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We report the synthesis of photonuclease 3 consisting of two acridine rings joined by a 2,6-bis(amino-
methyl)pyridine copper-binding linker. In reactions containing micromolar concentrations of 3, irradiation
at 419 nm produces efficient, copper(II)-dependent cleavage of plasmid DNA in the presence of the high
concentrations of salt that exist in the cell nucleus (150 mM NaCl and 260 mM KCl). The DNA interactions
of 3 are compared to an analogous bis-acridine (4) containing a more flexible 2,6-bis{[(methoxycarbonyla-
mino)-ethyl]methylaminomethyl}pyridine unit.

� 2010 Elsevier Ltd. All rights reserved.
In recent years, there has been increasing interest in the devel-
opment of copper(II) complexes that cleave DNA.1 These reagents
are important as potential chemotherapeutic drugs for a number
of reasons.1a,c Amounts of tissue, and/or serum copper show a sig-
nificant elevation in cancer patients compared to healthy control
subjects.1a Other studies demonstrate that tissue and/or serum
samples taken from cancer patients have significantly lower levels
of zinc, iron, and selenium and 2- to 3-fold higher levels of copper
compared to normal control samples.1a In living systems, copper is
closely associated with nucleic acids and chromosomes.1a,2 While
the majority of copper is tightly bound by these and other macro-
molecules,3 the kinetically labile nature of this metal enables it to
be mobilized by external metal chelating agents.1a,3a Thus, a che-
motherapeutic agent that binds to copper has the potential to be
of great utility in living systems.

As early as 1979, Sigman et al. showed that mixtures of 1,
10-phenanthroline and copper(II) sulfate could oxidatively cleave
DNA in the presence of the external reducing agent 3-mercapto-
propionic acid.4 Hecht and Oppenheimer generated DNA strand
scission by adding dithiothreitol to solutions containing the
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anticancer antibiotic bleomycin A2 and copper(II) acetate.5 Not-
withstanding, the addition of an external reducing agent to copper
is not necessarily required for efficient oxidative cleavage of DNA.
A good alternative is to use light to trigger nuclease activity.6 An
early example is the copper(II) complex of the anticancer alkaloid
camptothecin: oxidative DNA cleavage was achieved upon irradia-
tion of the drug/DNA complex at 365 nm.6h

In a previous paper, we reported the synthesis of bis-acridine 4,
containing a flexible copper-binding 2,6-bis{[(methoxycarbonyla-
mino)-ethyl]methylaminomethyl}pyridine linking unit.6d Oxida-
tive photocleavage of plasmid DNA was markedly enhanced
when 50 lM of 4 was irradiated in the presence of 1 mol equiv of
copper(II) chloride (419 nm, 22 �C, pH 7.0).6d In the present study,
we describe the synthesis and DNA interactions of pyridine-linked
bis-acridine photonuclease 3, equipped with a more compact 2,6-
bis(aminomethyl)pyridine unit. By comparison to 4, herein we
show that bis-acridine 3 produces superior levels of photocleavage
(50–2 lM dye, 419 nm, 22 �C, pH 7.0). The addition of 1 mol equiv
of copper(II) chloride to 20–2 lM of 3 inhibits DNA photocleavage
under the standard, low salt conditions used in many in vitro
DNA reactions (0 mM NaCl).5,6b,d–h Alternatively, the addition of
1 mol equiv of Cu(II) to 30–10 lM of 3 enhances photocleavage
under the conditions of high ionic strength that exist in the cell
nucleus (�150 mM Na(I) and 260 mM K(I)).7

Synthesis of bis-acridine 3 was carried out by reaction of (6-
amino-3-acridinyl)carbamic acid tert-butyl ester (1),8 as a sodium
salt, with 2,6-bis(bromomethyl)pyridine in DMF to afford the bis-
acridine 2 with good yield (Scheme 1).9 The tert-butoxycarbonyl
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Scheme 1. Synthetic route of the pyridine-linked bis-acridine dye 3. Pyridine-
linked bis-acridine dye 4 is inset.
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Figure 1. Photographs of 1.0% and 1.5% non-denaturing agarose gels showing
photocleavage of pUC19 plasmid DNA by bis-acridine 3 with (A) no salt, (B) 150 mM
NaCl, (C) 260 mM KCl, (D) 150 mM NaCl and 260 mM KCl; and by bis-acridine 4
with (E) no salt, (F) 150 mM NaCl and 260 mM KCl. Samples contained 10 mM
sodium phosphate buffer pH 7.0, 38 lM bp DNA, and 50–2 lM concentrations of 3
or 4 without (Lanes 1–6) and with (Lanes 7–12) 50–2 lM of CuCl2 (total volume
40 lL). Prior to photocleavage, the reactions were pre-equilibrated for 1 h in the
dark at 22 �C. The samples in Lanes C1, C2, and 1–12 were then irradiated for 50 min
at 22 �C in 1.7 mL microcentrifuge tubes in an aerobically ventilated Rayonet
Photochemical Reactor fitted with nine RPR-4190 Å lamps.
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protecting groups were then easily removed by treating 2 with
hydrochloric acid, affording compound 3 (95%) as a dihydrochlo-
ride derivative. The structures of 2 and 3 were confirmed by 1H
and 13C NMR, 2D NMR, mass spectra, and microanalytical data.9

Bis-acridine 4 was prepared using a previously reported
procedure.6d

In photocleavage experiments, 50–2 lM concentrations of a
bis-acridine (3 or 4) were equilibrated with 38 lM bp of pUC19
plasmid DNA and 10 mM sodium phosphate buffer pH 7.0, in the
absence and presence of 1 mol equiv of CuCl2, 150 mM of NaCl,
and/or 260 mM of KCl (Fig. 1). The samples were irradiated for
50 min at 419 nm and 22 �C and then electrophoresed on a 1.0%
or a 1.5% non-denaturing agarose gel. The conversion of uncleaved
supercoiled plasmid DNA (S) to its nicked (N) and linear (L) forms
was visualized by ethidium bromide staining. Minimal levels of
DNA cleavage were observed in parallel control reactions in which
38 lM bp of pUC19 plasmid, 50 lM of CuCl2, and/or 50 lM of bis-
acridine 3 or 4 were kept in the dark for 60 min (no hm: Fig. 1, Lane
C3; Fig. S1, Supplementary data; for compound 4, Fig. 4, Lanes 11
and 12, in Fernández et al., 2007).6d

The bis-acridine reactions in 10 mM sodium phosphate buffer
pH 7.0 (no NaCl and no KCl) were studied first. From an examina-
tion of the gels in Figures 1A and 1E, it is evident that, when cop-
per(II) is absent, compound 3 produces significantly more DNA
photocleavage than compound 4 (Fig. 1A, Lanes 1–6 vs Fig. 1E,
Lanes 1–6). Notably, irradiation of concentrations of 3 as low as
10 lM results in the near-complete conversion of the plasmid
DNA to its nicked and linear forms (Fig. 1A, Lane 4). Upon the addi-
tion of 1 mol equiv of copper(II) chloride, different trends were ob-
served: DNA photocleavage by 3 was decreased (20–2 lM
concentrations of dye; Fig. 1A, Lanes 9–12 vs Lanes 3–6), while
photocleavage by 4 was enhanced (50–20 lM concentrations of
dye; Fig. 1E, Lanes 7–9 vs Lanes 1–3). Notwithstanding, in the pres-
ence of Cu(II), 3 was still the more reactive compound (Fig. 1A,
Lanes 7–12 vs Fig. 1E, Lanes 7–12): a total of 20 lM of 3 and
50 lM of 4 were needed for near-complete photo-degradation of
DNA, respectively (Fig. 1A, Lane 9 vs Fig. 1E, Lane 7). In order to ac-
count for the opposing trends produced by copper(II) chloride, we
conducted cleavage inhibition experiments in which 38 lM bp of
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pUC19 plasmid DNA was equilibrated with the singlet oxygen
(1O2) scavenger sodium azide or with the hydroxyl radical (�OH)
scavenger sodium benzoate. The scavengers were added prior to
photocleavage by 10 lM of 3 or by 50 lM of 4 in the presence
and absence of 1 mol equiv of CuCl2 (no NaCl and no KCl). When
compared to parallel photocleavage reactions run in the absence
of the scavengers, sodium azide and sodium benzoate reduced
DNA photocleavage by 3 and 4 to a significant degree. The percent
inhibition data in Table S1 (Supplementary data) show that,
depending on the reaction conditions, the scavengers either inhib-
ited the formation of linear DNA, so that more nicked DNA was
produced in the photocleavage reaction, or reduced the amounts
of the linear and/or nicked plasmid forms. These results indicate
that hydroxyl radicals and singlet oxygen contribute to DNA
photocleavage by 3 and by 4. In the case of compound 4, sodium
benzoate produces slightly more inhibition than sodium azide,
with the percent inhibition values of both scavengers being higher
when 1 mol equiv of Cu(II) is present in the photocleavage reac-
tion. This result indicates that the addition of Cu(II) increases the
production of hydroxyl radicals and singlet oxygen and is consis-
tent with our observation that bis-acridine 4 generates more
DNA photocleavage in the presence of 1 mol equiv of Cu(II). In
the case of compound 3, sodium azide causes more inhibition than
sodium benzoate, with the percent inhibition value of sodium
azide being significantly higher when Cu(II) is omitted from the
photocleavage reaction. This result indicates that the addition of
Cu(II) decreases the production of singlet oxygen and is consistent
with our finding that bis-acridine 3 generates less DNA photoclea-
vage in the presence of 1 mol equiv of Cu(II).

The bis-acridine photocleavage reactions containing 150 mM
NaCl and 260 mM KCl were studied next (Figs. 1D and 1F). These
NaCl and KCl concentrations were selected in order to simulate
the conditions of high ionic strength that exist in the cell nucleus
where genomic DNA is contained.7 Sodium(I), potassium(I), and
other cations can induce the dissociation of ligands from DNA in
two ways. By decreasing phosphate–phosphate repulsion between
DNA strands, counter cations decrease minor groove width, de-
crease effective helical diameter, and in the case of supercoiled
DNA, increase negative writhe.10 Cations can also directly compete
with positively charged ligands for DNA binding sites.11 As ex-
pected, the gel images show that the combination of 150 mM NaCl
and 260 mM KCl lowered overall photocleavage yields, both in the
presence and absence of Cu(II) (Fig. 1D vs 1A for 3; Fig. 1F vs 1E for
4). It was also evident that compound 3 continued to produce more
DNA photocleavage than 4 (Fig. 1D vs 1F). Considered next were
the effects of adding 1 mol equiv of copper(II) chloride to the bis-
acridine reactions. In the presence of 150 mM NaCl and 260 mM
KCl, levels of DNA photocleavage by 3 and 4 were both increased
(30–10 lM of 3, Fig. 1D, Lanes 8–10 vs Lanes 2–4; 50–10 lM of
4, Fig. 1F, Lanes 7–10 vs Lanes 1–4). However, as discussed in the
previous section, when NaCl and KCl were omitted from photoclea-
vage reactions, copper(II) produced an enhancement in cleavage
only for bis-acridine 4. In the case of bis-acridine 3, cleavage was
reduced.

In order to better document the differential effects of Cu(II) as a
function of ionic strength, the individual salts, either 150 mM of
NaCl (Fig. 1B) or 260 mM of KCl (Fig. 1C) were tested against 3. It
was found that the addition of 1 mol equiv of Cu(II) increased
DNA photocleavage by 3 under both sets of reaction conditions
(Fig. 1B, Lanes 8–10 vs Lanes 2–4 for 150 mM NaCl; Fig. 1C, Lanes
9 and 10 vs Lanes 3 and 4 for 260 mM KCl). An overall comparison
could then be made of the bis-acridine 3 photocleavage reactions
run in the presence of copper (Figs. 1A–D, Lanes 7–12) to those
run in the absence of copper (Figs. 1A–D, Lanes 1–6). Four sets of
reaction conditions were considered: no salt (Fig. 1A); 150 mM
NaCl (Fig. 1B); 260 mM KCl (Fig. 1C); 150 mM NaCl and 260 mM
KCl (Fig. 1D). The addition of 1 mol equiv of Cu(II) was found to al-
ter DNA photocleavage yields differentially, according to salt com-
position: 260 mM KCl (Fig. 1C; increased cleavage in Lanes 9 and
10 vs Lanes 3 and 4) >150 mM NaCl and 260 mM KCl (Fig. 1D; in-
creased cleavage in Lanes 7–10 vs Lanes 1–4) >150 mM NaCl
(Fig. 1B; increased cleavage in Lanes 8–10 vs Lanes 2–4) >>>> no
salt (Fig. 1A; decreased cleavage in Lanes 9–12 vs Lanes 3–6). In
the presence of 260 mM of KCl, concentrations of 3 and copper(II)
as low as 10 lM produced near-complete conversion of the plas-
mid DNA to its nicked and linear forms (Fig. 1C, Lane 10).

UV–visible spectra were acquired next, in order to examine the
interactions of 3 and 4 with DNA (Fig. 2). A total of 38 lM bp of calf
thymus DNA (CT DNA) was added to a set of solutions containing a
bis-acridine (3 or 4) and 1 mol equiv of copper(II) chloride as well
as to a second set of solutions containing 3 or 4, 1 mol equiv of cop-
per(II) chloride, and 260 mM KCl. The concentrations of 3 and 4
were set at 10 and 50 lM, respectively, due to the large cleavage
enhancements produced by copper(II) (Fig. 1C, Lane 10 vs Lane 4
for 3; Fig. 1E, Lane 7 vs Lane 1 for 4). Chromicity was then quanti-
tated by measuring each curve area from 330 to 520 nm, where
there is minimal overlap with DNA absorption (Fig. 2). This analy-
sis showed that, within each bis-acridine series, the ordering of
DNA photocleavage yields corresponded with the relative bis-acri-
dine chromicity produced by the addition of CT DNA: 3/Cu(II)/KCl
strong cleavage (Fig. 1C, Lane 10) and 40% hyperchromicity > 3/
Cu(II) moderately strong cleavage (Fig. 1A, Lane 10) and 1% hypo-
chromicity; 4/Cu(II) moderately strong cleavage (Fig. 1E, Lane 7)
and 35% hypochromicity > 4/Cu(II)/KCl moderate cleavage
(Fig. 1F, Lane 7) and 4% hypochromicity. Taken together, these data
suggest that the addition of KCl to solutions of bis-acridine and
1 mol equiv of copper(II) increases DNA interactions in the case
of 3, but decreases interactions in the case of 4. It is conceivable
that KCl induces a structural change in the nucleic acid duplex that
differentially alters the DNA binding of the two bis-acridine li-
gands. Experiments aimed at testing this hypothesis will be the
subject of future research in our laboratories.

Our data have shown that bis-acridine 3 consistently produces
significantly more photocleavage than bis-acridine 4 (Fig. 1A vs
E; Fig. 1D vs 1F). In order to account for this result, DNA melting
isotherms were recorded from 25 to 95 �C (no NaCl and no KCl).
Melting assays provide a straightforward way of comparing the
relative binding affinities of compounds that interact with dou-
ble-helical DNA. The p–p, van der Waals, electrostatic, and hydro-
gen bonding interactions arising from intercalation and/or groove
binding stabilize helical DNA. These interactions increase the
DNA binding affinity of the ligand, and increase the melting tem-
perature of the DNA–ligand complex compared to the unbound du-
plex.12 Melting isotherms of 15 lM bp calf thymus DNA in 20 mM
sodium phosphate buffer pH 7.0 were recorded in the presence and
absence of 10 lM of bis-acridine 3 and/or copper(II) (Fig. S2 in Sup-
plementary data). In our previous paper, isotherms acquired under
identical conditions showed that 10 lM of 4 increased the melting
temperature (Tm) of calf thymus DNA by 4 and 10 �C in the absence
and presence of 10 lM of Cu(II), respectively (Fig. 3, in Fernández
et al., 2007).6d Compared to compound 4, the DNA melting iso-
therms of 3 were shifted to higher temperatures (Fig. S3 in Supple-
mentary data). Furthermore, the absence of any inflection points in
the isotherms of 3 indicated that the DNA was not completed
melted up to the maximum recordable temperature in the experi-
ment (95 �C). Inflection points and Tm values could only be ob-
tained by lowing the concentrations of compound 3 and Cu(II)
from 10 to 2.5 lM (Fig. S4). These data indicate that, in the pres-
ence and absence of 1 mol equiv of Cu(II), compound 3 binds to
DNA with significantly higher affinity than compound 4. Thus,
the data are consistent with our observation that compound 3 pro-
duces higher levels of photocleavage.
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An ideal DNA photosensitizer for therapeutic applications
should function optimally under the conditions of ionic strength
that exist in the cell nucleus (�150 mM of Na(I) and 260 mM of
K(I)).7 Here, we have shown that DNA photocleavage by chromo-
phore 3, consisting of two acridine rings joined by a compact
2,6-bis(aminomethyl)pyridine copper-binding linker, is superior
to bis-acridine 4, equipped with a more flexible 2,6-bis{[(methoxy-
carbonylamino)-ethyl]methylaminomethyl}pyridine unit. In the
presence of 150 mM of NaCl and 260 mM of KCl, DNA photoclea-
vage by micromolar concentrations of 3 is enhanced by Cu(II), an
ion that is closely associated with genomic DNA and chromosomes
and is elevated in serum and tissue samples taken from cancer pa-
tients.1a,2 Thus, the insights gained from the study of copper-bind-
ing acridine ligands may give rise to the development of new
agents for use in photodynamic cancer therapy.
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