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Abstract: A new method has been developed for the label-free, convenient, and real-time monitoring of
the cleavage of single-stranded DNA by single-strand-specific S1 nuclease and hydroxyl radical based on
cationic water-soluble poly[3-(3'-N, N, N-triethylamino-1'-propyloxy)-4-methyl-2,5-thiophene hydrochloride]
(PMNT). The PMNT can form an interpolyelectrolyte complex with ssDNA (duplex) through electrostatic
interactions, in which PMNT takes a highly conjugated and planar conformation, and thus PMNT exhibits
a relatively red-shifted absorption wavelength. When ssDNA is hydrolyzed by S1 nuclease or hydroxyl
radical into small fragments, the PMNT/ssDNA duplex cannot form. In this case, the PMNT remains in
random-coil conformation and exhibits a relatively short absorption wavelength. The nuclease digestion or
oxidative damage by hydroxyl radical of DNA can be monitored by absorption spectra or just visualized by
the “naked-eye” in view of the observed PMNT color changes in aqueous solutions. This assay is simple
and rapid, and there is no need to label DNA substrates. The most important characteristic of the assay is
direct visualization of the DNA cleavage by the “naked-eye”, which makes it more convenient than other
methods that rely on instrumentation. The assay also provides a promising application in drug screening
based on the inhibition of oxidative damage of DNA.

Introduction duplexes, molecular cloning, and gene analyi&* Although
several intriguing strategies based on FREANd electrochem-
istry technique® have also been developed to assay the cleavage
nucleases and nonspecific nucleases has been shown to be

efﬁmency of these nucleases, they require the expensive DNA
involved in many important biological processes, such as DNA

strands labeled at the terminus with dual dyes or electro-active

replication, recombination, and repéi’: So far, only a few hromophores. It still remains a challenge to find simple, rapid,
techniques for the nuclease assay are performed, such as ge‘i P 9 P P

electrophoresis, high performance liquid chromatography (HPLC), and more convenient approaches to assay single-strand-specific
sedimentation, and enzyme-linkedimmunosorbent assay (ELISA). nucleases and probe the process of sSDNA cleavage.

These methods are time-consuming, laborious, and require Inrecentyears, oxidative damage of DNA by reactive oxygen
substrate radiolabeling. Convenient assays based on fluorescencgpecies (ROS), such as hydroxyl, alkoxyl, and peroxyl radicals
resonance energy transfer (FRET) have been developed; howand singlet oxygen, has received much attention due to its
ever, most of them only work under restriction endonucleases involvment in mutagenesis, carcinogenesis, and adif§ DNA

for doubled-stranded DNA substrafe3.The single-strand-  damage by hydroxyl radicals@H) generates characteristic
specific nucleases have been widely used as a tool in molecularmutagenic base lesions, such as 8-oxoguanine, 8-oxoadenine,

biology and biotechnology, such as for removal of nonannealed thymine glycol, and 8-hydroxycytosine, and the strand breaks
polynucleotide tails and hairpin loops in RNA and DNA

The cleavage of DNA by nucleases such as restriction

Beard, P.; Morrow, J. F.; Berg, B. Virol. 1973 12, 1303.

Oleson, A. E.; Sasakuma, Mrch. Biochem. Biophy4.981, 204, 361.

Ma, M.; Benimetskaya, L.; Ebedeva, I.; Dignam, J.; Takle, G.; Stein, C.
A. Nat. Biotechnol200Q 18, 58.

(1) Gite, S. U.; Shankar, \Crit. Rev. Microbiol. 1995 21, 101.

(2) Linn, S. M.; Lloyd, R. S.; Roberts, R. Blucleases2nd ed.; Cold Spring
Harbor Laboratory Press: Spring Harbor, NY, 1993.

(3) Roberts, R. INucleic Acids Resl99Q 18, 2331.

(4) Halford, S.; Goodall, ABiochemistry1988 27, 1771.

(5) McLaughlin, L. W.; Benseler, F.; Graeser, E.; Piel, N.; Scholtissek, S.

1984; pp 28-90.
Wang, J.; Chen, R.; Julin, D. A. Biol. Chem200Q 275, 507.

Biochemistry1987, 26, 7238.

(6) Fliess, A.; Wolfes, H.; Rosenthal, A.; Schwellnus, K.; &er, H.; Frank,
R.; Pingoud, A Nucleic Acids Resl986 14, 3463.

(7) Jeltsch, A.; Fritz, A.; Alves, J.; Wolfes, H.; Pingoud, Anal. Biochem.
1993 213 234.

(8) Lee, S. P.; Han, M. KMethods Enzymoll997, 278, 343.

(9) Ghosh, S. S,; Eis, P. S.; Blumeyer, K.; Fearon, K.; Millar, DNRcleic
Acids Res1994 22, 3155.

14972 = J. AM. CHEM. SOC. 2006, 128, 14972—14976

)
)
)
)
(14)
(15) Li, J. J.; Geyer, R.; Tan, WNucleic Acids Re200Q 28, e52.
(16) Hillier, S. C.; Frost, C. G.; Jenkins, A. T. A.; Braven, H. T.; Keay, R. W.;
Flower, S. E.; Clarkson, J. MBioelectrochemistr2004 63, 307.

) (a) Ames, B. NSciencel983 221, 1256. (b) Shigenaga, M. K.; Ames, B.
N. Basic Life Sci1993 61, 419.

) Meneghini, RMutat. Res1988 195 215.

) Cadenas, EAnnu. Re. Biochem.1989 58, 79.

) Niki, E. Free Radical Res200Q 33, 693.

10.1021/ja065159b CCC: $33.50 © 2006 American Chemical Society



Enzymatic Cleavage of Single-Stranded DNA

ARTICLES

Scheme 1.
Lengths
A ssDNA (free form) DNA fragments
[S] vhy S1 ) )
© ‘»94 Nuclease ) > »
© —_— w1\ ©
o »
or «OH & o)
©'5 ©
@ ®
® ® | Path A ® ® [Path B
® @
® ®
PMNT PMNT
e E))
o o
@ O
e ® PMNT (free form)
Duplux DNA fragments

into fragment$! To assay the damage of DNA b®H, the

(A) Schematic Representation of the Assay for Nuclease; (B) Chemical Structures of PMNT and ssDNAs with Different Base

B ® S]
N(CzHs)3 Cl
Hs

[\

PMNT

DNA-1: 5-GAGTTAGCACCCGCATAGTCAAGAT-3 (25 mer)
DNA-2: 5'-CCAACCACACCAACC-3' (15 mer)

DNA-3: 5-ATCTTAACTGTG-3' (12 mer)

DNA-4: 5-GGTGCTAACT-3' (10 mer)

DNA-5: 5-ACCTTATC-3' (8 mer)

DNA-6: 5-TTAGC-3' (5 mer)

groups$! have developed new water-soluble polythiophene

same methods have been employed as for enzymatic cleavagejerivatives, which show conformational or aggregation changes
such as gel electrophoresis, high performance liquid chroma-upon forming interpolyelectrolyte complexes with single-
tography (HPLC), and FRET technique based on doubly labeled stranded DNA. The induced conformational or aggregation
DNA probes??~24 Thus, there is also a need for more sensitive changes can be conveniently monitored by using absorption or

and convenient methods to assay the cleavage of DNA by fluorescence spectroscopi®sAs demonstrated here,

*OH.

it is
possible to take advantage of the conformational change of

Recently, conjugated polymers (CPs) provide a unique polythiophene to design a simple, homogeneous, rapid, and

platform for chemical and biological sensors in view of their
optical signal amplification effe@®@ 27 We and others have
utilized this property of conjugated polymers to detect DNA,
RNA, protein, and metal ion® 37 Lecleré® and Ingaria
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label-free method to assay nucleases, oxidatively damage DNA
by *OH, and probe the process of DNA cleavage. Rather than
rely on the complexities of other DNA cleavage assay methods,
our method provides visual detection by the “naked-eye”,
without requiring additional instrumentation.

Results and Discussion

Design of the Optical Probe for DNA CleavageOur new
assay for enzymatic cleavage or oxidative damage of ssDNA
is illustrated in Scheme 1. Cationic water-soluble poly[3-(3
N,N,N-triethylamino-1-propyloxy)-4-methyl-2,5-thiophene hy-
drochloride] (PMNT) was selected as the optical probe for DNA
cleavage, which was prepared from an oxidative polymerization
in chloroform with Fe( as the oxidizing agent according to
the procedure in the literatuf@®3%4The PMNT itself takes a
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Figure 1. The absorption spectra of PMNT in the presence of ssDNAs
with different base lengths. [PMNT 5.6 x 1075 M, [DNAs] = 1.2 x

1075 M. The measurements were performed in buffer solution (2 mM
CHsCOONa, 15 mM NaCl, 0.1 mM ZnSQpH = 4.6).

random-coil conformation and exhibits relatively short absorp-
tion wavelength. It can form an interpolyelectrolyte complex
with sSDNA (duplex) through electrostatic interactions, in which

PMNT takes a highly conjugated and planar conformation, and

thus PMNT exhibits a relatively red-shifted absorption wave-
length (Scheme 1, path A9.When ssDNA is cleaved by S1
nuclease otOH into small fragments, the PMNT/ssDNA duplex
cannot form. In this case, the PMNT remains in random-coil
conformation and exhibits a relatively short absorption wave-

length (Scheme 1, path B). The cleavage of DNA can be
monitored by absorption spectra or just visualized by the “naked-
eye” in view of the observed PMNT color changes in aqueous

solutions.
To check the critical lengths of DNA fragments that can form

the color changing adduct with PMNT, the absorption spectra
of PMNT in the presence of ssDNAs with different base lengths
(see sequences in Scheme 1B) were studied (Figure 1). The

results show that the minimum length of ssDNA to form strong

and well-defined complexes with PMNT contains 10 bases at

the same DNA concentration ([DNAsfF 1.2 x 10°¢ M,
[PMNT] = 5.6 x 1075 M). Because dsDNA cannot form the

obvious color changing adduct with PMNT, this approach does

not work with ds-DNA#?

and after digestion with S1 nuclease. The solution involved 12.0 nmol of
PMNT, 0.25 nmol of ssDNA, and 0.33 units S1. All measurements were
performed in buffer solution (2 mM C$#€OONa, 15 mM NaCl, 0.1 mM
ZnSQ, pH = 4.6).

Assay for the DNA Cleavage by S1 Nucleasé&igure 2A
compares the absorption spectra of PMNT ([PMNTB.6 x
1075 M) in the presence of DNA-1 ([DNA-1F 1.2 x 107
M) before and after digestion with S1 nuclease ([S1 nuclease]
= 0.33 units). The absorption maximum of PMNT in buffer
solution (2 mM CHCOONa, 15 mM NaCl, 0.1 mM ZnS{pat
pH 4.6 appears at around 394 nm, which is related to its random-
coil conformation. The control experiment shows that the S1
nuclease has little effect on the absorption spectra of PMNT.
Upon adding DNA-1, the absorption maximum of PMNT is
red-shifted to 520 nm with a dramatic color change from yellow
to pink-red that is noticeable to the naked eye. In constrast,
when DNA-1 is hydrolyzed by S1 nuclease at 37 for 30
min, the solution is still yellow upon adding PMNT, and the
absorption maximum of PMNT appears at around 394 nm
(Figure 2B). From the changes of solution colors and absorption
spectra of PMNT in buffer, it is convenient and visible to probe
the ssDNA cleavage by S1 nuclease.
Figure 3A shows the absorption spectra of PMNT as a
function of the S1 nuclease digestion time. In these experiments,
the S1 nuclease (0.33 units) was added to the solution of DNA-1
(1.17 x 10°% M) in buffer (2 mM CHCOONa, 15 mM NaCl,
0.1 mM ZnSQ) at pH 4.6 at 37°C, and PMNT was added
after a specific incubating period, and then absorption spectra
were measured. The absorption maximum of PMNT at 520 nm

The ssDNA-1 is used as the nuclease substrate, and Slyas gradually decreased and that at 394 nm was gradually
nuclease is chosen as the model enzyme. The S1 nuclease is gcreased with the incubating time from 0 to 30 min (Figure
ssDNA-specific nuclease, which exhibits endo- and exolytic 3¢y The gradual color changes of the solutions from pink-red
hydrolytic activity for the phosphodiester bonds of sSDNA or g yellow were observed along with the DNA-1 digestion by

RNA and produces mono- or oligonucleotide fragméts.

(40) As reported for water-soluble polythiophene with a free amino acid side
chain (see ref 31c) or anionic poly(3-alkoxy-4-methyl-thiophene)s (see ref

S1 nuclease from 0 to 30 min (Figure 3B). In fact, the absorb-
ance ratio of 394 nm to 520 nm did not increase any more after
30 min, which indicated that the digestion of DNA-1 was nearly

39) prepared by the same method as that of PMNT, size exclusion completed. In contrast, the control experiment showed that the

chromatography (SEC) or matrix-assisted laser-desorption ionization time-

of-flight spectroscopy (MALDI-TOF-MS) showed that they have number-
average molecular weight$slf) in the 6000-10 000 range. These molecular
weights show that the polymers contain-240 thiophene repeat units in

the backbone. However, Leclerc group’s (see ref 30a) and our attempts to

determine the molecular weight of PMNT were all not successful by SEC
and MALDI-TOF-MS techniques. Lukkari et al. also obtained the same
result for a similar cationic polythiophene (see ref 39).

The thermal property of PMNT was investigated by thermal gravimetric
analysis (TGA), which showed good thermal stability up to 200 and

(41)

only 5% weight loss occurred below this temperature. Because the
dehybridization temperature for most double-stranded oligonucleotides is

below 70°C, the PMNT would not be degraded during the thermal denature
of double helixes.

(42) (a) Harada, F.; Dahlberg, J. Bucleic Acids Redl975 2, 865. (b) Beard,
P.; Morrow, J. F.; Berg, PJ. Virol. 1973 12, 1303. (c) Oleson, A. E.;
Sasakuma, MArch. Biochem. Biophy4.981, 204, 361.
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ratio of 394 nm to 520 nm was kept almost unchanged in the
presence of S1 nuclease inhibitor, ATHt was observed that
ATP could inhibit S1 nuclease rapidly and almost completely
(Figure 3C). The PMNT-based assay thus makes it possible to
probe the process of ssDNA digestion by its specific nuclease.
To investigate the specific property of S1 nuclease, another
phosphodiesterase enzyme (E2)yas chosen to cleave DNA-1
under the same condition as S1 nuclease. As shown in Figure

(43) Wrede, P.; Rich, ANucleic Acids Resl979 7, 1457.
(44) Takakusa, H.; Kikuchi, K.; Urano, Y.; Sakamoto, S.; Yamaguchi, K;
Nagano, T.J. Am. Chem. So@002 124, 1653.
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Figure 3. (A) Absorption spectra of PMNT as a function of the S1 nuclease digestion time. (B) Photographs of solutions corresponding to the absorption
spectra. (C) The PMNT absorption ratio of 394 nm to 520 Agadnn{Asz0nm) in the absence or presence of ATP. The solution involved 12.0 nmol of PMNT,

0.25 nmol of ssDNA, 0.33 units S1, and 1.0 mM ATP. All measurements were performed in buffer solution (2 gBMONa, 15 mM NacCl, 0.1 mM

ZnSQy, pH = 4.6).

025/ A —— PMNT/DNA-1/S1
—— PMNT/DNA-1
0201 ——— PMNT/DNA-1/E2

0.154

0.104

Absorbance

0.054

0.00 T r T T T T 7

300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 4. (A) UV —vis absorption spectra of PMNT in the presence of DNA-1 after respective digestion with S1 nuclease and E2. (B) Photographs of

solutions corresponding to the absorption spectra. The solution involved 12.0 nmol of PMNT, 0.25 nmol of ssDNA, and 0.33 units $110r3lunits

E2. All measurements were performed in buffer solution (2 mMs@©BIONa, 15 mM NaCl, 0.1 mM ZnSQpH = 4.6).
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Figure 5. (A) UV —vis absorption spectra of PMNT/DNA-1 in the presence and absence of Fenton’s reagent-(He(ll)). (B) Photographs of solutions
corresponding to the absorption spectra. (C) The dependence of absorbance ratio of 520 nm to 394 nm in the presence of various antioxidasts. [PMNT]
5.6 x 107> M, [DNA-1] = 1.2 x 10°®M, [Fe?"] = 4.6 x 10> M, [H20;] = 6.9 x 103 M, [antioxidants]= 0—(5.2 x 10~ M. All measurements were
performed in water including 0.46 mM DTT.

4, the absorption spectra of PMNT/DNA-1 were not affected ssDNA system as a platform for rapidly screening other ssSDNA-
in the presence of E2, and the color change of the solution from specific nucleases using visual detection by the “naked-eye”.
pink-red to yellow was not observed. These observations indicate  Assay for the DNA Cleavage by Hydroxyl RadicalsFigure
that S1 nuclease is a specific enzyme for ssDNA digestion, 5A compares the absorption spectra of PMNT/DNA-1 ([PMNT]
although both S1 nuclease and E2 belong to phosphodiestérase.= 5.6 x 1075 M, [DNA-1] = 1.2 x 106 M) in the presence
These results also validate the possibility of using the PMNT/ and absence of Fenton's reagent,@x + Fe™). Fenton’s

J. AM. CHEM. SOC. = VOL. 128, NO. 46, 2006 14975
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reagent can generat®H from Fé™ and HO,, and*OH can spectra were acquired on a JASCO V-550 spectrophotometer. The
cut the DNA into different sequence fragments and even single cleavage experiments by S1 nuclease were measured in buffer (2 mM
base$? Upon adding DNA-1, the absorption maximum of CHCOONa, 15 mM NaCl, 0.1 mM ZnSDpH 4.6), and those by
PMNT is red-shifted to 520 nm with a dramatic color change hydroxyl radical were measured in water. The water was purified using
from yellow to pink-red that is noticeable to the naked eye. In 2 Millipore filtration system.

. o . Assay for DNA-1 Cleavage by S1 Nuclease (Figures 2 and 4).
constrast, when DNA-1 is cut bDH at 25°C for 2 min, the To a 0.5 mL eppendorf cup were added @l0of DNA-1 (8.4 x 10°°

solut_ion is still yellow upon adding PMNT, and the a_bsorption M), 5.0 4L of S1 nuclease (0.066 unita), and 200uL of buffer, and
maximum of PMNT appears at around 394 nm (Figure 5B). then the mixed solution was incubated for 30 min at°&% After
The control experiments showed thag®4 or Fe* itself had incubation, 12.QuL of PMNT (1.0 x 10-3 M) was added. The UV
nearly no effect on the absorption spectra of PMNT. From the vis absorption spectra were measured immediately in au20fuartz
changes of solution colors and absorption spectra of PMNT in cuvette at room temperature. The DNA cleavage experiments for E2
buffer, it is convenient and visible to probe the cleavage of DNA enzyme are the same as those for S1 nuclease, except for addition of
by "OH. E2 enzyme (8.5x 107°® unitsul) instead of S1 nuclease. The
Some antioxidants have capabilities to scaver@je; there- photographs were obtained in 120 of buffer with the same added
fore, they are able to inhibit the cleavage of DNA §H 45 substances.

. S P ; Assay for DNA Cleavage by S1 Nuclease as a Function of
These*OH scavengers exhibit different abilities in cleaning Incubati);1g Time (Figure 3)9T0 geven 0.5 mL eppendorf cups were

"OH in the concentration range from 4:610°°M 0 4.0 X ;44643 i of DNA-1 (8.4 x 10°5 M), 5.0 4L of S1 nuclease (0.066
10 M, and so the methodology described here provides a rapid unitsiL), and 200uL of buffer (samples 7). Samples +7 were
and convenient method to distinguish their inhibiting ability for  jncubated at 37C for 0, 5, 10, 15, 20, 25, and 30 min, respectively.
screening anti-oxidation drugs. Figure 5C shows the absorbanceafter incubation, 12.QiL of PMNT (1.0 x 10-3 M) was added into
ratio of 520 nm to 394 nm in the presence of various every cup. The UV-vis absorption spectra were measured immediately
antioxidants, taurine, mannitol, and thiourea. High inhibiting in a 200 uL quartz cuvette at room temperature. The inhibition

efficiency for thiourea over mannitol and taurine is observed. experiments were the same as the above procedure, except for addition
) of 15.0uL of ATP (15 mM) into every eppendorf cup before incubation.
Conclusions The photographs were obtained in 100 of buffer with the same

- .. added substances.
In summary, we demonstrate practical usefulness of cationic a . .
y P Assay for DNA Cleavage by Hydroxyl Radicals (Figure 5A)To

water-soluble polythiophengs for monitoring_ _the cleavage of 2.0.5 mL eppendorf cup were respectively added DNA-1 (@ 206
smgle-strand_ed DNA by smgle-;trand-speuﬂg nuclease ar)d M), DTT (4.6 x 10~ M), iron(ll) (4.6 x 105 M), and hydrogen
hydroxyl radical. This assay is simple and rapid, and there is peroxide (6.9 10-2 M), and then the cup was incubated for 2 min at
no need to label DNA substrates. The most important charac- 25 °c. After incubation, 2QL of the solution in eppendorf cup was
teristic of the assay is direct visualization of the DNA cleavage added into 18%L of water, and then PMNT (5.6 105 M) was

by the “naked-eye”, which makes it more convenient than other added. The absorption spectra were measured in au20Quartz
methods that rely on instrumentation. The technique shows thecuvette.

potential to screen new ssDNA-specific nucleases and to monitor ~ Assay for DNA Cleavage under Inhibitors (Figure 5C).Taurine,
their cleavage reactions. It also provides a promising application mannitol, and thiourea were added into three 0.5 mL eppendorf cups,

in drug screening based on the inhibition of oxidative damage eSPectively; next, DTT (4.& 1g4 M), iron(ll) (4.6 x 10° M), and
of DNA. hydrogen peroxide (6.9 102 M) were added into every cup,

respectively (samples-13). After 2 min, DNA-1 (1.2x 10 ®M) was
Experimental Section added, and the cups were incubated for 2 min &2%After incubation,
. o 24 uL of the solution in eppendorf cup was taken out and added into

Mate_rlals and_ Measurements.Cationic Water-_soluble poly[3-(3 180 uL of water, and then PMNT (5.6 105 M) was added. The
N,N,N-triethylamino-1-propyloxy)-4-methyl-2,5-thiophene hydrochlo-  4p56rntion spectra were measured in 200quartz cuvettes.
ride] (PMNT) was prepared according to the procedure in the
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