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ABSTRACT: Two novel (u-guanazole)-bridged binuclear copper(II) complexes (™ 2
with 1,10-phenanthroline (phen) or 2,2'-bipyridine (bipy), [Cu,(u-N2,N4- \_\:")‘(. (‘\ > '

Hdatrz)(phen),(H,0)(NO;),] (1) and [Cu,(u-N1,N2-datrz),(u-OH,) (bipy),]- -~ vj 7

(ClO,), (2) (Hdatrz = 3,5-diamino-1,2,4-triazole = guanazole), have been prepared ST 9

T

=4

SN
and characterized by X-ray diffraction, spectroscopy, and susceptibility measurements. 1 Z,
Compounds 1 and 2 differ in the aromatic amine, which acts as a coligand, and in the @
)

Cu---Cu'-bridging system. Compound 1, which contains two mono-bridged copper
ions, represents the first example of a discrete Cu—(NCN-trz)—Cu’ complex.
Compound 2, with two triply bridged copper ions, is one of the few compounds

featuring a Cu—[(NN-trz), + (O-aquo)]—Cu’ unit. Both compounds display
antiferromagnetic coupling but of different magnitude: J (1, 4-triazole) = —S2 cm™" for
1 and J (4, ,-triazolate) = —115 cm™" for 2. The DNA binding and cleavage properties

of the two compounds have been investigated. Fluorescence, viscosimetry, and

thermal denaturation studies reveal that both complexes have high affinity for DNA (1 > 2) and that only 1 acts as an intercalator. In
the presence of a reducing agent like 3-mercaptopropionic acid, 1 produces significant oxidative DNA cleavage, whereas 2 is inactive.
However, in the presence of very small quantities of micelles filled with core—shell CdSe-ZnS quantum dots (15 nM), 1 and 2 are
considerably more active and become highly efficient nucleases as a result of the different possible mechanisms for promoting
cooperative catalysis (metal—metal, metal—hydrogen bonding, metal—intercalation, and metal—nanoparticle). Electrophoresis
DNA-cleavage inhibition experiments, X-ray photoelectron spectroscopy studies, and fluorescence ethidium bromide displacement
assays reveal that in these novel nucleases the QDs act as redox-active protein-like nanoparticle structures that bind to the DNA and
deliver electrons to the copper(Il) centers for the generation of Cu(I) and reactive oxygen species.

B INTRODUCTION involving redox processes, QDs have also become the focus of
increasing interest by showing the capacity to deliver multiple
electrons upon irradiation with light.">"*

In addition to interesting properties arising from the semi-
conductor nanocrystal, it has been reported that the surface of
water-soluble QDs can readily adsorb oligonucleotides and
various serum albumins.'>'® Moreover, recent observations
suggest that there may be functional similarities between NPs
and proteins,'”’ > given that they can have similar sizes, shapes,
and surface functional groups. In this context, some studies

In recent years, different types of inorganic nanoparticles (iNPs)
with unique physicochemical properties have emerged.' ™ Among
these, quantum dots (QDs) have proved to be very versatile,
finding applications in electroluminescent displays,” quantum
computing,é photovoltaics,7 solar cells,® solid-state lighting,9
transistors, "’ and biological imaging."""> The useful physicochem-
ical properties of QDs include their broad excitation bands with
very high extinction coeflicients and narrow emission bands that
can be tuned across a region of the visible or near-infrared
spectrum by varying the size and composition of the QD with high
photostability. For biological imaging applications, QDs are now Received: October 31, 2013

excellent alternatives to organic chromophores.u’12 In catalysis- Published: December 12, 2013
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have shown that nanosized QDs can be considered generic
curved surfaces that DNA can wrap around.'®™° This is
important because bending may open and close certain sites
along the double helix, making certain regions of the DNA
more or less accessible. Potentially, this could have widespread
implications and applications because it could lead to artificial
regulation of a wide array of cellular processes for therapeutic
and biotechnological applications, much like protein—DNA
interactions do naturally.*' In addition to enabling different
applications, the effects of DNA—QD interactions need to be
considered also from a toxicological point of view. However,
there are contradictory reports concerning the ability of QDs to
damage DNA in the absence and presence of light as well as
their toxicity to cells.*™°

A potentially prolific new direction in inorganic chemistry
and nanochemistry could be to combine NPs with small metal
complexes to seek synergistic and/or cooperative effects. In this
context, combining QDs with coordination complexes is being
explored as a new strategy to obtain cooperative systems with
improved properties for applications in catalysis for solar-
energy conversion, **7 7% receptor chemistry and sensing,"’o_34
biological imaging,*>*® and molecular therapy.>”~*°

A prominent area of research in coordination chemistry is the
development of metal complexes that can act as artificial
nucleases. Overall, these synthetic DNA-cleaving reagents
operate using one of two distinct mechanisms: (i) oxidative
scission of deoxyribose residues through redox chemistry*' and
(ii) hydrolysis of the phosphodiester sugar backbone.*” The
most classical example of oxidative DNA-cleavage activity is
exemplified by the Cu(1I)-1,10-phenanthroline (1,10-phenan-
troline = phen) system, which has been utilized as a
footprinting reagent for the evaluation of protein—DNA
interactions as well as a probe for DNA and RNA secondary
structure.®~* In this intensively investigated system, [Cu(phen),]*
generated in the presence of a reducing agent and molecular oxygen
afford activated oxygen species for DNA cleavage, whereas the
intercalation of phen into the DNA minor groove allows for DNA
targeting. Recently, we discovered that QDs cooperate and
synergize with the Cu(II)-1,10-phenanthroline system for DNA
cleavage, providing both the first example of cooperative DNA
cleavage between NPs and a small-molecule-based synthetic
metallonuclease and a potentially new approach to develop more
efficient DNA-cleaving systems.”

Many ligand systems and approaches have been tested with
varying degrees of success to increase both the DNA scission
capability and the affinity of copper metallonucleases for
DNA.*" A popular strategy is to use bimetallic agents because
of the potential cooperative effects that can arise between the
two metal centers. However, an emerging way to design more
powerful synthetic catalysts for a wide range of transformations,
including DNA cleavage, utilizes ligands with hydrogen-
bonding features resembling those found in the active sites of
metalloenzymes.** ™

In this Article, we have combined the advantages of dinuclear
copper catalysts with those of hydrogen-bonding ligands, and
we exploit QDs as a redox-active protein-like nanostructure to
activate strongly the copper catalysts for DNA cleavage. Two
mono(phen)-Cu" fragments have been attached in the same
compound by means of a single y-triazole bridge using the
ligand guanazole (guanazole= 3,5-diamino-1,2,4-triazole =
Hdatrz, Scheme 1), thus yielding two copper centers with
labile coordination sites of facile substitution and a structure suitable
for DNA intercalation. The analogous bipy (2,2’-bipyridine = bipy)
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ternary compound was been prepared, resulting in a dinuclear
compound that contains a bis(guanazolate) bridge. In addition to
providing a bridge between the two copper centers, the X-ray
crystal structures reveal that the guanazole/guanazolato provides
N—H groups for hydrogen-bonding interactions with the DNA. To
effect DNA cleavage efficiently, these new copper complexes are
combined with water-soluble micelles filled with CdSe-ZnS
core—shell QDs.

We describe herein the synthesis, crystal structure, and
magnetic properties of the two dinuclear copper complexes:
[{Cu(phen)(H,0)(NO5),},(1-N2,N4-Hdatrz)] or [Cu,(u-Hdatrz)-
(phen),(H,0),(NO;),] (1) (Hdatrz = guanazole = 3,5-diamino-
1,24-triazole) and [{Cu(bipy)},(u-N1,N2-datrz),(u-OH,)](ClO,),
or [Cu,(u-datrz),(u-OH, ) (bipy),] (ClO,), (2). We report that these
new copper complexes acting as nucleases are strongly activated in
the presence of QD-filled micelles (MQDs) even in the absence of
light. Then, different techniques were applied to investigate the
functional role of the QD in this process.

B EXPERIMENTAL SECTION

Materials and Chemicals. The ligand, guanazole, and copper salts
were supplied by Sigma. Biological reagents: Plasmid pUC18 (0.5 pg/uL,
750 uM in nucleotides) in TE (Tris 10 mM and EDTA 1 mM, pH 8.0)
buffer was purchased from Fermentas. Calf thymus DNA (CT-DNA),
type XV, was obtained from Sigma. The rest of the reagents and chemicals
were obtained from commercial sources and used without further
purification.

Instrumentation and Methods. Elemental analyses were
performed with a CE Instrument EA 1110 CHNS analyzer. Infrared
spectra were recorded as KBr disks using a Mattson Satellite FTIR
spectrophotometer from 4000 to 400 cm™'. Low-resolution electro-
spray ionization mass spectrometry (ESI-MS) analysis in positive
mode was performed on a Bruker Esquire 3000 plus LC—MS system;
high-resolution ESI-MS in positive mode was performed on an ABS
Giex Triple TOF 5600 or on a Waters LCT Premier XE. Magnetic
susceptibility measurements on polycrystalline samples were carried
out with a superconducting quantum interference design (SQUID)
magnetometer in the temperature range 1.9—300 K. Diamagnetic
corrections of the constituent atoms were estimated from Pascal’s
constants. Experimental susceptibilities were also corrected for the
temperature-independent paramagnetism [60 X 107 cm® mol™ per
copper(I)] and for the magnetization of the sample holder.
Transmision electron microscopy (TEM) studies were conducted on
a JEOL JEM-2011 electron microscope operating at 200 kV. The
sample was prepared by depositing a drop of a solution of nanocrystal
onto a copper specimen grid coated with a holey ultrathin carbon film
and allowing it to dry. Dynamic light scattering measurements were
measured with a NanoSizer (Malvern Nano-Zs, UK).

Synthesis of [Cu,(u-Hdatrz)(phen),(H,0),(NO3),] (1). An aqueous
solution of Cu(NOj;),-2.5H,0 (1.148 g, S mmol, 20 mL) was mixed
with an aqueous solution of guanazole (0.248 g, 2.5 mmol, S mL).
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A green solution was formed to which an aqueous suspension of
phenantroline-H,0 (0.993 g, S mmol, 10 mL) was added dropwise.
A dark turbidity was almost immediately observed. After 2 h of stirring,
a black—green precipitate was filtered off, and the resulting dark green
solution was allowed to stand at room temperature covered with
Parafilm. Within ca. 1 month, a few large black—green crystals, not
suitable for X-ray, appeared; they were separated by filtration. From
the remaining solution, after ca. 2 months, smaller green crystals of 1
came out, which were collected by filtration, washed with water, and
dried in air. Yield (on green crystals, corresponding to 1): ca. 650 mg
(ca. 30%). Microanalysis performed on these crystals: Caled for
CyH,sCu,N,;0,, (870.67): C, 35.87; H, 2.89; N, 20.91. Found: C,
35.74; H, 2.87; N, 20.81. FT-IR (1, green crystals) (KBr pellet) 7,
(em™): 3318m [0(O—H)u,o + v(N—H)xpnu,], 1640m + 1585w
[0(C=N)/ring st + S(N—H)nuni,Jguw 1519m + 1496w + 1427sh
[0(C=N)/ring st]per 1385vs [0,(NO,)], 1312m [0,(NO,)], 852m +
721m [8,,,(arC-H) ] per- EA and IR of black and green crystals (1) are
almost coincident but not identical.

Synthesis of [Cu,(u-datrz),(u-OH,)(bipy),l(CIO,), (2). An aqueous
suspension of bipy (0.156 g, 1 mmol, 20 mL) was slowly added (drop
by drop) to an equimolar aqueous solution of Cu(ClO,),-6H,0
(0.37 g 1 mmol, 20 mL). To this mixture, an aqueous solution of
guanazole (0.02 g, 0.25 mmol, S mL) was slowly added. The reaction
mixture was stirred for 2 h. A light blue precipitate was formed and filtered
off. The remaining dark green solution was allowed to stand at room
temperature. After 1 day, dark green single crystals of 2 appeared. Yield (on
green crystals, corresponding to 2): 30 mg (14%). Microanalysis (performed
on single crystals): Caled for C,H,,Cu,N,0,Cl, (852.57): C, 33.81; H,
3.07; N, 23.00. Found: C, 33.60; H, 3.12; N, 23.15. FT-IR (2, green crystals)
(KBr pellet) Ty, (cm™): 3386bs [0(O—H)g,o + S(N—H)yy,], 1656sh +
1618m + 1561m + 1509 + 1499dm + 1447m [v(C=N)/ring st +
V(N=H)yy,], 1121vs + 1090s [v,(ClO,)], 769w [0,(ClO,)]. IR of blue

precipitate corresponds to a binary Cu-bipy-ClO~, compound.

Synthesis of Micelles Filled with QDs and SPIONs. Micelles
core—shell CdSe-ZnS QD were synthesized, characterized, and
purified as described previously.*””®”" The CdSe-ZnS QD have an
average diameter of 5.2 nm (4.0 nm CdSe core diameter and 0.6 nm
ZnS shell thickness). The results reported in this study are for
nanocrystals that have the first absorption band at 600 nm and a
maximum emission peak at 645 nm.

The MQDs were prepared by self-assembly process of PEGylated
phospholipids around hydrophobic CdSe-ZnS core—shell QDs.”* The
water-soluble micelles with encapsulated superparamagnetic iron oxide
nanoparticles of 6 nm as core material were prepared in the same way.”>

X-ray Crystallography. A green prismatic crystal of 1 and dark
green crystal of 2 were mounted on a glass fiber and used for data
collection. Crystal data were collected at 293(2) K using a Bruker X8
Kappa APEXII diffractometer. Graphite monochromated Mo Ka
radiation (4 = 0.71073 A) was used throughout. The data were
processed with APEX2.”> The structure was solved by direct methods
using the program SHELXS-97"* and refined by full-matrix least-
squares techniques againts F* using SHELXL-97.”* Positional and
anisotropic atomic displacement parameters were refined for all
nonhydrogen atoms. Hydrogen atoms attached to carbon and nitrogen
atoms were placed in geometrically idealized positions and refined
using a riding model. Hydrogen atoms on water molecules were
located from difference Fourier maps and were also refined using a
riding model. Some problem of disorder in the NO; (1)/ClO, (2)
groups gave rise to rather high U,,. Criteria of a satisfactory complete
analysis were the ratios of rms shift to standard deviation less than
0.001 and no significant features in final difference maps. Atomic
scattering factors were from the International Tables for Crystallo-
graphy.”> Molecular graphics were from DIAMOND.”® The details of
crystallographic data and structure refinements parameters for
complexes 1 and 2 are summarized in Table 1. Cambridge
Crystallographic Data Centre (CCDC) file nos. 901545 (1) and
912352 (2) contain the crystallographic data for this Article. These
data can be obtained free of charge from The CCDC at www.ccdc.
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Table 1. Crystallographic Data for Complexes 1 and 2

parameter 1 2
empirical formula C,6H,5sCu,N 304, C,HyCLCu,N, Oy
formula weight 870.67 852.57
crystal system triclinic monoclinic
space group PT P2,/c
temperature (K) 293(2) 293(2)
wavelength (A) 0.71069 0.71703
a (A) 10.725(5) 16.2221(7)

b (A) 12.310(S) 13.9144(7)

c (A) 14.278(5) 15.4530(5)

a (degrees) 103.673(5) 90

P (degrees) 102.037(5) 109.799(2)

7 (degrees) 108.806(5) 90

V (A3 1648.7(12) 32819

Z 2 4

density (M g°) 1.754 1.726

Abs coeff. (mm™) 1.381 1.533

Abs correction semiempirical from  semiempirical from equiv

equiv

F (000) 884 1728

total no. of reflections 9696 12 830

reflections, I > 26(]) 6476 7425

6 range for data collection 1.54 to 25.98 1.33 to 27.44

(degrees)

ranges (h, k, 1) —-12 < h <13 21 <h <21
-15 <k <15 -17 <k 16
-17 < h L17 —20 < h 220

completeness to 6 (%) 98.8 99.2

refinement method full-matrix full-matrix least-squares

least-squares on P on F*

goodness-of-fit on F* 1.078 1.083

R indices [I > 20(I)] 0.0603 0.0500

R indices (all data) 0.0921 0.0801

cam.ac.uk/data_request/cif. Crystallographic literature revision was
performed with the help of CSD-Conquest.””

DNA—Copper Complex Interaction Studies. The fluorescence
spectra were recorded with a JASCO FP-6200 spectrofluorometer at
room temperature. Ethidium bromide (EB) was used as a reference to
determine the relative DNA-binding properties of complexes 1 and 2
to calf thymus (CT-DNA). The experiments entailed the addition of
copper(II) complex solutions at final concentrations ranging from 0 to
50 uM to samples containing 50 xM base pairs CT-DNA and 50 M
EB in cacodylate buffer (0.1 M, pH 6.0). All of the samples were excited
at 500 nm, and emission was recorded between 530 and 650 nm.

For competitive ethidium-displacement assays, the experiments
were carried out by adding serial aliquots of the different complexes
into a solution containing 3 uM CT-DNA (g,5 = 13200 M bp~'em™)
and 3.78 uM EB in cacodylate buffer (0.1 M, pH 6.0) until 50% of the
initial fluorescence was lost. Complexes 1 and 2 stock solutions were
prepared at 0.5 mM in cacodylate buffer (0.1 M, pH 6.0). Excitation and
emission wavelengths were set to 500 and 595 nm, respectively. The
apparent binding constants were calculated using K, = Kgp X (3.78/Cy)
where Kg = 3 X 107 M bp™. This Ky value (pH 6.0) was calculated by
following literature procedures.”® ** To study the influence of MQD in
the DNA affinity of the complexes, an aliquot of MQD (final
concentration of 30 nM) was added to the solution
CT-DNA-EB (3 uM CT-DNA and 3.78 uM EB). After equilibration
for 15—20 min, an aliquot of 1 (or 2) was added to the mixture until 50%
of the fluorescence was lost.

For QD—CT-DNA interaction studies, a working solution
containing 600 nM QD in cacodylate buffer (0.1 M, pH 6.0) was
prepared. The experiment entailed the addition of serial aliquots of a
CT-DNA stock solution. After each addition, the samples were excited
at 400 nm, and emission was recorded between 580 and 700 nm.

dx.doi.org/10.1021/ic4027249 | Inorg. Chem. 2014, 53, 578—593
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DNA-melting experiments were carried out by monitoring the
absorbance spectrum between 1000 and 200 nm of CT-DNA
(100 uM bp) at different temperatures both in the absence and presence
of complexes 1 and 2 in a ratio of 4:1 [DNA]/[complex]. Measurements
were carried out with an Agilent 8453 UV—vis spectrophotometer
equipped with a Peltier temperature-controlled sample cell and driver
(Agilent 89090A). The solution containing the complex and CT-DNA in
phosphate buffer (1 mM phosphate, 2 mM NaCl, pH 7.2) was stirred
continuously and heated with a temperature increase rate of
1 °C min™". The temperature interval studied ranged from 25 to
90 °C. The melting point was obtained with the first derivative.

Viscosity measurements were carried out using a semimicro
Ubbelohde viscosimeter maintained at a constant temperature of
25.0 = 0.1 °C in a Julabo ME16G thermostatic bath. Solutions of
complexes 1 and 2 (final concentrations ranging from 1 to 10 #M) in
cacodylate buffer (0.1 M, pH 6.0) were added to a solution of S0 yM
bp CT-DNA in the same buffer. The flow times were measured in
triplicate with a stopwatch. Data were presented as (17/1,)"/> versus the
ratio of the complex concentration to DNA, where # is the viscosity of
the DNA in the presence of the complex and 7, is the viscosity of the
DNA alone. Viscosity values were calculated from the observed flow
time of a DNA-containing solution corrected for the flow time of
buffer alone (t,), 7 =t — t,.

DNA-Cleavage Experiments. The cleavage ability of the
complexes was examined following the conversion of pUCIS8
supercoiled DNA (form I) to nicked circular (form II) and linear
DNA (form III) using gel electrophoresis to separate the cleavage
products. Three parallel assays were conducted to compare the
nuclease activity between complexes 1 and 2. In all cases, solutions of
the copper(II) complexes were freshly prepared by dissolving the
crystalline product in the used buffer prior to each experiment. (i) To
compare the nuclease activity of the tested complexes, reactions were
performed by mixing 6 uL of complex solution (or CuCl, as a
control), 0.5 uL of pUC18 DNA solution (0.5 pg/uL, 1500 uM bp),
and 13.5 uL of buffer (50 mM Tris-HCl, pH 7.2), reaching a total
volume of 20 uL (final concentrations: 20 yM for 1 and 2, 40 uM for
CuCl,). Then, the samples were incubated at three different
temperatures (35, 40, and S0 °C) for 2 h using a thermal cycler. (ii)
To compare the nuclease activity in presence of an activating agent,
reactions were carried out by mixing 6 pL of complex solution
(or CuCl, as a control), 0.5 uL of pUC18 DNA solution (0.5 pg/uL,
1500 uM bp), 6 uL of MPA (acid mercaptopropionic) at a 0.5-fold
concentration relative to the copper concentration, and 7.5 pL of
buffer (S0 mM Tris-HC, pH 7.2), reaching a total volume of 20 uL
(final concentrations: 20 uM for 1 and 2, 40 uM for CuCl,). Then, the
samples were incubated at three different temperatures (35, 40, and
50 °C) for 2 h using a thermal cycler. (jii) To compare the possible
synergy between MQD and copper complexes, reactions were
performed by mixing 6 uL of complex solution, 0.5 uL of pUCI8
DNA solution (0.5 ug/uL, 1500 uM bp), and 11.5 uL of buffer
(50 mM Tris-HC, pH 7.2). After 5 min, MQD micelles were added to
achieve the desired final metal and MQD concentration, reaching a
total volume of 20 uL (final concentrations: 20 uM for 1 and 2). Then,
the samples were incubated at several different temperatures (ranging
from 20 to SO °C) for 2 h using a thermal cycler.

Once the reaction time was consumed in experiments i—iii, a
quench buffer solution (4 uL) consisting of bromophenole blue
(0.25%), xylenecyanole (0.25%), and glycerol (30%) was added. The
solution was then subjected to electrophoresis on 0.8% agarose gel in
0.5x TBE buffer (0.045 M Tris, 0.045 M boric acid, and 1 mM
EDTA) containing 2 #L/100 mL of a solution of EB (10 mg/mL) at
80 V for 2 h. The bands were photographed on a capturing system
(Gelprinter Plus TDI). A correction factor of 1.31 was used for
supercoiled DNA because the intercalation between EB and form
I DNA is relatively weak compared to that of nicked (form II) and
linear (form III) DNA.®' The fraction of each form of DNA was
calculated by dividing the intensity of each band by the total intensities
of all bands in the lane.

To test for possible complex—DNA interaction sites, various groove
binders were added to the reaction mixtures. The groove binders used
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were Hoechst 33258 (40 M) and methyl green (20 yM). Samples
were treated as described above in the presence of MPA.

To test for the presence of reactive oxygen species (ROS) generated
during strand scission in the presence of QD, various reactive oxygen
intermediate scavengers were added to the reaction mixtures. The
scavengers used were urea (0.5 mM), t-BuOH (4 uL), Tiron (10 mM),
2,2,6,6-tetramethyl-4-piperidone (0.5 mM), and DABCO (0.5 mM).
In addition, a chelating agent of copper(I), neocuproine (100 uM), was
also assayed. Samples were treated as described above in the presence
of MQD.

All of the results are the average of experiments performed at least
in triplicate.

AFM measurements were performed in a JPK Nanowizard II AFM
and Nanoworld FM cantilevers. The adducts DNA-MQD were
prepared by mixing 1 uL of pUC18 DNA (0.25 ug/uL), 2 uL of
600 nM MQD, and 237 uL of buffer (50 mM HEPES, pH 7.0),
reaching a total volume of 240 uL. The adducts DNA—MQD—metal
complex were prepared by mixing 1 yL of pUC18 DNA (0.25 pug/uL),
2 uL of MQD (600 nM), 4 uL of 1 (0.25 mM), and 233 uL of buffer
(50 mM HEPES, pH 7.2), reaching a total volume of 240 uL. The
DNA control consisted of 1 uL of pUC18 DNA (0.25 pg/uL) and 239 uL
of HEPES buffer, and the MQD control consisted of 2 uL of MQD
(600 nM) and 238 L of HEPES buffer. Then, all of the samples were
incubated at 37 °C for 2 h using a thermal cycler.

For sample immobilization, the samples described above were
immobilized onto mica by placing 30 L of the corresponding solution
on the surface. Right before its use, the mica was cleaved and
functionalized for 30 min with 0.5 M (3-aminopropyl)triethoxysilane
(APTES) to increase sample adsorption. The sample solutions were
incubated for 5 min, after which they were carefully rinsed three times
with 300 pL of nanopure water without drying. Then, they were left in
liquid for another 30 min before removing the water with a pipet and
drying the surface in an Ar stream.

For imaging measurements, the samples were imaged in air using a
JPK Nanowizard II AFM operating in intermittent contact mode and
Nanoworld FM cantilevers at scan rates of 0.5—1 Hz.

XPS experiments were performed in a SPECS Sage HR 100
spectrometer with a nonmonochromatic X-ray sources using a Mg Ka
line of 1253.6 eV and an applied power of 250 W calibrated using the
3dy), line of Ag. The selected resolution for the spectra was 15 eV of
pass energy and 0.15 eV/step. All measurements were made in an
ultra-high-vacuum (UHV) chamber at a pressure of around 5 X 10™® mbar.
The mixture copper complex—MQD was prepared by mixing 100 uL of
copper complex (1 mM) and S0 uL of MQD(1 iM), reaching a total
volume of 150 yL. The samples were incubated at 37 °C for 2 h using a
thermal cycler and were then deposited onto a Si substrate, forming a thin
film several monolayers thick. The controls were prepared in the same way.

B RESULTS AND DISCUSSION

Crystal Structure of [Cu,(u-Hdatrz)(phen),(H,0),(NOs),]
(1). X-ray crystallographic data are compiled in Table 1. The
lattice of 1 is composed of discrete neutral dinuclear species.
The crystal structure of 1 is depicted in Figure 1 together with
the numbering scheme (full numbering scheme is given in
Figure Sla). Selected bond distances and angles are listed in
Table 2.

In the dinuclear unit, two crystallographically independent
copper nuclei are linked by one y-N(1),N(3)-guanazole ligand
(N2,N4-triazole bridging mode), resulting in a Cu--Cu’
distance of 6.132(3) A. The guanazole ligand is present in its
neutral form. Both copper ions exhibit a tetragonal geometry.
Each metal center is chelated by one phen in equatorial
coordinating positions; the other two equatorial sites are
occupied by the N-triazole atom (with bond distances of
2.005(2) and 2.010(2) A) and the O atom of a water molecule
(at 1.954(2) and 1.967(2) A). The four axial positions are filled
by monodentate nitrate anions at longer (semicoordinating)
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Figure 1. View of the structure of 1 showing the numbering scheme
and intramolecular hydrogen bonds.

distances in the 2.404(3)—2.692(3) A range. Both copper(1I)
centers can therefore be described by CuN,O + O/,
coordination. The Cu—N-C bond angles at the triazole
bridging region are 136.4(2) and 129.0(2)°. The planes defined
by the two phen molecules form a dihedral angle of 40.8(1)°, a
value comparable to that reported for the two phen molecules
in the structure of [Cu(phen),](ClO,), (49.9°).5*** In turn, in
1 each phen plane forms a dihedral angle with the central
triazole ring of 75.6(1) and 84.2(1)°. Hence, the two ligands of
each copper ion are quasi perpendicular (Figure S1b).

In the network of 1, strong intramolecular (Figure 1) and
intermolecular (Figure S2) hydrogen bonds stabilize the
dinuclear units (Table S1). Figure S2 exhibits the packing
views of compound 1. The interconnection of dimeric units
takes place through hydrogen bonding and stacking interactions
between phen fragments, with the shortest ring-to-ring
distances being in the range of 3.7—3.9 A.

Crystal Structure of [Cu,(u-datrz),(u-OH,)(bipy),]-
(Cl0,); (2). X-ray crystallographic data are listed in Table 1.
The lattice of 2 is made up of dinuclear cations and two
perchlorate anions per cation. The crystal structure of 2 is
depicted in Figure 2 together with the numbering scheme

CI2A

Figure 2. View of the structure of 2 showing the numbering scheme
and the hydrogen bonds that attach the perchlorate anions to the
dimeric unit.

(full numbering scheme is given in Figure S3). Selected bond
distances and angles are included in Table 3.

In the dinuclear unit, the two copper centers, which are
crystallographically independent, are triply bridged by two u-
N1,N2-triazolato ligands and one water molecule, leading to a
short Cu--Cu’ distance of 3.317(1) A. The ligand, guanazole, is
present in its anionic form (ie., as guanazolato). Both copper
ions exhibit distorted square pyramidal environments, with two
triazole N atoms and the two bipy N atoms in equatorial
positions, and the bridging O(1) water atom in the apical site,
providing CuN, + O’ coordination. With the bridging system
taken into account, compound 2 compares well to the previously
reported [Cu,(u-Hdatrz),(u-OH,)(H,0),(S0O,)](SO,)-3.5H,0
(3) compound.* The main differences between 2 and 3 are the
presence of the two chelating bipy ligands instead of water
molecules on equatorial positions and the anionic character of the
guanazole bridge. In 2, the observed Cu—N(triazole) distances,
ranging from 1.949(3) to 1.991(4) A, are shorther than those
usually observed for dinuclear NI,N2-triazole-bridged Cu(II)
compounds and are even slightly shorther than those found in

Table 2. Selected Bond Lengths (A) and Angles (Degrees) for 1

Cu(1)-0(1) 1.954(2)
Cu(1)-N(6) 1.994(2)
Cu(1)-N(7) 2.005(2)
Cu(1)-N(1) 2.005(2)
Cu(1)-0(21) 2.422(2)
Cu(1)-0(11) 2.492(3)
Cu(1)—Cu(2) 6.132(3)
O(1)—Cu(1)-N(6) 172.90(9)
0O(1)—Cu(1)-N(7) 91.94(10)
N(6)—Cu(1)-N(7) 82.63(9)
O(1)—Cu(1)-N(1) 91.50(11)
N(6)—Cu(1)-N(1) 93.86(10)
N(7)—Cu(1)—-N(1) 176.43(9)
0O(1)—Cu(1)-0(21) 91.29(11)
N(6)—Cu(1)-0(21) 93.01(9)
N(7)—Cu(1)-0(21) 87.17(8)
N(1)—Cu(1)-0(21) 93.69(9)
0O(1)—Cu(1)-0(11) 90.92(15)
N(6)—Cu(1)—0(11) 84.22(13)
N(7)—Cu(1)-0(11) 86.82(10)
N(1)—Cu(1)-0(11) 92.19(11)
0(21)—Cu(1)-0(11) 173.67(9)

Cu(2)-0(2) 1.967(3)
Cu(2)—-N(8) 2.011(3)
Cu(2)-N(3) 2.010(2)
Cu(2)-N(9) 2.027(3)
Cu(2)—0(31) 2.404(3)
Cu(2)-0(41) 2.692(3)
0(2)—Cu(2)-N(8) 172.15(10)
0(2)—Cu(2)-N(3) 90.85(11)
N(8)—Cu(2)-N(3) 96.12(9)
0(2)—Cu(2)-N(9) 90.56(11)
N(8)—Cu(2)-N(9) 82.05(10)
N(3)—Cu(2)-N(9) 172.01(9)
0(2)—Cu(2)-0(31) 91.04(14)
N(8)—Cu(2)-0(31) 91.78(12)
N(3)—Cu(2)-0(31) 96.26(9)
N(9)—Cu(2)-0(31) 91.58(9)
0(2)—Cu(2)-0(41) 85.72(10)
N(8)—Cu(2)—0(41) 89.81(8)
N(3)—Cu(2)-0(41) 97.25(8)
N(9)—Cu(2)—0(41) 75.01(8)
0(31)—Cu(2)-0(41) 166.14(8)
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Table 3. Selected Bond Lengths (A) and Angles (Degrees) for 2

Cu(1)—-N(10) 1.948(3) Cu(2)—-N(9) 1.960(3)
Cu(1)-N(3) 1.991(3) Cu(2)-N(2) 1.979(3)
Cu(1)-N(11) 1.999(3) Cu(2)-N(14) 2.011(3)
Cu(1)-N(12) 2.007(3) Cu(2)-N(13) 2.016(3)
Cu(1)-0(1) 2.486(2) Cu(2)-0(1) 2.356(3)
Cu(1)=Cu(2) 3.3165(6)
N(10)—Cu(1)-N(3) 88.70(14) N(9)—Cu(2)-N(14) 94.04(14)
N(10)—Cu(1)-N(11) 167.82(13) N(2)—Cu(2)-N(14) 173.00(14)
N(3)—Cu(1)-N(11) 97.47(13) N(9)—Cu(2)-N(13) 168.84(13)
N(10)—Cu(1)—-N(12) 93.14(14) N(2)—Cu(2)-N(13) 95.48(14)
N(3)—Cu(1)=N(12) 178.07(13) N(14)=Cu(2)=N(13) 80.65(14)
N(11)—Cu(1)-N(12) 80.61(14) N(9)—Cu(2)-0(1) 98.08(11)
N(10)—Cu(1)-0(1) 96.42(11) N(2)—Cu(2)-0(1) 88.69(11)
N(3)—Cu(1)-0(1) 87.04(11) N(14)—Cu(2)-0(1) 97.27(11)
N(11)—Cu(1)-0(1) 94.39(11) N(13)—Cu(2)—0(1) 92.35(12)
N(12)—Cu(1)-0(1) 93.33(11) Cu(2)-0(1)—Cu(1) 86.41(8)
N(9)—Cu(2)-N(2) 88.75(13)
A) 0.010 —0.8
0.6
i Y
g 5
3 :
N
0.2
0
300
- 0.7
B) F 0.6
Figure 3. Packing view of complex 2 showing intermolecular hydrogen
bonds. B F05
mg Foa §
compound 3.%*7*” This coordination feature must be related to g -8
the deprotonation of the guanazole ligand. Cu(1) and Cu(2) are NG 03 ~
displaced from their corresponding equatorial planes by 0.0924(5) Ega N
and —0.1400(S) A, respectively. The two equatorial planes ;
are almost perpendicular; the dihedral angle between them E 0.1
measures 84.7(1)°. , E
The two Cu—O(1) distances are somewhat different 0'000'0 BETER o e '3000
[Cu(1)—0(1) = 2.486(2) A; Cu(2)-0(1) = 2.356(3) Al. T/K

The angle Cu(1)—O(1)—Cu(2) is 86.41(8)°. The Cu--Cu’
distance [as above indicated, 3.317(1) A] is significantly shorter
than that typical for double-triazole-bridged dicopper(Il)
compounds [4.085(1)—3.854(6) A],**™*° as expected because
the 4-OH, causes the bridging system to fold, but again, it is
slightly shorter than the Cu--Cu’ distance reported for 3
[3.495(1) A), presumably because of the anionic character of
the bridging triazolate. In the bridging system, the Cu—N—-N
angles of 2, which range from 118.2(2) to 120.8(2)°, also differ
clearly from those of the above-mentioned dimeric Cu(Il)
structures but are similar to the Cu—N—N angles of compound
3 [119.9(3)—123.3(3)°].

Compound 2 is, together with 3, one of the few examples of
binuclear compounds with two bridging triazole rings and one
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Figure 4. y\,T/yy vs T curves for 1 (A) and 2 (B) (yy; is the magnetic
susceptibility per dinuclear unit).

bridging oxygen atom and consequently with a {Cu—(N—N),—Cu}
framework that is clearly not planar. However, some dicadmium
complexes of this type have been reported (ie, [Cd,(deatrz),(H,0)-
Br,] (deatrz = 3,5—dje’rhylll—-amjno-1,2,4—-tn'azole)).91

Figure 3 displays a packing view of the structure. As
mentioned, the bridging y-OH, folds the structure. In each
dimeric unit, the planes defined by the two bipy molecules form
a dihedral angle of 64.0(1)°, and the two datrz planes define a
dihedral angle of 73.2(1)°. It can be considered that the
structure lacks significant stacking interactions. In contrast,
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there is an important hydrogen-bond network (Table S2).
Thus, the dimeric units are connected through the strong
intermolecular H-bond established between the bridging u-
OH, of one dimeric unit and the N(4) triazole atom of the
contiguous unit [d(D--A) = 2.824(4) A] to give chains.
Moreover, the chains are connected through double H-bonds
formed between the pairs N(7)--H—N(8)* and N(8)—H:-
N7* of neighboring guanazolate ligands to provide layers
(Figure 3); these are further linked via additional hydrogen
bonds that involve the perchlorate anions, thus resulting in a
3D supramolecular network (Figure S4).

Magnetic Properties of 1. The temperature dependences
of the y\T/xy values for 1 and 2 are shown in Figure 4 (yy is
the magnetic susceptibility per two Cu(Il) ions). At room
temperature, the y T value agrees well (for 1) or approximately
well (for 2) with that expected for two noninteracting Cu(II)
ions. The yy curve increases as the temperature is lowered to
reach maxima at ca. 50 K (1)/100 K (2) and then decreases to
lower temperatures. The occurrence of this maximum in yy is
characteristic of weak-to-moderate antiferromagnetic (AF)
coupling between the magnetic ions through the p-triazole
ligand. Below 10 K (1)/20 K (2), a tail is observed, which is
due to the presence of a small amount of paramagnetic
impurity. In accordance with the existence of AF coupling
leading to an S = 0 ground state, the yT curve exhibits first a
slight decrease and then a sharp decrease to ca. 10 K (1)/20 K
(2). The magnetic data of 1 and 2 were fitted to the theoretical
equation derived from the isotropic Hamiltonian: H = —JS;8S,.
Assuming that the g factors for both Cu(II) ions are identical,
the best fit parameters were ] = —52.1 cm™, g = 2.10 (the
percentage of paramagnetic impurity was considered negligible)
for 1, and J = —115.0 cm ™!, g = 2.09, and p = 0.35% for 2.

The magnetic properties of 1 are clearly of interest owing to
the lack of magnetic data for discrete Cu---Cu’ dimers with a
NCN-triazolyl bridge (N2,N4-triazole bridging mode). As
indicated above, in 1 the copper atoms exhibit a 4 + 2

tetragonally elongated octahedral coordination, with the d,,_,,
magnetic orbital directed toward the N1 and Ny, nitrogen
atoms (Scheme 2). In a first approach, the superexchange o
pathway should depend on the bond angles at the coordinating
N atoms of the triazole bridge (@; = Cu;—N,,,—C,, and a, =
Cu,—N,,,—C,,,).>" In contrast, with the absence of comparable
NCN-triazolyl dicopper(II) complexes, the literature contains
abundant complexes with NCN-imidazolyl”>'*" and a few with
NCN-tretrazolyl'® bridges, for which the magnetic exchange
parameter, ], has been determined. Attempts at finding
magneto-structural correlations have been performed for both
types of bridges. For the tetrazole system, Colacio et al.
established that a main factor determining the AF coupling is
the value of the Cu—Nuqy,—Crenar angle (a), that is, the greater
the Cu—N—C angle, the stronger is the AF interaction.'®* Plass
et al”” and more recently Garcia-Espafia et al,'®' after
analyzing the extensive family of the imidazole-bridged
compounds, concluded that there is not a simple magneto-
structural relationship between geometric parameters and ],
given that | depends on the bridging ligand but also on the non-
bridging ligands (—] values ranging from 24 to 88 cm™1).2#10
Garcia-Espafia et al. specifically indicated that, apart from the a
angle, several parameters such as Cu—N(Im) bond distances,
donor-atoms of the peripheral ligands, and values of the 7
distortion parameter (in the case of penta-coordinated copper
centers) may influence the magnetic exchange and contribute
to the overall interaction. ] values and a data for selected closely
related complexes (a—e) have been compiled in Table 4 to give
a context for triazole compound 1. The short list clearly
evidences that the Cu—N—C angle alone does not explain the
magnitude of the magnetic exchange but suggests that the |
value of 1 can be considered as medium among the J values for
NCN bridges.

In compound 2, the two Cu(Il) ions are linked by three
bridges. From the crystal structure, it could be considered that,
like in compound 1, the magnetic exchange occurs via the
d,»—,, orbitals on the Cu(Il) ions that overlap with the ¢
orbitals of the N atoms of the triazole bridges, which are placed
at equatorial positions. Exchange interaction through the
pathway provided by the large axial bonding (through the
u-OH,) is expected to have little relevance because of the low
unpaired electron density along the d_, orbital of the copper
atoms. In principle, at least from a magnetic point of view,
compound 2 could be compared to related bis(u-N1,N2-
triazole)-bridged Cu(II) complexes (Scheme 2). However, it
should be noted that in most of those complexes the [Cu,L,]
unit is planar. As mentioned above, compound 2 is only the
second case of a folded dicopper(Il) compound of this class, the
first one having been reported earlier by us (compound 3).*
Table 5 includes the structural parameters involved in the bridging

Table 4. Bridging Angles and Magnetic Exchange Coupling for Selected (Closely Related) Dinuclear NCN-Bridged Copper(II)

Compounds®

compoundb a = Cu—Nipg—Ciing (degrees) —J (em™) ref

Cu,(p-tetrz)(tren),](ClO,)
Cu,(p-mim)(dien),](ClO,);
Cu,(u-im)(dien),](ClO,);
Cu,(p-bim) (dien),](C1O,);
Cuy (p-imi) (Phe“)4] (NO3);

[
[
[
[
[
[Cu,(u-Hdatrz) (phen),(H,0)(NO;),] (1)

9See Scheme 2. Ptetrz = tetrazole ligand; tren = tris(2-aminoethyl)amine; mim, im, bim, and imi are imidazole ligands; dien = diethylentriamine;
phen = 1,10-phenanthroline; and Hdatrz = 3,5-diamino-1,2,4-triazole = guanazole.

131, 131 31 102
132, 133 75 92
125, 126 64 92
123, 124 37 92
124, 126 24 94
129, 136 52 this work
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Table 5. Magnetic and Structural Parameters for Dinuclear Bis(N1,N2-triazole)-Bridged Copper(II) Compounds with a Folded

{Cu—N-N}, Ring”

7 = N—Cu—N (avg)

compound® (degrees)
[Cu,(u-Hdatrz),(u—OH,)(H,0),(S0,)](S0,) (3) 92.4
[Cuy(p-datrz),(u—OH,) (bipy),](CIO,), (2) 88.7
[Cu(u-bpt)(CF,;80;)(H,0)1,° 90.2

b=

Cu;—N,—N, (avg) f, = Cu,—N,—N, (avg) Cu--Cu’ —J
egrees (degrees) (A) (em™) ref
122.2 120.8 3.495 94 84
119.9 118.1 3.317 115 this work
134.7 135.0 4.085 236 920

“See Scheme 2. “Hdatrz = guanazole; bipy = bipyridine; and avg = averaged values. “This compound with a planar {Cu—N—N}, ring shows one of
the highest J values; it has been included here to provide a set of reference data; bpt = 3,5-bis(pyridin-2-yl)-1,2,4-triazolate.
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Figure S. DNA melting-temperature profile of CT-DNA (100 xM):
(top) in the absence of complex, (middle) with complex 1 (25 uM),
and (bottom) with complex 2 (25 uM).

system and the ] values for both complexes. The magnetic
coupling of 2, like that of 3, is lower than that reggorted for the
analogous symmetric [Cu,L,] planar systems,****~ probably
because the folding of the bridging system causes less overlap
between the magnetic orbitals of the metal centers and the &
orbital of the ligand. Still, the magnetic exchange of 2 is somehow
higher than that of 3. This fact must be result of the deprotonation
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Figure 6. Viscosimetry titration of complexes 1 and 2.

of the guanazole in 2, which leads to shorter Cu—N bonding
distances and larger magnetic orbitals overlap than in 3.

DNA-Binding and DNA-Cleavage Properties. The study
of the DNA-binding properties was carried out for 1 and 2
through a series of techniques: thermal denaturation,
viscosimetry, and fluorescence-based assays. Both complexes
were prepared and isolated as solid products (see the
Experimental Section) and then dissolved in water for the
biological experiments.

The existence of the dinuclear unit of 1 and 2 in solution was
tested by mass spectrometry. The electrospray mass spectrum
(in positive mode) of complex 1 shows a peak at m/z = 708,
corresponding to the species {[Cu,(y-Hdatrz)(phen),(NO,),]-H}",
which indicates that the complex is present as dinuclear cation in
solution (Figure SSa). Similarly, for compound 2, a peak at m/z =
652 that can be assigned to the {[Cu,(y-datrz),(u-H,0)(bipy),]-H}*
species confirms the existence of this complex in solution
(Figure SSb).

DNA Binding Properties. Figure 5 shows the shift in melting
temperatures (AT,,) resulting from the association of 1 and 2
with CT-DNA. The AT, produced by 1 is high and notably
larger than by 2 (20 vs S °C), which implies that the
stabilization of the DNA double strand produced by 1 is more
pronounced. The literature shows that classical intercalators
like ethidium bromide (EB) increase the T, of double-helical
DNA moderately (7.2 °C).”” Additionally, classical groove
binders like Hoescht 33258 or distamycin (and related unfused
aromatic heterocycles; positively charged) bind electrostatically
in the minor groove, thus stabilizing sequences of DNA and
raising the T, greatly (>25 or 21 °C, respectively).” Because
intercalators but not groove binders cause lengthening,
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Figure 7. Emission spectra of EB bound to CT-DNA in the absence
(dotted line) and presence (continuous line) of (A) complex 1 and
(B) complex 2. The arrow shows the changes in intensity at increasing
concentrations of the complex. The inset shows the Stern—Volmer
graph ([complex] vs Iy/Iz). [CT-DNA] = [EB] = SO uM.

stiffening, and unwinding of DNA structure and because
viscosity is proportional to L* for a rod-like DNA structure of
length L,'91% e carried out viscosity measurements. Of the
two dicopper(Il) complexes, only 1 increases the CT-DNA
viscosity as the metal complex/DNA ratio is increased (Figure 6).
Thus, the viscosity measurements indicate that 1 acts as
intercalator, whereas 2 does not. These results taken together
suggest that the physical association of 1 with DNA combines
intercalation and groove binding through electrostatic and/or
hydrogen-bonding interactions.

The binding of 1 and 2 to CT-DNA was also investigated by
fluorescence assays by evaluating the fluorescence emission
intensity of the EB—DNA system upon addition of the two
compounds. In this assay, if a compound is capable of replacing
the intercalated EB, then the emission intensity at 595 nm of
EB will be reduced.”®*8%'% Indeed, when 1 and 2 were added
to a solution of the EB—DNA system (fixed amount) (Figure 7),
the two compounds produced a partial removal of EB, yielding
linear Stern—Volmer plots fitting the classical equation Iy/I =
1 + Kgy [Q]. In this equation, I, and I are the fluorescence
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A) c1  cuci 2
. 20 20 20 Conc. (yM)
T(°Q)
10 12 20 23 39 46 11 11 20 FormII(%)
90 88 80 77 61 54 89 39 80 FormI(%)
B) c1 CucCi2 1 2
4 20 20 Conc. (UM)
T(°C)
4 7 24 40 48 61 27 28 30 FormI(%)
9 93 76 60 52 39 73 72 70 FormI(%)
C)
c1 c2 1+ 0D 2+0D
20 20 Conc. (pM)
50 50 20 30 35 40 50 20 30 35 40 50 T(°C)
2 3 79 69 63 69 80 8 87 66 FormI(%)
0o 0 21 31 37 - - 0 4 5 13 34 FormII(%)
98 97 0 0 0 31 16 9 0 0 FormI(%)
Figure 8. Representative plasmid cleavage assays of supercoiled

pUC18 DNA (37.5 uM) promoted by CuCl, and complexes 1 and 2
at different temperatures in 50 mM Tris HCI buffer, pH 7.2, after 2 h.
C1 corresponds to DNA control and C2, DNA + QD (15 nM). (A)
Absence of activating agent. (B) Presence of MPA (10 uM). (C)
Presence of MQD (15 nM). QD = QD-filled micelles containing a 1:1
mixture of DSPE-PEG(2000) amine and PEG(2000) PE.

intensities in the absence and presence of the quencher (Q),
respectively, and [Q] is the concentration of the quencher,
enabling the linear Stern—Volmer quenching constant,
Ksy, to be determined from the slope. The quenching
constants, Kgy, obtained were 5.9 X 10> M™' for 1 and
2.9 X 10° M™! for 2, which confirms that 1 has a higher DNA
affinity than 2.

Besides intercalation, the X-ray crystal structure of 1 suggests
that intramolecular hydrogen bonds would be formed between
the N—H groups of the y-guanazole and any atom that binds to
the Cu centers, such as the hydrogen-bond-acceptor groups
of the DNA grooves and the phosphate backbone. The X-ray
structure of 2 also shows that the N—H groups of the u-
guanazoles are available for intermolecular hydrogen-bonding
interactions. Such intra- and intermolecular hydrogen-bonding
interactions combined with the positively charged nature of the
two compounds could explain the aforementioned DNA-
binding results.

DNA-Cleavage Activity. The nuclease activity of complexes
1 and 2 was investigated by agarose gel electrophoresis. The
DNA cleavage was monitored by transformation of supercoiled
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Figure 9. AFM images corresponding to (A) MQD, (B) pUCI18, (C) pUC18 + MQD (height profile included), and (D) pUC18 + MQD + 1.

circular pUC18 DNA (form I) into nicked circular (form II)
and linear (form III) forms. The activity was first investigated in
the absence and presence of a classical activating agent, 3-
mercaptopropionic acid (MPA).

Although compound 2 produces negligible cleavage in the
absence of activating agent even at 50 °C, the activity of 1
increases substantially as the temperature is raised from 35 to
50 °C (Figure 8A), suggesting that like other copper(II)
complexes this complex may be capable of cleaving DNA by a
hydrolytic mechanism.'”~""" In the presence of MPA as
reductant (10 uM) (Figure 8B), however, DNA cleavage with 1
increases even further by an oxidative mechanism. This
nucleolytic activity with MPA activation is also temperature-
dependent. In contrast, compound 2 does not appreciably
damage pUCI18 either with MPA or with H,O, in the whole
range of temperatures.

The possibility of activating compounds 1 and 2 for DNA
cleavage by adding water-soluble QD-filled micelles (MQDs)
was investigated next. The MQDs were prepared by a self-
assembly process of PEGylated phospholipids around hydro-
phobic CdSe-ZnS core—shell QDs (Scheme 3).”" Transmission
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electron microscope (TEM) images and dynamic light
scattering (DLS) measurements revealed that the MQDs
contained closely packed QDs and a hydrodynamic size of ca.
40 nm (Figure S6).

Fluorescence studies are consistent with binding of the
QDMs to DNA. Figure S7 shows a representative assay where
the DNA quenches the emission of the MQD solution, which is
a sign of adduct formation between the biopolymer and the
colloid."®

We then imaged the complexes formed between the MQDs
and DNA by atomic force microscopy (AFM). In isolation, the
MQDs appear as rather homogeneous particles of 36 + 8 nm in
length and 5 & 2.1 nm in height, features consistent with the
hydrodynamic size measurements carried out by DLS (Figure 9).
Imaging of plasmid DNA shows a supercoiled structure, in
agreement with the agarose gel electrophoresis data (vide infra).
Like in other studies, the measured height (0.9 + 0.2 nm) is lower
than the theoretical value of 2 nm, which is mainly due to elastic
deformation induced by tip—sample interaction."">~*'* Imaging
samples of the plasmid DNA after addition of MQDs clearly
shows the binding of the MQDs. Analysis of the cross section of
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A)

Figure 10. Effect of ROS scavengers or groove binders on the cleavage
of supercoiled DNA. (A) Lane 1, DNA control; lane 2, 20 uM
complex 1 (+10 uM MPA); lanes 3 and 4, 20 uM complex 1 (+10 uM
MPA) plus added agent (lane 3, Hoechst 33258; lane 4, methyl
green). (B) Lane 1, DNA control; lane 2, 20 uM complex 1 (+ 15 nM
QD); lanes 3—8, 20 uM complex 1 (+ 15 nM QD) plus added agent
(lane 3, urea; lane 4, +BuOH; lane 5, Tiron; lane 6, 2,2,6,6-
tetramethyl-4-piperidone; lane 7, DABCO; and lane 8, neocuproine).
[pUC18 DNA] = 37.5 uM in Tris HCl buffer (pH 7.2), incubation
time = 2 h, and T = 35 °C.

the MQD—DNA complex suggests that the DNA wraps around
the MQD and provides new experimental evidence to the previous
suggestions that QDs can act as protein-like structures. We note
that in nature DNA wraps around protein assemblies similar in size
to the MQD to form chromatin."”® To investigate the effect of
adding copper complexes to the DNA—MQD complexes, we
imaged them after a 2 h incubation. The ability of the copper
complexes to cut DNA in the DNA—MQD complexes is clearly
detected by the presence of many digested DNA fragments, which
in this case, presumably because of their smaller sizes, are not
bound to the MQDs.

The gel electrophoresis studies show that compound 1 is
strongly activated by the MQDs (Figure 8C). Thus, combined
with an extremely small amount of QD (15 nM), compound 1
(20 uM) is capable of generating linear DNA at temperatures
as low as 20 °C. Moreover, the linear DNA is gradually
degraded into fragments of progressively smaller sizes that
appear as smears at physiologically relevant temperatures on
the agarose gel. Notably, compound 2, which was not activated
by MPA (10 zM) even at high temperatures, behaves also as an
efficient nuclease in the presence of such small quantities of
QD. Under these conditions, the MQDs do not cause
significant DNA damage; instead, at high QD concentrations,
migration of the DNA into the gel is not observed, confirming
that MQD—DNA complexes are formed. These results imply
that adding MQDs is quite an efficient new strategy for
enhancing DNA cleavage of the copper nucleases.
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Figure 11. XPS spectra showing the Zn 2p, Cd 3d, S 2p, and Se 3d regions of MQD (A) and 1 + MQD (B) after a 2 h incubation at 37 °C.

588

dx.doi.org/10.1021/ic4027249 | Inorg. Chem. 2014, 53, 578—593



Inorganic Chemistry

| Article

Scheme 3
o | 0
Py
/\/\/\/\/\/\/\/\)’ko/\s{\ ; \/\WJJ\“““H.‘H —NH.*
\/VW\/W\/\KO H "

2 DSPE -PEG (2000) Anime

/\/\/\/\/\/\/\/\)Oko ; i
/X\ e \/\"\I}Lt‘JLH,H
NSNS O L H

= OCH

© PEG (2000) PE
Hydrophilic

Hydrophobic

L e

Solubilization

To gain insight into the role of the QD toward enhancing the
DNA damage caused by these copper complexes, an analogous
micellar system was prepared that was filled with super-
paramagnetic Fe;O, NPs instead of QDs. The corresponding
electrophoresis study shows that, in this case, addition of the
magnetic micelles does not lead to enhanced DNA damage by
1 and 2 (Figure S8).

Mechanism of DNA Cleavage and Role of the QDs. To
clarify the mechanism (i.e., oxidative vs hydrolytic) of the
nuclease activity of complexes 1 and 2, electrophoresis assays
with ROS scavengers (urea and +-BuOH for hydroxyl radicals,
Tiron for superoxide radicals, and 2,2,6,6-tetramethyl-4-piperidone
(TEMP) and diazabicyclo-[2,2,2]-octane (DABCO) for singlet
oxygen), groove binders (Hoescht 33258 for minor groove
and methyl green for major groove), and a Cu(I)-chelator
(neocuproine) were undertaken. In the presence of MPA,
inhibition of DNA cleavage is observed for 1 on addition of the
minor groove binder Hoescht 33258 (Figure 10A), but the degree
of inhibition is relatively low. No inhibition was observed with the
major groove binder methyl green in any case. These findings
signal the minor groove of the DNA as the nuclease binding site,
but in compound 1, this specificity is lower than, for instance, in
[Cu(phen),]**, presumably because 1 can interact through
electrostatic interactions and hydrogen bonding when the minor
groove is inaccessible (vide supra). In the presence of MQDs
(Figure 10B), a clear inhibitory effect was found for the superoxide
scavenger Tiron, which indicates that the DNA damage produced
under these conditions occurs by an oxidative mechanism.
Moreover, neocuproine inhibited the DNA degradation, thus
pointing to Cu(I) as the intermediate in the oxidative
DNA-cleavage reaction.

To identify further the chemical processes involved in the
QD-mediated DNA-cleavage process, we carried out X-ray
photoelectron spectroscopy (XPS) studies. XPS spectra of
MQDs samples taken before and after addition of 1 and 2
under the conditions used for the DNA-cleavage studies show
changes in the QD composition. For these MQDs, we detect
two strong peaks located at 404.8 and 411.5 eV, corresponding
to the Cd 3d binding energy of CdSe and a peak at 53
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Figure 12. XPS spectrum showing the Cu 2p region of 1 (A) and 1 +
MQDs (B) after a 2 h incubation at 37 °C.
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Figure 13. Effect of the addition of 1 and 2 on the emission of CT-DNA
bound to EB in the absence and presence of MQDs. [CT-DNA] = 3 uM,
[EB] = 3.78 uM, and [QD] = 30 nM.

(6 eV corresponding to the Se 3d transition) (Figure 11).
These values match well those reported for other CdSe QDs.''¢
The typical peaks for ZnS, with Zn 2p;,, and S 2p;, located at
1021.6 and 161.3 eV, respectively, were also observed.
However, changes in the S region reveal an oxidation process
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Figure 14. Proposed QD—DNA interaction mode.

after addition of 1 and 2. The oxidation of the MQDs leads to
the appearance of a peak at higher energies than the main S
peak because of sulfur dioxide (Figure 11B). Concurrently, we
detect reduction of Cu(Il) to Cu(I) upon addition of the
MQDs. Figure 12 shows the Cu 2p;, spectrum of 1 before and
after addition of the MQDs. In addition to a peak at 934.3 eV
and the corresponding shakeup satellites characteristic of
Cu(Il) species, there is a small peak located at 931.9 eV,
which can be assigned to Cu(I) species under the acquisition
conditions. However, under identical conditions, addition of
MQD causes the intensity of the Cu(I) peak to increase
significantly. This result is consistent with the inhibition studies
and the thermodynamically allowed reduction of Cu(Il) to
Cu(I) by QDs previously shown by Isarov et al.'"'” and more
recently by Chan et al,'"® where electrons are transferred from
anionic surface vacancies and/or S on the QD surface to the
Cu(II) centers. Adopting the method of Nie et al,""” we estimate
that the QDs used in this study have 700 S atoms, which could
explain the low QD/metal complex ratio (ca. 1:1000) required to
activate these copper complexes for DNA cleavage.

In addition to generating the Cu(I) intermediates, we
reasoned that forming DNA—MQD complexes could also
contribute to the metallonuclease activation process by
producing a change in the conformation of DNA that increases
the binding sites offered to the nucleases or makes them more
susceptible to attack. In this way, the MQD may also promote
binding of the metallonuclease to the target DNA. To test this
hypothesis, we investigated the ability of 1 and 2 to displace EB
from the EB—DNA system before and after the addition of
MQDs (Figure 13). By comparing the concentration of the
complex needed for a S0% quenching (Cs,) of the solution
containing the EB—DNA system, it is clear that the effect of
MQD toward promoting DNA binding is particularly
pronounced for 2 (Csy = 9.5 and 29 uM in the presence and
absence of MQD, respectively). Interestingly, 2 is the complex
that interacts less well with DNA (it has lower affinity for DNA
than 1 and it does not intercalate) and is completely inactive
without mediation of QDs (MPA could not activate 2).

In summary, by combining three different functional
elements, namely, bimetallic complexes, ligands with available
hydrogen-bond donors, and QDs, the interaction and cleavage
of DNA using 1 and 2 is strongly promoted. The QD
participates in the generation of the catalytically active species
by acting as a reducing agent that promotes the formation of
Cu(I) intermediates. However, compared to external activators
such as MPA and H,0,, which are needed in micromolar
concentrations and only contribute toward the generation of
ROS, QDs appear to be much more efficient and versatile,
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requiring nanomolar concentrations. QDs through their curved
surfaces and organic ligands and surface atoms can combine
electrostatic interactions, hydrogen bonding, van der Waals and
hydrophobic interactions, and release of counterions and
solvent from the DNA to promote the formation of QD—
DNA complexes. In these QD—DNA complexes, like in DNA—
protein complexes, DNA can change its conformation,
increasing the binding sites offered to the artificial metal-
lonuclease and/or making them more accessible to the
catalytically active species (Figure 14).

B CONCLUSIONS

Two novel ternary dicopper complexes with guanazole/ate
bridges have been synthesized and characterized. Compound 1
represents the first example of a genuine N2,N4-triazole-
dicopper complex. This has offered the possibility of calculating
the magnetic exchange parameter, J(u, 4-triazole) = —52 cm™,
for a couple of Cu(Il) centers antiferromagnetically linked
through an NCN-triazolyl bridge in a discrete molecule. Compound
2, with a folded [Cu—(N1—N2),—Cu] bridging system exhibit a
higher antiferromagnetic coupling, ] (, ,-triazolate) = —115 cm™.

DNA binding and cleavage studies reveal that both
compounds can be used as efficient nucleases because of the
cooperative effect of the two Cu(II) centers and the guanazole
ligand, which in addition to providing a bridge between the two
metals can participate in hydrogen-bonding interactions. Of the
two complexes, 1 shows the highest affinity for DNA and binds
via intercalation of the phen ligands. In the presence of oxygen and
micromolar concentrations of MPA or H,O, as activators, only 1
is capable of causing DNA cleavage. However, in the presence of
nanomolar concentrations of water-soluble QD-filled micelles,
both systems are highly efficient at cleaving DNA.

Overall, we have developed two systems in which different
strategies and classes of compounds are successfully combined
to yield efficient DNA cleavage by an oxidative mechanism: (1)
a bimetallic framework, (2) hydrogen-bonding features and (3)
a redox-active protein-like curved nanostructure (QDs). In the
case of the most active system, which uses 1 as nuclease, planar
aromatic rings capable of DNA intercalation (phen) are also
present. The results suggest that their are multiple roles of the
QDs toward promoting DNA cleavage by these copper
metallonucleases and they combine structural effects with the
ability to participate in the generation of intermediates and
catalytically active species, which affect DNA cleavage (reactive
oxygen species). This new bionanotechnology strategy to
enhance the activity of coordination complexes for DNA
cleavage is simple and potentially extendable to other redox-
active metal complexes. Given the wide range of recognition
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elements that can potentially be incorporated in these MQDs,
we anticipate that in the future this novel approach for effecting
DNA cleavage will be adopted to impart selectivity; such
systems would be extremely attractive for applications in
genetic engineering and gene therapy.
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