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Abstract

DNA alkylation and oxidation are two most common forms of cytotoxic damage with the characteristics of
mutagenic and carcinogenic. Human alkyladenine DNA glycosylase (hAAG) is the only glycosylase known to
repair a wide variety of alkylative and oxidative DNA lesions. However, few approaches are capable of
real-time monitoring hAAG activity.

Methods: Herein, we develop a facile fluorescent strategy for homogeneous and sensitive sensing of hAAG
activity based on the controllable autocatalytic cleavage-mediated fluorescence recovery. The presence of
hAAG enables the cleavage of hairpin probe 1 (HPI) at the damaged 2'-deoxyinosine site by AP endonuclease
1 (APEI), forming a DNA duplex. The trigger 1 built in the resultant DNA duplex may hybridize with hairpin
probe 2 (HP2) to induce the T7 exonuclease (T7 exo)-catalyzed recycling cleavage of HP2 (Cycle |) to release
trigger 2. The trigger 2 can further hybridize with the signal probe (a fluorophore (FAM) and a quencher
(BHQI1) modified at its 5" and 3’ ends) to induce the subsequent recycling cleavage of signal probes (Cycle Il) to
liberate FAM molecules. Through two-recycling autocatalytic cleavage processes, large amounts of fluorophore
molecules (i.e., FAM) are liberated from the FAM-BHQI fluorescence resonance energy transfer (FRET) pair,
leading to the amplified fluorescence recovery.

Results: Taking advantage of the high accuracy of in vivo DNA repair mechanism, the high specificity of T7
exo-catalyzed mononucleotides hydrolysis, and the high efficiency of autocatalytic recycling amplification, this
strategy exhibits high sensitivity with a detection limit of 4.9 x 1076 U/pL and a large dynamic range of 4 orders
of magnitude from | X 10-5 to 0.1 U/pL, and it can further accurately evaluate the enzyme kinetic parameters,
screen the potential inhibitors, and even quantify the hAAG activity from 1 cancer cell.

Conclusion: The proposed strategy can provide a facile and universal platform for the monitoring of DNA
damage-related repair enzymes, holding great potential for DNA repair-related biochemical research, clinical
diagnosis, drug discovery, and cancer therapy.

Key words: DNA alkylation and oxidation, alkyladenine DNA glycosylase, autocatalytic recycling amplification,
fluorescence recovery, clinical diagnosis

Introduction

The Watson-Crick-pairing bases in DNA double  heterocyclic bases (i.e., A, T, G, and C) contain an
helix constitute the genetic codes that are critically = large number of nucleophilic / redox-active sites,
important for all organisms [1]. However, the  which are susceptible to the reactions with the
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extracellularly and  endogenously  produced
electrophiles / reactive oxygens to yield a vast array
of DNA alkylative and oxidative lesions (e.g.,
3-alkyladenine, 7-alkylguanine, 1-N?-ethenoguanine,
1-Né-ethenoadenine, and hypoxanthine) [2-4]. Recent
researches indicate that the alkylative and oxidative
lesions may either block DNA replication by
impeding polymerases or cause mutations by creating
abasic sites and eventually induce carcinogenesis
progressions [3, 5-7]. Human alkyladenine DNA
glycosylase (hAAG) is the only DNA glycosylase
identified to date in human cells that can specially
recognize and structurally excise a wide variety of
DNA alkylative and oxidative lesions [8], and its
aberrant activity may cause the malfunction of
alkylated DNA damage repair, resulting in multiple
human diseases (e.g., chronic inflammation, Crohn'’s
and Wilson’s diseases) [9-11] and cancers (e.g., colon,
liver, lung, cervix, glioblastoma, lymphomas,
melanoma and leukemia cancers) [10-14]. Therefore,
hAAG has been proposed as a biomarker in the
alkylation- and oxidation-mediated diseases. The
importance of hAAG has provided the impetus for
developing accurate quantification methods.

Despite the important roles of hAAG in
biomedical and clinical researches, few approaches
are capable of real-time monitoring the hAAG activity
due to the limited knowledge about its catalytic
pathway. The reported methods for hAAG assay are
usually based on gel electrophoresis using the labeled
(y-*2P) DNA substrates [15, 16], immunoblot analysis
with  the  horseradish  peroxidase-conjugated
immunoglobulins [17], single-molecule counting by
DNA repair-responsive molecular beacons [12], and
fluorescence monitoring through target-directed
hyperbranched  amplifcation =/  base-excision
repair-mediated triple amplification [18, 19].
However, the gel-based radiometric assays [15, 16]
usually suffer from the hazardous radiation,
complicated manipulation, and time-consuming
procedures; The enzyme-linked immunoassay [17]
generally requires the costly protein antibodies,
stringent reaction conditions, and labor-consuming
operations. Notably, these assays are only capable of
semi-quantitatively detecting hAAG activity. Even
though some reported fluorescence assays [12, 18, 19]
can quantitatively measure hAAG activity with
improved sensitivity, the single-molecule
counting-based fluorescence assay [12] involves the
complicated molecular beacon designs, expensive
instruments, and sophisticated manipulation, and the
hyperbranched amplifcation- / triple
amplification-based fluorescence assays [18, 19]
require multiple tool enzymes, complicated probe /
template preparations, and cumbrous experimental

procedures. Thus, the development of facile, accurate
and sensitive methods for hAAG assay is highly
desirable.

T7 exonuclease (I7 exo) is a unique
sequence-independent nuclease, and it can selectively
catalyze the stepwise hydrolysis of mononucleotides
from 5'-phosphoryl (PO,) / 5'-hydroxyl (OH) termini
/ at gaps and nicks of the double-stranded DNA
(dsDNA), but it does not act on the single-stranded
DNA (ssDNA) [20]. Moreover, T7 exo can degrade
RNA and DNA from the RNA/DNA hybrids in the 5'
to 3' direction, but it is not active on the
double-stranded and single-stranded RNA [21].
Importantly, T7 exo exhibits high resolution in
discriminating single-base mismatch [22]. Taking
advantage of its unique characteristics (e.g., sequence
independence, substrate diversity, high catalytic
activity, and excellent single-base discrimination), T7
exo is ideal for constructing the cyclic enzymatic
signal amplification (CESA) systems [23]. The CESA
systems are generally based on nucleases, in which
one input target may lead to multiple cycles of
target-dependent nuclease cleavage of reporter
probes for the amplified output signal, enabling
simple, rapid and sensitive detection of nucleic acids
[24-26]. Recently, nucleases such as exonuclease III
(Exo III) [27, 28], deoxyribonuclease I (DNase I) [29],
duplex-specific nuclease (DSN) [30, 31] and
endonucleases (e.g., Nb.BbvClI [32], Nt.AiwlI [33], and
Fok I [34] have been recruited to fabricate different
CESA systems for the detection of various
biomolecules including nucleotides [28-31, 34],
enzymes [27, 33], proteins [32], and small molecules
[32]. Due to the intrinsic properties of nucleases, these
CESA systems have some unavoidable limitations in
practical applications. For example, Exo IIl as the
most frequently used tool nuclease can remove
mononucleotides from the blunt /recessed 3'-OH
termini of dsDNA, but it requires 4 bases / longer
3'-protruding sequence to prevent the cleavage,
complicating the probes design [35]. In addition, Exo
III activity may be disturbed by many factors
including sequence structure, salt concentration and
ratio of enzyme to DNA substrates [36]. DNase I not
only nonspecifically digests the dsDNA into
oligodeoxyribonucleotides, but also degrades the
ssDNA, and thus it is more suitable for purifying the
contaminant DNA from the non-RNA preparations
[29]. DSN can specifically degrade DNA in both
dsDNA and DNA-RNA hybrids, with little activity on
single-stranded nucleic acids and double-stranded
RNA, but it exhibits cleavage activity only towards
the sequences of dsDNA and DNA-RNA hybrids
longer than 10 bp and 15 bp, respectively [37]. For
endonucleases (e.g., Nb.BbvClI [32], Nt.Aiwl] [33] and
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Fok I [38], they are a special family of restriction
endonucleases that can recognize a specific sequence
known as a restriction site along a dsDNA and they
only cut one strand to leave a nick in dsDNA, but they
all have strict requirements of the sequence and
length in DNA probe design. To overcome the
limitations of above nucleases, we alternatively utilize
17 exo to construct a new CESA system for facile,
homogeneous and sensitive detection of human
alkyladenine DNA glycosylase (hAAG) based on the
controllable autocatalytic cleavage-mediated
fluorescence recovery. Upon the specific cleavage of
hairpin substrate (i.e., hairpin probe 1 (HP1)) at the
damaged 2'-deoxyinosine site by hAAG and APEIl,
the hairpin structure of HP1 is unfolded to generate a
DNA duplex. Trigger 1 built in the resultant DNA
duplex may partially hybridize with HP2 through the
toehold-mediated strand displacement reaction
(TMSDR) to induce the T7 exo-catalyzed recycling
cleavage of HP2 to release trigger 2. Trigger 2 is
partially complementary with the signal probe (a
10-nt DNA fragment modified by a fluorophore
(FAM) and a quencher (BHQ1) at its 5’ and 3' ends),
and it can induce the subsequent recycling cleavage of
signal probes. Through two-recycling autocatalytic
cleavage processes, large amounts of fluorophore
molecules (i.e., FAM) are liberated from the
FAM-BHQ1 fluorescence resonance energy transfer
(FRET) pair, leading to the amplified fluorescence
recovery. Taking advantage of the ubiquitous DNA
repair mechanisms in vivo, the excellent features of T7
exo and the intrinsic superiorities of fluorescence
strategy, the proposed method can provide a facile
and robust biosensing platform for homogeneous
detection of hAAG activity with high sensitivity and
good specificity.

Materials and Methods

Chemicals and materials

Human alkyladenine DNA glycosylase (hAAG),
10x ThermoPol reaction buffer (200 mM trizma
hydrochloride (Tris-HCI), 100 mM ammonium sulfate
((NH4)2SO4), 100 mM potassium chloride (KCI), 20
mM magnesium sulfate (MgSOy), 1% Triton X-100, pH
8.8), human apurinic/apyrimidinic endonuclease
(APE1), 10x NEBuffer 4 (500 mM potassium acetate
(KAc), 200 mM tris-acetate (Tris-Ac), 100 mM
magnesium acetate (Mg(Ac)2), 10 mM
DL-Dithiothreitol (DTT), pH 7.9), T7 exonuclease (T7
exo0), and wuracil-DNA glycosylase (UDG) were
purchased from New England BioLabs (Beverly, MA,
USA). Thymine DNA glycosylase (TDG) was bought
from R&D System (Minneapolis, Minnesota, USA).
Tris-HCl (PH 8.0), ammonium sulfate ((NH4)2SO4),

MgSQO,, sodium chloride (NaCl), magnesium chloride
(MgCls), chromium(II) chloride (CdCly), and bovine
serum albumin (BSA) were obtained from Sigma
Aldrich Company (St. Louis, MO, USA). SYBR Gold
was bought from Life Technologies (Carlsbad, CA,
USA). The rabbit anti-hAAG polyclonal antibody was
obtained from Shenzhen ZIKER Biotech Co., Ltd.
(Shenzhen, China). The actin and histone H3 were
bought from Wuhan Service Biotech Co., Ltd.
(Wuhan, China). All other chemicals and solvents
with analytical grade were used as received without
further purification. Solutions were prepared using
high-purity water obtained from a Millipore filtration
system (Millipore, Milford, MA, USA). Human
cervical carcinoma cell line (HelLa cells) and lung
adenocarcinoma cell line (A549 cells) were bought
from Cell Bank, Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences (Shanghai,
China). The oligonucleotides (Table 1) were
synthesized by Sangon Biotech Co., Ltd. (Shanghai,
China).

Table 1. Sequences of the Oligonucleotides®

note sequences (5'-3")

hairpin probe 1 GTA GTG AGG TAG GTT GTA TIG TTG GGT TGA ACT
ATA CAA CCT ACC

hairpin probe 2 TGT ATA GTT CAA CCC GGG ACC TAA GAG CAT TCT
ACA CCTCTT AGG TCCCTG C

signal probe FAM-AAG AGG TGT A-BHQ1

cleavage product GTA GTG AGGTAGGTTGTAT

trigger 1 GTT GGG TTG A ACTAT ACA ACCTACC

trigger 2 CAT TCT ACA CCT CTT AGG TCC CTG C

aln hairpin probe 1 (HP1), the underlined base “I” indicates a 2'-deoxyinosine, and
the italicized regions indicate the complementary sequences. In hairpin probe 2
(HP2), the italicized regions indicate the complementary sequences. In signal
probe, a 6-carboxy-fluorescein (FAM) and a black hole quencher 1 (BHQ1) are
modified at the 5' and 3' ends, respectively.

DNA repair-controlled T7 exo-assisted
autocatalytic recycling signal amplification

Before performing the amplification reaction, all
synthesized oligonucleotides were dissolved in 1x
Tris-EDTA as the stock solutions, stored at -20 °C. The
hairpin probes (i.e., HP1 and HP2) were diluted to 1
pM with hybridization buffer (10 mM Tris-HCl, 1.5
mM MgCl,, pH 8.0), and incubated at 95 °C for 5 min,
followed by slowly cooling to room temperature for
folding into a perfect hairpin structure. The hAAG
assay involves two consecutive reaction steps: (1) 2 pL
of HP1 (1 pM) were added into the excision reaction
system (20 pL) including variable-concentration
hAAG, 2 puL of 10x ThermoPol reaction buffer, 0.3
U/uL APE1, 2 uL of 10x NEBuffer 4, incubated at 37
°C for 60 min; (2) 5 pL of above excision products was
added into the amplification reaction system (20 pL)
including 250 nM HP2, 700 nM signal probes, 15 U of
T7 exo, 2 pL of 10x NEBuffer 4, followed by
incubation at 25 °C for 50 min in the dark for T7
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exo-assisted autocatalytic
reaction.

recycling amplification

Fluorescence measurement and gel
electrophoresis

The 20 pL of amplification products were diluted
to 60 pL with ultrapure water. At the excitation
wavelength of 491 nm, the fluorescence spectra were
scanned in the range from 505 to 620 nm by a
HitachiF-7000  fluorescence spectrophotometer
(Tokyo, Japan). The fluorescence intensity at 520 nm
was recorded for data analysis. To analyze the
excision products and the amplification products, 12%
nondenaturating polyacrylamide gel electrophoresis
(PAGE) was performed in 1x TBE buffer containing 9
mM Tris-HCl, 0.2 mM EDTA, 9 mM boric acid, pH 7.9,
with SYBR Gold as the fluorescent indicator. After
electrophoresis at 110 V constant voltages for 45 min
at room temperature, the gels were imaged with a
ChemiDoc MP Imaging System (Hercules, California,
USA).

Kinetic assay

The hAAG-catalyzed 2'-deoxyinosine-excision
reaction was carried out at 37 °C in 20 pL of excision
reaction system (0.1 U/pL hAAG, 2 pL of 10x%
ThermoPol reaction buffer, 0.3 U/uL APE1, 2 uL of
10x NEBuffer 4 and variable-concentration HP1) for 5
min. After excision reaction, the excision products
were added into the amplification reaction system
(250 nM HP2, 700 nM signal probes, 15 U of T7 exo, 2
uL of 10x NEBuffer 4), and the hAAG activity was
measured according to the procedures described
above. The obtained experimental data were fitted to
the equation 1 to obtain the enzyme kinetic
parameters:

V'=Vimax[S] / (K + [S]) (1)

where Vi is the maximum initial velocity, [S] is
the concentration of DNA substrate, and Kn is the
Michaelis-Menten constant corresponding to the
concentration at half-maximal velocity.

Inhibition assay

Variable-concentration CdCl, was incubated
with 0.1 U/uL hAAG at 37 °C for 15 min. Then 2 uL of
10x ThermoPol reaction buffer, 0.3 U/ulL APE1, 2 uL
of 10x NEBuffer 4, and 100 nM HP1 were added into
the reaction mixture, followed by incubation at 37 °C
for 60 min. After the excision reaction, 5 pL of excision
products was added into the amplification reaction
system (250 nM HP2, 700 nM signal probes, 15 U of T7
exo, and 2 puL of 10x NEBuffer 4) for hAAG assay
according to the procedures described above. The
relative activity (RA) of hAAG was determined based
on the equation 2:

RA =(Fi-Fo) / (Fi— Fo) (2)

where Fo is the fluorescence intensity in the
absence of hAAG, and F; is the fluorescence intensity
in the presence of 0.1 U/uL hAAG , and F; is the
fluorescence intensity in the presence of both 0.1
U/uL hAAG and variable-concentration CdCl,. The
half maximal inhibition (ICso) was determined from
the fitted curve of RA versus the CdCl, concentration.

Cell culture and preparation of cellular
extracts

Human cervical carcinoma cell line (HeLa cells)
and lung adenocarcinoma cell line (A549 cells) were
cultured with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (Gibco, USA) in Dulbecco’s
modified Eagle’s medium (DMEM) at 37 °C in a
humidified chamber with 5% CO:. In the exponential
phase of growth, HelLa and A549 cells were collected
and washed with ice-cold PBS (pH 7.4, Gibco, USA),
followed by centrifugation at 800 rpm for 5 min. The
hAAG enzyme was extracted by a nuclear extract kit
(40010) (Active Motif, Carlsbad, CA, USA). The
obtained supernatant was immediately subjected to
the hAAG activity assay.

Western blotting and ELISA analyses

For western blotting analysis, the rabbit
anti-hAAG polyclonal antibody (ZIKER-2412R,
ZIKER Bio, Shenzhen, China) was used against hAAG
expressed in HeLa cells. HeLa cells were collected,
and the hAAG enzyme was extracted from the
cytoplasm, nucleus, and whole cell, respectively, with
the nuclear extract kit (40010) according to the
procedures  described above. The obtained
supernatants from different parts of HeLa cells were
analyzed by western blotting. With actin (GB12001,
Servicebio, Wuhan, China) and histone H3 (RLM3038,
RuiYing Bio, Wuhan, China) as the internal reference
proteins, the levels of hAAG protein from cytoplasm,
nucleus and whole cell extracts were evaluated with a
western blot detection kit (E-IR-R304A) (Elabscience,
Wuhan, China). The immune complexes were
detected by an excellent chemiluminescent substrate
detection kit (E-BC-R347) (Elabscience, Wuhan,
China), and the protein strips can be clearly displayed
on the X-ray film. The intensities of strips were
determined by densitometic scanning on Epson V300
scanner (Epson, Suwa, Japan) and quantified by
Alpha Ease FC software (Alpha Innotech, San.
Leandro, CA, USA). For ELISA analysis, the
supernatants from different parts of 1000 HeLa cells
were obtained according to the same procedures
described above, and analyzed by using an ELISA kit
(ZK-H2553) (ZIKER Bio, Shenzhen, China). The
corresponding  optical densities (O.D.) were
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quantified by using a SpectraMax i3x multi-mode
microplate reader (Molecular Devices, San. Jose, CA,
USA) at a wavelength of 450 nm.

Results and Discussion

HAAG-catalyzed damaged base-excision
repair

HAAG is a type of monofunctional DNA
glycosylates with only glycosylase activity [39]. As
shown in Figure 1, upon the exposure of genomic
DNA to alkylative or oxidative damages, hAAG can
specifically recognize and excise lesions by flipping
the damaged nucleotides 180° out of the double helix
and hydrolyzing the C1-N glycosidic bond, leaving
an apurinic / apyrimidinic (AP) site [42]. The AP site
can be recognized and excised by human AP
endonuclease 1 (APEl) through cleaving the
phosphodiester bond 5' to the damaged site, leaving
5'-deoxyribose phosphate (5'-dRP) and 3'-OH termini
[39]. The subsequent repair process will be completed
by DNA polymerase and DNA ligase.

Principle of hAAG assay

The principle of the controllable autocatalytic
cleavage-induced fluorescence recovery for hAAG
assay is illustrated in Scheme 1. We designed two
hairpin probes (i.e., HP1 and HP2) with a protruding
5'-OH terminus for the prevention of the cleavage by
T7 exo [20]. In HP1, one 2'-deoxyinosine (I) lesion is
modified on the stem at the site 3 bases away from the
loop, which functions as the recognition site for
hAAG [12]. The signal probe is a 10-nt DNA sequence
with a 6-carboxy-fluorescein (FAM) and a black hole
quencher 1 (BHQ1) modified at the 5’ and 3' termini,
respectively, with the fluorescence of FAM being
quenched by BHQI through the fluorescence energy

resonance transfer (FRET) effect [40]. T7 exo is the
“heart” of this CESA system, and it is in charge of the
running  of  autocatalytic  recycling  signal
amplification. The proposed strategy mainly involves
two consecutive reaction steps: (1) the specific
cleavage of HP1 at 2'-deoxyinosine site by hAAG and
APE1, and (2) T7 exo-assisted autocatalytic recycling
signal amplification. In the presence of hAAG, it will
specifically recognize and cleave the HP1 at the
2'-deoxyinosine site (I, Scheme 1, green color),
unfolding the hairpin structure, and simultaneously
generating a dsDNA duplex (I) with the protruding
5'-OH and 5'-dRP) termini. Because the red region of
resultant dsDNA (I) is complementary with the
yellow region of hairpin probe 2 (HP2), one strand
with the protruding 5'-dRP termini (i.e., trigger 1) in
dsDNA (I) will partially hybridize with the stem of
HP2 through the TMSDR, forming a dsDNA duplex
(II) with a recessed 5-OH terminus. The resultant
dsDNA duplex (II) can function as the substrate of T7
exo and is specifically hydrolyzed from the recessed
5'-OH terminus in HP2, releasing trigger 1 and trigger
2 which is originally built in HP2. Because the signal
probe (Scheme 1, purple color) is complementary with
the pink region of trigger 2, the released trigger 2 will
hybridize with the signal probe to form a dsDNA
duplex (III) with a recessed 5'-OH terminus, which
can act as the substrate of T7 exo for the initiation of
hydrolyzation from the recessed 5'-OH terminus of
signal probe. As a result, the signal probe in dsDNA
(III) is selectively hydrolyzed to liberate the FAM
molecule, and the trigger 2 remains intact to be
released from the dsDNA (III) simultaneously.
Benefiting from strategically keeping the 5-OH
termini in the protruding states during the
autocatalytic hydrolysis process, trigger 1 and trigger
2 in dsDNA duplexes are protected from the cleavage
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Figure 1. Mechanism of hAAG-catalyzed base-excision repair. The hAAG can remove the damaged 2'-deoxyinosine (red color) to produce an AP site. The AP site will

subsequently be cleaved by APEI to generate the 5'-dRP and 3'-OH termini.
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by T7 exo. Consequently, the released trigger 1 can
partially hybridize with the excess HP2 to induce T7
exo-catalyzed recycling cleavage of HP2 (Cycle I) to
release multiple trigger 2, and the released trigger 2
can subsequently hybridize with free signal probes to
induce T7 exo-catalyzed recycling cleavage of signal
probes (Cycle II) to Iliberate numerous FAM
molecules. Through two-recycling autocatalytic
cleavage processes, large amounts of fluorophore
molecules (i.e, FAM) are liberated from the
FAM-BHQ1 FRET pair, leading to a significantly
amplified fluorescence signal. In the absence of
hAAG, the 2'-deoxyinosine lesion cannot be
recognized and the HP1 cannot be cleaved by APEL.
The HP1 and HP2 with the protruding 5'-OH termini
may hinder T7 exo-assisted autocatalytic recycling
cleavage process without the generation of an
amplified fluorescence signal. Taking advantage of
the high accuracy of in vivo DNA repair mechanism,
the high specificity of T7 exo-catalyzed
mononucleotides hydrolysis in DNA duplex, and the
high efficiency of autocatalytic recycling amplification
reaction, the proposed strategy provides a facile and
robust platform for the detection of hAAG activity
with high specificity and sensitivity.

Validation of the hAAG assay

We used nondenaturating gel electrophoresis to
investigate whether hAAG can catalyze the cleavage
of HP1 at the 2'-deoxyinosine site with the coexistence
of APE1 to induce the subsequent T7 exo-assisted
autocatalytic recycling cleavage reaction. As shown in
Figure 2A, in the presence of APE1 + HP1, only one
band from the original HP1 (45 nt) (Figure 2A, lane 3)
is observed (Figure 2A, lane 4), indicating that the
absence of hAAG cannot induce the cleavage of HP1
at the 2'-deoxyinosine site. While in the presence of

dRP

T
-'-

yondH

thymine I 2'-deoxyinosine

drRP deoxyribose

hAAG + APE1 + HP1, the characteristic bands of 19 nt
and 25 nt are detected (Figure 2A, lane 5), which are
exactly the sizes of the 19-nt cleavage product (Figure
2A, lane 1) and the 25-nt trigger 1 (Figure 2A, lane 2),
demonstrating that hAAG can specifically excise the
2'-deoxyinosine and induce the subsequent cleavage
of HP1 by APEl to generate two short DNA
fragments (i.e., the 19-nt cleavage product and the
25-nt trigger 1). To investigate the subsequent T7
exo-directed autocatalytic recycling cleavage process,
5 pL of the above cleavage products (Figure 2A, lanes
4 and 5) were added into 20 pL of amplification
reaction system containing HP2, signal probe and T7
exo for the autocatalytic recycling cleavage reaction.
Upon the termination of reaction, nondenaturating
gel electrophoresis was performed to analyze the
reaction products. As shown in Figure 2B, in the
absence of hAAG, only the band of HP2 (52 nt) is
detected (Figure 2B, lane 1), suggesting that no
cleavage reaction happens. While in the presence of
hAAG, another characteristic band (25 nt) is observed
(Figure 2B, lane 3), with the same size of the
synthesized trigger 2 (25 nt) (Figure 2B, lane 2),
indicating that the 25-nt trigger 1 (i.e., hAAG- and
APEl-catalyzed the cleavage product of HP1) can
partially hybridize with HP2 through TMSDR to
initiate the T7 exo-catalyzed recycling cleavage of
HP2 to release large amounts of trigger 2 (25 nt,
Figure 2B, lane 3). These results (Figures 2A and 2B)
clearly demonstrate that hAAG and APEl can
catalyze the cleavage of HP1 at the 2'-deoxyinosine
site to generate a 25-nt trigger 1 for the initiation of
subsequent T7 exo-directed autocatalytic recycling
cleavage of HP2 to release trigger 2. Notably, no extra
band is observed in the presence of APE1 + HP1
(Figure 2A, lane 4), hAAG + APE1 + HP1 (Figure 2A,
lane 5), and hAAG + APEl + T7 exo + HP1 + HP2

Signalon

+s+Qg@¥oH

yor—Il Lo

Cyclell
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° 5’0OH (@ 3'0H

50H 'y 3°0H
RGN &1 2 W'Y H i
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Scheme 1. Schematic illustration of the controllable autocatalytic cleavage-induced fluorescence recovery for hAAG assay. This strategy involves two consecutive steps: (1) the
specific cleavage of HP1 at 2'-deoxyinosine site by hAAG and APEI, and (2) T7 exo-assisted autocatalytic recycling signal amplification.
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(Figure 2B, lane 3), suggesting the high specificity of
the DNA repair-controlled T7  exo-assisted
autocatalytic recycling amplification without the
generation of nonspecific DNA fragments. The
extremely high specificity may be attributed to three
factors: (1) the high accuracy of in vivo DNA repair
mechanism, (2) the high  specificity  of
hAAG-catalyzed 2'-deoxyinosine excision, and (3) the
high resolution of T7 exo-mediated single-base
mismatch discrimination.

Detection sensitivity of hAAG assay

To achieve the best assay performance, we
optimized the experimental conditions including the
amplification reaction time, HP2 concentration and
signal probe concentration, and the amount of T7 exo
(Figures S1-54, see Supporting Information). Under
the optimally experimental conditions, we measured
the variance of fluorescence spectra with different
concentrations of hAAG (Figure 3A). With the hAAG
concentration increasing from 1 x 10 to 0.1 U/pL, the
fluorescence intensity enhances correspondingly
(Figure 3B). Notably, a good linear relationship
between the fluorescence intensity and the logarithm
of hAAG concentration is obtained over a large
dynamic range of 4 orders of magnitude from 1 x 10-°
to 0.1 U/pL (inset of Figure 3). The linear regression
equation is F = 5137.9 + 901.8 logio C with a correlation
coefficient of 09942, where F represents the
fluorescence intensity and C represents the hAAG
concentration (U/pL). The detection limit is
calculated to be as low as 49 x 10 U/pL by
evaluating the average value of the negative control
plus three times standard deviation. The sensitivity of
this strategy is superior to those of the gel-based
radiometric assays [15, 16], the immunoassay [17],
and is improved by 18.4-fold compared with that of
target-directed hyperbranched amplifcation-based
fluorescence assay (9.0 x 10> U/pL) [18], 5.3-fold
compared with that of base-excision repair-mediated
triple amplification-based fluorescence assay (2.6 X

A
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—
f—

40 bp

45 nt

20 bp
25 nt
19 nt

25 nt
19 nt

10-> U/pL) [19], and is even comparable to that of
single-molecule counting-based fluorescence assay
(8.7 x 107 U/pL) [12]. The high sensitivity can be
ascribed to the following factors: (1) the high accuracy
of in vivo DNA repair mechanism, (2) the high
specificity of T7 exo-catalyzed mononucleotides
hydrolysis in DNA duplex, and (3) the high efficiency
of autocatalytic recycling amplification. In addition,
we evaluated the reproducibility of this strategy
through 5 successive assays of 0.1 U/uL hAAG. The
relative standard deviation (RSD) is determined to be
2.63%.

Selectivity of hRAAG assay

To investigate the selectivity of the proposed
assay, we used the nonspecific proteins (e.g., bovine
serum albumin (BSA) [41], immunoglobulin G (IgG)
[42], DNA glycosylases (thymine DNA glycosylase
(TDG) [40], uracil-DNA glycosylase (UDG) [41], and
8-oxoguanine-DNA glycosylase (hOGG1)) [42] as the
interferences. As shown in Figure 4, only an extremely
low fluorescence signal is observed in the presence of
BSA (Figure 4, pink column), IgG (Figure 4, green
column), TDG (Figure 4, purple column), UDG
(Figure 4, yellow column), hOGG1 (Figure 4, blue
column), and the control with only reaction buffer
(Figure 4, black column), respectively. While in the
presence of hAAG, a significantly enhanced
fluorescence signal is detected (Figure 4, red column),
which is 11.6, 13.1, 12.8, 13.0, 11.7, and 15.3-fold
higher than that in response to BSA, IgG, TDG, UDG,
hOGG1, and the control, respectively, suggesting that
only hAAG can specifically recognize and excise
hairpin substrate (i.e., HP1) at 2'-deoxyinosine site to
initiate the subsequent T7 exo-directed autocatalytic
recycling cleavage-induced fluorescence signal
amplification. These results demonstrate that the
proposed strategy can discriminate hAAG against
interference proteins with high specificity, holding
great potential in biomedical applications.
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Figure 2. (A) Nondenaturing PAGE analysis of the products of hAAG-catalyzed cleavage reaction under different reaction conditions. Lane M, the DNA ladder marker; lane 1,
the synthesized cleavage product; lane 2, the synthesized trigger 1; lane 3, the synthesized HPI; lane 4, in the presence of APE1 + HPI; lane 5, in the presence of hAAG + APEI
+ HP1. (B) Nondenaturing PAGE analysis of the products of T7 exo-assisted autocatalytic recycling cleavage reaction. Lane M, the DNA ladder marker; lane I, in the absence of
hAAG; lane 2, the synthesized trigger 2; lane 3, in the presence of hAAG. SYBR Gold is used as the fluorescent indicator. The 0.1 U/uL hAAG and 0.3 U/uL APEI were used in

this experiment.
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Figure 3. (A) Dependence of fluorescence spectra on different concentrations of hAAG. (B) Dependence of fluorescence intensity on hAAG concentration in the range from
1 x 105 to 0.1 U/pL. The inset shows the linear relationship between the fluorescence intensity and the logarithm of hAAG concentration in the range from 1 x 10-5to 0.1 U/pL.

Error bars represent the standard deviations of three experiments.
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Figure 4. Measurement of fluorescence intensity in response to the control with
only reaction buffer (black column), 0.1 g/L BSA (pink column), 0.1 g/L IgG (green
column), 0.1 U/pL TDG (purple column), 0.1 U/uL UDG (yellow column), 0.1 U/uL
hOGGI (blue column), and 0.1 U/puL hAAG (red column), respectively. Error bars
represent standard deviations from three replicates.

Kinetic analysis of hAAG assay

To investigate the capability of the the proposed
strategy for kinetic analysis, we measured the initial
velocities (V) in the presence of 0.1 U/pL hAAG, 0.3
U/uL APE1, and different concentrations of hairpin
substrate in 5 min of hAAG-induced 2'-deoxyinosine
excision reaction at 37 °C to ensure ~80% of the
hairpin substrate unconsumed (i.e., in the initial-rate
regime). As shown in Figure 5, the initial velocity (V)
enhances with the increasing concentration of hairpin
substrate from 0 to 16 nM. According to the
Michaelis-Menten equation V = Vima[S] / (Km + [S])
[43], where Vimax is the maximum initial velocity, [S] is
the concentration of substrate, and K. is the
Michaelis-Menten constant corresponding to the
concentration at half-maximal velocity, the Vmax and
Km values of hAAG are determined to be 56.6 min
and 22.1 nM, respectively. The obtained K value is
consistent with those obtained by the gel-based
radioactive assay (13-25 nM) [44, 45] and

single-molecule counting-based fluorescent assay
(20.7 nM) [12]. These results demonstrate that the
proposed strategy can be used to accurately
determine the Michaelis-Menten kinetic parameters.
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Figure 5. Dependence of initial velocity (V) on different concentrations of hairpin
substrate. The 0.1 U/uL hAAG and 0.3 U/uL APEI were used in this experiment. The
time for hAAG-induced 2'-deoxyinosine excision reaction was 5 min. Error bars show
the standard deviation of three experiments.

Screening of hAAG inhibitor

The feasibility of the proposed strategy to screen
the potential hAAG inhibitors was evaluated by using
chromium (II) chloride (CdCly) as the model [12].
CdClzis a classic inhibitor of DNA glycosylases [12,
42], and it can inhibit hAAG activity through directly
occupying the Zn?* binding site (i.e., the hAAG active
site) to inactivate the hAAG catalytic activity [46]. As
shown in Figure 6, when the CdCl, concentration
increases from 0 to 200 pM, the relative activity of
hAAG decreases in a concentration-dependent
manner. According to the fitted calibration curve, the
half maximal inhibition (ICs)) of hAAG in the
presence of 0.3 U/pL APE1 is measured to be 17.5 pM,
much lower than the value (~100 pM) of hAAG alone
measured by the radioactive assay [46] and the value

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 15

4458

(66.6 pM) in the presence both 0.1 U/uL hAAG and
01 U/puL APEl measured by single-molecule
counting-based fluorescent assay [12]. The lower ICsp
value of hAAG measured in the presence of 0.3 U/uL
APE1l may be attributed to that the Cd?* can
competitively occupy the Mg?* binding sites within
the APE1l active site to induce the inactivation of
APE1 activity, which may block the repair of AP sites
by cleaving the DNA backbone via a Mg?*-dependent
reaction [47]. These results clearly demonstrate that
the proposed strategy can be used to screen the hAAG
inhibitors for the development of anticancer drugs.
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Figure 6. Dependence of the relative activity of hAAG on different concentrations of
CdCla. The 0.1 U/uL hAAG and 0.3 U/uL APEI were used in this experiment. The
error bars represent the standard deviations of the three experiments.

Real sample analysis

The capability of the proposed strategy for real
sample analysis is of great importance to early clinical
diagnosis and therapy of cancers. We used the human
cervical carcinoma cell line (HelLa cells) and lung
adenocarcinoma cell line (A549 cells) as the models
for the detection of cellular hAAG activity [12, 13].
Considering the hAAG enzyme mainly located in
nucleus [48], cellular extracts from the nucleus and
whole cell of cancer cells were subjected to hAAG
assay (Figures S5-56, see Supporting Information). As
shown in Figures 7A and B, the hAAG activity in
nucleus extract and whole cell extract from 1000 HeLa
cells and 1000 A549 cells were measured, respectively.
Significant fluorescence signals are detected in both
nucleus extract group (Figure 7A, red column and
Figure 7B, pink column) and whole cell extract group
(Figure 7A, green column and Figure 7B, blue
column), respectively. In contrast, no distinct
fluorescence signals are observed in control groups
(Figure 7A, black column and Figure 7B, black
column). These results indicate that this strategy
exhibits good tolerance to the cellular interferences.
Moreover, we further measured the hAAG activity

from different number of HeLa and A549 cells. As
shown in Figure 7C and D, the fluorescence intensity
enhances significantly from 1 to 5000 cells and
gradually levels off above 5000 cells. Notably, the
fluorescence intensity exhibits a linear correlation
with the logarithm of the number of cancer cells
(insets of Figures 7C and D) in the range from 1 to
10000 cells. The regression equations are F = 295.5 +
684.7 logio N (R? = 0.9980) for HeLa cells and F = 432.3
+ 979.1 logio N (R? = 0.9894) for A549 cells, where F
represents the fluorescence intensity and N represents
the number of cells. The directly measured detection
limits are down to 1 HeLa cell and 1 A549 cell,
respectively, much lower than that obtained by
single-molecule counting-based fluorescent assay (9
cells) [12]. In addition, we measured the recovery of
hAAG in the spiked normal human serum (Table S1,
see Supporting Information). The recovery ratio is
calculated to be 99.6%-101.0% with a relative standard
deviation (RSD) of 0.98%-2.34%, consistent with the
values (recovery ratio of 96.6-106.0% and RSD of
1.53-5.38%) obtained by base-excision repair-
mediated triple amplification-based fluorescent assay
[19]. These results demonstrate that the proposed
strategy can be applied for the quantification of
hAAG activity in real samples with high sensitivity
even at the single-cell level, holding great potential for
further applications in early clinical diagnosis and
targeted cancer therapy.

Conclusions

In summary, we have developed a facile
fluorescence strategy for homogeneous and sensitive
detection of hAAG activity based on controllable
autocatalytic cleavage-mediated fluorescence
recovery. By taking advantage of the high accuracy of
in vivo DNA repair mechanism, the high specificity of
T7 exo-catalyzed mononucleotides hydrolysis in DNA
duplex, and the high efficiency of autocatalytic
recycling amplification, the proposed strategy
exhibits high sensitivity with a detection limit of as
low as 4.9 x 10-¢ U/pL and it can even quantify hAAG
activity from 1 HeLa cell and 1 A549 cell, superior to /
comparable to those of the reported methods [12,
15-19]. Importantly, this strategy can be further
applied for the evaluation of kinetic parameters and
the screening of hAAG inhibitors. In addition to the
high sensitivity, the proposed strategy exhibits
distinct advantages: (1) the high specificity of
hAAG-catalyzed excision and the high resolution of
T7 exo on single-base mismatch endow this method
with the excellent selectivity, greatly decreasing the
background signal; (2) only one tool enzyme (i.e., T7
exo0) is required in the proposed CESA system, greatly
simplifying the operation procedure; (3) this strategy
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Figure 7. (A) Measurement of fluorescence intensity in the presence of control (only lysis buffer), nucleus extract (1000 Hela cells), whole cell extract (1000 Hela cells),
respectively. (B) Measurement of fluorescence intensity in the presence of control (only lysis buffer), nucleus extract (1000 A549 cells), whole cell extract (1000 A549 Hela
cells), respectively. (C) Dependence of fluorescence intensity on different number of Hela cells. The inset shows the linear relationship between the fluorescence intensity and
the logarithm of the number of Hela cells from 1 to 10000 cells. (D) Dependence of fluorescence intensity on different number of A549 cells. The inset shows the linear
relationship between the fluorescence intensity and the logarithm of the number of A549 cells from 1 to 10000 cells. Error bars show the standard deviations of three

independent experiments.

is carried out in a homogeneous format, without the
involvement of any separation and washing steps,
granting the high accuracy and good reproducibility;
(4) the output fluorescent signal is measured by an
accessible fluorescence spectrophotometer, without
the involvement of sophisticated instrument and
complicated manipulations. We believe that the
proposed strategy can provide a robust and universal
platform for the monitoring of DNA damage-related
repair enzymes, holding great potential for DNA
repair-related fundamental biochemical research,
early clinical diagnosis, anticancer drug discovery,
and targeted cancer therapy.
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