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sitive detection of multiple DNA
glycosylases from lung cancer cells at the single-
molecule level†

Juan Hu,‡a Ming-hao Liu,‡a Ying Li,‡b Bo Tang *a and Chun-yang Zhang *a

DNA glycosylases are involved in the base excision repair pathway, and all mammals express multiple DNA

glycosylases to maintain genome stability. However, the simultaneous detection of multiple DNA

glycosylase still remains a great challenge. Here, we develop a single-molecule detection method for the

simultaneous detection of human 8-oxoguanine DNA glycosylase 1 (hOGG1) and human alkyladenine

DNA glycosylase (hAAG) on the basis of DNA glycosylase-mediated cleavage of molecular beacons. We

designed a Cy3-labeled molecular beacon modified with 8-oxoguanine (8-oxoG) for a hOGG1 assay and

a Cy5-labeled molecular beacon modified with deoxyinosine for a hAAG assay. hOGG1 may catalyze the

removal of 8-oxoG from 8-oxoG/C base pairs to generate an apurinic/apyrimidinic (AP) site, and hAAG

may catalyze the removal of deoxyinosine from deoxyinosine/T base pairs to generate an AP site. With

the assistance of apurinic/apyrimidinic endonuclease (APE1), the cleavage of AP sites results in the

cleavage of molecular beacons, with Cy3 indicating the presence of hOGG1 and Cy5 indicating the

presence of hAAG. Both of the Cy3 and Cy5 signals can be simply quantified by total internal reflection

fluorescence-based single-molecule detection. This method can simultaneously detect multiple DNA

glycosylases with a detection limit of 2.23 � 10�6 U mL�1 for hOGG1 and 8.69 � 10�7 U mL�1 for hAAG

without the involvement of any target amplification. Moreover, this method can be used for the

screening of enzyme inhibitors and the simultaneous detection of hOGG1 and hAAG from lung cancer

cells, having great potential for further application in early clinical diagnosis.
Introduction

Base excision repair may correct DNA damage from alkylation,
deamination and oxidation,1,2 and its repair pathway is initiated
by one of at least 11 distinct mammalian DNA glycosylases in
a lesion type-dependence manner.3 Moreover, aberrant DNA
glycosylases are associated with a variety of diseases, such as
cancers,4–6 neurological disease,7 cardiovascular disease8 and
inammation,9 suggesting the high potential of DNA glyco-
sylases in cancer diagnosis and treatment.10,11 Lung cancer, with
the highest mortality rate, is caused primarily by tobacco
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smoke. Recent research reveals that human 8-oxoguanine DNA
glycosylase (hOGG1)12,13 and human alkyladenine DNA glyco-
sylase (hAAG)14 may become biomarkers for lung cancer risk
assessment and prevention. The bi-functional hOGG1 enzyme
is responsible for the excision of 8-oxoguanine (8-oxoG) with
combined glycosylase/lyase activity.15–18 hOGG1 excises 8-oxoG
from the 8-oxoG/C base pairs so that other enzymes in the BER
pathway can subsequently restore the G/C base pairs. The
mono-functional hAAG enzyme exhibits broad substrate speci-
city and is responsible for the recognition and excision of
a diverse group of alkylated purine bases (e.g. 3-methyladenine,
7-methylguanine and 1-N6-ethenoadenine) and the removal of
hypoxanthine from deoxyinosine-containing DNA (Fig. S1,
ESI†).19,20 Therefore, the simultaneous measurement of hOGG1
and hAAG activities is of great importance for the clinical
diagnosis of lung cancer.

Conventional methods for DNA glycosylase (e.g. hOGG1 and
hAAG) assay include radioactive labeling, enzyme-linked
immunosorbent assay, high-performance liquid chromatog-
raphy,13 magnetic nanoparticle-based separation techniques,21

gold nanoparticle-based colorimetric assay,22,23 and electro-
chemiluminescent24 and uorescent methods.25 However, these
methods suffer from some limitations, such as the involvement
of costly labeling reagents, low specicity, tedious DNA
This journal is © The Royal Society of Chemistry 2018
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fragmentation and expensive instrumentation,13 long analysis
time and complicated procedures,21–23 and low detection
sensitivity.22–25 To overcome these limitations, several ampli-
cation strategies have been introduced, including exonuclease
(e.g. lambda exonuclease and exonuclease III)-assisted signal
amplication,26,27 target-induced autocatalytic DNAzyme-
generated rolling circle amplication,28 and the use of a lower
denaturation temperature polymerase chain reaction.29

However, they usually involve some special requirements, such
as the use of a special exonuclease,26,27 the ligation of a padlock
probe,28 high-precision thermal cycling, and the use of multiple
primers and special DNA polymerases,29 inevitably increasing
the experimental complexity and cost. In addition, the reported
amplicationmethods enable the detection of only a single type
of DNA glycosylase.27–29 Therefore, the development of a simple
and sensitive method for the simultaneous detection of
multiple DNA glycosylases still remains a great challenge.

In this research, we develop a sensitive single-molecule
detection method for the simultaneous detection of hOGG1
and hAAG from lung cancer cells on the basis of the DNA
glycosylase-mediated cleavage of molecular beacons. In
comparison with the ensemble measurement, single-molecule
detection has distinct advantages of ultrahigh sensitivity,
rapidity, simplicity, high signal-to-noise ratio and low sample
consumption,30 and has been applied for the sensitive detection
of DNA,31 microRNA,32 proteins33,34 and cancer cells35 at the
single-molecule level. We designed a Cy3-labeled molecular
beacon modied with 8-oxoG for a hOGG1 assay and a Cy5-
labeled molecular beacon modied with deoxyinosine for
a hAAG assay. In contrast to the conventional molecular
beacons which are strongly affected by thermodynamics and
kinetics,36 the restoration of Cy3 and Cy5 uorescence is
induced by the DNA glycosylase-mediated cleavage of molecular
beacons, with Cy3 indicating the presence of hOGG1 and Cy5
indicating the presence of hAAG. Both of the Cy3 and Cy5
signals can be simply quantied by total internal reection
uorescence (TIRF)-based single-molecule detection. This
Scheme 1 Schematic illustration of themultiple DNA glycosylase assay us
single-molecule detection.

This journal is © The Royal Society of Chemistry 2018
method can simultaneously detect multiple DNA glycosylases
with a detection limit of 2.23� 10�6 U mL�1 for hOGG1 and 8.69
� 10�7 U mL�1 for hAAG without the involvement of any target
amplication, and it can be used for the simultaneous
measurement of enzyme kinetic parameters and the detection
of hOGG1 and hAAG activities from lung cancer cells.
Results and discussion
Principles of the multiple DNA glycosylase assay

To demonstrate the simultaneous detection of multiple DNA
glycosylases, we used hOGG1 and hAAG as model enzymes.
hOGG1 and hAAG may initiate the rst step of base excision
repair, and are considered to be functional biomarkers for lung
cancer.12–14 The principle of the DNA glycosylase assay is illus-
trated in Scheme 1. This assay involves two steps: (1) the DNA
glycosylase-mediated cleavage of molecular beacons and (2) the
subsequent single-molecule detection. We designed two
specic substrates for hOGG1 and hAAG, respectively. The
substrate for hOGG1 is labeled with a Cy3 uorophore at the 50

terminus and a BHQ2 quencher at the 30 terminus, and is
modied with 8-oxoG positioned 6 deoxynucleotides down-
stream of a 50-terminus. The substrate for hAAG is labeled with
a Cy5 uorophore at the 50 terminus and a BHQ3 quencher at
the 30 terminus, and is modied with deoxyinosine positioned 5
deoxynucleotides downstream of a 50-terminus (Scheme 1). The
substrate for hOGG1 and the substrate for hAAG were used to
prepare the molecular beacons, respectively, with the Cy3
uorescence being quenched by BHQ2 and the Cy5 uorescence
being quenched by BHQ3 as a result of the uorescence reso-
nance energy transfer (FRET) effect.36 The Cy3-labeled molec-
ular beaconmay be recognized by hOGG1 because 8-oxoG forms
a base pair with cytosine upon the formation of a double-
stranded DNA stem, and the Cy5-labeled molecular beacon
may be recognized by hAAG because deoxyinosine forms a base
pair with thymine upon the formation of a double-stranded
DNA stem (Fig. S1, ESI†). In contrast to conventional
ing the DNA glycosylase-mediated cleavage of molecular beacons and
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Fig. 1 (A) PAGE analysis of the hOGG1-mediated cleavage of the Cy3-
labeled molecular beacon (lanes 1–4) and the hAAG-mediated
cleavage of the Cy5-labeled molecular beacon (lanes 5–8) with SYBR
Gold as the indicator. (B) PAGE analysis of the hOGG1-mediated
cleavage of the Cy3-labeled molecular beacon and the hAAG-medi-
ated cleavage of the Cy5-labeled molecular beacon by excitation of
Cy3 and Cy5. The green color indicates the Cy3-labeled DNA fragment
in the presence of hOGG1 (lane 2) and the red color indicates the Cy5-
labeled DNA fragment in the presence of hAAG (lane 4). (C) Fluores-
cence measurements of the hOGG1-mediated cleavage of the Cy3-
labeled molecular beacon in the absence (black line) and presence
(green line) of hOGG1. (D) Fluorescence measurements of the hAAG-
mediated cleavage of the Cy5-labeled molecular beacon in the
absence (blue line) and presence (red line) of hAAG. The hOGG1
concentration is 0.1 U mL�1 and the hAAG concentration is 0.1 U mL�1,
and the APE1 concentration is 0.1 U mL�1.
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molecular beacons with stem sequences of 5–7 base pairs in
length, the stem lengths of the Cy3-labeled molecular beacon
and the Cy5-labeled molecular beacon may be increased to 12–
13 base pairs. Since the restoration of Cy3 and Cy5 uorescence
is induced by the DNA glycosylase-mediated cleavage of
molecular beacons, the longer stem length can improve the
selectivity of the molecular beacons for a DNA glycosylase assay.
In addition, the longer stem length may lead to a lower uo-
rescence background, facilitating the improvement of detection
sensitivity.36 In the presence of hOGG1, dual molecular beacons
and the APE1 enzyme, hOGG1 recognizes the 8-oxoG/C base
pairs and cleaves the N-glycosidic bond between the sugar and
the damaged base, releasing the damaged base to form an AP
site.15–17 The AP site is then cleaved by a Schiff base intermediate
and APE1, leading to the cleavage of the Cy3-labeled molecular
beacon into two portions (i.e. a Cy3-labeled DNA fragment with
a hydroxyl (OH) terminus and a BHQ2-labeled DNA fragment
with a phosphate (P) terminus) (Fig. S2A, ESI†). The spatial
separation of the uorophore from the quencher results in the
restoration of Cy3 uorescence which can be sensitively quan-
tied by single-molecule detection, with Cy3 indicating the
presence of hOGG1. Similarly, in the presence of hAAG, dual
molecular beacons and the APE1 enzyme, hAAG recognizes
deoxyinosine/T base pairs and cleaves the N-glycosidic bond
between the sugar and the damaged base, releasing the
damaged base to form an AP site.19,20 APE1 then cleaves the AP
site, leading to the cleavage of the Cy5-labeledmolecular beacon
into two portions (i.e. a Cy5-labeled DNA fragment with an OH
terminus and a BHQ3-labeled DNA fragment with a deoxyri-
bose-phosphate (dRP) terminus) (Fig. S2B, ESI†). The spatial
separation of the uorophore from the quencher results in the
restoration of Cy5 uorescence, which can be sensitively
quantied by single-molecule detection, with Cy5 indicating the
presence of hAAG. When both hOGG1 and hAAG are present, 8-
oxoG and deoxyinosine may be removed from the dual molec-
ular beacons by hOGG1 and hAAG, respectively, leading to the
formation of AP sites whose cleavage results in the restoration
of both Cy3 and Cy5 uorescence. However, in the absence of
hOGG1 and hAAG, neither the 8-oxoG base nor deoxyinosine
can be removed, and no AP site is formed. As a result, no AP site
cleavage occurs, and both Cy3 and Cy5 are still caged in the
molecular beacons and neither Cy3 nor Cy5 uorescence is
observed.
Validation of the assay

We designed a Cy3-labeled molecular beacon modied with 8-
oxoG for a hOGG1 assay and a Cy5-labeled molecular beacon
modied with a deoxyinosine for a hAAG assay. We used non-
denaturating polyacrylamide gel electrophoresis (PAGE) and
uorescence measurements to verify the assay feasibility. As
shown in Fig. 1A, the enzyme reaction products were analyzed
by PAGE with SYBR Gold as the indicator. In the absence of DNA
glycosylases (Fig. 1A, lanes 1, 2, 5 and 6), only the 34 nt band
from the Cy3-labeled molecular beacon/Cy5-labeled molecular
beacon was observed, indicating no occurrence of the cleavage
reaction. In the presence of the Cy3-labeled molecular beacon +
714 | Chem. Sci., 2018, 9, 712–720
hOGG1 + APE1, a distinct band of 28 nt was observed (Fig. 1A,
lane 4 and Fig. S2C†), indicating the hOGG1-mediated base
removal and the cleavage of the Cy3-labeled molecular beacon.
Similarly, in the presence of the Cy5-labeled molecular beacon +
hAAG + APE1, a distinct band of �29 nt was observed (Fig. 1A,
lane 8 and Fig. S2D†), indicating the hAAG-mediated base
removal and the cleavage of the Cy5-labeled molecular beacon.
In contrast, no band of 28–29 nt was observed in the presence of
either the Cy3-labeledmolecular beacon + hAAG + APE1 (Fig. 1A,
lane 3) or the Cy5-labeled molecular beacon + hOGG1 + APE1
(Fig. 1A, lane 7). These results were further conrmed by PAGE
analysis with the direct excitation of Cy3 and Cy5 (Fig. 1B). No
band was observed in the presence of either the Cy3-labeled
molecular beacon + APE1 (Fig. 1B, lane 1) or the Cy5-labeled
molecular beacon + APE1 (Fig. 1B, lane 3) due to no occur-
rence of the cleavage reaction and the quenching of the uo-
rophores by quenchers. In the presence of hOGG1, a distinct
band of 5 nt resulting from the Cy3-labeled DNA fragment was
observed (Fig. 1B, lane 2 and Fig. S2C†), indicating the hOGG1-
mediated base removal and the cleavage of the Cy3-labeled
molecular beacon. In the presence of hAAG, a distinct band of
4 nt resulting from the Cy5-labeled DNA fragment was observed
(Fig. 1B, lane 4 and Fig. S2D†), indicating the hAAG-mediated
This journal is © The Royal Society of Chemistry 2018
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base removal and the cleavage of the Cy5-labeled molecular
beacon. The results of PAGE analysis are consistent with those
of the uorescence measurements (Fig. 1C and D). In the
control experiment without the DNA glycosylases, neither
a signicant Cy3 signal (Fig. 1C, black line) nor a signicant Cy5
signal (Fig. 1D, blue line) was detected. In contrast, a distinct
Cy3 uorescence signal with a characteristic emission peak of
562 nm was observed in the presence of hOGG1 (Fig. 1C, green
line), and a distinct Cy5 uorescence signal with a characteristic
emission peak of 665 nm was observed in the presence of hAAG
(Fig. 1D, red line). These results clearly demonstrate that the
proposed method can be used for the simultaneous detection of
hOGG1 and hAAG.

To investigate the feasibility of the proposed method for
multiple DNA glycosylase assays, we simultaneously measured
hOGG1 and hAAG at the single-molecule level. As shown in
Fig. 2, there was neither a Cy3 (Fig. 2A) nor a Cy5 uorescence
signal (Fig. 2E) in the absence of hOGG1 and hAAG. In contrast,
distinct Cy3 uorescence signals were observed in the presence
of hOGG1 (Fig. 2B, green color), but no Cy5 uorescence signal
was obtained (Fig. 2F). In the presence of hAAG, distinct Cy5
uorescence signals were observed (Fig. 2G, red color), but no
Cy3 uorescence signal was obtained (Fig. 2C). When both
hOGG1 and hAAG were present, distinct Cy3 (Fig. 2D, green
color) and Cy5 uorescence signals (Fig. 2H, red color) were
simultaneously observed. These results clearly demonstrate
that the proposed method can be used for the simultaneous
detection of multiple DNA glycosylases.

Detection sensitivity

Under the optimal experimental conditions (Fig. S3, ESI†), we
investigated the sensitivity of the proposed method by
measuring the variance of uorescent counts with the concen-
tration of DNA glycosylase. As shown in Fig. 3A, the Cy3 counts
increase with an increasing concentration of hOGG1 from 3.4�
10�6 to 0.1 U mL�1. In the logarithmic scale, the Cy3 counts
show a linear correlation with the concentration of hOGG1 over
Fig. 2 Simultaneous detection of multiple DNA glycosylases by TIRF-
based single-molecule imaging in the absence (A and E) and presence
of hOGG1 (B and F), hAAG (C and G) and both hOGG1 and hAAG (D and
H). The Cy3 fluorescence signals are shown in green, and the Cy5
fluorescence signals are shown in red. The Cy3-labeled molecular
beacon (0.3 mM), the Cy5-labeled molecular beacon (0.3 mM), hOGG1
(0.1 U mL�1), hAAG (0.1 U mL�1) and APE1 (0.1 U mL�1) were used in this
research. The scale bar is 5 mm.

This journal is © The Royal Society of Chemistry 2018
a range of 3.4 � 10�6 to 1 � 10�3 U mL�1. The regression
equation is N ¼ 946.54 + 167.49 log10 C for hOGG1 (R2 ¼ 0.981),
where N is the measured Cy3 counts and C is the concentration
of hOGG1, respectively. The detection limit is calculated to be
2.23 � 10�6 U mL�1 by evaluating the average response of the
control group plus three times the standard deviation. The
sensitivity of the proposed method was improved by as much as
2 orders of magnitude compared to that of the graphene/gold
nanoparticle hybrid-based colorimetric assay (1.6 � 10�3 U
mL�1)23 and that of the gold nanoparticle-based colorimetric
assay (7 � 10�4 U mL�1),22 and it is comparable to that of the
exonuclease-assisted isothermal amplication-based uores-
cent assay (3.5 � 10�6 U mL�1 (ref. 26) and 1 � 10�6 U mL�1 (ref.
27)) and that of the rolling circle amplication-based uores-
cent assay (1 � 10�6 U mL�1),28 even without the involvement of
any target amplication. As shown in Fig. 3B, the Cy5 counts
increase with an increasing concentration of hAAG from 3.4 �
10�6 to 0.1 U mL�1. In the logarithmic scale, the Cy5 counts have
a linear correlation with the concentration of hAAG over a range
of 3.4� 10�6 to 1� 10�3 U mL�1. The regression equation is N¼
955.86 + 157.72 log10 C (R2 ¼ 0.990), where N is the measured
Cy5 counts and C is the concentration of hAAG, respectively.
The detection limit is estimated to be 8.69 � 10�7 U mL�1 by
evaluating the average response of the control group plus three
times the standard deviation. The sensitivity of the proposed
method was improved by as much as 2 orders of magnitude
compared to that of the magnetic bead-based uorescent assay
(1 � 10�4 U mL�1).21 The improved sensitivity might be ascribed
to (1) the specic hOGG1-induced 8-oxoG excision repair15–17

and hAAG-induced deoxyinosine excision repair,19,20 (2) the
stimulation of hOGG1 activity by APE1 (ref. 37 and 38) and the
activation of hAAG by APE1,39,40 (3) the low uorescence back-
ground resulting from the designed molecular beacons with
longer stem lengths than conventional molecular beacons,36

and (4) the high signal-to-noise ratio of single-molecule
detection.30
Fig. 3 (A) Measurement of the Cy3 counts generated by different
concentrations of hOGG1. The inset shows the linear relationship
between the Cy3 counts and the logarithm of the hOGG1 concen-
tration. The Cy3-labeled molecular beacon (0.3 mM) and APE1 (0.1 U
mL�1) were used in this research. (B) Measurement of the Cy5 counts
generated by different concentrations of hAAG. The inset shows the
linear relationship between the Cy5 counts and the logarithm of the
hAAG concentration. The Cy5-labeled molecular beacon (0.3 mM) and
APE1 (0.1 U mL�1) were used in this research. The error bars represent
the standard deviations of the three experiments.

Chem. Sci., 2018, 9, 712–720 | 715
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Fig. 5 (A) Variance of the initial velocity in response to various
concentrations of the Cy3-labeled molecular beacon substrate. The
concentration of hOGG1 is 0.1 U mL�1 and the concentration of APE1 is
0.1 U mL�1. (B) Variance of the initial velocity in response to various
concentrations of the Cy5-labeled molecular beacon substrate. The
concentration of hAAG is 0.1 U mL�1 and the concentration of APE1 is
0.1 U mL�1. The error bars represent the standard deviations of the
three experiments.
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Detection selectivity

To investigate the selectivity of the proposed method for hOGG1
and hAAG assays, we used bovine serum albumin (BSA), uracil
DNA glycosylase (UDG) and thymine DNA glycosylase (TDG) as
negative controls. BSA is not a DNA glycosylase, and it cannot
recognize the damaged bases. Thus, neither the Cy3 nor the Cy5
uorescence signal can be observed in the presence of BSA
(Fig. 4). Both UDG and TDG are mono-functional DNA glyco-
sylases.3 Neither UDG nor TDG can recognize and cleave the
Cy3-labeled molecular beacon and the Cy5-labeled molecular
beacon. As a result, neither the Cy3 nor the Cy5 uorescence
signal can be observed in the presence of UDG and TDG, just
like the control with only the reaction buffer (Fig. 4). In contrast,
the addition of hOGG1 may induce a signicant enhancement
of the Cy3 uorescence signal instead of the Cy5 uorescence
signal, while the addition of hAAG may induce a signicant
enhancement of the Cy5 uorescence signal instead of the Cy3
uorescence signal (Fig. 4). When both hOGG1 and hAAG co-
exist, both of the Cy3 and Cy5 uorescence signals can be
simultaneously detected (Fig. 4). These results demonstrate the
good selectivity of the proposed method towards hOGG1 and
hAAG.

Kinetic analysis

Since single-molecule detection may provide more accurate
information on a single enzyme molecule, compared to typical
uorescence ensemble measurements that give only the average
of the whole sample,41–45 we employed the proposed method to
quantify the kinetic parameters at the single-molecule level. To
evaluate the enzyme kinetic parameters of hOGG1, we
measured the initial velocity in the presence of 0.1 U mL�1

hOGG1 and different concentrations of the Cy3-labeled molec-
ular beacon for 2 min at 37 �C. To evaluate the enzyme kinetic
parameters of hAAG, we measured the initial velocity in the
presence of 0.1 U mL�1 hAAG and different concentrations of the
Cy5-labeled molecular beacon for 5 min at 37 �C. As shown in
Fig. 5, the initial velocities of hOGG1 (Fig. 5A) and hAAG
(Fig. 5B) increase with the increasing concentration of the
Fig. 4 Measurement of the Cy3 counts and Cy5 counts in response to
the reaction buffer (control), 0.1 g L�1 BSA, 0.1 U mL�1 UDG, 0.1 U mL�1

TDG, 0.1 U mL�1 hOGG1, 0.1 U mL�1 hAAG and 0.1 U mL�1 hOGG1 + 0.1
U mL�1 hAAG. The Cy3-labeled molecular beacon (0.3 mM), Cy5-
labeled molecular beacon (0.3 mM) and APE1 (0.1 U mL�1) were used in
this research. The error bars represent the standard deviations of the
three experiments.
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corresponding molecular beacons (i.e. DNA substrates). The
experimental data are tted to the Michaelis–Menten equation,
V ¼ Vmax[S]/(Km + [S]), where Vmax is the maximum initial
velocity, [S] is the concentration of themolecular beacon and Km

is the Michaelis–Menten constant corresponding to the
concentration at half-maximal velocity.46,47 Vmax is calculated to
be 91.10 nM min�1 and Km is calculated to be 9.43 nM for
hOGG1. The Km value is consistent with that obtained by the
radioactive assay (8.9 nM).37 Vmax is calculated to be 57.88
nMmin�1 and Km is calculated to be 20.68 nM for hAAG. The Km

value is consistent with that obtained by the radioactive assay
(13–25 nM).39,48 These results suggest that the proposed method
can be used to accurately evaluate the kinetic parameters of
DNA glycosylases.
Inhibition assay

To demonstrate the feasibility of the proposed method for an
inhibition assay, we used cadmium (Cd2+) as a model inhibitor.
Recent evidence suggests that Cd2+ might contribute to the
increased risk of tumor formation in humans by interfering
with and inhibiting the DNA repair processes.49,50 Cd2+ may
induce the irreversible inactivation of hOGG1 by binding at Ca-
binding sites in the structure of hOGG1 bound to its
substrate,15,51,52 and Cd2+ exhibits the efficient inactivation of
hAAG catalytic activity by occupying the Zn2+ binding sites of the
hAAG active site.53 As shown in Fig. 6, the relative activities of
hOGG1 and hAAG decrease with the increasing concentration of
Cd2+. We used the IC50 value (half-maximal inhibitory concen-
tration) to evaluate the inhibition effect of Cd2+ on DNA glyco-
sylases. The IC50 value of hOGG1 alone is calculated to be 10.51
mM, consistent with the value of hOGG1 alone measured by the
radioactive assay (�10 mM).51,52 Interestingly, the IC50 value of
hOGG1 in the presence of APE1 is evaluated to be 18.01 mM,
much higher than the value of hOGG1 alone measured by the
proposed method (10.51 mM) and by the radioactive assay (�10
mM).51,52 Similarly, the IC50 value of hAAG in the presence of
APE1 is evaluated to be 66.57 mM, much lower than the value of
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (A) Linear relationship between the Cy3 counts and the loga-
rithm of the A549 cell number. (B) Linear relationship between the Cy5
counts and the logarithm of the A549 cell number. The Cy3-labeled
molecular beacon (0.3 mM), the Cy5-labeled molecular beacon (0.3
mM) and APE1 (0.1 U mL�1) were used in this research. The error bars
represent the standard deviations of the three experiments.

Fig. 6 Variance of the relative catalytic activity with different
concentrations of Cd2+ for hOGG1 alone (black line), hOGG1 + APE1
(red line) and hAAG + APE1 (blue line). The Cy3-labeled molecular
beacon (0.3 mM), the Cy5-labeled molecular beacon (0.3 mM), hOGG1
(0.1 U mL�1), hAAG (0.1 U mL�1) and APE1 (0.1 U mL�1) were used in this
research. The error bars represent the standard deviations of the three
experiments.
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hAAG alone measured by radioactive assay (IC50 ¼ �100 mM).53

The higher IC50 value of hOGG1 measured in the presence of
APE1 and the lower IC50 value of hAAG measured in the pres-
ence of APE1 than those of the DNA glycosylases alone might be
attributed to the inhibition of APE1 endonuclease activity by
Cd2+ (note: the order of the measured IC50 values for different
enzymes is as follows: hOGG1 (�10 mM) < APE1 (26 mM) < hAAG
(�100 mM)).54 APE1 is an AP endonuclease and it initiates the
repair of AP sites by incising the DNA backbone via a Mg2+-
dependent reaction. Cd2+ may occupy two potential Mg2+

binding sites within the APE1 active site, resulting in the inac-
tivation of APE1.54 These results clearly demonstrate that the
proposed method may provide a new platform for the screening
of DNA glycosylase inhibitors and the study of the DNA glyco-
sylase inhibition mechanism.
Real sample analysis

Both the hOGG1 and hAAG glycosylases are found in human
lung cancer.13,14 To demonstrate the feasibility of the proposed
method for a cellular DNA glycosylase assay, we simultaneously
measured hOGG1 and hAAG from a lung adenocarcinoma cell
line (A549 cells). As shown in Fig. 7A, the Cy3 counts increase
with an increasing number of A549 cells, with a linear correla-
tion being obtained between the Cy3 counts and the logarithm
of the A549 cell number in the range of 10 to 1000 cells. The
regression equation is N ¼ 148.33 log10 X � 126.35 (R2 ¼ 0.981),
where N is the measured Cy3 counts and X is the number of
A549 cells, respectively. The detection limit was calculated to be
7 cells by evaluating the average response of the control group
plus three times the standard deviation, comparable to that
obtained by the isothermal amplication-based uorescent
assay (4 cells)26 even without the involvement of any target
amplication. These results suggest that the proposed method
can be used to accurately quantify the cellular hOGG1 activity.
As shown in Fig. 7B, the Cy5 counts increase with an increasing
number of A549 cells, with a linear correlation being obtained
between the Cy5 counts and the logarithm of the A549 cell
This journal is © The Royal Society of Chemistry 2018
number in the range of 10 to 1000 cells. The regression equation
is N ¼ 158.36 log10 X � 145.64 (R2 ¼ 0.992), where N is the
measured Cy5 counts and X is the number of A549 cells,
respectively. The detection limit was calculated to be 9 cells by
evaluating the average response of the control group plus three
times the standard deviation. These results demonstrate that
the proposed method can be used to accurately quantify the
cellular hAAG activity.
Conclusions

In summary, we have developed a single-molecule detection
method for the simultaneous detection of hOGG1 and hAAG
from lung cancer cells on the basis of the DNA glycosylase-
mediated cleavage of molecular beacons. We designed a Cy3-
labeled molecular beacon modied with 8-oxoG for a hOGG1
assay and a Cy5-labeled molecular beacon modied with
deoxyinosine for a hAAG assay. In contrast to conventional
molecular beacons which are strongly affected by thermody-
namics and kinetics,36 the restoration of Cy3 and Cy5 uores-
cence is induced by the DNA glycosylase-mediated cleavage of
the molecular beacons, with Cy3 indicating the presence of
hOGG1 and Cy5 indicating the presence of hAAG. Both of the
Cy3 and Cy5 signals can be simply quantied by TIRF-based
single-molecule detection. Owing to (1) the specic hOGG1-
induced 8-oxoG excision repair15–17 and hAAG-induced deoxy-
inosine excision repair,19,20 (2) the stimulation of hOGG1 activity
by APE1 (ref. 37 and 38) and the activation of hAAG by APE1,39,40

(3) the low uorescence background resulting from the
designed molecular beacons with longer stem lengths than
conventional molecular beacons36 and (4) the high signal-to-
noise ratio of single-molecule detection,30 the proposed
method exhibits extremely high sensitivity with a detection
limit of 2.23 � 10�6 U mL�1 for hOGG1 and 8.69 � 10�7 U mL�1

for hAAG, even without the involvement of any target ampli-
cation. The sensitivity of the proposed method was improved by
as much as 2 orders of magnitude compared to that of the
colorimetric assay22,23 and 2 orders of magnitude compared to
that of the magnetic bead-based uorescent assay,21 and is
Chem. Sci., 2018, 9, 712–720 | 717
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comparable to those of amplication-based approaches.26–28

This method can simultaneously detect multiple DNA glyco-
sylases from lung cancer cells, and it can be used for the
measurement of enzyme kinetic parameters and the screening
of DNA glycosylase inhibitors, having great potential for further
application in early clinical diagnosis and drug development.
Importantly, this method can be extended to simultaneously
detect other types of DNA repair enzymes by just using specic
substrates for the preparation of molecular beacons.
Experimental
Materials

Human 8-oxoguanine DNA glycosylase (hOGG1), human alky-
ladenine DNA glycosylase (hAAG), human apurinic/
apyrimidinic endonuclease 1 (APE1), 10� NEBuffer 2 (500 mM
NaCl, 100 mM Tris–HCl, 100 mM MgCl2, 10 mM DTT, pH 7.9),
10� ThermoPol reaction buffer (200 mM Tris–HCl, 100 mM
(NH4)2SO4, 100 mM KCl, 20 mM MgSO4, 1% Triton X-100, pH
8.8) and 10� NEBuffer 4 (500 mM potassium acetate, 200 mM
Tris–acetate, 100 mM magnesium acetate, 10 mM DTT, pH 7.9)
were purchased from New England Biolabs Inc. (Beverly, MA,
U.S.A.). All HPLC-puried oligonucleotides (Table 1) were
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).
Formation of the molecular beacons and the enzyme
reactions

Firstly, 6 mM hOGG1 substrate, 6 mM hAAG substrate and the
mixture of 6 mM hOGG1 substrate and 6 mM hAAG substrate
were incubated in 1� NEBuffer 2 (50 mM NaCl, 10 mM Tris–
HCl, 10 mM MgCl2, 1 mM DTT, pH 7.9) at 95 �C for 5 min,
respectively. Aer slowly cooling to room temperature, the
products were placed on ice for further use. Then, 1 mL of the
products of the molecular beacon (the nal concentration of
each substrate is 0.3 mM) were added into 20 mL of the reaction
solution containing a varied concentration of hOGG1 and/or
hAAG, 1� NEBuffer 2, 100 mg mL�1 BSA, 1� NEBuffer 4, 1�
ThermoPol buffer and 0.1 U mL�1 APE1, followed by incubation
at 37 �C for 1.5 h. The reaction was terminated by heating at
80 �C for 20 min.
Gel electrophoresis and uorescence measurements

The enzyme reaction products were analyzed by a Bio-Rad
ChemiDoc MP Imaging System. The products stained with
SYBR Gold were analyzed by 12% polyacrylamide gel electro-
phoresis (PAGE) in 1� TBE buffer (9 mM Tris–HCl, 9 mM boric
acid, 0.2 mM EDTA, pH 7.9) at a 110 V constant voltage for
Table 1 Sequences of the oligonucleotidesa

Note

hOGG1 substrate
hAAG substrate

a The underlined letter “O” is 8-oxoG, and the underlined letter “I” is deo

718 | Chem. Sci., 2018, 9, 712–720
45 min at room temperature. The uorescent DNA fragments of
the enzyme reaction products were analyzed using an illumi-
nation source of Epi-green (520–545 nm excitation) and a 577–
613 nm lter for the Cy3 uorophores, and an illumination
source of Epi-red (625–650 nm excitation) and a 675–725 nm
lter for the Cy5 uorophores. The uorescence spectra of Cy3
and Cy5 were recorded by a Hitachi F-7000 uorometer at the
excitation wavelengths of 535 and 635 nm. The uorescence
intensity at the emission wavelengths of 562 and 665 nm was
used for analysis.
Single-molecule detection and data analysis

In the single-molecule measurement, the enzyme reaction
products were further diluted 3000-fold with the buffer (10 mM
Tris–HCl, 50 mM KCl, 5 mM MgCl2, 1 mM Trolox, pH 8.0). The
10 mL samples were spread on a glass coverslip for imaging. The
images of the single molecules were acquired by TIRF micros-
copy (Nikon, Ti-E, Japan). Lasers of 561 nm and 640 nm were
used to excite the Cy3 and Cy5 uorescence simultaneously. The
photons were collected using an oil immersion objective (CFI
Apochromat TIRF 100�). The uorescence was split up into the
Cy3 channel (573–613 nm lter) and the Cy5 channel (661.5–
690.5 nm lter) by a dichroic mirror, and was imaged onto
a EMCCD camera (Photometrics, Evolve 512). For data analysis,
a region of interest of 600 � 600 pixels was selected for Cy3 and
Cy5 molecule counting using Image J soware. The average Cy3
counts and average Cy5 counts were obtained by calculating ten
frames.
Inhibition assay

Varied concentrations of CdCl2 were incubated with 0.1 U mL�1

hOGG1 and 0.1 U mL�1 hAAG at 37 �C for 20 min, followed by
incubation with the enzyme reaction mixture at 37 �C for 1.5 h.
The reaction was terminated by heating at 80 �C for 20 min. The
relative activity of the enzyme (RA) was measured according to

RA ¼ Ni �N0

Nt �N0

� 100%;

where N0 is the Cy3 counting number in the absence of hOGG1
or the Cy5 counting number in the absence of hAAG, Nt is the
Cy3 counting number in the presence of hOGG1 (0.1 U mL�1) or
the Cy5 counting number in the presence of hAAG (0.1 U mL�1),
and Ni is the Cy3 counting number in the presence of both
hOGG1 and Cd2+ or the Cy5 counting number in the presence of
both hAAG and Cd2+. The IC50 value was calculated from the
curve of RA versus the CdCl2 concentration.
Sequence (50–30)

Cy3 – GGT CTO ATG GGG GAC ACG ACA CCC CCA TCA GAC C – BHQ2
Cy5 – CTC GIG GCA GCT CAG TAC AGG AAG CTG CCT CGA G – BHQ3

xyinosine.

This journal is © The Royal Society of Chemistry 2018
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Cell culture and preparation of the cell extracts

The lung adenocarcinoma cell line (A549) was cultured in
a DMEM medium (Invitrogen, U.S.A.) supplemented with 10%
fetal bovine serum (Invitrogen, U.S.A.) and 1% penicillin–
streptomycin at 37 �C under a 5% CO2 atmosphere. The nuclear
extracts were prepared using a nuclear extract kit (ActiveMotif,
Carlsbad, CA, U.S.A.) according to the manufacturer’s protocol.
The obtained supernatant was subjected to a hOGG1 and hAAG
enzyme activity assay.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Grant No. 21325523, 31400655, 21527811,
21735003 and 21575152) and the Award for Team Leader
Program of Taishan Scholars of Shandong Province, China.
Notes and references

1 S. S. David, V. L. O’Shea and S. Kundu, Nature, 2007, 447,
941–950.

2 A. C. Drohat and C. T. Coey, Chem. Rev., 2016, 116, 12711–
12729.

3 Y.-J. Kim and D. M. Wilson, Curr. Mol. Pharmacol., 2012, 5, 3–
13.

4 S. S. Wallace, D. L. Murphy and J. B. Sweasy, Cancer Lett.,
2012, 327, 73–89.

5 D. Fu, J. A. Calvo and L. D. Samson, Nat. Rev. Cancer, 2012,
12, 104–120.

6 D. Kurfurstova, J. Bartkova, R. Vrtel, A. Mickova, A. Burclova,
D. Majera, M. Mistrik, M. Kral, F. R. Santer, J. Bouchal and
J. Bartek, Mol. Oncol., 2016, 10, 879–894.

7 D. K. Jeppesen, V. A. Bohr and T. Stevnsner, Prog. Neurobiol.,
2011, 94, 166–200.

8 J. L. Tarry-Adkins, M. S. Martin-Gronert, D. S. Fernandez-
Twinn, I. Hargreaves, M. Z. Alfaradhi, J. M. Land,
C. E. Aiken and S. E. Ozanne, FASEB J., 2013, 27, 379–390.

9 X. Ba, L. Aguilera-Aguirre, Q. T. A. N. Rashid, A. Bacsi,
Z. Radak, S. Sur, K. Hosoki, M. L. Hegde and I. Boldogh,
Int. J. Mol. Sci., 2014, 15, 16975–16997.

10 T. Helleday, E. Petermann, C. Lundin, B. Hodgson and
R. A. Sharma, Nat. Rev. Cancer, 2008, 8, 193–204.

11 J. H. Hoeijmakers, Nature, 2001, 411, 366–374.
12 T. Paz-Elizur, M. Krupsky, S. Blumenstein, D. Elinger,

E. Schechtman and Z. Livneh, J. Natl. Cancer Inst., 2003,
95, 1312–1319.

13 J. M.Weiss, E. L. Goode, W. C. Ladiges and C. M. Ulrich,Mol.
Carcinog., 2005, 42, 127–141.

14 Y. Leitner-Dagan, Z. Sevilya, M. Pinchev, R. Kramer,
D. Elinger, L. C. Roisman, H. S. Rennert, E. Schechtman,
L. Freedman, G. Rennert, Z. Livneh and T. Paz-Elizur, J.
Natl. Cancer Inst., 2012, 104, 1765–1769.
This journal is © The Royal Society of Chemistry 2018
15 S. D. Bruner, D. P. Norman and G. L. Verdine, Nature, 2000,
403, 859–866.

16 J. C. Fromme, S. D. Bruner, W. Yang, M. Karplus and
G. L. Verdine, Nat. Struct. Biol., 2003, 10, 204–211.

17 P. C. Anderson and V. Daggett, J. Am. Chem. Soc., 2009, 131,
9506–9515.

18 O. Bande, D. Braddick, S. Agnello, M. Jang, V. Pezo,
G. Schepers, J. Rozenski, E. Lescrinier, P. Marliere and
P. Herdewijn, Chem. Sci., 2016, 7, 995–1010.

19 P. J. O’Brien and T. Ellenberger, Biochemistry, 2003, 42,
12418–12429.

20 D. M. Lyons and P. J. O’Brien, J. Am. Chem. Soc., 2009, 131,
17742–17743.

21 G. Gines, C. Saint-Pierre and D. Gasparutto, Anal. Chim. Acta,
2014, 812, 168–175.

22 Z. Wu, Z.-K. Wu, H. Tang, L.-J. Tang and J.-H. Jiang, Anal.
Chem., 2013, 85, 4376–4383.

23 F. Yuan, H. Zhao, M. Liu and X. Quan, Biosens. Bioelectron.,
2015, 68, 7–13.

24 Y. Wu, X. Yang, B. Zhang and L.-H. Guo, Biosens. Bioelectron.,
2015, 69, 235–240.

25 E. L. Kreklau, M. Limp-Foster, N. Liu, Y. Xu, M. R. Kelley and
L. C. Erickson, Nucleic Acids Res., 2001, 29, 2558–2566.

26 Y. Zhang, C.-c. Li, B. Tang and C.-y. Zhang, Anal. Chem.,
2017, 89, 7684–7692.

27 X. Wang, T. Hou, T. Lu and F. Li, Anal. Chem., 2014, 86, 9626–
9631.

28 X. J. Kong, S. Wu, Y. Cen, R.-Q. Yu and X. Chu, Biosens.
Bioelectron., 2016, 79, 679–684.

29 Y. Feng, S. Cai, G. Xiong, G. Zhang, S. Wang, X. Su and C. Yu,
Anal. Chem., 2017, 89, 8084–8091.

30 F. Ma, Y. Li, B. Tang and C.-Y. Zhang, Acc. Chem. Res., 2016,
49, 1722–1730.

31 C.-y. Zhang and J. Hu, Anal. Chem., 2010, 82, 1921–1927.
32 Y. Zhang and C.-y. Zhang, Anal. Chem., 2012, 84, 224–231.
33 L.-j. Wang, F. Ma, B. Tang and C.-y. Zhang, Anal. Chem.,

2016, 88, 7523–7529.
34 F. Ma, M. Liu, Z.-y. Wang and C.-y. Zhang, Chem. Commun.,

2016, 52, 1218–1221.
35 J. Hu and C.-y. Zhang, Chem. Commun., 2014, 50, 13581–

13584.
36 K. Wang, Z. Tang, C. J. Yang, Y. Kim, X. Fang, W. Li, Y. Wu,

C. D. Medley, Z. Cao, J. Li, P. Colon, H. Lin and W. Tan,
Angew. Chem., Int. Ed., 2009, 48, 856–870.

37 J. W. Hill, T. K. Hazra, T. Izumi and S. Mitra, Nucleic Acids
Res., 2001, 29, 430–438.

38 A. Esadze, G. Rodriguez, S. L. Cravens and J. T. Stiverse,
Biochemistry, 2017, 56, 1974–1986.

39 L. Xia, L. Zheng, H.-W. Lee, S. E. Bates, L. Federico, B. Shen
and T. R. O’Connor, J. Mol. Biol., 2005, 346, 1259–1274.

40 M. R. Baldwin and P. J. O’Brien, Biochemistry, 2009, 48, 6022–
6033.

41 H. P. Lu, L. Xun and X. S. Xie, Science, 1998, 282, 1877–1882.
42 B. P. English, W. Min, A. M. van Oijen, K. T. Lee, G. Luo,

H. Sun, B. J. Cherayil, S. C. Kou and X. S. Xie, Nat. Chem.
Biol., 2006, 2, 87–94.
Chem. Sci., 2018, 9, 712–720 | 719

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc04296e


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
X

im
ol

i 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
9/

07
/2

02
5 

9:
16

:2
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
43 X. Zhuang, H. Kim, M. J. B. Pereira, H. P. Babcock,
N. G. Walter and S. Chu, Science, 2002, 296, 1473–1476.

44 S. Liu, G. Bokinsky, N. G. Walter and X. Zhuang, Proc. Natl.
Acad. Sci. U. S. A., 2007, 104, 12634–12639.

45 M. Sorokina, H.-R. Koh, S. S. Patel and T. Ha, J. Am. Chem.
Soc., 2009, 131, 9630–9631.

46 I. L. Medintz, A. R. Clapp, F. M. Brunel, T. Tiefenbrunn,
H. T. Uyeda, E. L. Chang, J. R. Deschamps, P. E. Dawson
and H. Mattoussi, Nat. Mater., 2006, 5, 581–589.

47 J. C. Claussen, A. Malanoski, J. C. Breger, E. Oh, S. A. Walper,
K. Susumu, R. Goswami, J. R. Deschamps and I. L. Medintz,
J. Phys. Chem. C, 2015, 119, 2208–2221.

48 P. J. O’Brien and T. Ellenberger, J. Biol. Chem., 2004, 279,
9750–9757.
720 | Chem. Sci., 2018, 9, 712–720
49 Y. H. Jin, A. B. Clark, R. J. C. Slebos, H. Al-Refai, J. A. Taylor,
T. A. Kunkel, M. A. Resnick and D. A. Gordenin, Nat. Genet.,
2003, 34, 326–329.

50 C. Giaginis, E. Gatzidou and S. Theocharis, Toxicol. Appl.
Pharmacol., 2006, 213, 282–290.

51 D. O. Zharkov and T. A. Rosenquist, DNA Repair, 2002, 1,
661–670.

52 I. R. Grin, P. G. Konorovsky, G. A. Nevinsky and
D. O. Zharkov, Biochemistry (Moscow), 2009, 1253–1259.

53 P. Wang, A. B. Guliaev and B. Hang, Toxicol. Lett., 2006, 166,
237–247.

54 D. R. McNeill, A. Narayana, H.-K. Wong and D. M. Wilson,
Environ. Health Perspect., 2004, 112, 799–804.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc04296e

	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...

	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...

	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...
	Simultaneous sensitive detection of multiple DNA glycosylases from lung cancer cells at the single-molecule levelElectronic supplementary information...


