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Linear disulfide-containing low polymer as efficient DNA cleavage reagent
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A novel linear poly[1,7-bis(mercaptoacetyl)-1,4,7,10-tetraazacyclododecane] (PBMAC) containing macro-
cyclic polyamine was synthesized through oxidation of 1,7-bis(mercaptoacetyl)-1,4,7,10-tetraazacyclod-
odecane (BMAC) and characterized. Gel electrophoresis experiments showed that PBMAC can promote
the DNA cleavage more efficiently than its monomer under physiological conditions without any thiol
additives. Fluorescence quenching and DNA melting experiments demonstrated that PBMAC has stronger
binding ability with DNA than that of monomer.

� 2009 Elsevier Ltd. All rights reserved.
Phosphodiester bonds in DNA are very difficult to be hydrolyzed
under physiological conditions.1 The half-life of DNA by spontane-
ous hydrolysis will be thousands to billions of years.1,2 As widely
used in the fields of molecular biology and therapy, the cleavage
of DNA with high selectivity has become an invaluable tool.3–5

Many natural enzymes such as restriction endonucleases, recom-
binases, and topoisomerases, can catalyze phosphoryl cleavage
efficiently.6 For the difficulties of mimicing enzymatic reaction in
the lab,7 design and synthesis of high efficient chemical nucleases
have emerged to be an important research field. Varies of metal
complexes,8–12 which could accelerate the cleavage of DNA, were
reported.11 As a widely studied type of compounds, the metal com-
plexes of 1,4,7,10-tetraazacyclododecane (cyclen) have been used
as artificial nucleases in DNA recognition and cleavage.13–17 Re-
cently, we also reported a copper complex of a novel linear poly-
meric macrocyclic polyamine as an effective artificial nuclease.18

However, free ligands without transition metals always showed
much decreased DNA cleavage abilities.19,20

Free small molecules have been employed widely in the interac-
tion with DNA through molecular recognition, groove binding,
functional group modification, cleavage or crosslinking.13,21,22 Wu
and co-workers found that 1,7-dimethylcyclen can hydrolyze dou-
ble stranded DNA under physiological conditions.23 Some multisul-
fide compounds were also reported as effective DNA cleavage
agents by adding necessary sulfur-containing additives.24,25 Our
All rights reserved.
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group reported three nitrogen–sulfur ligands as good artificial cat-
alysts for the cleavage of DNA without thiol additives.26 Gates
speculated that the thiol-dependent formation of oxygen radicals
mediated by polysulfides hinges upon the unusual reactivity of
intermediates generated in the reaction of thiols with polysul-
fides.27 To the best our knowledge, no synthesized polymer of
thiol-containing ligand has been reported as chemical nuclease
for DNA cleavage.

In this Letter, we prepared a novel nitrogen-sulfur-containing li-
gand named 1,7-bis(mercaptoacetyl)-1,4,7,10-tetraazacyclodode-
cane (BMAC) and its low polymer (PBMAC), which has both thiol
ending and disulfide bonds in the polymeric chain. In the prepara-
tion of PBMAC (Scheme 1), 2-mercaptoacetic acid was firstly pro-
tected by Boc2O to give compound 1. The reaction between 1 and
1,7-bis(tert-butyloxycarbonyl)-1,4,7,10-tetraazacyclododecane28

afforded the desired product 2. BMAC was obtained by deprotec-
tion of 2 with HCl (g) in CH2Cl2. Subsequent oxidation with O2

could give polymeric product PBMAC. The molecular weight of
PBMAC was determined as 1597.29 (n = 5) by MALDI-TOF/TOF
mass spectrometry (Fig. S1 in Supplementary data). The final prod-
uct PBMAC was prepared in several batches with invariable molec-
ular weight distributions. Elemental analysis was also applied to
confirm the structure of PBMAC (Data are shown in Supplementary
data). As higher DNA affinity always leads to higher DNA cleavage
efficiency,9,29,30 we hope the polymer PBMAC, which has poten-
tially stronger affinity with DNA than that of monomer BMAC, to
be a promising DNA cleavage reagent.

The cleavage activities of BMAC and PBMAC towards pUC 19
supercoiled DNA were then studied. Supercoiled plasmid DNA
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Scheme 1. Synthetic route of BMAC and PBMAC.
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(Form I) was cleaved under physiological conditions to give open-
circular form (Form II). The amount of strand scission was assessed
by agarose gel electrophoresis. The cleavage abilities of BMAC and
PBMAC were firstly compared under different concentrations. As
shown in Figure 1, when the concentration of sulfur compounds in-
creased from 7 mg/L to 56 mg/L, the amounts of nicked DNA (Form
II) promoted by PBMAC were 31%, 66%, 92% and 100%, respectively.
While the cleavages in the presence of BMAC only gave Form II
with the amounts of 20%, 24%, 44% and 63%, respectively. These re-
sults indicated that the polymer can cleave DNA more efficiently
than monomer.

To further compare the cleavage abilities of BMAC and PBMAC,
the DNA cleavage reactions proceeding with different reaction
times with the same reagent concentration were performed. As
shown in Figure 2, increasing the reaction time resulted in the in-
crease of Form II. Supercoiled DNA could be completely cleaved in
8 h in the presence of PBMAC. On the other hand, BMAC cleaved
only 35% of supercoiled DNA in the same time span, and 92% of
nicked DNA was obtained even by extending reaction time to
24 h. It is obvious that PBMAC promoted the cleavage of plasmid
DNA (pUC 19) much more quickly than BMAC under physiological
BMAC PBMAC
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Figure 1. Effect of concentration of BMAC and PBMAC on the cleavage reactions of
pUC 19 DNA (7 lg/mL) in a pbs (100 mM, pH 7.4) at 37 �C for 24 h. (A) Agarose gel
electrophoresis diagram: lane 1, DNA control 24 h; lane 2, 7 mg/L; lane 3, 14 mg/L;
lane 4, 28 mg/L; lane 5, 56 mg/L of sulfur compounds. (B) quantitation of % plasmid
relaxation relative to plasmid DNA per lane.

Figure 2. Effect of reaction time on the cleavage reaction of pUC 19 DNA (7 lg/mL)
with BMAC and PBMAC (56 mg/L) in a pbs (100 mM, pH 7.4) at 37 �C. (A) Agarose
gel electrophoresis diagram: lane 1, DNA control, 0 h; lane 2, DNA control, 24 h;
lane 3, 1 h; lane 4, 2 h; lane 5, 4 h; lane 6, 8 h; lane 7, 12 h; lane 8, 24 h. (B)
quantitation of % plasmid relaxation relative plasmid DNA per lane.
conditions. Moreover, PBMAC is also a better reagent for DNA
cleavage than some metal–cyclen complexes and nitrogen–sulfur
ligands we reported previously.26,31–33

DNA affinity, which is the critical step for DNA cleavage in most
cases, was reported to correlate with DNA cleavage efficiency. He-
lix melting assays were performed to compare the pDNA-binding
capability of BMAC and PBMAC. Helix melting was monitored by
noting the CT-DNA absorbance at 260 nm as a function of temper-
ature. The absorbance increased substantially when the double he-
lix dissociates into single stranded DNA. The mid point of this
transition represents denaturation of the double helix and the cor-
responding temperature is a parameter as the helix melting tem-
perature (Tm). When a ligand binds with double helix, the helix
stability is improved and the Tm is increased, which can indicate
the strength of its interaction with DNA. The helix melting results
were shown in Figure 3. The Tm of CT DNA alone is 73.5 �C. After
addition of BMAC and PBMAC, the DTm of 3.4 �C and 4.0 �C was ob-
served, respectively. Melting studies show that PBMAC has appre-
ciably stronger binding affinity than BMAC.

In order to further compare the binding affinities of BMAC and
PBMAC towards DNA, ethidium bromide (EB) exclusion assays
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Figure 3. Helix melting curves of CT-DNA (48 mg/L in 5 mM pbs, pH 7.4): (a) alone
(red); (b) +18 mg/L BMAC (blue); (c) + 18 mg/L PBMAC (black).
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were carried out in vitro under pH 7.4 at room temperature. EB has
weak fluorescence, but its emission intensity in the presence of
DNA could be greatly enhanced because of its strong intercalation
between the adjacent DNA base pairs. It was previously reported
that this enhanced fluorescence could be quenched, or at least
partly quenched by the addition of a second molecule with higher
DNA-binding ability. The percent of decreased fluorescence value
was used as a parameter to evaluate the DNA binding affinity of
a given molecule. In fluorescence quenching assays, DNA was
added to the solution containing EB and allowed to equilibrate
for five seconds. Each aliquot of BMAC or PBMAC were then added
to the solution and the fluorescence measured after five seconds of
equilibration. All the samples were excited at 480 nm and emis-
sions were measured at 600 nm. As shown in Figure 4, the addition
of PBMAC to DNA pretreated with EB caused more evident de-
crease in the emission intensity than that caused by BMAC, indicat-
ing that the DNA-bound EB fluorophore can be partially replaced
by PBMAC more easily. These results suggested that PBMAC has
stronger binding affinity than BMAC, which is accordant with the
results in agarose gel electrophoresis. From the differences in
DTm and fluorescent experiments between the two compounds
(PBMAC > BMAC for both values), we believe that the polymer
has higher binding affinity with DNA than monomer. Further stud-
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Figure 4. Fluorescence spectra of EB bound to CT-DNA in the presence of BMAC and
PBMAC with different concentration. [EB] = 5 lM, [DNA] = 10 lM, [BMAC,
PBMAC] = 0, 0.09, 0.18, 0.27, 0.36, 0.45, 0.54, 0.63, 0.72, 0.81, 0.90, 0.99 g/L. The
fluorescence spectroscopic were excited at 480 nm and emissions were measured at
600 nm. Fluorescence quenching assay is completed in five minutes.
ies about the mechanism of oxidative cleavage promoted by this
type of polymer are now in progress.

In conclusion, we first designed and synthesized a novel linear
polymer of nitrogen–sulfur ligand (PBMAC). The results of agarose
gel electrophoresis show that PBMAC is a more effective chemical
nuclease for DNA cleavage than its monomer (BMAC). Helix melt-
ing and fluorescent spectroscopic studies indicate that PBMAC has
stronger DNA binding affinity than BMAC. As this low polymer can
catalyze DNA cleavage quickly at low concentration with better
efficiency than those cyclen-based ligands and complexes, we con-
sider that PBMAC can be used as a promising DNA cleavage
reagent.
Acknowledgments

This work was financially supported by the National Science
Foundation of China (Nos. 20725206 and 20732004), Specialized
Research Fund for the Doctoral Program of Higher Education and
Scientific Fund of Sichuan Province for Outstanding Young
Scientist.
Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2009.05.015.

References and notes

1. Westhemer, F. H. Science 1987, 235, 1173.
2. Schroeder, G. K.; Lad, C.; Wyman, P.; Williams, N. H.; Wolfenden, R. Proc. Natl.

Acad. Sci. U.S.A. 2006, 103, 4052.
3. Pitie, M.; Boldron, C.; Pratviel, G. Adv. Inorg. 2006, 58, 77.
4. Niittymaki, T.; Lonnberg, H. Org. Biomol. Chem. 2006, 4, 15.
5. Weston, J. Chem. Rev. 2005, 105, 2151.
6. Hegg, E. L.; Burstyn, J. N. Coord. Chem. Rev. 1998, 173, 133.
7. Radzicka, A.; Wolfenden, R. Science 1995, 267, 90.
8. Hettich, R.; Schneider, H.-J. J. Am. Chem. Soc. 1997, 119, 5638.
9. Jin, Y.; Cowan, J. A. J. Am. Chem. Soc. 2005, 127, 8408.

10. Branum, M. E.; Tipton, A. K.; Zhu, S. R.; Que, L. J. Am. Chem. Soc. 2001, 123, 1898.
11. Jeung, C. S.; Kim, C. H.; Min, K.; Suh, S. W.; Suh, J. Bioorg. Med. Chem. Lett. 2001,

11, 2401.
12. Fitzsimons, M. P.; Barton, J. K. J. Am. Chem. Soc. 1997, 119, 3379.
13. Aoki, S.; Kimura, E. Chem. Rev. 2004, 104, 769.
14. Saki, N.; Akkaya, E. U. J. Mol. Catal. A: Chem. 2004, 219, 227.
15. Kimura, E.; Kitamura, H.; Ohtani, K.; Koike, T. J. Am. Chem. Soc. 2000, 122, 4668.
16. Aoki, S.; Kawatani, H.; Goto, T.; Kimura, E.; Shiro, M. J. Am. Chem. Soc. 2001, 123,

1123.
17. Khan, M. A.; Mustafa, J.; Musarrat, J. Mutat. Res. 2003, 109, 525.
18. Xiang, Y.-Z.; Zhou, L.-H.; Jiang, N.; Lin, H.-H.; Yu, X.-Q. J. Enzym. Inhib. Med.

Chem. 2009, 24, 315.
19. Rossi, P.; Felluga, F.; Tecilla, P.; Formaggio, F.; Crisma, M.; Toniolo, C.; Scrimin,

P. J. Am. Chem. Soc. 1999, 121, 6948.
20. Boseggia, E.; Gatos, M.; Lucatello, L.; Mancin, F.; Moro, S.; Palumbo, M.; Sissi, C.;

Tecilla, P.; Tonellato, U.; Zagotto, G. J. Am. Chem. Soc. 2004, 126, 4543.
21. Burger, R. M. Chem. Rev. 1998, 98, 1153.
22. McMillin, D. R.; McNett, K. M. Chem. Rev. 1998, 98, 1201.
23. Wan, S.-H.; Liang, F.; Xiong, X.-Q.; Yang, L.; Wu, X.-J.; Wang, P.; Zhou, X.; Wu,

C.-T. Bioorg. Med. Chem. Lett. 2006, 16, 2804.
24. Lee, A. H. F.; Chen, J.; Liu, D. S.; Leung, T. Y. C.; Chan, A. S. C.; Li, T.-H. J. Am. Chem.

Soc. 2002, 124, 13972.
25. Breydo, L.; Gates, K. S. Bioorg. Med. Chem. Lett. 2000, 10, 885.
26. Zhao, Y.-C.; Zhang, J.; Huang, Y.; Wang, G.-Q.; Yu, X.-Q. Bioorg. Med. Chem. Lett.

2007, 17, 2745.
27. Mitra, K.; Kim, W.; Daniels, J. S.; Gates, K. S. J. Am. Chem. Soc. 1997, 119, 11691.
28. De León-Rodrı́guez, L. M.; Kovacs, Z.; Esqueda-Olivaa, A. C.; Miranda-Olvera, A.

D. Tetrahedron Lett. 2006, 47, 6937.
29. Shao, Y.; Sheng, X.; Li, Y.; Jia, Z. L.; Zhang, J. J.; Liu, F.; Lu, G. Y. Bioconjugate

Chem. 2008, 19, 1840.
30. Sheng, X.; Guo, X.; Lu, X. M.; Lu, G. Y.; Shao, Y.; Liu, F.; Xu, Q. Bioconjugate Chem.

2008, 19, 490.
31. Wang, X.-Y.; Zhang, J.; Li, Kun.; Jiang, N.; Chen, S.-Y.; Lin, H.-H.; Huang, Y.; Ma,

L.-J.; Yu, X.-Q. Bioorg. Med. Chem. 2006, 14, 6745.
32. Huang, Y.; Lu, Q.-S.; Zhang, J.; Zhang, Z.-W.; Zhang, Y.; Chen, S.-Y.; Li, K.; Tan,

X.-Y.; Lin, H.-H.; Yu, X.-Q. Bioorg. Med. Chem. 2008, 16, 1103.
33. Yang, X.-B.; Feng, J.; Zhang, J.; Zhang, Z.-W.; Lin, H.-H.; Zhou, L.-L.; Yu, X.-Q.

Bioorg. Med. Chem. 2008, 16, 3871.

http://dx.doi.org/10.1016/j.bmcl.2009.05.015

	Linear disulfide-containing low polymer as efficient DNA cleavage reagent
	Acknowledgments
	Supplementary data
	References and notes


