and 10 mM Mg>*, but not when other exonucleases
were added (Fig. 3A and B). This result suggested that the dsDNA-
FE provides high specificity for sensing type II AP endonucleases
even in the presence of other exonucleases.

4. Conclusion

We developed a sensitive fluorometric assay not only for
detecting AP endonucleases (e.g., bacterial Exolll and human
APE1) but also for assaying the amount of AP endonucleases
based on [enzyme]-dependent characteristic FE-curves (Fig. 1D
and 2E). The persistent FE-based approach provides an accurate
platform for characterizing the type II family of AP endonucle-
ases due to resistance to the nonspecific digestion by other
nucleases (Fig. 1B and 2C). Fig. 2E shows the linear response of
our sensor in the range of nanomolar (10~° M) to tens of
picomolar (10~ "' M). The detection limit is 5 x 10~ ** M hAPE1,
determined by the target enzyme concentration, corresponding
to the second lowest concentration. The fold-change intensity is
20% higher than that of no enzyme control (dsDNA-N only),
confidently detecting hAPE1 within the statistical error bars (1.2
+ 0.05, mean + SD with three independent replications). The
detection limit of our method is much better than other popular
methods, such as 10~7 M for surface plasmon resonance*” and
10~ M for an electrophoretic gel mobility assay.*® The sensi-
tivity of FE is as low as 5 x 10" '" M to detect hAPE1 due to its
sub-nanomolar sensitivity (see, blue and orange curves in
Fig. 2D). This sensitivity is ~100 fold more sensitive compared
to other fluorescence-based methods with current sensi-
tivity'®”1 of 10~ M. This extremely high sensitivity may result
from the fact that the AP endonuclease recognizes and tightly
binds to AP-sites via topological coupling between the AP-
substrate and enzymes**** and the subsequent reaction
converts the DNA structural change to the change in Cy3
isomerization state of a single fluorophore.>** Another advan-
tage of our method is that it is relatively simper than fluorescent
energy-transfer based methods between two fluorophores (e.g.,
FRET or quencher-based sensors) in that it utilizes the isom-
erization property of a single cyanine dye.

In short, our method is a new analytical tool that uses
a robust readout of the fluorescent cis-trans isomerization of
a cyanine dye (Cy3) to detect AP endonucleases at very low
concentrations. More importantly, the three functional groups
incorporated in our probe (an AP-site, Cy3 and exonucleolytic
protected termini) provide high specificity and selectivity to
target AP endonucleases relative to other nucleases due to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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terminal protection that prevents degradation if any other
exonucleases are present in the sample (Fig. 3A and B). This
fluorometric platform can be extended for rapid and high-
throughput applications with cell lysate samples in the presence
of other nucleases, for example, in detecting disease-causing
enzymes, quantifying enzyme activity, and screening therapeutic
inhibitors, by incorporating a multi-well plate reader.
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