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Metallonucleases
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Abstract: Two CuII complexes with a new quinoline sulfon-
amide derivative and phenanthroline (phen), [Cu(QSQ)-
(phen)]ClO4·0.5H2O (1) and [Cu(QSQ)(phen)(H2O)]ClO4 (2)
[HQSQ = N-(quinolin-8-yl)quinolin-8-sulfonamide], have been
synthesized and physicochemically characterized. Single-crystal
X-ray diffraction studies have revealed a highly distorted tri-
gonal-bipyramidal structure for 1 (τ = 0.68) and an almost per-
fect trigonal-bipyramidal geometry for 2 (τ = 0.92). DNA bind-
ing studies, which were performed by thermal denaturation,
viscometry, fluorescence spectroscopy, and cyclic voltammetry,

Introduction

The interactions of metal complexes with DNA and transition-
metal-complex-mediated DNA damage are important areas of
chemical research because of their applications in nucleic acid
chemistry and cancer research.[1,2] Metal complexes provide
highly versatile platforms for drug design. The metal and its
oxidation states can be varied, and metal ions also have a range
of geometries and coordination numbers that allow the fine-
tuning of their chemical reactivity. In addition to the metal cen-
ter, the ligands can also play important roles in biological activ-
ity ranging from recognition of the target site to the activity of
any released ligands and ligand-centered redox processes.[3]

Since the bis(phenanthroline) copper complex [Cu(phen)2]2+
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indicated a partial intercalation of 1 with Kapp = 2.45 × 106 M–1.
The nuclease activity of 1 was investigated upon photoirradia-
tion, with ascorbate/H2O2 as the activating agent, and also in
the absence of any external reagent. In all cases, 1 was able to
perform DNA cleavage, and its nuclease efficiency varied in the
order ascorbate/H2O2 > photoirradiation > without external co-
factors. Mechanistic investigations suggest an oxidative cleav-
age of DNA involving reactive oxygen species (ROS). The pro-
tein binding ability of 1 was also studied with bovine serum
albumin (BSA) as a model protein.

was first reported as an effective DNA cleaving agent,[4] copper-
based chemical nucleases have received special attention.[5]

Metal-mediated DNA cleavage can be oxidative at the sugar
or the nucleobase as well as hydrolytic at the phosphodiester
backbone of DNA. Metal hydrolases tend to show low cleaving
efficiency; thus, synthetic chemical nucleases that exhibit oxid-
ative activity are the main focus of the majority of studies on
artificial DNAases.[6] Redox-active metallonucleases require the
addition of external reagents (oxidizing or reducing agents) or
light to produce reactive oxygen species (ROS) such as singlet
oxygen or hydroxyl radicals, which ultimately cleave DNA.
Among these artificial nucleases, those that can be activated
upon irradiation have gained importance in the photodynamic
therapy (PDT) of cancer.[7–9] The great advantages of this ther-
apy are its noninvasive nature and its high selectivity, which
avoids the significant side-effects of most cytotoxic drugs.[10–14]

Although the DNA photocleavage activities of a large number
of complexes containing 4d or 5d metals have been studied
extensively,[15] the chemistry of copper-based photonucleases
is much more unexplored.[16] Recently, diverse strategies have
been developed to obtain CuII complexes that can induce DNA
photocleavage. A series of CuII polypyridyl compounds have
been designed with DNA photocleavage activity,[17–21] and ter-
nary CuII complexes with DNA-binder phenanthroline bases and
a photoactive ligand have also been prepared to enhance DNA
binding and promote DNA cleavage activity.[16,22]

More recently, copper(II) complexes possessing inherently di-
verse structural and redox properties have become attractive



Full Paper

agents for DNA cleavage owing to their potential self-activating
nuclease activity.[5,23–31] Although the detailed cleavage mecha-
nisms of these systems remain unclear, in general, redox reac-
tions involving the ligand and the metal ion seem to initiate
DNA cleavage. As pharmaceutical agents, these oxidative cleav-
ers present a larger number of applications in vivo.[5] The search
for simple, synthetic metal complexes that bind and cleave DNA
by a self-activating mechanism is a real challenge.

In the context of developing metal-based therapeutics, there
is a great interest today in the analysis of drug–protein interac-
tions, which greatly influence the absorption, distribution, me-
tabolism, and excretion properties of drugs. Serum albumins
(SAs), as the most abundant proteins in the circulatory system,
act as transporters and disposers of many endogenous and ex-
ogenous compounds.[32,33] The study of the interactions of
small molecules with these plasma proteins provides under-
standing of drug pharmacokinetics and structure–activity rela-
tionships. Therefore, studies on the interactions of copper(II)
complexes with SA can be useful in the design of antitumoral
metal-based therapeutics.[34]

Sulfonamides are appropriate ligands for the preparation of
coordination compounds with biological activity, as they pos-
sess bactericidal, antiviral, antidiabetic, and diuretic proper-
ties,[35–40] and some sulfonamide compounds are under clinical
evaluation for cancer treatment. As antitumor agents, sulfon-
amides can act through a variety of mechanisms such as
cell-cycle perturbation, disruption of microtubule assembly, an-
giogenesis inhibition, and functional suppression of the tran-
scriptional activator NF-V.[41–45] Recently, sulfonamide deriva-
tives bearing biologically active quinoline moieties have shown
remarkable in vitro anticancer activity.[46,47] In recent years, our
group has reported the prominent oxidative nuclease activity
of copper sulfonamide complexes.[48–57] Among these com-
pounds, [Cu(NST)2(phen)] [HNST = N-2-(4,5-dimethylthi-
azol)naphthalenesulfonamide] was found to induce DNA cleav-
age upon photoirradiation.[48] Moreover, some of these com-
pounds are potential antitumoral agents that produce cell
death by apoptosis.[48–50]

In this work, we report the synthesis and physicochemical
characterization of two new copper sulfonamide complexes,
[Cu(QSQ)(phen)]ClO4·0.5H2O (1) and [Cu(QSQ)(phen)(H2O)]ClO4

Scheme 1. Synthesis of N-(quinolin-8-yl)quinolin-8-sulfonamide (HQSQ) and complexes 1 and 2.
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(2) [HQSQ = N-(quinolin-8-yl)quinolin-8-sulfonamide]. The
HQSQ ligand bears two quinoline moieties and has been de-
signed to improve the binding ability of the complexes towards
DNA. The propensity for DNA binding and the nuclease activity
of 1 under different experimental conditions have been studied
in detail. Complex 1 is not only an efficient photonuclease but
also the first example of a Cu sulfonamide complex that can
promote DNA cleavage by a self-activating mechanism. Finally,
the binding of 1 to bovine serum albumin (BSA), as a model
protein, has been evaluated.

Results and Discussion

The HQSQ ligand, 1, and 2 were prepared according to
Scheme 1.

The sulfonamide and the ternary complexes showed good
solubility in dimethyl sulfoxide (DMSO) and N,N-dimethylform-
amide (DMF) and low solubility in aqueous media. They were
stable in solution. The peak at m/z = 577 in the ESI+ mass
spectra of the complexes, assigned to [Cu(QSQ)(phen)]+, indi-
cates the stability of the ternary structures in solution.

X-ray Crystallography and Spectroscopic Properties

ORTEP perspective views of 1 and 2 are shown in Figures 1 and
2, respectively. Selected bond lengths and angles are listed in
Table 1.

The crystal structures of the compounds consist of discrete
monomeric CuII cations with one perchlorate anion. In both
complexes, the CuII center is pentacoordinated. In 1, the CuII

center is coordinated by five nitrogen atoms, that is, the two N
atoms [N(4) and N(5)] from the phenanthroline ligand and the
three nitrogen atoms [N(1), N(2), and N(3)] of the sulfonamide
derivative. In 2, the metal ion is surrounded by the two N atoms
[N(4) and N(5)] from the phenanthroline molecule, two N atoms
[N(2) and N(3)] of the sulfonamide ligand, and the oxygen atom
[O(3)] of a water molecule. The coordination geometries of the
CuII centers in both complexes can be described as distorted
trigonal bipyramidal according to the Addison–Reedijk geomet-
ric criterion,[58] in which the parameter τ is calculated from the
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Figure 1. ORTEP drawing of 1. The perchlorate anion and the water molecule
are omitted for clarity.

Figure 2. ORTEP drawing of 2. The perchlorate anion is omitted for clarity.

Table 1. Selected bond lengths [Å] and angles [°].

[Cu(QSQ)(phen)]ClO4·0.5H2O (1) [Cu(QSQ)(phen)(H2O)]ClO4 (2)

Cu(1)–N(5) 2.024(2) Cu(1)–N(2) 1.961(5)
Cu(1)–N(4) 2.042(2) Cu(1)–N(5) 1.999(5)
Cu(1)–N(2) 1.941(2) Cu(1)–N(3) 2.038(5)
Cu(1)–N(3) 2.053(2) Cu(1)–O(3) 2.085(4)
Cu(1)–N(1) 2.479(2) Cu(1)–N(4) 2.106(5)
N(2)–Cu(1)–N(5) 174.63(9) N(2)–Cu(1)–N(5) 177.7(2)
N(2)–Cu(1)–N(4) 93.55(9) N(2)–Cu(1)–N(3) 81.87(19)
N(5)–Cu(1)–N(4) 81.08(9) N(5)–Cu(1)–N(3) 99.0(2)
N(2)–Cu(1)–N(3) 82.70(10) N(2)–Cu(1)–O(3) 95.76(18)
N(5)–Cu(1)–N(3) 100.87(10) N(5)–Cu(1)–O(3) 85.6(2)
N(4)–Cu(1)–N(3) 130.99(10) N(3)–Cu(1)–O(3) 121.75(19)
N(2)–Cu(1)–N(1) 85.15(9) N(2)–Cu(1)–N(4) 97.3(2)
N(5)–Cu(1)–N(1) 98.49(9) N(5)–Cu(1)–N(4) 80.5(2)
N(4)–Cu(1)–N(1) 133.94(9) N(3)–Cu(1)–N(4) 115.6(2)
N(3)–Cu(1)–N(1) 94.60(9) O(3)–Cu(1)–N(4) 122.35(19)
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observed L–M–L′ basal angles and is an index of the degree of
trigonality of the structure that ranges from zero for a perfect
square pyramid to unity for a perfect trigonal bipyramid. The τ
values of 0.68 and 0.92 for 1 and 2, respectively, reflect that
the five-coordinate geometries around the CuII centers are very
distorted trigonal bipyramidal for 1 and almost perfect trigonal
bipyramidal for 2. The basal plane in 1 is formed by one N atom
[N(4)] of the phenanthroline molecule and the two quinoline
nitrogen atoms [N(1) and N(3)] belonging to the sulfonamide
derivative, whereas the equatorial positions in 2 are occupied
by one N atom of the phenanthroline ligand [N(4)], the quinol-
ine N atom [N(3)] of the sulfonamide ligand, and the water
oxygen atom [O(3)]. In both compounds, the apical positions
are occupied by the sulfonamido nitrogen atom [N(2)] and one
phenanthroline nitrogen atom [N(5)]. The Cu–N bond lengths
range from 1.941(2) to 2.479(2) and from 1.961(5) to 2.106(5) Å
in 1 and 2, respectively. The Cu–Nquinoline bond lengths are
slightly longer than those described for CuII complexes with
bis(8-aminoquinoline) ligands.[59] The Cu–Nsulfonamide and the
Cu–Nphen bond lengths are normal lengths, similar to those
found in related ternary copper(II) sulfonamide phenanthroline
compounds.[48,50] Notably, in 1, in which the sulfonamide acts
as a tridentate ligand, the coordination angles and the rather
long Cu–N(1) bond length reflect the strong distortion caused
by the steric hindrance of the sulfonamide derivative.

The crystal structure of 1 is stabilized by the presence of
intermolecular π–π interactions between the central rings of
two phenanthroline molecules in adjacent units. These rings
are stacked with a centroid–centroid distance of 3.744 Å and a
dihedral angle of 0° (Figure S1a).

Compound 2 is stabilized by intermolecular stacking interac-
tions between the C6 quinoline ring and the central phen-
anthroline ring of two different units with a centroid–centroid
distance of 3.769 Å and a dihedral angle between the planes
of 12.32° (Figure S1b).

The two complexes present very similar IR spectra. Com-
pared with the spectrum of the free ligand, the most remark-
able changes occur in the characteristic bands corresponding
to the sulfonamide group. Thus, the band at ν̃ = 3168 cm–1,
assigned to the ν(N–H) vibration in the free ligand, is not found
in the IR spectra of the compounds as a consequence of the
deprotonation of the sulfonamide derivative upon coordina-
tion. The νas(SO2) and νs(SO2) vibrations are shifted to lower
frequencies, and the ν(S–N) vibration shifts to higher frequency
(by ca. 30 cm–1) with respect to the corresponding bands of the
free ligand. Considering the different coordination behavior of
QSQ– in the compounds (tridentate in 1 and bidentate in 2),
these modifications are probably not related to the coordina-
tion itself but to the deprotonation of the sulfonamide group.
In addition, the spectra of the complexes exhibit bands at ν̃ =
1522 and 850 cm–1, which are assigned to the characteristic
vibrations of coordinated phenanthroline.[60] The strong band
at ν̃ ≈ 1077 cm–1 can be attributed to the uncoordinated per-
chlorate ion.[61]

Both complexes have axial polycrystalline X-band electron
paramagnetic resonance (EPR) spectra at room temperature
(Figure S2). The EPR parameters calculated through simula-
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tion[62] are gs = 2.240, g⊥ = 2.082 for 1 and gs = 2.210, g⊥ =
2.085 for 2.

The X-band EPR spectra of both complexes in frozen DMF
solution are axial with resolved hyperfine structures due to the
copper center (S = 1/2 and I = 3/2) in the parallel region. Both
EPR spectra are almost coincident (Figure S3) and have essen-
tially identical EPR parameters (gs = 2.250, g⊥ = 2.080, and As =
135 × 10–4 cm–1); this indicates that the compounds adopt the
same structure in solution.[63] A mainly dx2–y2 orbital ground
state is suggested by gs > g⊥, and the calculated As values for
1 and 2 are consistent with the presence of a C4v (square-
pyramidal) geometry.[64] Notably, the frozen EPR spectra of both
complexes show a dominantly tetragonal component in the so-
lution stereochemistry; especially for 1, this could mean a
change from an almost regular trigonal-bipyramidal geometry
towards a more square-pyramidal one.[58]

The electronic spectra of 1 and 2 in DMF solution exhibit a
broad ligand-field band centered at λ ≈ 700 nm with a weak
low-energy shoulder at λ ≈ 920 nm (Figure S4). Both spectra
are indicative of a pentacoordinate geometry.[65,66] The dx2–y2

ground state, as deduced from the EPR spectra, leads to a tenta-
tive assignment of the d–d bands as dx2–y2 → dxz, dxy, dyz for the
higher-energy band and dx2–y2 → dz2 within the lower-energy
envelope.[58] Both spectra also present a shoulder at λ ≈
480 nm, which can be attributed to a ligand-to-metal charge-
transfer (LMCT) transition between the phenanthroline ligand
and the copper(II) ion.[48] The close similarity of the UV/Vis spec-
tra of the two complexes suggests that 1 and 2 present the
same chromophore in solution. These results are in good agree-
ment with the EPR results. On the basis of the results derived
from the ESI+ MS studies for both compounds,
[Cu(QSQ)(phen)]+ is assumed to be the complex entity in solu-
tion.

As all of the solution studies support that both 1 and 2 give
rise to the same species in solution, we have tested the biologi-
cal activity of only one of the compounds. For this purpose, we
have chosen 1 as it was obtained in a higher yield.

DNA Binding Interactions

DNA binding is a critical step for subsequent DNA cleavage.
Therefore, before we investigated the nuclease activity of 1, we
studied its ability to bind to DNA by different techniques.

Thermal Denaturation

The binding of 1 to calf thymus DNA (CT-DNA) was studied by
measuring changes in the melting temperature (Tm) of DNA,
which characterizes the transition from a double-stranded nu-
cleic acid to a single-stranded one.[52,67] Compound 1 produced
an increase in Tm (ΔTm = 5.2 °C at [DNA]/[complex] = 2; Fig-
ure 3), which is indicative of an interaction between DNA and
the compound that stabilizes the native DNA conformation.
Moreover, the moderate increase in the melting temperature of
CT-DNA suggests that 1 presents primarily a groove binding
propensity.[49,68]
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Figure 3. Melting temperature of CT-DNA in the absence (black solid line)
and presence of 1 (red dashed line); [DNA] = 100 μM, [complex] = 50 μM,
phosphate buffer (1 mM, 2 mM NaCl, pH 7.2), and 2.5 % DMF.

Ethidium Bromide Displacement Assay

Fluorescence spectroscopic studies were also performed to ob-
tain a better understanding of the interaction of the compound
with DNA. These studies were performed with ethidium brom-
ide (EB). Ethidium bromide is a planar cationic dye that is used
widely as a sensitive fluorescence probe for native DNA. EB
emits intense fluorescence in the presence of DNA, and the
extent of the fluorescence quenching of EB bound to DNA by
the addition of a second molecule gives a measure of its DNA
binding propensity. The emission of the DNA–EB adduct after
the addition of a second molecule can be quenched through
the replacement of EB, the acceptance of the excited-state elec-
tron of the EB through a photoelectron transfer mechanism, or
both.[69,70] As displayed in Figure 4, the addition of increasing
concentrations of 1 to DNA previously treated with EB caused

Figure 4. Emission spectra of EB bound to DNA in the absence and presence
of 20, 40, 60, 80, 100, 120, 140, 160, 180 μM of 1 in 0.1 M cacodylate buffer (pH
6.0) and 3.5 % DMF. The arrow shows the changes in intensity at increasing
concentrations of the complex. Inset: Stern–Volmer plot.
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an appreciable reduction in the emission intensity of ca. 45 %,
which clearly indicates the higher binding affinity of 1.

Generally, the fluorescence quenching of EB bound to DNA
by the complexes follows the classical linear Stern–Volmer
equation, I0/I = 1 + KSV[Q], in which I0 and I are the fluorescence
intensities of the fluorophore in the absence and presence of
quencher, KSV is the Stern–Volmer quenching constant, and [Q]
is the quencher concentration. However, in our case a nonlinear,
upward-curving Stern–Volmer plot was obtained (inset in Fig-
ure 4). Such a difference in the Stern–Volmer plot is consistent
with the occurrence of at least two quenching mechanisms, one
of which is fast relative to the resolution in the time-resolved
experiment (named as static), and a second that is slow relative
to this time scale (named as dynamic).[71] The data for 1 follow
a compressed exponential growth behavior given by Equa-
tion (1) with a = 0.207, b = 115.16, and c = 0.803:[72]

I0/I = a exp([Q]/b) + c (1)

The apparent binding constant (Kapp) was also calculated
from the equation KEB[EB] = Kapp[complex], in which KEB =
1.0 × 107 M–1,[73] [EB] = 50 μM, and [complex] is the concentra-
tion that causes a 50 % quenching of the initial EB fluorescence
(203.4 μM). The calculated Kapp value for 1 of 2.45 × 106 M–1 is
similar to those previously reported for related CuII sulfonamide
compounds and indicates that the interaction of 1 with DNA is
rather strong.[48,51,54]

Viscosity Studies

To clarify the binding of 1 to DNA, viscosity measurements were
performed on CT-DNA with variation of the concentration of
the compound. Hydrodynamic measurements that are sensitive
to length changes are regarded as the least ambiguous and the
most critical tests of a DNA binding model in solution and pro-
vide reliable evidence for the DNA binding mode. Our results
(Figure 5) reveal that 1 produced an increase in the viscosity of
CT-DNA, which indicates an intercalative binding. This increase

Figure 5. Effect of 1 (blue ●) and [Cu(phen)2]2+ (red ■) on the relative viscos-
ity of CT-DNA in 0.1 M cacodylate buffer (pH 6.0) and 2 % DMF.
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in viscosity follows a similar pattern to that caused by
[Cu(phen)2]2+ and the related sulfonamide compound
[Cu(NST)2(NH3)2]·H2O, both of which interact with DNA through
partial intercalation.[48] Therefore, the involvement of 1 in par-
tial intercalative interactions with DNA base pairs can be pro-
posed.

Cyclic Voltammetry

The binding of 1 to DNA was also investigated by cyclic voltam-
metry. The application of electrochemical methods to study the
interactions of small molecules with DNA provides a useful
complement to spectroscopic methods and may yield informa-
tion about the binding mode. In general, the electrochemical
potential of the complex presents a positive shift when the
complex binds to DNA through intercalation, whereas it exhib-
its a negative shift for an electrostatic interaction between the
complex and DNA.[74]

The cyclic voltammogram of 1 in DMF (Figure 6) shows a
quasireversible process that corresponds to the reduction of
CuII to CuI with the cathodic (Epc) and the anodic (Epa) peaks at
–0.10 and –0.04 V, respectively. The addition of DNA to 1 results
in changes in the voltammogram of 1 that suggest a strong
interaction of 1 with DNA. First, a significant decrease of the
voltammetric peak currents is due to the slow diffusion of an
equilibrium mixture of the free and DNA-bound 1 to the elec-
trode surface.[52] Moreover, the CuII/CuI electron-transfer proc-
ess becomes less reversible in the presence of DNA. On the
other hand, the cathodic potential presents a gradual positive
shift as the amount of DNA increases, which is in good agree-
ment with the viscosity results and indicates the intercalation
of 1 between DNA base pairs.[74,75]

Figure 6. Cyclic voltammograms of 1 in the absence (black solid line) and
presence of CT-DNA (red dashed line: [complex]/[DNA] = 10; blue dashed
line: [complex]/[DNA] = 20).

DNA Cleavage

The photoinduced DNA cleavage activity of 1 was studied with
supercoiled (SC) pUC18 DNA upon irradiation with 365 nm UV-



Full Paper

A light for 2 h, and the results are shown in Figure 7. On the
basis of our previous results on CuII sulfonamide compounds as
DNA photocleavers,[48] 1 could be a good candidate for this
study because its electronic spectra exhibit an LMCT band close
to the photoactivation wavelength. Compound 1 exhibited
photonuclease activity, which was dependent on concentration.
At 10 and 12.5 μM (Figure 7, lanes 7 and 8) the complex was
able to produce a partial conversion of SC-DNA (Form I) into its
nicked circular form (Form II). At higher concentrations (15, 17.5,
and 20 μM), 1 induced the complete degradation of the super-
coiled form to produce ca. 99 % DNA form II and a small quan-
tity (<1 %) of DNA form I (Figure 7, lanes 9–11). Copper(II) per-
chlorate (Figure 7, lanes 4 and 5) and HQSQ (Figure 7, lanes 14–
15) are individually cleavage inactive upon irradiation under the

Figure 7. (a) Agarose gel electrophoresis of pUC18 plasmid DNA (37.5 μM bp)
treated with 1 upon irradiation with UV-A light. Incubation time 2 h (37 °C);
(b) Quantification data of DNA forms. Lanes: (1) λDNA/EcoR1 + HindIII marker,
(2) pUC18 control without irradiation, (3) pUC18 control, (4) Cu(ClO4)2 15 μM,
(5) Cu(ClO4)2 20 μM, (6) 1 7.5 μM, (7) 1 10 μM, (8) 1 12.5 μM, (9) 1 15 μM, (10)
1 17.5 μM, (11) 1 20 μM, (12) 1 10 μM without irradiation, (13) 1 20 μM without
irradiation, (14) HQSQ 15 μM, (15) HQSQ 20 μM.

Scheme 2. General DNA photocleavage mechanism.
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same experimental conditions. Therefore, the involvement of
the metal center seems to be apparent in the metal-assisted
DNA cleavage reaction, which involves the LMCT band, as was
found for the related [Cu(NST)2(phen)].[48]

In an oxygen atmosphere, DNA photocleavage can proceed
through two major mechanistic pathways (Scheme 2).[10] In a
type II process, the excited electronic state of the complex
through efficient intersystem crossing (ISC) could generate an
excited state that could activate molecular oxygen to its react-
ive singlet state (1O2) by energy transfer. In an alternate path-
way, type I, the redox-active photoactivated complex can re-
duce molecular oxygen to generate reactive hydroxyl radical
species by a photoredox mechanism.[76]

The mechanistic pathways involved in the photocleavage re-
actions were investigated with different ROS scavengers (Fig-
ure 8). Sodium formate and KI were employed as hydroxyl radi-
cal scavengers, disodium 4,5-dihydroxy-1,3-benzenedisulfonate
(tiron) was employed as a superoxide radical scavenger, and
1,4-diazabicyclo[2,2,2]octane (DABCO) and 2,2,6,6-tetramethyl-
4-piperidone (TMPP) were employed as 1O2 scavengers. Also,
D2O was used as a detector of singlet oxygen formation, as the
lifetime of singlet oxygen is significantly longer in D2O than in
H2O.

The possibility of a type II singlet oxygen pathway can be
ruled out as singlet oxygen scavengers (DABCO and TMPP; Fig-
ure 8, lanes 7 and 8, respectively) and D2O (Figure 8, lane 9)
showed no apparent effects on the DNA cleavage activity. The
addition of sodium formate and, in particular, KI (Figure 8,
lanes 5 and 6, respectively) attenuated the photoactivity of the
compound significantly; this, suggests that hydroxyl radicals are
involved in the photocleavage reaction. The superoxide
quencher tiron (Figure 8, lane 10) also clearly inhibits the cleav-
age activity, which indicates the participation of superoxide in
the DNA damage mediated by the compound. In the presence
of neocuproine (Figure 8, lane 11), DNA degradation is also di-
minished, which suggests the reduction of the CuII to CuI during
the DNA cleavage process.

All of these results together clearly seem to indicate a pho-
toredox pathway in which the CuII compound gives rise to re-
active CuI species with the subsequent generation of hydroxyl
and superoxide radicals, which are the active species involved
in the DNA cleavage, in a similar mechanistic pathway to that
proposed for the previously reported [Cu(NST)2(phen)].[48]

Notably, as seen in lanes 12 and 13 of Figure 7, the complex
is able to produce a partial SC-DNA degradation without pho-
toirradiation. This finding can be of great relevance because it
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Figure 8. (a) Agarose gel electrophoresis of pUC18 plasmid DNA (37.5 μM bp)
treated with 1 (20 μM) upon irradiation under UV-A light in the presence of
potential inhibitors. Incubation time 2 h (37 °C). (b) Quantification data of
DNA forms. Lanes: (1) λDNA/EcoR1 + HindIII marker, (2) pUC18 control with-
out irradiation, (3) pUC18 control, (4) 1 without inhibitors, (5) sodium formate
(0.4 M), (6) KI (0.4 M), (7) DABCO (0.4 M), (8) TMPP (0.4 M), (9) D2O, (10) tiron
(10 mM), (11) neocuproine (40 μM).

could mean that 1 is able to mediate DNA cleavage through
self-activation. Therefore, we decided to explore the cleavage
of plasmid pUC18 induced by 1 in more detail in the absence
of external cofactors (Figure 9). Except for a concentration of
5 μM (Figure 9, lane 3), 1 promoted the partial cleavage of plas-
mid pUC18 from the SC form I to the nicked circular (NC) form
II. At 10 and 15 μM, ca. 50 and 58 % of SC-DNA is transformed
into NC DNA (Figure 9, lanes 4 and 5). However, the cleavage
efficiency (ca. 58 % Form II) was not enhanced at higher con-
centrations (20 and 30 μM; Figure 9, lanes 6 and 7). No cleavage
was observed for CuII alone (Figure 9, lane 8) or for the control
in which equimolar amounts of CuII and HQSQ were added to
the reaction mixture (Figure 9, lane 9).

Investigations of the cleavage mechanism are highly interest-
ing for copper complexes that exhibit nuclease activity in the
absence of any external reagent. Self-activated DNA cleavage
can occur by hydrolytic or oxidative pathways. In the first case,
the nuclease activity is not inhibited by radical scavengers,
whereas the DNA damage in the second case is inhibited by
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Figure 9. (a) Agarose gel electrophoresis of pUC18 plasmid DNA (37.5 μM bp)
treated with 1 without activator. Incubation time 2 h (37 °C); (b) Quantifica-
tion data of DNA forms. Lanes: (1) λDNA/EcoR1 + HindIII marker, (2) pUC18
control, (3) 1 5 μM, (4) 1 10 μM, (5) 1 15 μM, (6) 1 20 μM, (7) 1 30 μM, (8)
Cu(ClO4)2 30 μM, (9) Cu(ClO4)2 + HQSQ 30 μM.

radical scavengers owing to the involvement of reactive oxygen
species in the DNA breakdown. In the search for a mechanism,
the nuclease activity of 1 without external activating agents
was evaluated in the presence of different radical scavengers
and in the presence of the CuI chelator neocuproine (Figure 10).

The hydroxyl radical scavengers sodium formate and KI (Fig-
ure 10, lanes 4 and 5) decreased the cleavage activity of 1 sig-
nificantly; this indicates that hydroxyl radicals are involved in
the scission process. Also, the superoxide radical scavenger
tiron blocked the DNA cleavage (Figure 10, lane 7); therefore,
superoxide plays an important role in the nuclease activity of
1. However, the presence of D2O has no apparent effect on
the DNA cleavage (Figure 10, lane 6), a fact that excludes the
involvement of singlet oxygen in the DNA cleavage reaction.
Neocuproine reduces DNA strand scission dramatically (Fig-
ure 10, lane 8), and this indicates that the reduction of CuII

occurs during the production of the reactive oxygen species.
Although the precise details of the mechanism are not well
understood, on the basis of the above findings, a cleavage proc-
ess that involves hydroxyl and superoxide radicals with CuII re-
duction, that is a self-activating oxidative pathway, can be pro-
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Figure 10. (a) Agarose gel electrophoresis of pUC18 plasmid DNA (37.5 μM

bp) treated with 1 (30 μM) without activator in the presence of potential
inhibitors. Incubation time 2 h (37 °C). (b) Quantification data of DNA forms.
Lanes: (1) λDNA/EcoR1 + HindIII marker, (2) pUC18 control, (3) 1 without
inhibitors, (4) sodium formate (0.4 M), (5) KI (0.4 M), (6) D2O, (7) Tiron (10 mM),
(8) neocuproine (60 μM), (9) Hoechst 33258 (8 μM), (10) methyl green (3 μM).

posed for the DNA cleavage activity of 1. Interestingly, 1 is the
first example of a CuII sulfonamide compound that exhibits self-
oxidative cleavage. This is a promising result, as we have ob-
tained a large number of CuII sulfonamide complexes as chemi-
cal nucleases in recent years,[48–57] but none of them showed
nuclease activity without external activating agents.

Furthermore, the DNA groove binding propensity of 1 was
studied with Hoechst 33258 as a minor groove binder (Fig-
ure 10, lane 9) and methyl green as a major groove binder
(Figure 10, lane 10). The addition of 1 to the methyl green
bound SC-DNA showed no apparent decrease in the DNA cleav-
age activity. However, the efficiency of 1 was slightly inhibited
by Hoechst-bound SC-DNA; this suggests to some extent that
the compound exhibits a minor groove preference.

To get a better insight into the DNA cleavage mediated by
1, we also studied its nuclease activity under redox conditions
by using ascorbate/H2O2 as the activating agent. The results
(Figure S5) showed that the complex behaves as a very efficient
chemical nuclease. In the presence of ascorbate/H2O2 (1 equiv.),
1 at concentrations of 10 to 20 μM is able to convert SC-DNA
into open circular and linear DNA (Figure S5, lanes 10–13). In

Eur. J. Inorg. Chem. 2016, 982–994 www.eurjic.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim989

particular, the high efficiency of 1 as a chemical nuclease in the
presence of ascorbate/H2O2 is clearly shown at 20 μM (Figure S5,
lane 13). At this concentration, 1 is able to fully transform SC-
DNA into ca. 42 % Form II and ca. 58 % Form III. Therefore, the
nuclease activity of the compound under redox conditions is
increased significantly with respect to that exhibited by 1 in the
absence of activators or upon irradiation. Therefore, the activity
of the compound follows the order ascorbate/H2O2 > photoirra-
diation > without external agents (see Figure 11).

Figure 11. DNA cleavage efficiency mediated by 1 and CuII under different
experimental conditions. Without activator: [1] and [CuII] = 30 μM; upon UV-
A irradiation: [1] and [CuII] = 20 μM; in the presence of ascorbate/H2O2: [1] =
10 μM and [CuII] = 20 μM.

To understand the difference in the DNA cleavage activity of
1 under the different experimental conditions, we also investi-
gated the DNA cleavage mechanism in the presence of ascorb-
ate/H2O2 (Figure S6). Hydroxyl radical scavengers (sodium for-
mate, KI, and DMSO) inhibited the DNA breakdown significantly
(Figure S6, lanes 5–7). Thus, it would seem that the cleavage
pathway involves the formation of hydroxyl radicals. The DNA
strand cleavage is also decreased with tiron (Figure S6, lane 11),
which suggests the participation of superoxide, probably
through the Haber–Weiss mechanism, in which superoxide re-
acts with hydrogen peroxide to produce hydroxyl radicals. The
singlet oxygen scavengers DABCO (Figure S6, lane 8) and TMPP
(Figure S6, lane 9) protect against the DNA strand cleavage in-
duced by the compound; this suggests that 1O2 or singlet oxy-
gen-like species participate in the oxidative cleavage. The in-
volvement of 1O2 is supported by the slight increase in DNA
cleavage found when D2O was added to the reaction mixture
(Figure S6, lane 10). The CuI chelator, neocuproine (Figure S6,
lane 12) diminishes the cleavage mediated by 1. Therefore, the
reduction of the copper(II) complex during the DNA cleavage
process can be deduced. According to our results, the genera-
tion of a CuI complex by ascorbate was expected to lead to
the activation of dioxygen, which could, in turn, produce the
intermediate or intermediates responsible for plasmid DNA
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strand scission. Interestingly, the role of singlet oxygen in the
cleavage process mediated by 1 in the presence of ascorbate/
H2O2 diverges from that observed without activating agents or
upon photoirradiation, and this could be, at least in part, the
reason for the higher nuclease activity of 1 under redox condi-
tions.

Protein Binding Studies

To study the interactions of 1 with SAs (serum albumins), fluo-
rescence quenching studies with BSA (bovine serum albumin),
as a model protein, were performed.

BSA fluorescence is mainly attributed to the presence of
three amino acids, namely, tryptophan, tyrosine, and phenyl-
alanine.[77] Protein conformational transitions, subunit associa-
tions, substrate binding, or denaturation can cause changes in
the emission spectra of tryptophan. Thus, the intrinsic fluores-
cence of BSA provides considerable information in the study of
protein folding and association reactions.[78] The emission spec-
tra of BSA in the presence of different concentrations of 1 were
recorded in the wavelength range from 290 to 450 nm with the
protein excited at 280 nm. As shown in Figure 12, the addition
of the complex to BSA resulted in a significant quenching of
emission intensity of ca. 45 % with a slight bathochromic shift
(Δλ ≈ 3 nm). The quenching of the BSA fluorescence upon the
addition of 1 reveals changes to the microenvironment around
the tryptophan residue or protein unfolding, both as a result of
the BSA interaction with the compound.[79] Moreover, the shift
of the emission maxima towards a lower energy indicates a
probable energy transfer from the indole unit of the tryptophan
to the protein-bound compound.[80]

Figure 12. Emission spectra of BSA in absence and presence of 0.26, 0.52,
0.78, 1.0, 1.3, 1.8, 2.3, 2.6 × 10–6 M of 1; [BSA] = 1.3 × 10–6 M, 0.1 M cacodylate
buffer (pH 6.0), and 0.1 % DMF. The arrow shows the changes in intensity at
increasing concentrations of the complex. Inset: Stern–Volmer plot.

The fluorescence quenching data were further analyzed by
the Stern–Volmer relationship, which can be expressed in terms
of the bimolecular quenching rate constant and average life-
time of the fluorophore as shown in Equation (2).[80]
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I0/I = 1 + KSV[Q] = 1 + kqτ0[Q] (2)

I0 and I are the fluorescence intensities of the fluorophore in
the absence and presence of quencher, KSV is the Stern–Volmer
quenching constant, [Q] is the quencher concentration, kq is the
quenching rate constant, and τ0 is the average lifetime of the
biomolecule without quencher (10–8 s for BSA).[81]

The plot of Io/I versus [Q] shows a good linear relationship
(inset in Figure 12). The KSV value was found to be 2.79 × 105 M–1,
which indicates strong binding between BSA and 1.[80] A linear
Stern–Volmer plot represents a single quenching mechanism,
either static or dynamic.[82] Dynamic quenching refers to a proc-
ess in which the fluorophore and the quencher come into con-
tact during the transient existence of the excited state, whereas
static quenching refers to the formation of a fluorophore–
quencher complex in the ground state. The calculated bimolec-
ular quenching constant (kq) for 1 of 2.79 × 1013 M–1 s–1 is 1000-
fold higher than the maximum value for diffusion-controlled
quenching (2 × 1010 M–1 s–1), which suggests that the quench-
ing mechanism was not initiated by a dynamic quenching but
by a static one.[81]

To get further insight into the type of fluorescence quench-
ing performed by 1, we recorded the UV/Vis absorption spectra
of the protein in the absence and presence of 1 (Figure S7).
Dynamic quenching only affects the excited states of the fluoro-
phores; therefore, no changes in the absorption spectra are ex-
pected upon the addition of the compound. However, the for-
mation of a complex in the ground state generally induces per-
turbations in the protein structure that produce changes in ab-
sorption spectrum of the fluorophore.[83] As shown in Figure S7,
the band at λ = 278 nm in the BSA spectrum showed an in-
crease in the intensity without any shift in wavelength in the
presence of the compound. The increase in absorption intensity
indicates that more aromatic acid residues (phenyl rings in Trp,
Tyr, and Phe) were extended into the aqueous environment.[84]

This change, attributed to the formation of a ground-state com-
plex between the compounds and BSA, supports that the
quenching process was mainly a static one, as suggested by the
kq value.[81,84] Moreover, the unchanged maximum absorption
wavelength implies that the interaction between the complex
and BSA is noncovalent in nature. Such an interaction may oc-
cur through π–π stacking between the aromatic rings of the
ligands in the complexes and the phenyl rings of Trp, Tyr, and
Phe residues in the binding cavity of BSA. As these residues
possess conjugated π electrons, they are inclined to share elec-
trons with other π systems.[85]

When small molecules bind independently to a set of equiv-
alent sites on a macromolecule, the equilibrium between the
free and bound molecules is represented by the Scatchard
equation, see Equation (3).

log[(I0 – I)/I] = log Kb + nlog[Q] (3)

I0 and I are the fluorescence intensities in the absence and
presence of the quencher, respectively, [Q] is the concentration
of the quencher, Kb is the binding constant, and n is the num-
ber of binding sites. Thus, a plot of log[(I0 – I)/I] versus log [Q]
can be used to determine the binding constant (from the inter-
cept) and the number of binding sites (from the slope; Fig-
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ure S8). The calculated value of n of ca. 1 (n = 1.01) indicates a
single binding site in BSA for 1. The Kb value (3.32 × 105 M–1) is
higher than those found for ternary CuII complexes with phen-
anthroline and anti-inflammatory drugs and reveals a strong
interaction between the copper(II) complex and BSA.[86]

Conclusions

Herein, the syntheses of two new CuII complexes, [Cu(QSQ)-
(phen)]ClO4·0.5H2O (1) and [Cu(QSQ)(phen)(H2O)]ClO4 (2), con-
taining the new quinoline sulfonamide derivative N-(quinolin-
8-yl)quinolin-8-sulfonamide (HQSQ) and phenanthroline are re-
ported. The structures of the complexes were analyzed by X-
ray diffraction, which revealed trigonal-bipyramidal geometries
around the CuII centers with a high distortion in 1 and a very
slight distortion in 2. The degree of distortion seems to be im-
posed by the different coordination behavior of the sulfon-
amide ligand, which acts as tridentate in 1 and bidentate in 2.
Physicochemical characterization (ESI+ MS, EPR spectroscopy,
and UV/Vis spectroscopy) has shown that both complexes give
rise to the same entity in solution. Binding-interaction experi-
ments of 1 with CT-DNA and BSA were performed. Complex 1
showed high affinity towards DNA with an apparent binding
constant (Kapp) of 2.45 × 106 M–1. Viscometry measurements in-
dicated that 1 binds to DNA through partial intercalation. Also,
the compound showed an intense interaction with BSA (Kb =
3.32 × 105 M–1). Significant fluorescence quenching can be ob-
served when the compound is bound to BSA, and a static
quenching mechanism was certified by electronic absorption
titrations. Compound 1 efficiently cleaves plasmid pUC18 on
photoirradiation as well as with the addition of ascorbate/H2O2.
Interestingly, 1 is also able to promote DNA cleavage through
a self-activating oxidative mechanism involving the generation
of superoxide and hydroxyl radicals; therefore, 1 is the first self-
activating chemical nuclease among the Cu sulfonamide com-
plexes that have been reported as DNA cleavers. In summary,
we have presented a new class of Cu sulfonamide complexes
with interesting properties towards DNA (binding affinity, effi-
cient photoinduced and self-activating nuclease activity) that
could be the basis for the development of new metal com-
plexes with potential application as DNA-targeted chemothera-
peutics.

Experimental Section
Materials and General Methods: Cu(ClO4)2·6H2O, other chemicals,
and solvents were purchased from Sigma–Aldrich and used without
further purification. Calf thymus DNA (CT-DNA, type XV) and pUC18
(0.25 μg/μL) in TE buffer [tris(hydroxymethyl)aminomethane (tris)
10 mM and ethylenediaminetetraacetic acid (EDTA) 1 mM, pH 8.0]
were provided by Sigma and Fermentas, respectively. The chemical
analyses (C, H, N, S) were performed with a CE Instruments EA 1108
analyzer. The IR spectra were recorded with a Thermo Nicolet iS10
attenuated total reflectance (ATR) FTIR spectrophotometer in the
wavenumber range 4000 to 600 cm–1. The 1H and 13C NMR spectra
of samples in [D6]DMSO were recorded with a Bruker Avance DRX-
500 spectrophotometer. The chemical shifts are reported in ppm
with tetramethylsilane (TMS) as the reference. The UV/Vis spectra
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of the complexes were recorded with an Agilent 8453 spectropho-
tometer. The ESI+ MS were recorded with a Bruker Esquire 3000
plus LC–MS system. The X-band EPR spectra were recorded at room
temperature with a Bruker ELEXSYS spectrometer, and the X-band
EPR spectra of the complexes in DMF were recorded at 40 K.

N-(Quinolin-8-yl)quinolin-8-sulfonamide (HQSQ): The sulfon-
amide ligand was prepared by mixing 8-aminoquinoline (1 g,
6.9 mmol) with 8-quinolinesulfonyl chloride (2.20 g, 9.7 mmol) in
pyridine (7 mL; Scheme 1). The resulting mixture was stirred for 1 h
30 min in an ice bath. Then, it was stirred at room temperature and,
cold water (50 mL) was added. The mixture was subsequently
stirred for 2 h 30 min in an ice bath. An ochre precipitate was
obtained and crystallized from hot ethanol. The solid was then col-
lected by filtration, washed with water, and dried until constant
weight (1.98 g, yield 85 %). C18H13N3O2S (335.38): calcd. C 64.46, H
3.91, N 12.53, S 9.56; found C 64.32, H 3.97, N 12.52, S 9.45. 1H NMR
([D6]DMSO, 500 MHz): δ = 10.44 (br s, 1 H, NH), 9.13 (dd, J = 4.2,
1.5 Hz, 1 H), 8.83 (dd, J = 4.2, 1.5 Hz, 1 H), 8.48 (dd, J = 7.3, 1.2 Hz,
1 H), 8.42 (dd, J = 8.4, 1.6 Hz, 1 H), 8.23 (td, J = 8.4, 1.4 Hz, 2 H),
7.80 (dd, J = 7.7, 1.1 Hz, 1 H), 7.72 (t, J = 7.8 Hz, 1 H), 7.63 (dd, J =
8.3, 4.3 Hz, 1 H), 7.54–7.49 (m, 2 H), 7.43 (t, J = 8.0 Hz, 1 H) ppm.
13C NMR ([D6]DMSO, 125 MHz): δ = 152.0, 149.4, 142.6, 138.2, 137.5,
136.8, 135.0, 134.7, 134.2, 132.2, 128.8, 128.3, 127.2, 126.0, 123.2,
122.8, 122.7, 114.4 ppm. MS (ESI+, DMF): m/z = 335.96 [HQSQ +
H]+. IR (ATR): ν̃max = 3168 [ν(N–H)]; 1593, 1565, 1500 [ν(C=C), ν(C=
N)]; 1369 [νas(SO2)]; 1145 [νs(SO2)]; 917 [ν(S–N)] cm–1.

[Cu(QSQ)(phen)]ClO4·0.5H2O (1) and [Cu(QSQ)(phen)(H2O)]ClO4

(2): A solution of Cu(ClO4)2·6H2O (92.6 mg, 0.25 mmol) in methanol
(30 mL) was added dropwise to a methanolic solution (50 mL) of
HQSQ (83.9 mg, 0.25 mmol). The resulting mixture was stirred for
30 min, and then phenanthroline (50.0 mg, 0.25 mmol) was added.
The dark green solution was stirred for 2 h and then left to stand
at room temperature. Deep green crystals of 1 suitable for X-ray
diffraction formed after a few days. The crystals were isolated by
filtration, washed with methanol, and dried under vacuum. By the
same procedure as that for 1, blue crystals of 2 were obtained in a
small quantity from a methanolic solution containing Cu(py)4(ClO4)2

(145.0 mg, 0.25 mmol; py = pyridine), HQSQ (84.0 mg, 0.25 mmol),
and phenanthroline (50.0 mg, 0.25 mmol; Scheme 1).

For the synthesis of 2, Cu(py)4(ClO4)2 was previously prepared in a
80 % yield through the addition of pyridine (8 mL, 98 mmol) to an
aqueous solution (35 mL) of Cu(ClO4)2·6H2O (7.4 g, 20 mmol). The
purity of the violet solid obtained was confirmed by elemental anal-
ysis. C20H20Cl2CuN4O8 (578.85): calcd. C 41.46, H 3.46, N 9.67; found
C 41.21, H 3.41, N 9.50.

[Cu(QSQ)(phen)]ClO4·0.5H2O (1): Yield 54 %. C30H21ClCuN5O6.5S
(686.56): calcd. C 52.48, H 3.08, N 10.20, S 4.67; found C 52.45, H
3.05, N 10.31, S 4.51. IR (ATR): ν̃max = 3522 [ν(O–H)]; 1593, 1579,
1567, 1523, 1504 [ν(C=C), ν(C=N)]; 1313 [νas(SO2)]; 1135 [νs(SO2)];
1074 [ν(ClO4)]; 950 [ν(S–N)]; 850 [ν(C–H)phen] cm–1. MS (ESI+, DMF/
H2O 20:80): m/z = 577.07 [Cu(QSQ)(phen)]+. UV/Vis (DMF): λmax =
480 (sh), 700 (ε = 142 cm–1 M–1), 920 (sh) nm.

[Cu(QSQ)(phen)(H2O)]ClO4 (2): Yield 5 %. C30H22ClCuN5O7S
(695.56): calcd. C 51.80, H 3.18, N 10.07, S 4.61; found C 52.12, H
3.16, N 9.97, S 4.45. IR (ATR): ν̃max = 3526 [ν(O–H)]; 1593, 1580, 1567,
1522, 1504 [ν(C=C), ν(C=N)]; 1316 [νas(SO2)]; 1133 [νs(SO2)]; 1077
[ν(ClO4)]; 950 [ν(S–N)]; 850 [ν(C–H)phen] cm–1. MS (ESI+, DMF/H2O
20:80): m/z = 577.04 [Cu(QSQ)(phen)]+. UV/Vis (DMF): λmax= 480 (sh),
700 (ε = 149 cm–1 M–1), 920 (sh) nm.

Caution! Although no problems were encountered in this work,
perchlorate salts are potentially explosive. They should be prepared
in small quantities and handled with care.
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X-ray Crystallography: Crystals of 1 and 2 were mounted on glass
fibers for data collection. The crystal data were collected at room
temperature with a Bruker Kappa Apex II diffractometer equipped
with a CCD area detector of high sensitivity. The crystal data were
measured at room temperature with Cu-Kα radiation (λ = 1.5418 Å).
The data were processed with SAINT,[87] and absorption corrections
were applied with SADABS.[88] The structures were solved by direct
methods and refined by full-matrix least-squares techniques against
F2 with SHELXTLTM.[89] Positional and anisotropic atomic displace-
ment parameters were refined for all non-hydrogen atoms.
Hydrogen atoms were positioned in geometrically idealized posi-
tions and included in a riding model with isotropic displacement
parameters constrained to 1.2Ueq of their carrier atoms. The molec-
ular graphics were generated with SHELXTLTM,[89] MERCURY,[90] and
ORTEP.[91]

The crystal data, experimental details, and refinement results are
summarized in Table S1.

CCDC 1407214 (for 1) and 1407215 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre.

DNA Binding Studies: DNA melting experiments were performed
by monitoring the absorbance of 100 μM CT-DNA at λ = 260 nm at
different temperatures in both the absence and presence of 1. The
measurements were performed with an Agilent 8453 UV/Vis spec-
trophotometer equipped with a Peltier temperature-controlled
sample cell and driver (Agilent 89090A). Solutions containing the
ternary complex 1 and CT-DNA in phosphate buffer (pH 7.2, 1 mM

phosphate, 2 mM NaCl) and 2.5 % DMF were stirred continuously
and heated with a temperature increase rate of 1 °C min–1. The
temperature interval studied ranged from 25 to 90 °C. The melting
point was obtained from the first derivative by using the Savitsky–
Golay algorithm. The fluorescence spectra were recorded with a
JASCO FP-6200 spectrofluorimeter. The experiments entailed the
addition of copper(II) complex solutions at final concentrations of
0 to 180 μM to samples containing 50 μM CT-DNA (bp) and 50 μM

ethidium bromide in cacodylate buffer (0.1 M, pH 6.0) and 3.5 %
DMF. The samples were excited at λ = 500 nm, and the emission
was recorded between λ = 530 and 680 nm. The nonlinear least-
squares analyses were performed with KaleidaGraph version 4.0.
Viscosity experiments were performed with a semi-micro Ubbelo-
dhe viscometer immersed in a Julabo ME16G thermostatted bath
maintained at 25.0 ± 0.1 °C. Solutions of 1 (with final concentrations
of 1 to 10 μM) in 0.1 M cacodylate buffer (pH 6.0) and 2 % DMF
were added to a solution of CT-DNA (50 μM bp) in cacodylate buffer
(0.1 M, pH 6.0). The flow times were measured in triplicate with a
stopwatch. The data were presented as (η/η0)1/3 versus the ratio of
the complex concentration to DNA; η is the viscosity of DNA in the
presence of the complex, and η0 is the viscosity of DNA alone. The
viscosity values were calculated from the observed flow time of a
solution containing DNA corrected for the flow time of buffer alone
(t0), η = t – t0. The cyclic voltammetry experiments were performed
in a single-compartment cell with a three-electrode system and a
PAR 273A potentiostat. The working and auxiliary electrodes were
platinum, and the reference electrode was Ag/AgCl (satd. KCl). The
solvent was DMF, and the supporting electrolyte was tetrabutylam-
monium perchlorate. DMF solutions (0.1 M) of the complex in the
absence and presence of CT-DNA ([complex]/[DNA] = 10 and 20)
were deoxygenated by purging with nitrogen for 15 min before the
measurements.

Nuclease Activity: The reactions were performed with pUC18 and
1 in 0.1 M cacodylate buffer at pH 6.0. The complex solution was
initially prepared in DMF and then diluted with cacodylate buffer.
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The samples were prepared by mixing pUC18 (0.5 μL, 0.50 μg/μL)
with the complex solution (3 μL) at increasing concentrations and
diluted with cacodylate buffer (0.1 M, pH 6.0) to a total volume of
20 μL. The final solutions contained 5 % DMF. For the photoinduced
cleavage studies, the reactions were illuminated with UV-A lamps
at 365 nm (Luzchem Research, Inc.). Samples in Eppendorf vials
were photoexposed for 2 h. Then, the samples were incubated for
2 h at 37 °C in the dark. A loading buffer (4 μL; 0.25 % bromophenol
blue, 0.25 % xylene cyanol, and 30 % glycerol) was added to the
samples, which were finally loaded on a 0.8 % agarose gel in
0.5 × TBE buffer (0.045 M tris, 0.045 M boric acid, and 1 mM EDTA)
containing ethidium bromide (2 μL/100 mL; 10 mg/mL). The elec-
trophoresis was performed in the dark at 80 V for 2 h. The gels were
photographed with a UVITEC Cambridge-UVIDOC HD2 gel imaging
system. The relative amounts of different plasmid forms were quan-
tified with the aid of ImageJ 1.3s.[92] A correction factor of 1.31
was used for the assessment of supercoiled DNA (Form I) as the
intercalation between EB and form I DNA is relatively weak com-
pared with those of form II (nicked) and form III (linear) DNA.[93]

In the cleavage assays without external agents, samples containing
pUC18 and the compound at increasing concentrations were incu-
bated for 2 h in the dark at 37 °C. For the cleavage studies in the
presence of activating agent, ascorbate/H2O2 in cacodylate buffer
was added at an equimolar concentration to the reaction mixtures,
which were incubated for 1 h at 37 °C. After incubation, samples
without activating agent and with ascorbate/H2O2 were treated as
described above for the photocleavage experiments.

To test for the presence of ROS generated during strand scission
and for possible complex–DNA interaction sites, various reactive
oxygen intermediate scavengers (TMPP, DABCO, tiron, sodium for-
mate, potassium iodide, and DMSO) and groove binders (methyl
green and Hoechst 33258) were added to the pUC18 solution be-
fore complex addition in all of the different nuclease assays. For the
D2O experiment, this solvent was used for dilution of the sample
solution to a volume of 20 μL. Moreover, a chelating agent of cop-
per(I), neocuproine, was also assayed.

BSA Binding Studies: A stock solution of BSA (5.0 × 10–4 M) was
prepared in cacodylate buffer (0.1 M, pH 6.0) and stored at 4 °C in
the dark for a maximum time of 2 d. A concentrated stock solution
of 1 (5 × 10–3 M) was prepared in DMF and diluted suitably with
cacodylate buffer to the required concentration. A BSA solution
(1.3 × 10–6 M, 3 mL) was titrated by successive additions of the
complex solution to give final concentrations of 0.26 × 10–6 to
2.6 × 10–6 M. The final samples contained 0.1 % DMF. For every addi-
tion, the mixture was allowed to stand for 20 min at room tempera-
ture. The samples were excited at λ = 280 nm, and emission was
recorded at λ = 290–450 nm. The UV/Vis spectra of BSA in the
absence and presence of the CuII compound were recorded at room
temperature. The samples were prepared in 0.1 M cacodylate buffer
(pH 6.0) and 0.25 % DMF. To correct the absorbance of 1 itself, the
UV spectrum of 1 alone was recorded under the same experimental
conditions and subtracted from that of BSA plus compound.

Supporting Information (see footnote on the first page of this
article): Crystal data, perspective view of π–π interactions, EPR spec-
tra, UV/Vis spectra, agarose gel electrophoresis, UV/Vis spectra of
BSA and BSA+1, plot of log[(I0 – I)/I] versus log [Q].
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