
Bioorganic & Medicinal Chemistry Letters 15 (2005) 2111–2113
A fluorimetric assay for the spontaneous release of an
N7-alkylguanine residue from duplex DNA
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Abstract—A fluorimetric assay for monitoring depurination of the N7-alkylguanine adduct derived from the anticancer natural
product leinamycin is described. This general approach could potentially provide the foundation for a high throughput assay that
detects DNA-alkylating agents or a convenient continuous fluorimetric assay for base excision repair enzymes.
� 2005 Elsevier Ltd. All rights reserved.
Many compounds that alkylate DNA are of interest be-
cause they possess potent anticancer or mutagenic prop-
erties.1–8 Alkylation at a number of sites on the DNA
bases (e.g., N7-guanine and N3-adenine) vastly increases
the rate at which the base is released from the DNA
backbone by hydrolysis of the glycosidic bond (Scheme
1).9–14 The rate of this so-called depurination reaction is
important because it determines whether cellular DNA-
processing proteins are primarily confronted with the
alkylated base (1) or an abasic site (2, Scheme 1). Typi-
cally, assays for monitoring depurination rates involve
somewhat laborious chromatographic approaches such
as gel electrophoretic analysis of oligonucleotides or
HPLC and TLC detection of the released base.15–18 As
part of our ongoing studies17,19–26 of the DNA-alkylat-
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Scheme 1.

Scheme 2.
ing natural product leinamycin (3, Scheme 2), we re-
cently set out to develop a fluorimetric assay that
could be used to monitor the rate at which the leinamy-
cin–guanine adduct (4) undergoes depurination in du-
plex DNA.
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Scheme 3.

Figure 1. Fluorescence time courses for leinamycin-alkylated hairpin 6

at three different temperatures. The upper curve (m) 37 �C; middle
curve (�) 30 �C; lower curve 25 �C. The lines were obtained by fitting
the experimental data to the equation for a first-order chemical process

using SigmaPlot 2001 version 7.0. In these assays, the hairpin 6

(6 nmol; 50 lM) was incubated with leinamycin (125 nmol, 1 mM) and
2-mercaptoethanol (1.3 lmol; 10 mM) in 50 mM sodium phosphate

buffer, pH 7, containing 500 mMNaCl. The mixture was incubated for

4 h at 4 �C. Excess leinamycin and its byproducts were removed by
passing the mixture through a column of G10 Sephadex prepared in

the reaction buffer at 4 �C (to prevent depurination of the guanine

adduct) while collecting the DNA-containing fractions. For the

fluorescence assays, a 1 lM solution of the alkylated hairpin was

prepared in 50 mM sodium phosphate buffer, pH 7, containing

500 mM NaCl and maintained at the desired temperature. Aliquots

were periodically removed (300 lL) and subjected to fluorimetric

analysis (excitation 317 nm, emission 362 nm, 10 nm slit widths, 1 cm

pathlength cuvette, photomultiplier voltage 700 V).

Table 1. Rate constants for the depurination of the leinamycin–

guanine adduct from hairpin 6 calculated from fluorescence dataa

Temp (�C) Fluorescence method From Ref. 14b

k (h�1) t1/2 (h) k (h�1) t1/2 (h)

37 0.32 ± 0.05 2.2 0.20 ± 0.03 3.5

30 0.15c 4.6 N.D.b N.D.

25 0.065 ± 0.003 11 0.039 ± 0.002 18

a Rate constants were obtained by fitting the experimental fluorescence

data to the equation for a first-order chemical process using Sigma-

Plot 2001 version 7.0.
b Depurination of the leinamycin–guanine adduct from mixed

sequence double-stranded DNA measured using HPLC. Rate con-

stant at 30 �C was not reported in Ref. 14.
c Result of single measurement.
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Our effort to develop a fluorimetric assay for the rate at
which the leinamycin–guanine adduct undergoes depuri-
nation began with the design of hairpin duplexes con-
taining 2-aminopurine (2-AP, inset Scheme 2) adjacent
to a target guanine residue. The non-natural base, 2-
AP, effectively substitutes for adenine in DNA duplexes
and displays fluorescence properties that are highly sen-
sitive to its local environment.27–35 We anticipated that
depurination of a 7-alkylguanine residue would signifi-
cantly alter the surroundings of an adjacent 2-AP,
resulting in a readily detectable change in its fluores-
cence (Scheme 3).

We first confirmed that the oligonucleotides form stable
DNA duplexes. The native hairpin 5 has a melting tem-
perature of 57 �C while the 2-AP containing hairpin 6
melts at 52 �C (20 mM MOPS, pH 7, 200 mM NaCl).
Hairpin 6 was then alkylated by leinamycin (Scheme
2), followed by removal of unreacted alkylating agent
by gel filtration. Leinamycin is known to selectively
alkylate guanine residues in duplex DNA.17,25,26,36 Mon-
itoring the fluorescence of the 2-AP residue in this alkyl-
ated duplex (excitation at 317 nm, emission at 362 nm)
revealed a time-dependent increase in fluorescence inten-
sity (Fig. 1). The nearly 2-fold increase in fluorescence
observed upon loss of the neighboring 7-alkylguanine
residue was consistent with expectations, as it is known
that the fluorescence of 2-AP increases with increasing
exposure to solvent (and decreased stacking interactions
with adjacent DNA bases).27,28,30 Rate constants for the
depurination of the leinamycin–guanine adduct were ob-
tained by fitting the fluorescence data to the integrated
rate expression for a first order process.17,37 The rates
measured at several different temperatures (Table 1)
agree reasonably well with those measured previously
for spontaneous release of the leinamycin–guanine ad-
duct from mixed sequence duplex DNA using a tradi-
tional HPLC assay17 When the 2-AP residue is offset
from the alkylated guanine residue (hairpin 7), similar
results are obtained (data not shown). When the control
hairpin 8, lacking the target guanine residue, was sub-
jected to the standard alkylating conditions (Fig. 1 leg-
end) and then analyzed, no changes from initial
fluorescence intensity were observed. Similarly, a hairpin
(9) containing 7-deazaguanine38 in place of guanine dis-
played no change in fluorescence over time. These con-
trols indicate that the fluorescence changes observed
for hairpins 6 and 7 are dependent upon initial alkyl-
ation at the target guanine residues. Finally, alkylation
of the native hairpin 5 (lacking a 2-AP residue), followed
by fluorimetric analysis, revealed a fluorescence signal
that did not change with respect to time, comparable
to that of a blank sample containing only buffer.
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In summary, the results reported here show that oligo-
nucleotides containing a 2-AP residue can provide a use-
ful tool for monitoring the spontaneous depurination of
a modified base from duplex DNA. This method may
provide the foundation for a high-throughput assay that
detects DNA-alkylating agents. In addition, this general
approach could potentially be applied to the design of
convenient continuous fluorimetric assays for monitor-
ing the removal of damaged bases from DNA by base
excision repair enzymes.39,40 Finally, the sensitivity of
this assay might be increased through judicious use of
fluorescent bases other than 2-AP.41–44
Acknowledgements

We are grateful to Professor Steve Woski (University of
Alabama) for synthesis of the oligonucleotides contain-
ing non-natural bases. We thank the National Institutes
of Health for financial support of this work (CA 83925).
References and notes

1. Wolkenberg, S. E.; Boger, D. L. Chem. Rev. 2002, 102,
2477–2495.

2. Hurley, L. H. Nat. Rev. Cancer 2002, 2, 188–200.
3. Lawley, P. D.; Phillips, D. H. Mutat. Res. 1996, 355, 13–
40.

4. Smela, M. E.; Currier, S. S.; Bailey, E. A.; Essigmann,
J. M. Carcinogenesis 2001, 22, 535–545.

5. Hemminki, K. Carcinogenesis 1993, 14, 2007–2012.
6. O�Neill, J. P. Proc. Natl. Acad. Sci. U.S.A. 2000, 97,
11137–11139.

7. Marnett, L. J.; Burcham, P. C. Chem. Res. Toxicol. 1993,
6, 771–785.

8. Gates, K. S. In Covalent Modification of DNA by Natural
Products; Kool, E. T., Ed.; Pergamon: New York, 1999;
Vol. 7, pp 491–552.

9. Singer, B.; Grunberger, D.Molecular Biology of Mutagens
and Carcinogens; Plenum: New York, 1983.

10. Singer, B. J. Natl. Cancer Inst. 1979, 62, 1329–1339.
11. Singer, B. Nature 1976, 264, 333–339.
12. Singer, B.; Kroger, M.; Carrano, M. Biochemistry 1978,

17, 1246–1250.
13. Loeb, L. A.; Preston, B. D. Annu. Rev. Genet. 1986, 20,

201–230.
14. Gates, K. S.; Nooner, T.; Dutta, S. Chem. Res. Toxicol.

2004, 17, 839–856.
15. Wuenschell, G. E.; O�Connor, T. R.; Termini, J. Biochem-

istry 2003, 42, 3608–3616.
16. Osborne, M. R.; Phillips, D. H. Chem. Res. Toxicol. 2000,

13, 257–261.
17. Nooner, T.; Dutta, S.; Gates, K. S. Chem. Res. Toxicol.
2004, 17, 942–949.

18. Vongchampa, V.; Dong, M.; Gingipalli, L.; Dedon, P.
Nucleic Acids Res. 2003, 31, 1045–1051.

19. Behroozi, S. B.; Kim, W.; Gates, K. S. J. Org. Chem. 1995,
60, 3964–3966.

20. Behroozi, S. J.; Kim, W.; Dannaldson, J.; Gates, K. S.
Biochemistry 1996, 35, 1768–1774.

21. Mitra, K.; Kim, W.; Daniels, J. S.; Gates, K. S. J. Am.
Chem. Soc. 1997, 119, 11691–11692.

22. Breydo, L.; Zang, H.; Mitra, K.; Gates, K. S. J. Am.
Chem. Soc. 2001, 123, 2060–2061.

23. Breydo, L.; Gates, K. S. J. Org. Chem. 2002, 67, 9054–
9060.

24. Zang, H.; Breydo, L.; Mitra, K.; Dannaldson, J.; Gates,
K. S. Bioorg. Med. Chem. Lett. 2001, 11, 1511–1515.

25. Zang, H.; Gates, K. S. Chem. Res. Toxicol. 2003, 16,
1539–1546.

26. Gates, K. S. Chem. Res. Toxicol. 2000, 13, 953–956.
27. Rachofsky, E. L.; Seibert, E.; Stivers, J. T.; Osman, R.;

Ross, J. B. A. Biochemistry 2001, 40, 957–967.
28. Rachofsky, E. L.; Osman, R.; Ross, J. B. A. Biochemistry

2001, 40, 946–956.
29. Kirk, S. R.; Luedtke, N. W.; Tor, Y. Bioorg. Med. Chem.

2001, 9, 2295–2301.
30. Somsen, O. J. G.; van Hoek, A.; van Amerongen, H.

Chem. Phys. Lett. 2005, 402, 61–65.
31. Folta-Stogniew, E.; O�Malley, S.; Gupta, R.; Anderson,

K. S.; Radding, C. M. Mol. Cell 2004, 15, 965–975.
32. Su, T.-J.; Connolly, B. A.; Darlington, C. M. R.; Dryden,

D. T. F. Nucleic Acids Res. 2004, 32, 2223–2230.
33. Beck, C.; Jeltsch, A. Biochemistry 2002, 41, 14103–14110.
34. Liu, C.; Martin, C. T. J. Mol. Biol. 2001, 308, 465–475.
35. Lacourciere, K. A.; Stivers, J. T.; Marino, J. P. Biochem-

istry 2000, 39, 5630–5641.
36. Asai, A.; Hara, M.; Kakita, S.; Kanda, Y.; Yoshida, M.;

Saito, H.; Saitoh, Y. J. Am. Chem. Soc. 1996, 118, 6802–
6803.

37. Espenson, J. H. Chemical Kinetics and Reaction Mecha-
nisms, 2nd ed.; McGraw-Hill: New York, 1995.

38. 2-AP and 7-deazaguanosine phosphoramidites were from
Glen Research. 7-Deazaguanine lacks the nitrogen atom
that is normally alkylated by leinamycin.

39. David, S. S.; Williams, S. D. Chem. Rev. 1998, 98, 1221–
1261.

40. Dizdaroglu, M. Mutat. Res. 2003, 531, 109–126.
41. Coleman, R. S.; Madaras, M. L. J. Org. Chem. 1998, 63,

5700–5703.
42. Coleman, R. S.; Mortenson, M. A. Tetrahedron Lett.

2003, 44, 1215–1219.
43. Rao, P.; Benner, S. A. J. Org. Chem. 2001, 66, 5012–

5015.
44. Wilhelmsson, L. M.; Holmen, A.; Lincoln, P.; Nielsen,

P. E.; Norden, B. J. Am. Chem. Soc. 2001, 123, 2434–
2435.


	A fluorimetric assay for the spontaneous release of an  N7-alkylguanine residue from duplex DNA
	Acknowledgements
	References and notes


