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A label-free fluorescent method has been developed for sensitive detection of uracil-DNA glycosylase activity 
as well as UDG inhibitors.  
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The activity of uracil-DNA glycosylase (UDG), an enzyme in 

the base excision repair, is detected at a high sensitivity by a 

DNA substrate containing only one uracil through a label-free 

fluorescent approach, which is also successfully applied for the 

measurement of UDG inhibitors. 

Enzymes participating in the repair of DNA lesions are essential 

for organisms to maintain the integrity of their genetic 

information.1, 2 Of particular interest are DNA glycosylases in 

the base excision repair (BER) pathway that removes damaged 

DNA bases and generates apurinic/apyrimidinic (AP) sites in 

DNA for the downstream BER repair processes by other 

enzymes.1, 3 Uracil-DNA glycosylase (UDG) is one of the most 

important BER enzymes responsible for the exclusion of uracil 

from cellular DNA.4, 5 Because of the indispensable roles of 

UDG in BER pathway and gene regulation, as well as relevant 

human diseases such as Bloom syndrome and chemotherapy 

resistance,6, 7 the methods for the detection of UDG activity are 

highly demanded for its biochemical studies and the 

development of drugs for UDG-related diseases. 

 Traditional methods for UDG detection require complicated 

radioactive labelling, time-consuming electrophoresis or 

surface-based separations.8-11 In contrast, fluorescent probes 

developed in recent years for UDG activity assays based on 

uracil-containing oligonucleotides are simpler, faster and 

capable of monitoring UDG-catalyzed reactions in real time.12 

For instance, pairs of fluorophores and quenchers were attached 

at the ends of uracil-containing DNA substrates to measure UDG 

activity via fluorescence enhancement.13-15 Nanomaterials 

including graphene oxide and gold nanoparticles were also 

utilized as quenchers and colorimetric reporters, respectively, for 

optical UDG assays.16, 17 Besides, the activation of uracil-

containing DNAzymes by UDG was applied for more sensitive 

detection of UDG activity through DNAzyme-based signal 

amplifications.18, 19 Particularly, by incorporating an artificial 

nucleotide such as 2-aminopurine20, 21 or pyrene22, 23 adjacent to 

uracil in DNA substrates, fluorescent monitoring of UDG 

activity was achieved without the use of quenchers, and 

remarkably the pyrene-based fluorescent probe was successfully 

applied for the imaging of UDG activity inside living cells.22, 23 

 Except for the above methods that require labelling signal 

reporters covalently, label-free fluorescent approaches have also 

been developed for the detection of UDG.24 Compared to the 

labelled counterparts, the label-free probes do not need covalent 

attachment of fluorophores or quenchers to DNA, thus making 

the detection even simpler, low-cost, and minimizing the effect 

of labels on the activity of UDG. For example, uracil-containing 

DNA substrates that underwent UDG-induced formation of G-

quadruplex in the presence of porphyrin or metal complex were 

utilized for the detection of UDG activity based on fluorescence 

enhancement,25-27 which was resulted from the binding of the 

organic compounds to the G-quadruplex. 

 Nevertheless, these label-free fluorescent approaches for 

UDG activity detection,25, 26 as well as many labelled probes 

reported before,13-18 are based on simultaneous removal of 

multiple uracil bases to induce the conformational changes of 

DNA for signal transduction. Such DNA substrates containing 

multiple uracil sites are efficient but may make the estimation of 

UDG activity relatively complicated, because it can give little 

signal even if some (not all) of the uracil sites in each DNA 

substrate are removed but insufficient to induce the DNA 

conformational changes.  

 In this work, to overcome the above challenges, a label-free 

fluorescent method for the detection of UDG activity based on 

the removal of one uracil in each DNA substrate has been 

developed (Figure 1A). A dSpacer28-33 (1’,2’-Dideoxyribose, an 

artificial non-base spacer in DNA, abbreviated as “dSp” and 

shown in the blue structure in Figure 1A) binding fluorophore, 

named 2-amino-5,6,7-trimethyl-1,8-naphthyridine (ATMND), is 

allowed to bind the dSpacer opposite to a uracil site in the DNA 

duplex (DNA-U/DNA-X) through 3 complementary hydrogen 

bonds and π-π stacking.28-33 ATMND undergoes fluorescence 

quenching by adjacent bases when binding to the dSpacer. Upon 

the removal of uracil by UDG to generate an AP site (2’-

deoxyribose, shown in the yellow structure in Figure 1A), 

ATMND dissociates from the dSpacer due to the disruption of 

Page 2 of 5ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is ©  The Royal Society of Chemistry 2012 

hydrogen bonds in the absence of the uracil, thus the quenched 

fluorescence will recover to induce fluorescence enhancement.  

 
Figure 1. (A) Scheme of the label-free fluorescent method for the detection of 

UDG activity in solution and cell lysates. (B) Fluorescence spectra of ATMND 

binding to DNA-U/DNA-X in the presence of different amounts of UDG. (C) Kinetics 

of fluorescence enhancement of ATMND binding to DNA-U/DNA-X in the presence 

of 0.1 U mL−1 UDG. (D) Measurement of UDG activity in solution by fluorescence 

enhancement. (E) Inhibitory effect of UGI on the fluorescence enhancement of 

ATMND binding to DNA-U/DNA-X in the presence of UDG. 

 To test our hypothesis, the design in Figure 1A was used for 

the detection of UDG activity in solution by monitoring the 

fluorescence enhancement of ATMND. In a reaction buffer 

containing 50 mM NaCl, 0.5 mM EDTA and 50 mM Tris-HCl at 

pH 7.0, ATMND (0.5 μM) was added to the DNA duplex DNA-

U/DNA-X (1 μM) made of a uracil-containing DNA-U (1 μM) 

and a dSpacer-containing complementary DNA-X (1 μM). After 

the addition of UDG at different concentrations to the mixture 

solution and followed by incubation at 37 oC (the optimal 

temperature for UDG activity) for 10 min, the fluorescence was 

then measured at 5 oC (to quench UDG activity). As shown in 

Figure 1B, in the absence of UDG, the fluorescence of ATMND 

was weak because of the binding of ATMND to the DNA duplex. 

However, in the presence of increasing amounts of UDG up to 1 

U mL−1, the uracil removal caused the dissociation of ATMND 

from the DNA duplex and enhanced the fluorescence to about 8 

folds. UDG alone was found to affect little of the ATMND 

fluorescence (Figure S1, ESI†). The kinetics of the fluorescence 

enhancement in the presence of 0.1 U mL−1 UDG were studied 

within 15 min (Figure 1C), indicating the completion of reaction 

in 10 min. The effects of pH and ionic strength on the 

fluorescence enhancement were also investigated, suggesting the 

maximum fold of enhancement was reached at pH 7.0 and 50 

mM NaCl (Figure S2 and S3, ESI†). Under this optimal 

condition, the detection of UDG activity was carried out. 

According to the standard curve established from the results 

shown in Figure 1D, the method was found capable of detecting 

UDG activity as low as 0.0008 U mL−1 based on 3σb/S, in a range 

of at least 0.0008~0.1 U mL−1. This sensitivity was comparable 

or even better than those in the previously reported fluorescent 

methods for UDG activity assays,13-21, 25-27, 34 most probably 

ascribed to its characteristics of one uracil removal in each DNA 

substrate without the need of DNA conformational changes. The 

results of polyacrylamide gel electrophoresis (PAGE) and 

matrix-assisted laser desorption/ionization time of flight mass 

spectrometry (MALDI-TOF MS) analysis on the DNA duplex in 

the absence and presence of UDG clearly showed that the uracil 

in DNA-U was removed by UDG regardless of the presence of 

DNA-X or ATMND (Figures S4~S6, ESI†), supporting our 

proposed mechanism in Figure 1A. To confirm the fluorescence 

enhancement was indeed induced by UDG, a uracil glycosylase 

inhibitor protein (UGI) was added to the solution to eliminate the 

activity of UDG before the addition of UDG to the DNA 

substrate. No fluorescence enhancement was observed for a 

solution containing ATMND and the DNA duplex when UGI 

and UDG were present at 0.2 and 0.1 U mL−1 respectively 

(Figure 1E), demonstrating the indispensable role of UDG 

activity for the fluorescent enhancement. The design was also 

successfully simplified by using a “vacant site”32 approach, 

where two DNA substrates (DNA-Hairpin and DNA-Vac) 

without any dSpacer (e.g. all natural nucleotides) displayed 2-

fold fluorescence enhancement of ATMND in the presence of 

UDG (Figure S7, ESI†). 

 In addition to buffer solution, we performed the detection of 

UDG activity in eukaryotic cell lysates to investigate whether the 

method could also quantify UDG from eukaryotic cells 

compared with that from recombinant E. Coli in the above 

experiments, as well as whether the detection was tolerant 

toward cellular components such as large amounts of other 

proteins. MCF-7 and HeLa cells were washed to remove culture 

media and then lysed using a standard lysing buffer to prepare 

the lysates. Different amounts of such cell lysates were then 

diluted into large volumes of the reaction buffer to serve as the 

samples for measuring UDG activity therein. As shown in Figure 

2A, both cell lysates induced fluorescence enhancement due to 

the presence of UDG activity, and UGI was also added to the cell 

lysates to confirm that the fluorescence enhancement was solely 

generated by UDG rather than any other component in the lysates. 

Because the dilution factor was large and the standard curve for 

the quantification of UDG activity was found independent on the 

amount of lysis buffer or proteins added to the reaction buffer 

(within the dynamic ranges of Figure 1D in this work), the 

activity of UDG in the cell lysates can then be measured and 

calculated based on the slopes of the stand curve in Figure 1D 

and the curves in Figure 2B and 2C. The total amounts of protein 

in the cell lysates were determined by a BCA protein assay kit to 

serve as references. We found that the UDG activities in lysed 

MCF-7 and HeLa cells were determined as 0.286 and 0.144 U 

mg−1 (U UNG per mg total protein) in our study, respectively. 

Moreover, another culture of HeLa cells were lysed and tested 

using the standard addition method (Figure 2D), which gave the 

results of 0.208 U mg−1, close to the above 0.144 U mg−1 and 

with some understandable difference between different batches 

of cells. Since the UDG activity in cell lysates was rarely 

measured quantitatively in previous reports using either classic 

methods or fluorescent methods according to our literature 

search, currently we cannot find any known data of UDG activity 

in cells to compare them with the results from our method. 
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Figure 2. (A) Fluorescence enhancement of ATMND binding to DNA-U/DNA-X in 

the absence and presence of MCF-7 and HeLa cell lysates, and the inhibitory effect 

of UGI on the UDG activity in the cell lysates. (B) Fluorescence enhancement of 

binding to DNA-U/DNA-X in the presence of different amounts of MCF-7 cell 

lysates. (C) Fluorescence enhancement of binding to DNA-U/DNA-X in the 

presence of different amounts of HeLa cell lysates. (D) Fluorescence measurement 

of UDG activity in HeLa cell lysates by the standard addition method. 

 Besides the detection of UDG, our method based on ATMND 

and dSpacer-containing DNA substrates was also converted into 

another design for the determination of UDG inhibitors, which 

are useful biochemical tools and potential drugs.35-37 The original 

design in Figure 1A underwent fluorescence enhancement in the 

presence of UDG, thus it displayed fluorescence quenching 

accordingly when UDG inhibitor were present. A fluorescence 

enhancement response is usually more preferred in comparison 

with a quenching one, because the former is thought to be more 

resistant to sample matrix and fluorophore bleaching than the 

latter. To develop a label-free method for the detection of UDG 

inhibitors via fluorescence enhancement, we replaced the 

dSpacer opposite to the uracil (Figure 1A) by a cytosine (Figure 

3A). In such a design, ATMND cannot bind to the DNA duplex 

until the uracil is removed by UDG to generate an AP site 

opposite to the cytosine. As shown in Figure 3A, upon the 

binding of ATMND to the AP site through three complementary 

hydrogen bonds with the cytosine and π-π stacking,28-33 the 

fluorescence of ATMND was quenched. However, in the 

presence of UDG inhibitors, the activity of UDG was inhibited 

so that the binding of ATMND to DNA and the fluorescence 

quenching should be prohibited to rescue fluorescence. Based on 

this design, the inhibitory activities of UGI (a protein-based 

UDG inhibitor) as well as gentamycin (a small molecular 

inhibitor of UDG) were both successfully detected via a 

fluorescence enhancement response, as illustrated in Figure 3B 

and 3C, respectively. An IC50 of 0.42 mM was calculated from 

the result of UDG inhibition by different concentrations of 

gentamicin (Figure 3C), which is in the same order of magnitude 

compared with the findings in another report,34 with some 

difference mainly because of the different buffer conditions or 

different DNA substrates. These results demonstrate the promise 

of our approach as a simple method for the determination of 

UDG inhibitors via fluorescence enhancement. 

 
Figure 3. (A) Scheme of the method for the detection of UDG inhibitors via 

fluorescence enhancement of ATMND. (B) Fluorescence enhancement of ATMND 

induced by UGI for a sample containing DNA-U/DNA-C and UDG. (C) Measurement 

of IC50 for gentamicin as a small molecular UDG inhibitor.  

 In summary, the label-free fluorescent method developed in 

this work has been successfully applied for the detection of UDG 

activity in both solution and cell lysates. The method is based on 

the removal of only one uracil in each DNA substrate by UDG, 

which perturbes the binding of ATMND to the DNA substrate 

and resulted in fluorescence enhancement for UDG detection. A 

high sensitivity capable of detecting 0.0008 U mL−1 UDG has 

been achieved by the method, owing to its advantage of label free 

and one uracil removal compared with other reported fluorescent 

methods. By replacing the dSpacer with a cytosine, the 

determination of UDG inhibitors via fluorescence enhancement 

is also successful. Because of the availability of other 

fluorophores that can non-covalently bind dSpacer sites opposite 

to different lesion bases in DNA substrates, the method should 

be generally applicable for the detection of other DNA 

glycosylases in the BER pathway. 

 

Acknowledgement 
 We thank for the financial support from the National Natural 

Science Foundation of China (Nos. 2142200199, 21390410 and 

21375074), the National Key Scientific Instrument and 

Equipment Development Plan (No 2012YQ030111), the 

Tsinghua University Initiative Scientific Research Program (No. 

20131089220), and the Recruitment Program of Global Youth 

Experts of China. 

 

Notes and references 
a Department of Chemistry, Beijing Key Laboratory for Microanalytical 

Methods and Instrumentation, Key Laboratory of Bioorganic Phosphorus 

Chemistry and Chemical Biology (Ministry of Education), Tsinghua 

University, Beijing 100084, China.  

Email: xiang-yu@tsinghua.edu.cn 
b National Institute of Metrology, Beijing 100029, China. 
c Department of Chemistry, Graduate School of Science, Tohoku 

University Sendai 980-8578, Japan. 

† Electronic Supplementary Information (ESI) available: [Experimental 

details and additional figures]. See DOI: 10.1039/c000000x/ 

 

1. A. Sancar, Annu. Rev. Biochem., 1996, 65, 43-81. 

2. T. Lindahl and R. D. Wood, Science, 1999, 286, 1897-1905. 

Page 4 of 5ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

mailto:xiang-yu@tsinghua.edu.cn


COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is ©  The Royal Society of Chemistry 2012 

3. J. T. Stivers and Y. L. Jiang, Chem. Rev., 2003, 103, 2729-2760. 

4. T. Lindahl, Proc. Natl. Acad. Sci. U. S. A., 1974, 71, 3649-3653. 

5. R. Savva, K. McAuley-Hecht, T. Brown and L. Pearl, Nature, 1995, 

373, 487-493. 

6. G. Seal, K. Brech, S. J. Karp, B. L. Cool and M. A. Sirover, Proc. Natl. 

Acad. Sci. U. S. A., 1988, 85, 2339-2343. 

7. A. D. Bulgar, L. D. Weeks, Y. Miao, S. Yang, Y. Xu, C. Guo, S. 

Markowitz, N. Oleinick, S. L. Gerson and L. Liu, Cell Death Dis., 

2012, 3, e252. 

8. H. Krokan and C. U. Wittwer, Nucleic Acids Res., 1981, 9, 2599-2613. 

9. J. Tchou, H. Kasai, S. Shibutani, M. H. Chung, J. Laval, A. P. 

Grollman and S. Nishimura, Proc. Natl. Acad. Sci. U. S. A., 1991, 88, 

4690-4694. 

10. A. A. Ischenko and M. K. Saparbaev, Nature, 2002, 415, 183-187. 

11. L. Xia and T. O'Connor, Anal. Biochem., 2001, 298, 322-326. 

12. C.-H. Leung, H.-J. Zhong, H.-Z. He, L. Lu, D. S.-H. Chan and D.-L. 

Ma, Chem. Sci., 2013, 4, 3781-3795. 

13. B. Liu, X. Yang, K. Wang, W. Tan, H. Li and H. Tang, Anal. Biochem., 

2007, 366, 237-243. 

14. X. Yang, C. Tong, Y. Long and B. Liu, Mol. Cell. Probes, 2011, 25, 

219-221. 

15. N. Matsumoto, T. Toga, R. Hayashi, K. Sugasawa, K. Katayanagi, H. 

Ide, I. Kuraoka and S. Iwai, Nucleic Acids Res., 2010, 38, e101. 

16. V.-T. Nguyen, D.-V. Le, C. Nie, D.-M. Zhou, Y.-Z. Wang, L.-J. Tang, 

J.-H. Jiang and R.-Q. Yu, Talanta, 2012, 100, 303-307. 

17. D.-M. Zhou, Q. Xi, M.-F. Liang, C.-H. Chen, L.-J. Tang and J.-H. 

Jiang, Biosens. Bioelectron., 2013, 41, 359-365. 

18. L. Zhang, J. Zhao, J. Jiang and R. Yu, Chem. Commun., 2012, 48, 

8820-8822. 

19. Y. Xiang and Y. Lu, Anal. Chem., 2012, 84, 9981-9987. 

20. J. T. Stivers, Nucleic Acids Res., 1998, 26, 3837-3844. 

21. S. R. W. Bellamy, K. Krusong and G. S. Baldwin, Nucleic Acids Res., 

2007, 35, 1478-1487. 

22. T. Ono, S. Wang, C.-K. Koo, L. Engstrom, S. S. David and E. T. Kool, 

Angew. Chem., Int. Ed., 2012, 51, 1689-1692. 

23. T. Ono, S. K. Edwards, S. Wang, W. Jiang and E. T. Kool, Nucleic 

Acids Res., 2013, 41, e127. 

24. D.-L. Ma, H.-Z. He, K.-H. Leung, H.-J. Zhong, D. Chan and C.-H. 

Leung, Chem. Soc. Rev., 2013, 42, 3427-3440. 

25. D. Hu, Z. Huang, F. Pu, J. Ren and X. Qu, Chem. Eur. J., 2011, 17, 

1635-1641. 

26. K.-H. Leung, H.-Z. He, V. Ma, H.-J. Zhong, D. Chan, J. Zhou, J.-L. 

Mergny, C.-H. Leung and D.-L. Ma, Chem. Commun., 2013, 49, 5630-

5632. 

27. C. Zhao, L. Wu, J. Ren and X. Qu, Chem. Commun., 2011, 47, 5461-

5463. 

28. K. Yoshimoto, S. Nishizawa, M. Minagawa and N. Teramae, J. Am. 

Chem. Soc., 2003, 125, 8982-8983. 

29. T. Ihara, A. Uemura, A. Futamura, M. Shimizu, N. Baba, S. Nishizawa, 

N. Teramae and A. Jyo, J. Am. Chem. Soc., 2009, 131, 1386-1387. 

30. Y. Sato, T. Ichihashi, S. Nishizawa and N. Teramae, Angew. Chem., 

Int. Ed., 2012, 51, 6369-6372. 

31. Y. Xiang, A. Tong and Y. Lu, J. Am. Chem. Soc., 2009, 131, 15352-

15357. 

32. Y. Xiang, Z. Wang, H. Xing, N. Y. Wong and Y. Lu, Anal. Chem., 

2010, 82, 4122-4129. 

33. P. Song, Y. Xiang, H. Xing, Z. Zhou, A. Tong and Y. Lu, Anal. Chem., 

2012. 

34. H. Zhang, L. Zhang, J. Jiang and R. Yu, Anal. Sci., 2013, 29, 193-198. 

35. S. E. Bennett and D. W. Mosbaugh, J. Biol. Chem., 1992, 267, 22512-

22521. 

36. Y. L. Jiang, D. J. Krosky, L. Seiple and J. T. Stivers, J. Am. Chem. Soc., 

2005, 127, 17412-17420. 

37. C. K. Anders, E. P. Winer, J. M. Ford, R. Dent, D. P. Silver, G. W. 

Sledge and L. A. Carey, Clin. Cancer Res., 2010, 16, 4702-4710. 

 

 

Page 5 of 5 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


