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A B S T R A C T

Uracil-DNA glycosylase (UDG) plays important role in DNA lesion repair. It can remove the uracil lesion in DNA
and is involved in multiple biological processes. UDG activity detection methods based on DNA probe are de-
veloped fast recently due to its high sensitivity and simplicity. They typically use two strategies: the con-
formational change or the local environmental change of the DNA probe after UDG cleavage. Here we proposed a
new strategy for UDG activity detection, which utilized uracil-containing oligo to inhibit archaebacterial DNA
polymerases, and after UDG treatment the archaebacterial DNA polymerases could be activated to generate
linear or exponential amplification fluorescent signal. The exponential methods showed a time-dependent signal
output and achieved limit of detection of 0.0025 U/mL. More importantly, the feature of time-dependence al-
lowed us to easily modulate the resolution or the dynamic range of our method to meet different demands in
various occasions. The strategy was also demonstrated to be highly selective toward DNase and exonucleases and
had been applied to detect the UDG activity in cell lysate.

1. Introduction

DNA lesion repair is of great significance in maintaining the in-
tegrity of genetic information [1,2]. Uracil lesion in DNA mainly results
from deamination of cytosine which will cause dangerous mutagenesis
arising from U:G mismatch and lead to diseases such as cancers [3,4].
Base excision repair (BER) plays the most crucial role in protecting cells
from nucleotide base damage and repairing it with relatively small
change in the chemical structure [5,6]. Uracil-DNA glycosylase (UDG)
is one of the most important enzymes in BER pathway existing in most
organisms from bacteria to human [7,8]. It is responsible for the re-
moval of a damaged uracil base in DNA and initiates the BER pathway
of uracil excision repair [5,9]. UDG is proven to be involved in cell cycle
regulation, apoptosis and cancer stage [10–12]. Therefore, developing
the assays of accurate detection in UDG activity is desirable and

meaningful.
Traditional methods for UDG activity detection are based on gel

electrophoresis [13], electrochemical assay [14] and mass spectrometry
[15]. However, most of these methods are time-consuming, of poor
sensitivity, indirect and tedious. Recently, DNA probe based methods
for UDG activity detection have drawn great attention due to their
advantages of simplicity and sensitivity over traditional methods. The
majority of the DNA probe based methods use uracil-containing double-
stranded DNA (dsDNA) [16–25] or hairpin [26–31] as the initiative
probe. Once the uracil is removed by UDG, the resultant abasic site will
destabilize the dsDNA or hairpin structure and directly generate
fluorescent [27] or electrochemical signal [23] or release a free DNA to
trigger subsequent reactions such as G-quadraplex formation
[16,19,21,22,25,26,29,32], toehold mediated strand displacement
[21,24–26,33], DNAzyme based amplification [17], rolling cycle
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amplification [17,29] and exponential amplification reaction
[30,31,34]. To ensure obvious structure change, the initiative probe
always contains multiple uracil sites [16–28,32,33]. However, little
signal will be generated if only a part of the uracil sites are removed in
one DNA substrate because it may be insufficient for conformational
change and this limits the sensitivity of these methods. Some methods
also use enzymatic cleavage such as endonuclease IV [18,29,31], exo-
nuclease I [28] and endonuclease EcoRI [34] to assist the conforma-
tional change of the DNA substrate but this will further complicate the
reaction system. An alternative strategy is using the small fluorescent
molecule, which is linked in the DNA probe near the uracil [35,36] or is
bound with uracil [37]. Uracil can quench these molecules and when
uracil is removed, as the environment around the fluorescent molecule
is changed, the fluorescent signal will turn on. This strategy uses only
one uracil in each of the DNA probe to increase the sensitivity. How-
ever, they cannot be adapted to DNA based signal amplification
methods and the sensitivity still need to be improved. Moreover, most
of these DNA probe based methods are signal intensity dependent, that
is, the results are measured after procedures in specific time and dis-
tinguished by fluorescence intensity, which is hard to be differentiated
from the background signal and has difficulties in quantifying with
small amounts. Herein we present a completely new strategy for UDG
activity detection without using conformational or environmental
change in the initiative DNA probe but using the inhibition ability of
the uracil-containing oligo to the archaebacterial DNA polymerases.

Archaebacterial DNA polymerases are reported to tightly bind with
the uracil in DNA oligo [38]. Single uracil in DNA oligo is strong en-
ough to inhibit the activity of archaebacterial DNA polymerase. UDG
can remove the uracil in DNA oligo and the resultant dU and the DNA
oligo with abasic site could not inhibit archaebacterial DNA poly-
merases. Thus after UDG treatment, the activity of archaebacterial DNA
polymerase is released and can be used for DNA elongation and uracil
detection [39] Here, we used the inhibitor effect of uracil-containing
DNA towards archaebacterial DNA polymerase to develop a new
strategy for UDG detection. In this strategy, we can transfer the mea-
surement from UDG activity detection to archaebacterial DNA poly-
merase activity detection. This method is simple, time-dependent
output and adapts to multiple DNA based signal amplification to further
improve the sensitivity. As a proof of concept, we chose Vent (exo-)
DNA polymerase (Vent) which is a wildly used archaebacterial DNA
polymerase [38,40] to show the feasibility of our novel strategy.

2. Material and methods

2.1. Reagents and chemicals

The DNA oligonucleotides (oligos) used in this work were synthe-
sized and purified by Sangon Biotech Co. (Shanghai, China). The se-
quences of all the oligos were listed in Table S1. UDG, Vent (exo-) DNA
polymerase, Nt. AlwI nicking enzyme, Thermopol Reaction Buffer
(20mM Tris-HCl, 10mM KCl, 10mM (NH4)2SO4, 2mM MgSO4 and
0.1% Triton X-100, pH 8.8 @ 25 °C) and UDG Reaction Buffer (20mM
Tris-HCl, 1 mM EDTA, 1mM DTT, pH 8.0 @ 25 °C) were all obtained
from New England Biolabs (Beijing, China). dNTPs and 5-fluorouracil
(5-Fu) were obtained from Sangon Biotech Co. (Shanghai, China). 20×
EvaGreen dye was obtained from Biotium Inc. (CA, USA). Ultra-pure
water (18.2 MΩ cm−1) purchased from Sangon Biotech Co. was used
during all the experiments. All the DNA oligos were dissolved in TE
buffer (10mM Tris-HCl and 1mM EDTA pH 8.0) and stored at −20 °C
for further use.

2.2. Apparatus

All fluorescence measurements were carried out on a StepOne Real-
Time PCR Systems (ThermoFisher Scientific, Shanghai, China). The
concentration of DNA oligonucleotides is measured by NanoDrop 2000

UV–vis Spectrophotometer (ThermoFisher Scientific).

2.3. Uracil-containing DNA inhibition effects on Vent (exo-) DNA
polymerase

For the linear amplification reaction, to a 200 μL PCR tube, 2 μL of
10×Thermopol Reaction Buffer, 2 μL of dNTPs (250 μM, the final
concentration in 20 μL reaction solution, the same definition for other
oilgos mentioned in the text), 1 μL of Template oligo (150 nM), 1 μL of
Trigger oligo (150 nM), 1 μL of uracil-containing oligo of different
concentration (6.25 nM, 25 nM, 37.5 nM and 100 nM, respectively),
1 μL 20×EvaGreen dye and 11 μL of Ultra-pure water were added and
mixed well. The solution was heated to 85 °C and then gradually cooled
down to 37 °C. Then, 1 μL of Vent (exo-) DNA polymerase (0.25 U) was
added and the fluorescent signal was measured at 48 °C using StepOne
Real-Time PCR Systems. The excitation and emission wavelengths were
set to 492 nm and 518 nm, respectively.

For the exponential amplification reaction, to a 200 μL PCR tube,
2 μL of 10×Thermopol Reaction Buffer, 2 μL of dNTPs (250 μM), 1 μL
of Template oligo (150 nM), 1 μL of Trigger oligo (150 pM), 1 μL of
uracil-containing oligo of different concentration (6.25 nM, 25 nM,
37.5 nM and 100 nM, respectively), 1 μL 20×EvaGreen dye and 10 μL
of Ultra-pure water were added and mixed well. The solution was he-
ated to 85 °C and then gradually cooled down to 37 °C. Then, 1 μL of
Vent (exo-) DNA polymerase (0.25 U) and 1 μL of Nt. AlwI nicking
enzyme (5 U) were added and the fluorescent signal was measured as
mentioned above.

2.4. Detection of UDG activity

After the concentration of uracil-containing oligo is optimized (final
concentration of 100 nM for linear and 7.5 nM for exponential ampli-
fication reaction), multiple amount of UDG (0.5 U, 0.05 U, 0.005 U,
0.0005 U, 0.00005 U) was added for activity detection. UDG was di-
luted with UDG Reaction Buffer. Other conditions were the same as
described above in the Vent inhibition experiments.

To regulate the resolution of the exponential amplification reaction,
uracil-containing oligo was used as 12.5 or 20 nM or the primer was
used as 15 pM for comparison with the initial experiment condition.

2.5. Measurement of the selectivity of the method

To a 200 μL PCR tube, 2 μL of 10×Thermopol Reaction Buffer, 2 μL
of dNTPs (250 μM), 1 μL of Template oligo (150 nM), 1 μL of Trigger
oligo (150 pM), 1 μL of uracil-containing oligo (7.5 nM), 1 μL
20×EvaGreen dye and 9 μL of Ultra-pure water were added and mixed
well. The solution was heated to 85 °C and then gradually cooled down
to 37 °C. 1 μL of Vent (exo-) DNA polymerase (0.25 U) and 1 μL of Nt.
AlwI nicking enzyme (5 U) were added. Then, 1 μL of UDG (0.02 U), or
DNase I (0.2U), or BSA (0.2U), or Lambda Exonuclease (0.2U), or
Exonuclease I (0.2U), or UDG with 5-fluorouracil (final concentration
12mM) were added respectively and the fluorescent signal was mea-
sured as mentioned above for exponential amplification reaction.

2.6. UDG activity assay in biological samples

Approximately 1.5×108 Ishikawa cells samples were pelleted by
centrifugation (3000 rpm, 5min, 4 °C) and re-suspended in 90 μL of
lysis buffer (10mM Tris-HCl, pH 7.0) on ice. The mixture solution was
then centrifuged at 12000 rpm for 30min at 4 °C to remove insoluble
material.

To a 200 μL PCR tube, 2 μL of 10×Thermopol Reaction Buffer, 2 μL
of dNTPs (250 μM), 1 μL of Template oligo (150 nM), 1 μL of Trigger
oligo (150 pM), 1 μL of uracil-containing oligo (7.5 nM), 1 μL
20×EvaGreen dye and 9 μL of Ultra-pure water were added and mixed
well. The solution was heated to 85 °C and then gradually cooled down
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