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ABSTRACT: A tetracationic anthraquinone derivative (27AQS2) binds to hairpin DNA and irradiation of
the bound quinone leads to selective strand cleavage. NMR spectroscopy reveals that 27AQS2 binds at
the loop and to the stem-loop junction of hairpin DNA. UV irradiation of the bound quinone causes
cleavage of the DNA in the loop region and at guanines in the stem region. Inclusion of ethidium bromide
in the reaction mixture leads to a greatly increased selectivity for loop cleavage. Spectroscopic and chemical
evidence suggests a three component mechanism for reaction. The ability to target single-stranded regions
of DNA structures is an important property of this photonuclease.

Recent advances in molecular biology have led to a need
for new chemical tools for the detection, manipulation, and
analysis of biologically important substancessparticularly
proteins and nucleic acids. Natural nucleases are enzymes
that cleave single- or double-stranded DNA or RNA at
specific locations. They are very useful, but their large size
and limited sequence recognition capabilities prevents their
general application. An area in which chemists have made
substantial contributions is in the design and development
of nucleases for use as structural probes and as therapeutic
agents. One especially appealing class of artificial nucleases
is the photonucleases (1). With a photonuclease, all com-
ponents of the system to be studied can be assembled before
the chemical reaction is initiated with light. The ability to
control light, in both a spatial and temporal sense, is
advantageous for applications that require the spatially or
time-resolved analysis of a biochemical process or system.
Another important feature of photonucleases is that light can
be a very selective reagent. Activation of a properly chosen
photonuclease can occur in the presence of other cofactors
or enzymes.
A wide-range of photonucleases have been reported in the

attempt to take advantage of their special properties and fulfill
the needs of molecular biology (2). One class of photonu-
clease targets the hydrogen atoms of the deoxyribose groups
of DNA. Generally, these compounds cleave DNA with no
or low sequence selectivity. Their structures are quite
varied: they may be metal-containing compounds such as
uranyl acetate (3-6) and organometallic complexes of
rhodium (7, 8) cobalt (9-11) and platinum, (12-13), or
organic compounds such as enediynes (14, 15), nitro-
substituted aromatics, (16, 17) or halogen-containing com-
pounds (18-20). A second class of photonuclease generates
a diffusible intermediate that reacts with the nucleic acid to
initiate strand cleavage. This class contains reagents that

generate singlet oxygen (21-23) and hydroxyl radical (24).
The former reacts selectively at guanine; the latter generally
initiates nonselective cleavage of the DNA. A third class
of photonuclease operates by single-electron transfer. This
group includes riboflavin (25) and naphthalimide derivatives
(26, 27), organometallic compounds (28), and certain an-
thraquinone derivatives (29-32). Generally, a photonuclease
in this class oxidizes a base to form the radical cation which
may migrate until it is trapped at a GG step leading to
preferential cleavage of the 5′-G of this sequence.

The wide-ranging properties and characteristics of existing
photonucleases provide useful tools for the cleavage and
analysis of DNA. One goal for the further development of
photonucleases is the discovery of agents that cleave DNA
in regions having unique structures. Our work in the
development of anthraquinone derivatives as photonucleases
is directed, in part, toward the fulfillment of this objective.

The anthraquinone photonucleases we have discovered to
date cleave DNA by three distinct mechanisms that give three
different cleavage patterns. Their mechanism of action is
controlled by the mode of binding of the quinone to the DNA
which, in turn, is determined by the structure of the quinone
and by the composition of the buffer solution. For an-
thraquinones that bind to DNA by intercalation, irradiation
leads to electron transfer and preferential damage to the 5′-G
of GG steps which yields efficient strand cleavage only when
the irradiation is followed by treatment with alkali (29, 31).
Irradiation of nonintercalated anthraquinones gives nonselec-
tive, spontaneous (no alkali treatment required) cleavage that
presumably results from hydrogen atom abstraction from a
deoxyribose (30). Irradiation of an anthraquinone unbound
to DNA in chloride-containing solution gives extraordinarily
efficient, nonselective, spontaneous cleavage of DNA that
is useful in footprinting experiments (33).

To understand the effects that unusual nucleic acid
structures may have on quinone binding and cleavage
specificity, we chose to study the reaction of the octadeca-
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nucleotide DNA(1) with 27AQS21 (see Chart 1). DNA(1)
belongs to a class of single-stranded DNA and RNA
oligomers having partially self-complementary sequences that
form stem-loop structures known as “hairpins” (34). DNA
hairpins have been identified in trinucleotide repeats associ-
ated with human disease (35). The stem region of the hairpin
is typically in a standard B-form structure that is bridged by
the single-stranded loop. Two-dimensional NMR spectral
analysis of through space and through bond connectivities
using homonuclear chemical shift changes and peak broad-
ening indicate that 27AQS2 binds to DNA(1) at the loop-
stem junction and at the loop. We find also that irradiation
of 27AQS2 under certain conditions results in cleavage of
DNA(1) selectively in the single-stranded region. Experi-
ments extended to a hairpin whose loop contains both
pyrimidines and purines show that 27AQS2 is of general
utility for the selective cleavage of loops in DNA hairpins.

MATERIALS AND METHODS

General. DNA(1) was prepared and purified by HPLC
using standard solid-state synthetic methods. The other
oligonucleotides used in this work were purchased from
Midland Certified Reagent Company (anion exchange or gel
filtration grade) or from GIBCO and used as received.
Oligonucleotide concentrations were determined by absor-
bance at 260 nm. The Klenow fragment of DNA polymerase
and T4 Polynucleotide kinase were purchased from New
England Biolabs and used as received. Anthraquinone-2-
sulfonate was purchased from Aldrich and used as received.
AQS and 27AQS2 were synthesized according to previously
published methods (36). [R-32P]-dATP, dNTPs, and [γ-32P]-
ATP were purchased from Amersham and used as received.
UV Spectra were recorded on a Cary-1E spectrophotometer.
Phosphorescence emission spectra were measured on a Spex-
fluorolog spectrometer. NMR spectral characterization were
carried out on a Bruker DRX 500 MHz instrument.
Preparation of Radiolabeled DNA. 3′-End-labeling reac-

tions were performed using the Klenow fragment of DNA

polymerase and [R-32P]-dATP: A 250 pmol sample of DNA
(DNA(4) truncated by three bases at the 3′ end to facilitate
efficient labeling using the 5′ overhang as a template for
the enzyme) was dissolved in 5.0µL of [R-32P]-dATP (3000
Ci/mmol) and 0.5µL (2.5 units) of the Klenow fragment of
DNA polymerase in a total volume of 20µL, and the mixture
was incubated for 15 min at room temperature. A series of
2.0 µL portions of unlabeled dNTP (1.0µM in each
deoxyoligonucleotide) was added, and the mixture was
incubated for 5 min at room temperature and then warmed
to 70 °C for 5 min to inactivate the enzyme. The DNA
sample was suspended in denaturing loading buffer and
purified on a 20% denaturing polyacrylamide gel. After
autoradiography, the band corresponding to DNA(4) was
excised from the gel and eluted in 350µL of elution buffer
(0.5 M NH4OAc, 10 mM Mg(OAc)2, 1.0 mM EDTA, and
0.1% SDS) at 37°C for 4 h and centrifuged at 12 000 g for
5 min. The DNA was precipitated from the supernatant by
addition of 3.0µL of 10 mM MgSO4, 5.0µL of 3M NaOAc
(pH ) 5.2), and 700µL of cold ethanol. The mixture was
vortexed, placed on dry ice for 30 min, centrifuged at 12 000
g for 30 min, and the supernatant removed. The resulting
pellets were washed three times with 80% ethanol.
5′-End-labeling reactions were performed using T4 Poly-

nucleotide kinase and [γ-32P]-dATP. A 250 pmol sample
of DNA(1) was incubated with 5.0µL of [γ-32P]-ATP (6000
Ci/mmol) and 1.0µL (8 units) of T4 Polynucleotide kinase
in a total volume of 20µL at 50 °C for 60 min. After
incubation, the DNA was suspended in denaturing loading
buffer and purified on a 20% denaturing polyacrylamide gel
and eluted from the gel as described above.
Selected oligonucleotide samples were treated with 1 M

piperidine at 90°C for 30 min to elicit nonspontaneous
cleavage. A+G, G, and T sequence markers were produced
according to the Maxam-Gilbert sequencing protocol (37).
PhotocleaVage Experiments. Samples were prepared for

irradiation by incubating labeled DNA (5000 cpm) with 5
or 10 µM of unlabeled DNA(1) in a 10 mM sodium
phosphate buffer solution containing 5 or 10µM of an-
thraquinone derivative and other components as indicated.
For samples containing SOD (3 units) or catalase (4.8 units),
the enzyme was added prior to irradiation. The sample
volume was adjusted to 20µL with water. For samples
dissolved in D2O, the appropriate aqueous components were
combined and lyophilized to dryness prior to dissolution in
D2O. Samples were irradiated in 1.5 mL microcentrifuge
tubes using a Rayonet photoreactor equipped with eight
lamps (λ ) 350 nm). The tubes were suspended from a
rotating sample holder and cooled from below with a fan
installed in the base of the photoreactor.
After irradiation, 35µL of water, 5.0µL of 3M NaOAc

(pH ) 5.3), 0.5µL of MgCl2, 1.0 M, 1.0 mL 500µM (bp)
of sonicated calf thymus DNA, and 100µL of cold ethanol
were added to the samples in the order indicated. The DNA
was precipitated by incubation on dry ice for 30 min followed
by centrifugation at 12 000 g for 30 min. The resulting
pellets were washed twice with 100µL of 80% ethanol, dried
for 5 min at low heat by Speedvac (Savant Instruments),
treated with piperidine if required, and dissolved in 5.0µL
of denaturing formamide loading buffer. The photocleavage
products were separated by electrophoresis on a 20%
polyacrylamide gel and detected by autoradiography.

1 Abbreviations: EB, Ethidium bromide; AQS, N-(3-aminopropyl)-
2-anthraquinonesulfonamide hydrochloride; AQS2,N,N,N′,N′-tetrakis-
(3-aminopropyl)-2,7-anthraquinonesulfonamide tetrahydrochloride; SOD,
superoxide dismutase; dAMP, deoxyadenosine monophosphate; dNTP,
deoxyribonucleoside 5′-triphosphate.

Chart 1: Structures of Anthraquinone Derivatives and DNA
Oligomers
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UV-Vis Spectroscopy. Thermal denaturation studies were
carried out in 1 cm path length semimicro cells by monitoring
sample absorbance at 260 nm. A heating/cooling rate of
0.5 °C/min was maintained. Melting temperatures were
determined from the maxima of first derivative plots.
Phosphorescence Quenching. Aqueous buffer solutions

containing 30% ethylene glycol, 10µM 27AQS2 and DNA-
(1) and EB in NMR sample tubes were submerged in liquid
nitrogen contained in an optical Dewar flask. The samples
were excited at 330 nm and the phosphorescence emission
spectra were recorded from 400 to 625 nm.
NMR Spectral Studies: DNA(1). A 5 mg sample of DNA-

(1) was dissolved in 0.6 mL of a D2O-10 mM sodium
phosphate buffer solution (pH) 7). The samples were
exchanged with D2O by three successive cycles of evapora-
tion followed by redissolution with 0.6 mL of D2O. One-
dimensional1H-NMR spectra were recorded on a Bruker
DRX 500 MHz spectrometer on nonspinning sample into
32 K data points over a spectral width of 12 ppm. Each
spectrum consisted of 32 transients with a 4 srecycle delay
during which the HOD resonance was suppressed by low-
power irradiation.
Phase-sensitive NOESY and COSY spectra were acquired

in absorption mode utilizing time-proportional phase incri-
mentation (TPPI) (38). Phase cycling permitted quadrature
detection int1, and the spectrometer carrier offset was placed
at the water solvent resonance frequency. NOESY spectra
of the samples in D2O were recorded with a mixing time
350 ms. A continuous radio frequency irradiation was
applied during the recycle delay and during the mixing time
of the NOESY experiments to saturate the residual HOD
resonance. All of the 2D-homonuclear experiments in D2O
were acquired with a spectral width of 10 ppm. In all
experiments, the spectra were recorded with 512 increments
in t1 and 1024 complex points int2. For all spectra 32
transients were averaged for eacht1 value. The data were
apodized in both dimensions with skewed sinebell squared
filters. Zero filling of the data produced 2D matrix sizes of
1 × 4 K real points. The data were processed with the
FELIX software package (Hare Research, Inc.) and with
XWinn-Plot (Bruker, Inc.) running on a Silicon Graphics
IRIS workstation.

RESULTS

(1) Association of 27AQS2 with Hairpin DNA-Melting
Data. The partially self-complementary 18 mer, DNA(1)
was designed to serve as a probe for analysis of the
association and reactions of 27AQS2 with hairpin DNA.
Examination of the melting behavior of DNA(1) by UV
spectroscopy reveals one transition withTm ) 54 °C. These
data are shown in Figure 1 in the form of first-derivative
plots. We have previously shown that 27AQS2 binds to
duplex DNA with an association constant that depends on
sequence (36). With poly(dAdT)2, Ka is ca. 106 M-1; for
poly(dGdC)2, Ka is ca. 5× 105 M-1. Addition of 27AQS2
to DNA(1) causes stabilization of the hairpin, but the melting
behavior of DNA(1) in the presence of 27AQS2 is complex.
Addition of 1 equiv of the anthraquinone results in the
appearance of at least two apparent phase transitions. The
first hasTm ≈ 62 °C and the second at≈78 °C. The lower
temperature transition disappears as more 27AQS2 is added

to the solution. When the ratio of 27AQS2 to DNA(1) is
4:1, only a single transition withTm ≈ 81 °C is observed.
These findings indicate that there are at least two different
modes for binding 27AQS2 to DNA(1). The first, with the
higher apparent binding constant, results in less stabilization
of the hairpin than the second. In contrast, addition of AQS
(see Chart 1) to a DNA(1) solution results in only a single
melting transition withTm ) 60 °C over the entire concen-
tration range examined. AQS normally binds to duplex DNA
by intercalation.
(2) Association of 27AQS2 with Hairpin DNA-NMR

Spectroscopy. The objectives of the NMR spectral analysis
are to confirm helix formation for the stem portion of DNA-
(1) and to identify the binding sites of 27AQS2 with the
hairpin. These objectives were accomplished by substitutions
of uracils for thymines, by application of 2D-spectroscopic
techniques, and by “titration” of DNA(1) with 27AQS2.
Figure 2 shows the portion of the 1D-NMR spectrum for

DNA(1) from δ ) 1.4-1.9 which contains the expected five
methyl group resonances for the thymines. Also shown in
Figure 2 are the spectra of two other DNA oligomers that
were prepared to aid the assignment of the T-methyl (T-
Me) peaks of DNA(1). In DNA(2), T9 and T11, two bases
expected to be in the loop region, were replaced by uracil
(U). In DNA(3), T17 is replaced by U. Since U differs from
T only by the absence of a methyl group in the former,
comparison of the spectra in Figure 2 permits the assignment

FIGURE1: Melting curves (left panel) and first derivative plots (right
panel) for additions of 0-4 equiv of 27AQS2 to DNA(1), 10µM,
monitored at 260 nm in phosphate buffered solution.
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of methyl resonances for T9, T11 (δ ) 1.87 or 1.70), and T17
(δ ) 1.46) of DNA(1). Replacement of T9 and T11 with
uridines causes the chemical shift of only one of the three
remaining methyl groups to change from that of the unmodi-
fied hairpin. The affected resonance is assigned to T7 (δ )
1.51) on the basis of its location at the stem-loop junction.
These assignments of the resonances for the T-methyl groups
are refined further by analysis of 2D-1H NMR spectra of
DNA(1) These experiments are described in the Appendix.
The assigned chemical shifts are shown in Table 1.
A major objective of the NMR spectral analysis of DNA-

(1) is assessment of the binding locations for 27AQS2. We
found that the T-Me proton chemical shifts are sensitive
measures of binding by the quinone. Five aliquots of

27AQS2, each corresponding to 0.2 equiv, were added
sequentially to a solution of DNA(1). After each addition,
the spectrum of the T-Me region was recorded from 5 to 25
°C in 5 °C increments. Figure 3 shows the effect of this
“titration” on DNA(1) with 27AQS2 at 10°C. Clearly, all
of the T-Me group resonances are broadened by the addition
27AQS2. This indicates an intermediate rate of exchange,
which is consistent with our earlier stopped-flow measure-
ments for dissociation of 27AQS2 from duplex DNA. The
T-Me peaks are not affected equally by addition of the
quinone. For example, T17 and T4, located in the stem region,
are virtually unaffected by addition of the first two aliquots
of 27AQS2, but T7, located at the stem-loop junction, is
severely broadened and shifted by the first additions of the
quinone. Similarly, T9, which is in the loop region of DNA-
(1), is broadened and shifted as the amount of 27AQS2 in
solution is increased. To a lesser extent T11, also in the loop
region, broadens and shifts slightly as the concentration of
quinone is increased. These findings indicate that there are
multiple binding sites for the quinone that differ only slightly
in their association constants. However, there appears to
be a clear preference for association of the quinone at the
stem-loop junction and in the loop region of the hairpin.
This finding is consistent with the complex melting behavior
which was described above.
(3) PhotocleaVage of DNA(1) with 27AQS2. We previ-

ously showed that irradiation of 27AQS2 causes alkali-
requiring, essentially nonselective cleavage (slightly higher
efficiency at G and GG steps) of duplex DNA (36). We
examined the light-induced cleavage of DNA(1) by 27AQS2
under a variety of conditions to probe its ability to discrimi-
nate between the single-stranded loop and the duplex stem
of this hairpin structure. The photochemistry of AQS, which
binds by intercalation to duplex DNA, was examined for
comparison.
Irradiations of chloride-free phosphate buffer solutions (pH

) 7.0) of 27AQS2 or AQS and 1 equiv of DNA(1), including

FIGURE 2: 1D-1H NMR spectra of DNA(1), DNA(2), and DNA-
(3) showing the T-methyl region (δ ) 1.4-1.9) at room temperature
in phosphate buffered D2O.

Table 1: Proton Chemical Shifts for DNA(1) Assigned by U
Substitution and COSY and NOESY Spectroscopy

proton chemical shiftsa

residue CH8 CH6 CH5 T-methyl H1′ H2′ H2′′

C1 7.87 6.00 6.08 2.96 2.83
A2 8.41 5.72 1.97 2.43
C3 7.40 5.33 6.25 2.25 2.40
T4 7.31 1.63 5.93 2.00 2.52
G5 7.86 5.72 2.07 2.43
G6 7.73 5.72 2.72 2.78
T7 7.28 1.51 6.00 2.52 2.74
C8 7.73 6.08 6.25 2.53 2.20
T9 7.56 1.87 6.08 2.12 2.26
C10 7.42 6.07 5.83 2.13 2.25
T11 7.37 1.70 5.89 2.20 1.98
A12 8.41 6.26 2.84 2.95
C13 7.37 5.33 5.33 2.83 2.95
C14 7.50 5.61 5.90 2.07 2.43
A15 8.26 5.47 2.07 2.40
G16 7.71 6.08 2.95 2.83
T17 7.16 1.46 5.91 2.39 1.94
G18 7.93 6.18 2.62 2.40
a All chemical shifts are reported in ppm (δ) referenced to TMS.

FIGURE 3: Titration of DNA(1) with 27AQS2, added in 0.2 equiv
aliquots, monitored by1H-NMR spectroscopyδ ) 1.4-1.9 (T-
methyl region) in phosphate-buffered D2O at 10°C.
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a portion which had been 5′-32P-end-labeled, were carried
out in a Rayonet photoreactor (8 lamps, 350 nm, 2 h) and
were monitored by polyacrylamide gel electrophoresis
(PAGE) and autoradiography. The results, shown in Figure
4, indicate that irradiation of either 27AQS2 or AQS gives
little spontaneous cleavage of DNA(1). However, treatment
of the irradiated AQS solutions with piperidine causes
cleavage in the stem region at the G5G6 step (predominately
at G5, the 5′-G) and at each of the bases in the loop region
with T11 apparently less efficiently cleaved than the other
loop bases. Treatment of the irradiated 27AQS2 sample with
piperidine reveals strong cleavage at each of the loop bases
and weaker cleavage at the G5G6 step. Clearly, both AQS
and 27AQS2 can cleave the single-stranded region of DNA-
(1). However, 27AQS2 appears to be more selective in this
ability, and it appears that the loop bases are cleaved more
uniformly with this quinone.

We previously reported that inclusion of Cl- in solutions
of anthraquinones changes the mechanism of reaction for
DNA cleavage (33). For example, irradiation of an-
thraquinone-2-sulfonate (AQSO) in the presence of Cl- gives
nonselective cleavage that does not require piperidine treat-
ment. Irradiation of 27AQS2 in a solution containing 100
mM NaCl does not change the need for piperidine treatment,
but it does cause a significant change in the cleavage pattern
for DNA(1). The relative amount of cleavage at the guanines
in the stem increases in the presence of Cl-. The inclusion
of Cl- also increases the apparent reaction efficiency since
shorter irradiation times give equivalent amounts of cleavage
when Cl- is present. These observations are helpful in the
analysis of the reaction mechanism.

Adenine is predicted to quench the triplet state of 27AQS2
by electron transfer (39) at approximately the diffusion-
limited rate. We examined the ability of deoxyadenosine
monophosphate (dAMP) to quench the cleavage from ir-
radiation of 27AQS2 in the presence of the hairpin. Quench-
ing would indicate that the excited quinone is accessible from
solution since dAMP bears negative charge and is not
expected to associate with DNA. Irradiation of 27AQS2 in
the presence of 50µM dAMP and DNA(1) results in a
significant reduction of loop cleavage and a relative increase
in the cleavage at the 5′-G of the GG step (Figure 5). The
effect is not due to an increase in ionic strength, since an
equivalent amount of NaClO4 has no effect on the cleavage
efficiency. It is clear that some, but not all, of the sites of
bound 27AQS2 are accessible to dAMP, and the 27AQS2
at sites not accessible to dAMP induce cleavage that
resembles that of an intercalated quinone.
One objective of the present investigation is the design of

a system that will selectively cleave hairpin DNA in the
single-stranded region. The experiments with 27AQS2
described above reveal considerable promise toward attain-
ment of this objective. However, cleavage at the GG step
in the stem region of the hairpin also occurs. In related
systems, we find that the anthraquinone triplet excited-state
oxidizes a base in the duplex region of the DNA and that
the resulting radical cation migrates to a GG step where it
is trapped yielding, eventually, cleavage at this site (31). We
carried out photocleavage experiments in the presence of
ethidium bromide (EB) in an attempt to increase selectivity
and to probe the mechanism of the reaction of 27AQS2 with
DNA(1) by inhibiting radical cation-initiated processes.
Figure 5 shows a histogram that reveals the effect of
including 4 equiv of EB in a chloride-free solution of
27AQS2 and DNA(1). Irradiation in the absence of EB gives
cleavage in the loop region and at the GG step. The inclusion
of EB has little effect on the loop cleavage but the GG
cleavage in the stem is significantly inhibited.
Many anthraquinone derivatives phosphoresce in frozen

solution. Since diffusion does not occur under these condi-

FIGURE 4: Autoradiogram of irradiated (350 nm, 30°C) samples
of DNA(1), 10µM, with 1 equiv of AQS or 27AQS2. Lane 1 is an
unirradiated control sample with no quinone or piperidine treatment.
Lane 2 is the same as lane 1 but treated with piperidine at 90°C
for 30 min. Lane 3 is an irradiated AQS-containing sample with
no piperidine treatment. Lane 4 is an irradiated AQS sample that
has been treated with piperidine. Lane 5 is the same as lane 3 with
27AQS2. Lane 6 is the same as lane 4 with 27AQS2. Lanes marked
A/G and T are Maxam-Gilbert sequencing lanes.

FIGURE 5: Histogram showing: (A) background (dark control)
cleavage of DNA(1), 5µM in phosphate buffered H2O with 100
mM NaCl, in the presence of 1 equiv of 27AQS2 after piperidine
treatment; (B) same as A but after 30 min of irradiation; (C) same
as B except that D2O replaces H2O; (D) same as B except that 50
mM dAMP was added before irradiation; (E) same as B except
that 4 equiv of EB were added before irradiation.
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tions, quenching indicates preassociation of the quinone and
its quencher. DNA effectively quenches the quinone phos-
phorescence when they are associated (30). The phospho-
rescence of 27AQS2 is nearly completely quenched by 0.25
equiv (with respect to 27AQS2) of DNA(1), thus indicating
binding of the quinone. Significantly, addition of 0.5 equiv
of EB to this mixture causes an increase in the emission to
29% of the free quinone. The effect of EB on the cleavage
selectivity of 27AQS2 must be related to its ability to
intercalate in duplex DNA. Binding of EB causes the release
of some quinone and a base radical cation cannot migrate
past an intercalated EB (Eox of EB is 1.68 V vs NHE) (40).
Studies of other light-induced DNA cleaving agents have

identified singlet oxygen (1O2), and superoxide (O2•-) (21-
23) as reagents capable of damaging DNA. We carried out
a series of experiments to assess the role that1O2 and O2•-

play in the 27AQS2 induced cleavage of DNA(1).
The lifetime of1O2 increases ca. 10-fold when the reaction

solvent is changed from H2O to D2O (41). This effect has
been used to verify the participation of1O2 in reactions with
DNA since the increase in lifetime is manifested as a more
efficient reaction (42). We compared the relative efficiency
of cleavage observed from irradiation of 27AQS2 in Cl-

containing H2O and D2O solutions of DNA(1). The data,
Figure 5, show that there is an increase in stem cleavage,
particularly at the 5′G of the GG step, in the D2O solution.
These findings indicate that1O2 initiated cleavage occurs in
the presence of Cl-, and that it appears predominantly in
the GG step of the stem region of DNA(1). In an experiment
to probe for a role for O2•-, we showed that the light-induced
cleavage is not inhibited when superoxide dismutase (SOD,
3 units) and/or catalase (4.8 units) are added to the reaction
mixture (43). These findings indicate that conversion of O2

•-

to hydroxyl radicals through hydrogen peroxide does not play
a significant role in the cleavage process.
The loop region of DNA(1) has only pyrimidine bases.

We prepared and examined DNA(4) which contains each of
the four DNA bases in the loop, see Chart 1, to determine if
the selective cleavage observed with 27AQS2 extends to
purines. Irradiation of 27AQS2 in a phosphate buffered
solution containing 100 mM NaCl and 1 equiv of DNA(4)
results in nearly equally efficient cleavage of each of the
four bases in the loop as well as cleavage of the G at the
stem-loop junction and less efficient cleavage at other
guanines, Figure 6. Irradiation of chloride-containing solu-
tions of quinone and DNA gives nonselective spontaneous
background cleavage (33). This is seen in lane 3 of Figure
6. Clearly, 27AQS2 is capable of cleaving both purines and
pyrimidines in the loop region of hairpin DNA.
(4) PhotocleaVage of Single-Stranded DNA with 27AQS2.

The alkali-requiring cleavage of both purines and pyrimidines
in the loop region of DNA(1) by 27AQS2 is unusual.
Oxidative damage of DNA typically accumulates at guanines,
and hydrogen atom abstraction from a deoxyribose usually
results in spontaneous cleavage of the DNA (2). We
examined the photochemistry of 27AQS2 in the presence of
single-stranded DNA to assess the generality of this alkali-
dependent, nonselective cleavage.
Irradiation of 27AQS2 in chloride-free phosphate buffer

solution in the presence of DNA(5), see Chart 1, gives only
a small amount of spontaneous cleavage. However, treat-
ment of the irradiated sample with piperidine results in

cleavage at each base, the data are shown in Figure 7. Both
purines and pyrimidines are cleaved, but the cleavage
efficiency is not uniform. Certain guanines and thymines
are cleaved with higher apparent yield than are other bases.
This may be a consequence of limited access to certain bases
in the random coil structure of the single-stranded DNA, or
it may be due to a reduced ability of a radical cation to
migrate in a single-stranded structure. Regardless, this result
provides additional evidence useful for analysis of the
reaction mechanism of 27AQS2 with DNA(1).

DISCUSSION

(1) Binding of 27AQS2 to DNA(1). Both the melting
behavior experiments and the NMR spectral analysis indicate
that the binding of 27AQS2 to DNA(1) is complex. There
is no single binding site that is preferred strongly over others.
This is revealed by multiple transitions in the melting profile
as the amount of quinone is increased and by the effect of
27AQS2 on the NMR spectrum of DNA(1).
We have shown previously that the binding mode of

anthraquinone derivatives having ammonium group-contain-
ing side chains is strongly dependent on structural details
(32). In most cases, monocationic derivatives intercalate,
but this is not universally so. In the case of 27AQS2,
analysis of its interaction with the Dickerson-Drew dodecam-
er by NMR spectroscopy suggests that it binds to duplex
DNA in the minor groove at AT-rich regions (36). The

FIGURE 6: Autoradiogram of irradiated (350 nm, 30°C) samples
of DNA(4), 10 µM, with 1 equiv of 27AQS2 in Cl- containing
phosphate buffer solution. Lane 1 is an unirradiated control sample
with quinone and without piperidine treatment. Lanes 5 and 6 are
irradiated samples of DNA(4) without and with piperidine treatment,
respectively (no 27AQS2). Lane 2 is the same as lane 1 but treated
with piperidine at 90°C for 30 min. Lane 3 is an irradiated
27AQS2-containing sample with no piperidine treatment. Lane 4
is an irradiated 27AQS2 sample that has been treated with
piperidine. Lanes marked A/G and G are Maxam-Gilbert sequenc-
ing lanes.
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NMR spectra of DNA(1) in the presence of 27AQS2 shows
perturbation in the T-Me resonances at the stem-loop
junction and in the loop. Thus there is little doubt that the
quinone interacts with the bases in these regions. We suspect
that this interaction is dominated primarily by electrostatic
and hydrophobic interactions, but further work is required
to develop a more refined picture.
The binding of 27AQS2 to DNA(1) is only one factor that

affects the nature of its light-induced cleavage reaction. We
have previously shown that radical cations (“holes”) can
migrate over a considerable distance in duplex DNA (44).
Thus the cleavage at G5 and G6 of DNA(1) by 27AQS2 does
not require the quinone to be bound near this GG step.
Oxidation of a base in any portion of this structure could
introduce a hole that is trapped at this site. Our examination
of the 27AQS2 induced cleavage was designed, in part, to
assess the mechanism of this reaction.
(2) PhotocleaVage of Hairpin DNA by 27AQS2. Irradia-

tion of 27AQS2 results in at least three processes that cause
cleavage of DNA(1). The first gives cleavage of bases in
the loop that does not involve1O2: it is enhanced by the
presence of Cl-, strongly quenched by dAMP, and it is not
very sensitive to EB. The second gives cleavage in the stem
at the GG step, primarily the 5′-G: it, too, does not involve
1O2, it is less sensitive to quenching by dAMP than loop
cleavage, but it is strongly inhibited by EB. The third
process also gives GG cleavage in the stem and it is
significantly enhanced when the solvent is changed from H2O
to D2O. On the basis of this observation this process is
attributed to the reaction of DNA(1) with1O2.

Irradiation of 27AQS2 at 350 nm gives its singlet excited
state. The singlet state may react with the DNA or
intersystem cross to give the triplet excited state. Intersystem
crossing in anthraquinone derivatives substituted with elec-
tron withdrawing groups (i.e., those having lowest energy
nπ* triplet states) occurs in less than 10 ps (45). Our
previous examination of the reactions of anthraquinone
derivatives with duplex DNA indicated no (or, at most, a
minor amount) cleavage originating from the singlet excited
state. We presume that this is the case, too, for the reaction
of 27AQS2 with DNA(1). Consequently, the three processes
identified above are assigned to reactions originating with
the triplet of 27AQS2. Rapid formation of the triplet in good
yield is one of the features that makes anthraquinone
derivatives especially useful for the cleavage of DNA.

Singlet oxygen generation is generally understood to result
from energy transfer from the triplet state of a sensitizer
(27AQS2 in this case) to molecular oxygen (21-23). There
have been several examinations of the reaction of1O2 with
DNA that identify guanines as the preferred site of reaction.
In this regard, there is nothing remarkable about the1O2-
dependent cleavage of DNA(1) except for the effect of Cl-.
Addition of Cl- to the reaction solution enhances the amount
of cleavage caused by1O2. We attribute this to an effect of
the increased ionic strength of the Chloride-containing
solution. At the higher ionic strength, there is more unbound
27AQS2, and it is this species that will be most effective as
a sensitizer.

The loop cleavage and the non-1O2 stem cleavage are
attributed to related reaction mechanisms. In both cases the
triplet of 27AQS2 may oxidize a base to its radical cation
or abstract a hydrogen atom from a deoxyribose. It has been
shown that base radical cations will migrate in duplex DNA
to GG steps where alkali-requiring cleavage occurs prefer-
entially at the 5′-G (28, 44, 46). We previously showed that
oxidation to form base radical cations occurs efficiently from
intercalated quinones, but NMR and other spectral analyses
indicate that 27AQS2 generally does not intercalate in duplex
DNA. Consequently, there appears to be a binding mode
unique to the hairpin structure of DNA(1) that permits
oxidation of a base to its radical cation or hydrogen atom
abstraction. The NMR spectral analysis of 27AQS2 and
DNA(1) shows that one site for binding is the stem-loop
junction. We suggest that quinone triplet state bound there
can oxidize a base and that the resulting radical cation may
migrate to the GG step in the stem. Support for this
hypothesis comes from the experiments with dAMP and EB
which show that stem and loop cleavage originate, at least
in part, from quinones bound to different sites of DNA(1).
dAMP quenches loop cleavage more effectively than it
quenches cleavage in the stem. On this basis we conclude
that 27AQS2 leading to stem cleavage is at a binding site
that is less accessible from solution. Similarly, inhibition
of stem cleavage by EB indicates selective quinone displace-
ment or that intercalated EB imposes an insurmountable
barrier to migration of the radical cation. Thus 27AQS2
responsible for stem cleavage must be capable of introducing
a radical cation into the stem. 27AQS2 bound at the stem-
loop junction appears to fulfill both of these requirements.
Clearly, however, certain identification of the precise struc-
ture of the reactive complex will require additional data.

FIGURE 7: Autoradiogram from irradiation of DNA(5), 5µM with
1 equiv of 27AQS2 in phosphate buffered solution. Lane 1 is the
dark control after treatment with piperidine. Lane 2 is the same as
lane 1 but after 2 h of irradiation. Lanes marked A/G and T are
Maxam-Gilbert sequencing reactions.
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Cleavage in the loop region of DNA(1) may also be a
consequence of reaction by a quinone bound at the stem-
loop junction, or it may be caused by 27AQS2 bound to the
loop itself. Support for a role for the latter binding mode
also comes from the NMR data and the differential quenching
of stem and loop cleavage by dAMP. We presume that
27AQS2 bound to the single-stranded loop of DNA(1) is
more accessible to dAMP than quinone bound at the stem-
loop junction. This will result in more quenching of the stem
cleavage by dAMP if only the quinone bound at the junction
can introduce a radical cation into the stem.
The damage, and subsequent cleavage, of a base other than

guanine by an oxidative (radical cation) process is unusual
(2). However, it is important to recall that the cleavage
selectivity observed in this process is a consequence of the
competition between migration of the radical cation and its
trapping by water or oxygen. If the rate of migration in the
single-stranded region is comparable to or slower than the
rate of reaction of a base radical cation with water or oxygen,
then the selectivity for G-cleavage will be lost. This view
is supported by the cleavage initiated by irradiation of
27AQS2 with single-stranded DNA(5) which reveals cleav-
age at each of the four DNA bases. With the available data,
we cannot distinguish between retardation of migration and
acceleration of trapping, but either, or both, seem possible
and likely. Alternatively, cleavage in the loop might be a
consequence of hydrogen atom abstraction by selectively
bound triplet quinone.
The effect of Cl- on the efficiency of cleavage may be

explained within the mechanistic hypothesis just discussed.
The triplet state of 27AQS2 is a strong enough oxidant to
convert each of the four DNA bases to its radical cation or
to oxidize Cl- to the chlorine atom. Formation of atomic
chlorine by an unbound quinone results in the spontaneous,
nonselective cleavage of duplex DNA by a process attributed
to hydrogen atom abstraction from a deoxyribose. We
suggest that the chlorine atom generated by oxidation with
27AQS2 bound in the single strand region of DNA(1) will,
in turn, oxidize a base to its radical cation. The bases are
more accessible in the single-stranded region than in duplex
DNA, and consequently, exothermic electron transfer to the
chlorine atom can become faster than hydrogen atom
abstraction. This suggested mechanism accommodates the
need for alkali treatment to cause cleavage even in the Cl-

containing solutions. Alternatively, the chlorine atom might
abstract a hydrogen atom from a deoxyribose unit.

CONCLUSIONS

The anthraquinone derivatives 27AQS2 and AQS bind
differently to the hairpin structure of DNA(1) than they do
with duplex DNA. The consequences of the change in
binding mode are particularly apparent for 27AQS2. Spec-
troscopic analysis and melting temperature behavior reveal
multiple binding sites for 27AQS2 with DNA(1). One of
these sites is assigned to the stem-loop junction, another is
assigned to the single-stranded loop. Irradiation of 27AQS2
in the presence of DNA(1) initiates three processes that result
in strand cleavage. One is1O2 generation which causes
cleavage at guanines. A second is oxidation of a base in
the stem to its radical cation which causes selective cleavage
at the 5′-G of its GG step. The third is reaction of a base or

sugar in the loop which leads to nonselective cleavage of
the single strand of the hairpin. Cleavage of the loop can
be made the nearly exclusive reaction from 27AQS2 by the
inclusion of EB in the reaction mixture. Thus 27AQS2 has
unique properties which may be valuable in applications for
the determination of complex structures containing single
stranded regions in DNA and RNA.
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APPENDIX

COSY spectral coupling connectivities and NOESY
spectral distance relationships were analyzed to yield the
nonexchangeable base and sugar proton assignments for
DNA(1) in a D2O solution containing 10 mM Na2PO4 at pH
7.0 and 25°C (47).

The COSY spectrum of DNA(1) is shown in Figure 8.
The general identification of spectral regions corresponding
to particular types of protons is readily assigned by the strong
groupings of cross peaks (48). The pyrimidine bases are
identified by the off-diagonal cross peaks of the aromatic
protons. In DNA, the only scalar-coupled protons are the
CH5 and CH6 of cytosine (part A). Consequently, the five
strong cross peaks in the aromatic region clearly identify
the CH5 and CH6 protons of the six cytosines in the sequence,
with two of the cross peaks overlapping. The weaker cross
peaks connecting the 7 ppm region to the 1 ppm region (part
B) are the result of four-bond coupling between methyl and
CH6 protons and serve to identify the protons of the five
thymine residues. Thus the six cytosine and five thymine
residues are identified through the COSY spectrum. Vicinal
proton coupling connectivities between sugar H1′ protons (δ
) 5.3-6.3) and the sugar H2′, H2′′ protons (δ ) 1.8-3.0)
allow the assignment of some sugar protons that are
ambiguous in the NOESY spectra due to excessive overlap
of the sugar proton cross peaks (data not shown). The results
of the COSY experiment confirm the nonexchangeable base
and sugar ring proton assignments based on the NOESY data.

Figure 9 (part A) shows the expanded NOESY plots used
to establish distance connectivities from the base protons (δ
) 7.0-8.6) to the sugar H1′ and cytidine CH5 protons (δ )
5.0-6.4), and (part B) to the methyl protons (δ ) 1.2-2.0).
The purine CH8 and pyrimidine CH6 base protons exhibit
NOE cross peaks to their own and to the 5′-flanking sugar
H1′ protons in the duplex region of the hairpin and, to a lesser
extent, in the loop region (49, 50).

The thymine methyl resonance atδ ) 1.62 in the NOESY
spectrum of Figure 9 part B is a convenient starting point
for the sequential assignments. This resonance cross satu-
rates its own CH6 at δ ) 7.31 as well as the cytosine CH6
resonance atδ ) 7.40. The only cytosine-thymine (CT) step
in the duplex region of the hairpin is C3T4. The CT steps in
the loop region of DNA(1) do not give strong aromatic
proton to methyl group cross peaks, which further supports
the assignment of the C3T4 step.
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The linkage of a CH6 thymine resonance to the methyl
group resonance of that thymine is revealed through the weak
four-bond scalar coupling with that methyl group (Figure 3,
part B). Thus the aromatic proton atδ ) 7.31 is CH6 of T4.
In the aromatic CH5× H1′ region (part A), there are two H1′

cross peaks toδ ) 7.31. The one atδ ) 5.35 also cross
saturates the C3 CH6 proton. This peak is assigned to C3

H1′ since, in turn, it cross saturates a H1′ resonance atδ )
6.31 whose chemical shift corresponds to a singlet in the
1D-1H NMR spectrum. This singlet has no COSY cross
peaks, so it must be a purine. This resonance also weakly
cross saturates to a cytosine atδ ) 6.02 with an aromatic
proton atδ ) 7.74. Since there is only one purine in DNA-
(1) between two cytosines, these resonances must be assigned
to A2 and C1. The A2 CH8 × C1 H1′ cross peak is weak
either because the terminal deoxyribose ring assumes a

different conformation from those in the interior of the helix,
or to the effects of motion (fraying) (48).

Applying similar logic, and moving in the 3′ direction from
T4, allows assignment of the H1′ and aromatic protons of
the G5G6 step. The G5 intra- and interresidue cross peaks
of GH8 and H1′ and one of the G6 H1′ cross peaks to GH8
are coincident. These G5G6 cross peaks are separated by
their GH8 chemical shifts (δ ) 7.89 and 7.75, respectively).
The assignment of the G5G6 step was verified by the CH8
cross peak (47) between the two guanines and by the CH8

cross peaks with H2′ and H2′′ cross connectivities (data not
shown). This assignment strategy was successfully applied
to the entire hairpin, with cross peaks in the loop showing
different intensities than those in the stem. The aromatic
proton intraresidue cross peaks present throughout the duplex
region (except between C1 and A2) are absent in the loop

FIGURE 8: COSY spectrum of DNA(1) at 25°C in phosphate buffered D2O showing scalar couplings between (A) cytidine CH5 and CH6
resonances and (B) thymine methyl group and CH6 resonances.

FIGURE 9: Phase-sensitive NOESY spectrum of DNA(1) at 25°C in phosphate buffered D2O solution collected with a mixing time of 350
ms. The expansion of the region marked A is the aromatic proton to H1′ and H5 cross peaks. The expansion of the region marked B is the
aromatic proton to T-methyl cross peaks. The dotted lines indicate connectivities with aromatic proton chemical shifts common to both the
H1′ and T-methyl regions. The solid lines indicate sequential connectivities between proton resonances within the same spectral region.
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bases. These assignments, and those made similarly, are
summarized in Table 1.

The formation of a right-handed helix for the stem of
DNA(1) in aqueous solution is reflected in the observed
directionality of the intrastrand NOE between base protons
and their own and 5′- flanking H1′ and H2′, H2′′ protons (51).
The base to sugar H1′ NOE cross peaks are much weaker
than the CH5 to CH6 cytidine NOE cross peaks (fixed 2.45
Å separation) consistent with all nucleotides adopting anti-
glycosidic torsion angles along the length of the hairpin
oligonucleotide (48).

The pattern and relative intensities of the cross peaks
between the base and H1′ protons for nucleotides 1-7 and
nucleotides 11-18 of the hairpin indicate that the stem region
of DNA(1) forms a regular right-handed helical structure.
Although a complete proton chemical shift assignment using
the standard strategy for B-form DNA is not possible due to
overlap of the cross peaks from the stem and the loop regions,
analysis of the internucleotide NOE, at least, permits
assignment of the T-Me protons and sequential assignment
of the stem and loop bases.
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