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ABSTRACT: The mechanism of the cytotoxic function of cisplatin and related R

anticancer drugs is based on their binding to the nucleobases of DNA. The
development of new classes of anticancer drugs requires establishing other binding
modes. Therefore, we performed a rational design for complexes that target two
neighboring phosphates of the DNA backbone by molecular recognition resulting in a
family of dinuclear complexes based on 2,7-disubstituted 1,8-naphthalenediol. This rigid
backbone preorganizes the two metal ions for molecular recognition at the distance of
two neighboring phosphates in DNA of 6—7 A. Additionally, bulky chelating pendant
arms in the 2,7-position impede nucleobase complexation by steric hindrance. We
successfully synthesized the Cu", complex of the designed family of dinuclear
complexes and studied its binding to dsDNA by independent ensemble and single-
molecule methods like gel electrophoresis, precipitation, and titration experiments
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followed by UV—vis spectroscopy, atomic force microscopy (AFM), as well as optical
tweezers (OT) and magnetic tweezers (MT) DNA stretching. The observed irreversible binding of our dinuclear Cu", complex
to dsDNA leads to a blocking of DNA synthesis as studied by polymerase chain reactions and cytotoxicity for human cancer cells.

B INTRODUCTION

Nucleic acids are polymers from condensation of phosphoric
acid with alcohol groups of ribose (RNA) or desoxyribose
(DNA) that possess heterocyclic purine and pyrimidine bases
as side chains." Thus, these polyphosphodiesters offer several
potential binding sites for metal ions. Each phosphate group
contributes one negative charge to the overall charge of the
polymer that is electrostatically balanced by a layer of alkali
metal and MgII ions. On the other hand, transition metal ions
often bind specifically by coordination to nucleobases and
phosphates, while coordination to the sugar moieties is rare.”
Another way metal complexes can bind to the nucleobases of
DNA is by intercalation of a planar aromatic functionality
between the base pairs of double-helical DNA.> The
glycopeptide antibiotic bleomycine is a prominent example
for an interaction of a metal complex with nucleic acids, which
offers therapeutical applications.* A prominent example for
binding to the nucleobases is the major anticancer drug
cisplatin (cis-[PtCL,(NH;),]). Upon cellular uptake, cisplatin
binds to DNA preferentially via a 1,2-intrastrand binding
d(GpG) at N7 of purine bases with guanine is favored over
adenlne,56 resulting in a strong bending of the DNA.*’ This
interferes with the molecular recognltlon of essential proteins
for transcription, as RNA polymerases,” which is supposed to
cause the cytotoxicity of cisplatin. As a single drug or in
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combination with other drugs, cisplatin is used in the treatment
for testicular, bladder, ovarian, head and neck, cervical, and lung
cancers.”'® The application of cisplatin is limited by acquired
resistance to cisplatin'' and by severe side effects in normal
tissues. In particular, nephrotoxicity is a major factor that limits
the use and efficiency of cisplatin in cancer therapy.'” To
overcome the limitations of cisplatin and to broaden the range
of treatable tumors, a lot of efforts have been devoted to
improve cisplatin.'”> Many analogs of cisplatin have been
synthesized resulting in second-generation cisplatin drugs like
oxaliplatin and carboplatin.'*

In addition to the binding at the nucleobases, the phosphates
of the DNA backbone are known to be the target of the metal
active sites of enzymes such as nucleases. These metal-
loenzymes catalyze the hydrolytic cleavage of the phosphoester
bonds that are thermodynamically unstable toward hydrolysis
but kinetically highly inert.'>'® The active sites consist of one
or more metal ions that provide several pathways to accelerate
hydrolysis as Lewis-acid activation, leaving group stabilization
or providing a metal-bound hydroxide as nucleophile. This
reactivity usually implies the formation of a metal—phosphate
oxygen bond during the catalytic cycle. However, this bond
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Figure 1. (a) Family of dinuclear complexes with hydrolytic reactivity based on dinucleating Robson ligands with a central phenolate. Two metal
ions coordinate to one DNA phosphate. (b) Design concept for a dinuclear complex binding to two neighboring phosphates of the DNA backbone.
(c) Molecular realization by a family of dinuclear complexes based on 2,7-disubstituted 1,8-naphthalenediol ligands. Please note that the two metal
ions cannot coordinate to one DNA phosphate but are preorganized to coordinate to two neighboring DNA phosphates.

must be labile enough to be cleaved in the catalytic cycle to
enable product release. This reactivity has stimulated intense
research to mimic structure and function of the active sites of
these nucleases and closely related phosphatases by biomimetic
model complexes.'” A prominent family of dinuclear model
complexes (e.g,, with Cu") that not only mimic the hydrolytic
cleaving reactivity of nucleases but also of peptidases has been
synthesized using phenol-based, dinucleating Robson ligands
with ?endant chelating arms in the 2,6-position (Figure
1a).'%'®1% A main mode of action is a bridging coordination
of one phosphate to both metal ions (Lewis-acid activation)
facilitated by a metal—metal distance of 3—4 A with one metal
ion providing a bound hydroxide as nucleopbhile.

There has been recent success in the field by increasing the
level of complexity to incorporate details of the second
coordination sphere in the active sites.”” These developments
include the combination of a hydrolytically active metal site
with DNA binding groups such as amine and guanidine groups
for hydrogen bonding, positively charged residues for electro-
static interactions, or minor-groove binding motives.”!

However, the hydrolytic cleavage of the bound phosphoester
destroys the DNA—metal complex that foils the formation of a
stable metalated DNA adduct. Therefore, a metal complex as
efficient binder to DNA phosphates must provide a strong
thermodynamic and kinetic driving force with low hydrolytic
activity. Herein, we report on the rational design of a dinuclear
complex family that is supposed to bind to two neighboring
phosphates of the DNA backbone by molecular recognition
without having an unwanted hydrolytic activity. We demon-
strate the irreversible binding ability of the dinuclear Cu",
complex to DNA by several independent biochemical,
spectroscopic, and single-molecule methods. Furthermore, we
show that this compound inhibits DNA synthesis and is
cytotoxic to human cancer cells at the same concentration,
which provides evidence that DNA binding causes the
inhibition of DNA synthesis that leads to the death of the
cancer cells.

B EXPERIMENTAL SECTION

General Considerations. Solvents and starting materials were of
the highest commercially available purity and used as received. All
reactions were carried out under an argon atmosphere. The synthesis
of MOM,1 was described previously.”> Bis((6-methylpyridin-2-
yl)methyl)amine has been synthesized according to a modified
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literature procedure.”® Infrared spectra (400—4000 cm™) of solid
samples were recorded on a Shimadzu FTIR-8300 or a Shimadzu
FTIR 8400S spectrometer as KBr disks. ESI and MALDI-TOF mass
spectra were recorded on a Bruker Esquire 3000 ion trap mass
spectrometer and a PE Biosystems Voyager DE mass spectrometer,
respectively. For acquisition of high-resolution mass spectra a Bruker
APEX TII FT-ICR has been used. 'H and '*C NMR spectra were
recorded on a Bruker Avance 600 spectrometer using the solvent as an
internal standard. The assignments of the NMR resonances were
supported by 2D HMBC and HMQC spectroscopy. Elemental
analyses were carried out on a LECO CHN-932 or a HEKAtech
Euro EA elemental analyzer. UV—vis—NIR absorption spectra of
solutions were measured on a Shimadzu UV-3101PC spectropho-
tometer in the range 190—3200 nm at ambient temperatures.
Temperature-dependent magnetic susceptibilities were measured by
using a SQUID magnetometer (MPMS XL-7 EC, Quantum Design)
in a static field of 1 T in the range 2—290 K. For calculations of the
molar magnetic susceptibilities, y,,, the measured susceptibilities were
corrected for the underlying diamagnetism of the sample holder and
the sample by using tabulated Pascal’s constants. The JulX program
package was used for spin-Hamiltonian simulations and fitting of the
data by a full-matrix diagonalization approach.”*

Synthesis of 2,7-Bis(N,N-di((6-methylpyridin-2-yl)methyl)-
aminomethyl)-1,8-bis(methoxymethoxy)naphthalene
(MOM,tomMe), Solid Na[BH(OAc);] (1.11 g, 5.25 mmol) is added
to a solution of 2,7-diformyl-1,8-bis(methoxymethoxy)naphthalene
(MOM,1) (532 mg, 1.75S mmol) and di((6-methylpyridin-2-yl)-
methyl)amine (DPA™®) (795 mg, 3.50 mmol) in 1,2-dichloroethane
(70 mL). The resulting suspension is stirred for 18 h at room
temperature and then for 4 h at 50 °C. The reaction is quenched by
addition of NH,OH solution (1 M, 350 mL). The aqueous layer is
extracted with CH,Cl, (6 X 70 mL), and the organic extracts are
combined, dried over Na,SO,, and concentrated in vacuo, resulting in
a yellow oil of high viscosity. The crude product is purified by column
chromatography (basic aluminum oxide, THF). Yield: 1.01 g (1.39
mmol, 79%). "H NMR (600 MHz, CDCl,): §/ppm =7.73 (d, ] = 8.5
Hz, 2 H, H10), 7.52 (t, ] = 7.7 Hz, 4 H, H4), 7.56 (d, ] = 8.5 Hz, 2 H,
H11), 7.45 (d, J = 8.5 Hz, 4 H, HS), 6. 96 (d, ] = 7.7 Hz, 4 H, H3),
4.94 (s, 4 H, H15), 3.98 (s, 4 H, H8), 3.83 (s, 8 H, H7), 3.48 (s, 6 H,
H16), 249 (s, 12 H, H1). *C NMR (125 MHz, CDCL,): §/ppm =
159.6 (C2), 157.5 (C6), 150.1 (C14), 136.6 (C4), 136.2 (C12), 130.1
(C9), 1274 (C10), 124.8 (C11), 1214 (C3), 121.2 (C13), 119.5
(Cs), 101.2 (C15), 60.5 (C7), 58.0 (C16), 52.6 (C8), 24.5 (C1). HR-
ESI-MS (CHCIl;/MeOH m/z): caled for [M + H]" C,H; NGO,
727.39663, found 727.39477; caled for [M + Na]* C,HN;O,Na
749.37858, found 749.37649. UV—vis (CH,CN): #/cm™" (¢/10° M™!
cm™): 42 400 (73.5), 37 500 (25.1), 30260 (1.79). IR (KBr): #//cm™
= 3441 s, 3416 s, 3059 w, 3007 w, 2922 m, 2852 w, 2824 w, 1591 s,
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15877 s, 1474 s, 1433 s, 1358 m, 1329 m, 1157 s, 1020 s, 955 s, 926 s,
788 s.

Chart 1
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Synthesis of [(tomM¢)}{Cu(OAc)},,] (Cu,(OAC),). A solution of
MOM,tom™® (370 mg, 0.509 mmol) in MeOH (35 mL) is added
dropwise to a solution of copper acetate (Cu(OAc),-H,0) (208 mg,
1.04 mmol) in MeOH (35 mL). The greenish-blue solution is stirred
for 25 h at 40 °C, resulting in a color change to a greenish-black. The
solvent is removed under vacuum. Upon slow diffusion of Et,O into a
solution of the residue in CH,;CN/H,O (14:1), blue crystals were
obtained. Yield: 314 mg (0.300 mmol, 60%). ESI-MS (MeOH, m/z):
382.1 [M — 20Ac]*, 881.2 [M + HJ*. IR (KBr): //cm™ = 3397 m
br, 3067 w, 3055 w, 3011 w, 3011 w, 2970 w, 2926 w, 2859 w, 1611 s,
1584 s, 1530 m, 1472 m, 1449 m, 1395 s, 1375 s, 1341 m, 1288 w,
1271 w, 1254 w, 1219 w, 1200 w, 1165 w, 1142 w, 1099 w, 1078 w,
1055 m, 1022 w, 1001 w, 968 w, 876 w, 831 m, 787 m, 679 m, 648 w,
621 w, 586 w, 567 w, 523 w, 502 w, 469 w. UV-/Vis (CH,CN): 7/
em™ (10° &/M™! em™): 42100 sh (45.1), 27900 (9.9), 23900
(0.54), 18500 (0.34), 14800 (0.34). Anal. Calcd for
CuHNCu,0,,5 [(tom™*){Cu(OAc)},]-8.5 H,0): C, 51.06; H,
6.14; N, 8.12. Found: C, 51.14; H, 6.03; N, 7.74

Single-Crystal X-ray Diffraction. A crystal of [(tom™){Cu-
(0AC©)},]-9.75H,0-CH,CN was measured at 100(2) K on a Bruker
Kappa APEXII diffractometer (four-circle goniometer with 4K CCD
detector, Mo Ka radiation, focusing graphite monochromator). Crystal
and refinement data: M = 1098.66 g mol™’, C,sHgg50Cu,N;045s,
orthorhombic, space group P2,2,2,, a = 10.9107(16) A, b = 15.793(2)
A, c=31758(5) A, V=54723(14) A}, Z =4, p = 1.334 g/cm’, p =
0.847 mm~,, F (000) = 2310, crystal size = 0.37 X 0.23 X 0.14 mm?,
57 003 reflections (3.43 < © < 27.00°) collected, 11 883 reflections
unique. Absolute structure parameter = —0.003 (10), R = 0.0436 for
10494 reflections with I > 2 o(I), R = 0.0521 for all reflections.
Crystallographic data are deposited at the Cambridge Crystallographic
Data Centre as supplementary publication no. 936123 (Cu,(OAc),).
These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

Atomic Force Microscopy. -DNA (400 pM A-DNA equivalent
to 40 uM DNA bases/phosphates) was incubated with 50 and 200 uM
Cu,(OAc), for 15 min at room temperature in TRIS buffer (150 mM
KCl, 10 mM Tris/HCI, pH 8.0) as well as in double-distilled ultrapure
water (18.2 MQcm). A 10 uL amount of the solution was incubated
for 15 min on freshly cleaved mica, subsequently rinsed by ultrapure
water (18.2 MQcm), and carefully dried in a nitrogen steam. AFM
measurements were performed with a commercial instrument
(Nanoscope V, Multimode, Bruker) at room temperature under
ambient conditions in tapping mode of operation using single-crystal
Si-cantilevers (Bruker).

DNA Overstretching with Optical Tweezers. Streptavidin-
coated polystyrene microspheres (Spherotech, IL) with a diameter of
3.05 um (0.5% w/v) were diluted 1:1000 in 150 mM NaCl, 10 mM
Tris/HCI at pH 8.0 and introduced into the sample chamber.”® One
bead was trapped with the optical tweezers,”® handed over to the glass
micropipette, and held tightly by applying low pressure. A second bead
was then trapped remainin ng inside the optical trap. .-DNA was
biochemically functionalized”™” on both ends with several biotins to
ensure tethering to the beads. The functionalized A-DNA (15 pM in
150 mM NaCl, 10 mM Tris/HCl at pH 8.0) was then introduced into
the sample chamber to allow immobilization between the two beads.””
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Then a first -DNA overstretching experiment was done with a
velocity of 1 um/s to an end-to-end distance of ~18 um and
immediately relaxed. Comparison with the literature-based dsDNA
reference elasticity curve (transitional/melting plateau at ~64 pN)
ensured that only one single DNA molecule is bound between the
microbeads. This force/extension curve serves as a reference. In a
second step, a solution of 6 uM Cu,(OAc), in 150 mM NaCl, 10 mM
Tris/HCI at pH 8.0 was added into the sample chamber. After a typical
waiting time of at least 2 min, where Cu,(OAc), is supposed to bind
to the DNA strand, subsequent DNA overstretching experiments were
performed. All experiments were conducted at 20 °C.

DNA Torsional Stretching with Magnetic Tweezers. We used
a commercial magnetic tweezers instrument (Picotwist, Lyon, France)
where the magnetic bead position is determined by an optical
microscopic setup with a CCD camera. 4.2 ym short double-stranded
DNA fragments were functionalized with multibiotins at one end and
multidigoxigenins at the other end for magnetic tweezers (MT)
experiments. These DNA fragments were immobilized via several
antidigoxigenins at the bottom cell wall and via their biotins on
streptavidin-coated paramagnetic beads (MyOne, Dynabeads, Life-
Technologies). All MT experiments were conducted in adapted PBS
buffer (137 mM NaCl, 27 mM KCl, at pH 7.4; 0.1% BSA, 0.1%
TWEEN 20). Typical incubations times were 30 (digoxigenin) and 15
min (biotin). The multiple surface binding ensures a torsionally
constraint immobilization of the DNA fragment which is of crucial
importance for the experiment. Successful multivalency binding and a
nick-free DNA can be confirmed by optically inspecting the rotation of
the DNA-bead complex via external magnetic field rotation. A proper
preparation induces DNA plectonemic superspiralization and short-
ening of the DNA. All MT experiments were conducted at 25 °C.

Plasmid Binding of Cu,(OAc), and Analysis by Agarose Gel
Electrophoresis. pBluescript SK* plasmid DNA (2960 base pairs,
bp) was isolated from E. coli strain XL1 blue. A 1.25 yg amount of
plasmid DNA (100 4M DNA bases/phosphates) was incubated in 20
mM HEPES pH = 7.5 without addition, with Cu,(OAc),, copper
chloride (CuCl,-2H,0), or MOM,tom™* for 1 h at 37 °C. To obtain
corresponding concentrations of copper ions the molar concentration
of copper chloride was 2-fold higher than that of Cu,(OAc),. The
DNA was separated by agarose gel electrophoresis in TBE buffer (89
mM Tris base, 8 mM boric acid, 2 mM EDTA), stained with
ethidium bromide, and viewed under UV light. Digital pictures were
quantified to determine the fraction of supercoiled, open-circular, and
linear plasmid DNA. Cleavage of a single phosphodiester bond in a
supercoiled plasmid induces relaxation into the open-circular form. A
plasmid is linearized by cleavage of both strands in close proximity, for
example, by the restriction enzyme EcoRI.

Quantification of DNA Binding of Cu,(OAc),. A 20 yg amount
of pBluescript SK* plasmid DNA (600 M DNA bases/phosphates)
was incubated in 20 mM HEPES pH 7.5 without addition or with 100
uM to 3 mM Cu,(OAc), for 1 h at 37 °C in a total volume of 100 uL.
DNA was precipitated by addition of NaClO, to 75 mM and ethanol
to 70% final concentration for 3 days at —20 °C.*®* DNA was pelleted
by centrifugation for 20 min with 13000 rpm in a microcentrifuge,
rinsed with 70% ethanol, and resuspended in 100 pL of 20 mM
HEPES pH 7.5. Absorption at 356 nm was determined in a UV—vis
spectrometer to calculate the concentration of Cu,?*. The DNA
precipitation efficiency was determined from samples without
Cu,(OAc), by absorption at 260 nm and used for correction of the
binding data.

PCR. A 380 bp insert was amplified from the plasmid pBK38
encoding mouse vtilb using the oligonucleotide primer GGAATT-
CATGGCCGCCTCCGCCGC and CGGGATCCTATTGAGACTG-
TAGTCGATTC.* About 2.3 ng of plasmid DNA (0.34 uM DNA
bases/phosphates), 0.1 uM primer (together 5.3 yM DNA bases/
phosphates), 250 yM dNTPs, and various concentrations of metal
complexes were used per reaction. Taqg DNA polymerase was used for
DNA amplification. After 17 PCR cycles the reaction products were
analyzed by agarose gel electrophoresis.

Survival of Hela Cells. Two thousand five hundred HeLa cells
were plated in 96-well plates in DMEM medium with 5% FCS and
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Figure 2. Synthesis of the targeted complex Cu,(OAc),. (Inset) Electronic absorption spectra of Cu,(OAc), and MOM,tom™* measured in CH;CN

solutions at ambient temperatures.

incubated for 24 h at 37 °C 5% CO,. The cells were further incubated
for 3 days without addition or with the indicated concentrations of
metal complexes in triplicates. Cells were inspected with a microscope.
Cell survival was assayed with sulforhodamine B according to
published procedures.®® Briefly, cells were fixed with trichloroacetic
acid and stained with 0.4% sulforhodamine B in 1% acetic acid. Cells
were washed and dried. Bound sulforhodamine B was solubilized with
10 mM Tris base and the absorption at 564 nm determined in an
ELISA plate reader. Sulforhodamine B binds to proteins and therefore
is an established way to measure cell proliferation and survival
Averages of 3 wells for each condition were calculated in three
independent experiments and compared to untreated controls set as
100% survival. Similar results were obtained by testing cell survival
with the XTT assay, which measures metabolic reduction of a
tetrazolium reagent to a formazan.

B RESULTS AND DISCUSSION

Rational Design of a Complex Family Binding
Neighboring Phosphates of DNA. Inspired (i) by the
cytotoxicity of cisplatin due to its strong binding to the
nucleobases of DNA and (ii) by the hydrolytic cleaving ability
of transition metal ions of nucleases and their model complexes
due to coordination to the phosphates of DNA we designed a
new lead motif that binds by molecular recognition to the
phosphate backbone of DNA and not to the nucleobases. The
freedom in the choice of the metal ion allows controlling the
reactivity of these complexes to exhibit either hydrolytic activity
or a strong binding affinity to DNA without hydrolytic activity.

In order to achieve coordination of a metal complex to the
phosphates of the DNA backbone the complex and ligand
design must on one hand involve a source of molecular
recognition for the phosphate groups and on the other hand
impede complexation with the nucleobases that are located in
the minor and major groove and thus less exposed. We are
following the multivalence principle, which states that several
preorganized binding sites connected by a rigid backbone are
not only enthalpically but also entropically favored as only the
first binding event costs loss of degrees of freedom.>" In this
respect, our concept relies on the molecular recognition of two
neighboring phosphodiester groups by a dinuclear metal
complex, in which a rigid ligand backbone predefines the
metal—metal distance to ~6—7 A, the distance of two
neighboring phosphates in the DNA backbone (Figure 1b).
Furthermore, the coordination environment must provide
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some sterical hindrance to prevent a potential competing
binding to the less exposed nucleobases. Inspired by the success
of the complexes of phenol-based Robson ligands (Figure 1a),
whose metal—metal distances of 3—4 A preor§anlze the metal
ions to bind both to the same phosphate,'®'®'* we came up
with the idea to create an extended ligand system based on 1,8-
naphthalenediol that would be able to enforce metal—metal
distances of 6—7 A with sterically demanding pendant arms in
the 2,7-position (Figure 1c). Furthermore, this rigid backbone
prohibits coordination of both metal ions to the same
phosphate. It should be noted that a dinuclear Cu" complex,
whose ligand compartments are connected by a flexible 1,8-
naphthalene spacer, was reported recently,32 but a binding of
both Cu" ions to one phosphate has been proposed due to the
strong flexibility. Variation of the metal ions (divalent vs
trivalent, 3d vs 4d vs 5d) may allow a fine tuning of the kinetic
and thermodynamic stability so that potentially a new family of
DNA-binding molecules evolves that can be cytotoxic to cancer
cells. The variation of the binding mode in comparison to
cisplatin-based drugs may provide access to the treatment of
different cancer types with different toxicity.

Herein, we present the synthesis of the first complex of this
new family with Cu" ions. The kinetically labile Cu" ion has a
thermodynamic driving force for DNA complexation. Binding
constants of Cu' complexes that catalyze the hydrolytic
cleavage of DNA have been reported in the order of 10°—
10** Although Cu" complexes of tridentate ligands are active
in hydrolytic cleavage of phosphoesters, those of tetradentate
ligands are less active. This reactivity difference may be related
to the Jahn—Teller effect that usually results in a tetragonal
elongated coordination environment for Cu" complexes. A
tridentate ligand provides two coordination sites: one for
phosphate binding (Lewis-acid activation) and one for
hydroxide binding (providing the reactive nucleophile). On
the other hand, a tetradentate ligand provides only one
coordination site of significant binding energy (not in the
Jahn—Teller axis) open either for phosphate binding or for
hydroxide binding resulting in the reduced hydrolytic reactivity.
Furthermore, it has been proposed that endogenous metals like
copper may be equally effective but less toxic than platinum
complexes.

Synthesis and Characterization. We already established a
streamlined synthesis of 2,7-diformyl-1,8-naphthalenediol
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(H,1)** and applied it for the preparation of a trinucleating
ligand via Schiff-base condensation with 2 equiv of N,N-
dimethylethylenediamine.> It should be noted that analogous
ligands have recently been used for the preparation of efficient
olefine polymerization catalysts.*® Initially, we attempted a
reductive amination of the free diol H,1 with DPAM®, which
was not successful. However, the reductive amination of the
MOM-protected precursor MOM,1 with DPAM® using Na-
[BH(OAc);] afforded the protected ligand MOM,tom™*
(Figure 2).

While MOM-protecting groups are easy to cleave with
Bronsted acids, this route proved to be not applicable for
MOM,tom™® due to the six basic nitrogen atoms, which
underwent protonation followed by precipitation before
cleavage. We thus thought that a metal ion that is already
coordinated in the Nj ligand compartment of MOM,1 could
act as a Lewis acid for MOM deprotection as it has been
observed for thioethers.”” In this respect, reaction of MOM,1
with copper acetate at 40 °C resulted in the clean MOM
deprotection, and the targeted complex [(tom™¢){Cu-
(OAc),},] (= Cuy(OAc),) has been isolated (Figure 2).
Complex formation can be monitored by UV—vis spectroscopy,
as a prominent aryloxide — Cu" LMCT transition at 27 900
cm™" appears for the deprotected complex accompanied by d—
d transitions in the range 14 000—25 000 cm™" (Figure 2 inset).

The molecular structure of Cu,(OAc), has been established
by single-crystal X-ray diffraction and is shown in different
orientations in Figure 3. A thermal ellipsoid plot is provided in

Figure 3. Molecular structure of Cu,(OAc), in crystals of Cu,(OAc),
9.75H,0-CH,CN in two different orientations (a and b) and labeling
scheme used (b). Hydrogen atoms are omitted for clarity.

Figure S1, Supporting Information, and selected interatomic
distances and angles are summerized in Table 1. Two Cu" ions
are coordinated in the N;O compartments of the deprotected
ligand (tom™¢)*". The octahedral coordination environments
are saturated by bidentate OAc™ ligands. One oxygen donor of
the acetate (Cu—O = 2.58 and 2.55 A) and the aryloxides of the
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Table 1. Selected Interatomic Distances (Angstroms) and
Angles (degrees) for Cu,(0Ac),"9.75H,0-CH,;CN

Cul-01 2.284(2) 062—Cul-N1 99.07(10)
Cul—-061 1.968(2) 062—Cul—-N2 90.60(10)
Cul-062 2.580(3) 062—Cul-N3 92.16(10)
Cul—-N1 2.015(3) N1-Cul-N2 82.41(12)
Cul-N2 2.043(3) N1-Cul—-N3 82.34(11)
Cul-N3 2.057(3) N2—Cul-N3 164.75(12)
Cu2—03 2.309(2) 03—-Cu2—063 117.34(8)
Cu2—063 1.966(2) 03—Cu2—064 171.78(8)
Cu2—-064 2.555(2) 03—Cu2—N$ 92.81(9)
Cu2—N4 2.015(3) 03—Cu2—N4 92.29(9)
Cu2—NS 2.015(3) 03—Cu2—-N6 90.47(9)
Cu2—-N6 2.030(3) 063—Cu2—-N5 96.37(10)
01-Cl 1.362(4) 063—Cu2—N4 150.30(10)
03-C7 1.361(4) 063—Cu2—-N6 93.77(10)
061-C61 1.273(4) 063—Cu2—-064 56.71(9)
062—C61 1.254(4) 064—Cu2—N5 93.55(10)
063—C63 1.273(4) 064—Cu2—N4 93.61(9)
064—C63 1.251(4) 064—Cu2—-N6 84.54(9)

N4—Cu2-N5 83.30(11)
01-Cul-N1 93.93(10) N4—Cu2—-N6 83.44(11)
01-Cul—-N2 90.18(10) N5—Cu2—-N6 166.46(11)
01-Cul-N3 90.49(9) 061-C61-062 121.8(3)
01-Cul-061 110.82(9) 062—C61-C62 120.6(3)
01-Cul—-062 166.96(9) 061-C61-C62 117.6(3)
061—Cul—-062 56.16(9) 063—-C63—064 122.1(3)
061—Cul-N1 155.20(11) 064—C63—C64 121.1(3)
061—Cul-N2 95.45(11) 063—C63—C64 116.8(3)
061—Cul-N3 98.55(10)

naphthalenediol (Cu—O = 2.28 and 2.31 A) are coordinated in
the Jahn—Teller axes of the Cu™ ions. The two Cu' ions are not
in the naphthalene plane but oriented to opposite sides relative
to the naphthalene plane (Figure 3b) demonstrating some
degree of flexibility of the Cu" polyhedra especially at the
benzylic carbon atoms. The 1,8-naphthalenediol backbone
affords an intramolecular Cu—Cu distance of 6.32 A. The labile
acetates are at the potential binding sites for the DNA
phosphate oxygen donor atoms. The O--O distances between
the two acetates are 7.02, 8.88, 8.91, and 10.85 A. These
distances in conjunction with the flexibility at the benzylic
carbon atoms hint at the capability of Cu,*" to coordinate to
two neighboring phosphates of the DNA backbone by
molecular recognition.

The magnetic measurements reveal an almost temperature-
independent effective magnetic moment, ji.g of 2.65 uy (Figure
4). Simulations using the adequate spin Hamiltonian (H = —2
JS.S,) for dinuclear Cu", complexes provide a good
reproduction of the experimental data with an almost vanishing
coupling constant J = —0.1 cm™". This small coupling behavior
is consistent with the Cu—O™ bonds being in the Jahn—Teller
axes. Thus, despite the long Cu—O* bonds, the magnetic d(«?
— y*) orbitals are of § symmetry with respect to the Cu—O™
bonds and thus nonbonding.

As a prerequisite for studying the interaction with DNA
under physiological conditions, Cu,(OAc), is highly soluble in
water and buffer solutions. We attribute this to a loss of bound
acetate resulting in a hydrated form of Cu,*". As crystallization
of Cu,*"-bound DNA seems to be elusive due to the sequence-
unspecific binding of Cu," to DNA providing only statistical
mixtures of Cu,”*-bound DNA, we evaluated the binding of
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Figure 4. Temperature dependence of i g for Cu,(OAc),. Solid line
corresponds to the best fit to the spin Hamiltonian using J = —0.1
cm™, g =2.163.

Cu,”" to DNA by independent biochemical, spectroscopic, and
single-molecule methods.

Interaction with DNA Studied by Gel Electrophoresis.
Although the dinuclear copper complex was chosen as the first
complex of this family of complexes to strongly bind to DNA
and not to exhibit a strong hydrolytic cleavage ability, we first
tested the ability of Cu,(OAc), for hydrolytic cleavage. In this
respect, plasmid DNA (100 uM DNA phosphates) was
incubated with Cu,(OAc), and studied by agarose gel
electrophoresis. Addition of copper chloride or MOM,tom™*
was studied as reference (Figure S). Circular plasmid DNA can
adopt different topoisomers. The supercoiled plasmid is a tense
topoisomer that results from partial unwinding and is the
predominant form in bacteria. It migrates fastest on an agarose

gel due to its compactness. The supercoiled topoisomer of our
3 kb (kilo base pairs) plasmid had a similar mobility as the 2 kb
linear marker fragment. If one phosphodiester bond is
hydrolyzed, a nick is introduced and the supercoiled plasmid
relaxes into the open-circular form, which migrates slower on
agarose gels similar to the 4 kb linear marker fragment. If both
DNA strands are hydrolyzed in close proximity the circular
plasmid is converted into the linear form as observed after
digestion with the restriction enzyme EcoRI (Figure S, Eco).

While 5% open-circular plasmid DNA were already present
without addition (0 uM), 10—50 uM Cu,(OAc), increased the
share of open-circular plasmid DNA slightly but significantly to
12—14% (Figure S, quantification in Figure S2a, Supporting
Information). Addition of comparable concentrations of copper
chloride or MOM,tom™® did not alter the amount of open-
circular plasmid DNA. The linear form was not observed after
addition of Cu,(OAc),, indicating that Cu,*" did not cause
massive hydrolysis. This indicates that Cu,** hydrolyzes DNA
with very low frequency. Although this is only a weak
acceleration of hydrolytic phosphodiester cleavage, it is a
clear indication that Cu,** binds to the phosphate backbone of
DNA.

Most interestingly, an unknown behavior has been observed
for concentrations above 100 uM Cu,(OAc),. As can be seen
in Figure S, the dark spots from the ethidium fluorescence,
which indicate the location of the DNA, persisted in the loading
pocket for concentrations of 100 and 200 M. This indicates
that the DNA was not entering the gel. Moreover, at 500 M
no ethidium fluorescence was observed, although a DNA-
Cu,” precipitate could be observed in the loading pocket

Cu,(OAc), CuCl,-2H,0
kb M O Eco 2 5 10 20 50 100 200 500 4 10 20 40 100 200 400 1000 uM
— * <« loading
pocket
4 / circular
3 —linear
2 e — — — — ————— — — ———SpEr-
1.6 \coiled©©®
MOM,tom
ko 0 M 5 10 20 50 100 200 500 .
<« loading
pocket
— / supercoiled dimer
4 — — open-circular
3 —
D - ———————— S \IperCOled (X X
1.6

Figure 5. Interaction of Cu,(OAc), with plasmid DNA. Plasmid DNA incubated with the indicated concentrations of Cu,(OAc),, copper chloride
(CuCl,2H,0), or MOM,tom™® for 1 h at 37 °C was separated by agarose gel electrophoresis after transfer into the loading pockets (arrows) and
DNA stained with ethidium. DNA hydrolysis in the supercoiled topoisomer leads to the slight increase in the amount of open-circular DNA
observed at 10—50 #M Cu,(OAc),. The mobility of the DNA is lost above at 100 uM Cu,(OAc),, because it does not leave the loading pocket. (*)
Plasmid DNA is present but could not be detected with ethidium. (0) no additions; (Eco) plasmid DNA linearized by the restriction enzyme EcoRJ;

(M) marker; kb kilo base pairs.
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(Figure S asterisk). By contrast, neither copper chloride nor
MOM,tom™® did prevent the migration of the DNA.

The aromatic dye bromphenol blue was present in the
loading buffer to monitor the progress of the electrophoresis in
an additional experiment. Only in the presence of 100—500 yM
Cu,(OAc), bromphenol blue stayed in the loading pocket
(Figure S2b, Supporting Information). This indicates that an
immobile aggregate of DNA, Cu,**, and bromphenol blue has
formed. Even in the absence of bromphenol blue precipitates
were visible in the loading pockets of the gel at 500 yM
Cu,(OAc), or above in the presence of 100 uM DNA bases/
phosphates. These data indicate that DNA is aggregated by
Cu,”" at high concentrations and not able to enter the agarose
gel.

The observation that DNA is not entering the gel may be
explained either by an increased size of the DNA so that it is
too large to pass through the gel or by a charge neutrality so
that the electric field in the gel electrophoresis experiment does
not attract the DNA to enter the gel. The latter would indicate
that all negatively charged phosphates of the DNA are
complexed by a Cu" ion of Cu,*". However, this should be a
gradual effect with increasing concentration of Cu,*', but no
indication of a reduced velocity of DNA migration can be
detected at lower concentrations. This implies that the presence
of Cu,*" at high concentration induces the formation of a firm
DNA network, so that the resulting conglomerate is too large to
pass through the gel.

DNA Binding Studies in Solution by UV—Vis and NMR
Spectroscopies. As the gel electrophoresis experiments
showed not only that Cu,(OAc), possesses only a moderate
hydrolytic activity but also that there is also a significant
binding of Cu,>* that unexpectedly causes interconnection of
DNA plasmids, we wanted to quantify this DNA binding. In
this respect, we incubated the plasmid DNA (600 uM DNA
phosphates) with various amounts of Cu,(OAc), (100—3000
uM). The Cu,**-bound DNA was precipitated by 70% ethanol
and 75 mM NaClO,. NaOAc in the standard DNA
precipitation protocol was replaced by NaClO, because
ClO,~ does not complex Cu" in contrast to OAc™. Pellets
were washed and redissolved in either buffer or water, and the
absorption at 356 nm (28 100 cm™') was measured by UV—vis
spectroscopy. Cu,(OAc), shows a strong absorbance at this
wavelength (Figure 2 inset), while absorption of DNA is
negligible. However, the redissolved pellets exhibited a
significant background absorption at high wavelengths, where
no DNA absorption is feasible. This background absorption is
more intense than the Cu d—d bands and does not possess
their characteristic signature. Moreover, this background
absorption increased with increased Cu,(OAc), concentrations.
We assign this background to scattering effects from nanosized
objects. The only nanosized objects present are the DNA
molecules, but they are not large enough for the scattering
observed. The increased scattering by increased Cu,(OAc),
concentration corroborates the results observed by gel
electrophoresis that Cu,?*-bound DNA molecules interconnect.

In another attempt to quantify this DNA binding, we
performed titration experiments of Cu,(OAc), with DNA.*®
DNA binding by intercalation is indicated in these experiments
by an intensity decrease of the intercalating chromophore. In
our experiments using low DNA concentrations, a significant
intensity increase of the absorption of Cu,** at 28 100 cm™!
(356 nm) was observed providing strong evidence for a
nonintercalating binding mode. However, at moderate to high
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DNA concentrations, a strong scattering background prevented
a quantitative analysis of the DNA binding. Efforts to separate
the scattering background led to different results for various
titration experiments. Thus, the strong interconnecting
tendency of Cu,**-bound DNA prevented further analysis of
this binding.

The same holds true for NMR experiments. *'P NMR has
been proven as a valuable tool to examine the binding of
paramagnetic metal ions to the phosphates of DNA.*
However, even at such low DNA concentrations that needed
3 days acquisition time on a 600 MHz NMR spectrometer for
the Cu,**-free reference measurements a precipitate resulted by
adding Cu,®* (1:10 ratio). Thus, NMR measurements in
solution for further evaluation of this binding are also
prevented.

DNA binding by AFM Imaging. Although conventional
methods for studying DNA binding provide strong evidence for
a strong binding of Cu,*", these methods do not allow a more
detailed study as Cu,’*-bound DNA seems to induce
intermolecular DNA entanglements. Thus, we applied single-
molecule methods, namely, atomic force microscopy (AFM),
optical tweezers (OT), and magnetic tweezers (MT) DNA
stretching experiments, to investigate this binding in more
detail. First, we investigated the DNA binding properties of
Cu,(OAc), by AFM imaging.40 Linear A-DNA was incubated
with S0 and 200 yM Cu,(OAc), and imaged by AFM in
tapping mode of operation under ambient conditions. In Figure
6, representative AFM images of the untreated reference A-
DNA (Figure 6a) as well as Cu,(OAc),-treated 1-DNA samples
(Figure 6b and 6c) are shown.

A-DNA (Reference)

b

A + 50 pM Cu,(OAc),

400 nm

A + 200 pM Cu,(OAc),

08

T T
0 20 80 100

0 60
Profile [nm]

Figure 6. DNA binding of Cu,(OAc), studied by AFM. (a—c) AFM
topography images (1 ym X 1 pm) with a z scale of 3.0 nm. (a)
Untreated linear A-DNA (Reference). (b) Cu,(OAc),-treated -DNA
(50 uM) with local intra- and interstrand entanglements. (c)
Cu,(OAc),-treated A-DNA (200 uM) exhibiting fully complexed
DNA with local intra- and interstrand coiling induced by interaction
with the metal complex. It should be noted that the bright spots do
not represent the copper complexes alone but copper complex-
induced DNA coils and knots. (d) AFM topography cross sections as
indicated in a—c displaying an effective corrugation height of 0.4—0.5
and 12 nm for untreated A-DNA and the Cu,”*-bound DNA,
respectively. Local entanglements can be as large as 3.0—4.0 nm.
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Figure 7. DNA stretching experiments with optical tweezers (OT). (a) OT micrograph setup: One single A-DNA is immobilized between two
microbeads (one is fixed by a micropipette and the other inside the optical trap). (b) Force—extension curves with untreated A-DNA (black curve)
and Cu,(OAc),-treated A-DNA (red curve). In contrast to the reference curve where a significant increase of the force can be discerned at an
extension approaching the molecular contour length, a multipeak signature can be detected for Cu,(OAc),-treated A-DNA. (c) Molecular model that
attributes these peaks to Cu,(OAc),-induced DNA—intrastrand interactions and local DNA entanglements that shorten the global molecular

contour length and resist a maximum force before they break.

Whereas native A-DNA exhibits a linear and smooth
appearance, distinct corrugations and aggregation spots can
be discerned in Figure 6b and 6c, indicating Cu,** binding with
local DNA entanglements or partial folding of dsDNA. In
Figure 6¢ the complete DNA strand is affected by the Cu,*"
binding, which could also be quantified by the measured
effective height of the complexed DNA strand as shown in
Figure 6d. Whereas native A-DNA usually displays an effective
corrugation height of 0.4—0.5 nm, the DNA height at high
Cu,>* concentration increases to 1.2 nm with distinct
aggregative spots, yielding a height of up to 3.0—4.0 nm.
Since this observation could be made using either Tris buffer or
ultrapure water as the solvent and the samples were rigorously
washed after the incubation steps (what can also be inferred
from Figure 6a) we can exclude salt aggregation effects of the
buffer. These single-molecule measurements corroborate the
observations from the gel electrophoresis and the solution
spectroscopic experiments that the complex Cu,>* strongly
interacts with DNA. Furthermore, our AFM experiments
support Cu,*"-induced DNA intra- and interstrand interactions
and bridging as it was concluded from the gel electrophoresis
and the solution spectroscopic experiments.

DNA Binding by Optical Tweezers Nanomechanics. In
addition to AFM, we investigated the interaction of Cu,(OAc),
with dsDNA by molecular stretching experiments with optical
tweezers (OT). Here, one single A-DNA molecule was
functionalized on both ends with multibiotins, immobilized
between two streptavidin-coated polystyrene microbeads, and
subsequently mechanically (over)stretched in force spectrosco-
py experiments by OT (Figure 7a).”>*" These nanomechanical
experiments allow insights into the structure and force
mechanics of long biopolymers and their interplay with binding
agents.”> Reference force/extension experiments exhibit a
smooth, nonlinear force increase when stretching the untreated
A-DNA (Figure 7b). A measurable force starts to significantly
increase at an extension approaching the molecular contour
length of 16.4 um (Figure 7b, black curve). The plateau that is
reached at 64 pN is due to the onset of local melting processes
that occur during overstretching.*” After relaxing the DNA
molecule again, the force—extension curve compares almost
with the one from the extensional process with the exception of
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a small hysteretic regime reflecting nonequilibrium processes
during the first stages of rehybridization.

Upon adding a solution of 6 yM Cu,(OAc), and waiting
typically a few (>2) minutes, the very same DNA molecule was
stretched and relaxed again (Figure 7b, red curve). Now, several
peaks can readily be discerned in the stretching curve. Each of
these peaks can be attributed to Cu,**-induced DNA—
intrastrand interactions and local DNA entanglements that
shorten the global molecular contour length and resist a
maximum force before they break (Figure 7c), conceptually
very similar to protein unfolding experiments with AFM.*"
These force peak values are typically between 10 and 40 pN,
which are in the range of 3—6 times the force of a hydrogen
bond.** This may lead to the conclusion that Cu,?*-bound
DNA molecules are attracting and binding each other by 7—=
stacking interactions of the aromatic rings of their naphthalene
backbone and/or their pyridyl rings of the pendant arms.
Importantly, the corresponding relaxation curves always
remained perfectly superimposed with the reference relaxation
curve. This observation fully complies with the AFM
observation, where the binding of Cu,®* to dsDNA also
induces distinct local entanglements of the DNA. Interestingly,
during immediate, subsequent, and ongoing stretching experi-
ments the same overall “multipeak” signature can be detected
again, however, appearing at different extension lengths. This of
course can be explained by a permutation of the DNA—
intrastrand interaction mediated by statistically distributed
Cu,”" binding along the DNA strand. It is worth noting that
removing the Cu,”" solution and additional rinsing with buffer
or ultrapure water did not alter the multipeak signature at all,
pointing to a firm and irreversible binding of Cu,*" to DNA.

In order to relate the observed phenomenon unequivocally
to the binding of Cu,** to DNA, control experiments with
copper(Il) acetate instead of Cu,(OAc), in comparable
concentrations have been conducted. They did not show any
force peaks during DNA stretching and no deviation from the
original force—extension curve of the untreated A-DNA (data
not shown).

DNA Binding by Magnetic Tweezers. In addition to our
AFM and OT experiments we conducted magnetic tweezers
(MT) experiments on single torsionally constrained short DNA
fragments. Such experiments allow nanomechanical force
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Figure 8. DNA stretching experiments with magnetic tweezers (MT). (a) MT “hat” curve showing the effective length reduction of a torsionally
constrained, 3.25 ym long DNA with plectonemic superspiralization due to DNA overwinding (black curve). Upon adding 200 uM Cu,(OAc), a
similar hat curve with a ~0.5 ym smaller effective length could be measured (red curve). (b) In rare cases hydrolytic phosphodiester cleavage of the
DNA backbone and introduction of a DNA nick could be observed. During DNA overwinding, suddenly the effective DNA length increased to a

certain value that could not any more be affected by further rotation.

a Cu,(OAc), cisplatin CuCl,-2H,0
bp M - 0 2 5 10 2050100 2 5 10 20 50 100 4 10 20 40 100 200uM
600
500
400 -— - - — — e — 9 W —
DCM
bpM MOM,tom
1:20001:800 2 5 10 20
400 T w—— ————
b 120
100 f
= 1
s, 80
I —a— Cu,(OAc),
s 60 -
2 -8 cisplatin
3 40 - 3 - CuCl,-2H,0
20
0
0.1 1 10 100 [MM]

Figure 9. Inhibition of DNA synthesis by Cu,(OAc), and cytotoxicity of Cu,(OAc), in human cancer cells. (a) PCR reactions with the indicated
additions were analyzed by agarose gel electrophoresis. Ten micromolar Cu,(OAc), inhibited the DNA polymerase, while copper chloride (CuCl,-
2H,0) or MOM,tom™® were without effect: (—) no DNA; (M) marker; (bp) base pairs; (DCM) dichloromethane was added in the indicated
concentration because it was used as a solvent for MOM,tom™. (b) Survival of HeLa cells incubated with the indicated additions was analyzed
photometrically after 3 days by staining of proteins with sulforhodamine B. Values without additions were set to 100% and used for normalization.
Ten micromolar Cu,(OAc), killed HeLa cells. Shown are means + SD, n = 3.

spectroscopy experiments with single DNA strands introducing
torsional molecular overwinding and manipulative super-
spiralization.”> After having immobilized a DNA fragment via
their ends between a surface and a superparamagnetic bead
(Figure 8a, inset) an external magnetic field is applied, which
extends the DNA in the axial direction.

In addition to this axial magnetic force the magnetic field
exerts also a radial force component that interacts with the
magnetic dipole of the superparamagnetic bead and allows a
controlled rotational motion of the bead in both directions. In
case of a (i) torsionally constrained DNA immobilization and
(ii) nick-free double-stranded DNA structure, the DNA gets
overwound and undergoes plectonemic superspiralization
accompanied by a reduction of the effective length (= distance
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surface—bead). This can be seen in Figure 8a (black curve),
where such a characteristic “hat” curve is shown.* In this
experiment the preset stretching force was set to 0.4 pN,
leading to an effective contour length of 3.25 ym. Upon adding
200 yM Cu,(OAc), the same experiment was conducted again,
which resulted in a similar “hat” curve that was, however,
shifted by ~0.5 ym to smaller effective lengths. This length
reduction can be explained as a successful binding of Cu,** to
DNA accompanied by DNA—intrastrand interaction as it has
also been detected in our OT experiments. In contrast to OT,
where those intrastrand interactions (10—40 pN) could be
broken up by an external OT force, the limited maximum force
in MT (~20 pN) prevented a complete disentanglement of the
DNA, therefore resulting in an overall effective length
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reduction. In rare cases, long-term MT experiments on the very
same Cu,(OAc),-treated DNA molecule yielded evidence of
rare hydrolytic phosphodiester cleavage of the DNA backbone
(Figure 8b) as discussed above in our gel electrophoresis
experiments. There, during DNA overwinding, suddenly the
effective DNA length increased to a certain value that could not
any more be affected by further rotation (clock or counter-
clockwise). This phenomenon can be explained by the
introduction of a nick in a DNA strand as a result of a
hydrolytic phosphodiester cleavage conceptually similar to the
functional activity of topoisomerases as it could be also
detected by MT.** The result is an abolished torsional
constriction of the DNA leaving the biopolymer in an idle
state where no torsional forces can be applied to (Figure 8b,
inset).

Inhibition of DNA synthesis. The binding of Cu,** to
DNA should prevent the interaction of DNA with DNA
polymerases due to sterical hindrances and therefore should
prevent DNA synthesis. A very efficient way to use DNA
polymerases for the synthesis of DNA in test tubes is the
polymerase chain reaction (PCR). A template DNA is amplified
using two oligonucleotide primers, which hybridize with the
DNA as the starting point for the Tag DNA polymerase. DNA
is amplified in repeated cycles of denaturation of double-
stranded DNA, primer binding, and DNA synthesis. In order to
evaluate the effect of Cu,**-bound DNA on DNA synthesis,
polymerase chain reactions were performed in the presence of
Cu,(OAc),, copper chloride, MOM,tom™®, or cisplatin (Figure
9a). A DNA fragment of about 400 bp was amplified in the
absence of additions (Figure 9a, 0). Interestingly, the PCR
reaction was strongly affected at 10 uM Cu,(OAc),, and DNA
was not amplified at 20 uM or above. Neither copper chloride
nor MOM,tom™* affected DNA synthesis at these concen-
trations, excluding nonspecific effects of Cu'' or MOM,tom™®
on the DNA polymerase. Comparably, 50 yM cisplatin was
required for strong inhibition of the DNA polymerase. These
experiments prove that Cu,** inhibits DNA synthesis at lower
concentrations than cisplatin. This inhibition can be caused by
the binding of Cu,*" to DNA, but these experiments do not
allow us to exclude that inhibition is caused by an interaction of
Cu,?* with the DNA polymerase.

Cytotoxicity to Human Cancer Cells. As the PCR
experiments show that Cu,>" is a potent inhibitor of DNA
synthesis under those conditions, we tested its cytotoxicity.
Equal numbers of HeLa human cancer cells were seeded into
96-well plates and allowed to grow for 24 h. Afterward, they
were incubated for 3 days without additions or with 0.1-50 yuM
Cu,(OAc),, copper chloride, or cisplatin. Cell survival was
assayed microscopically (Figure S3, Supporting Information).
Healthy cells are attached to the surface and spread out.
Healthy HeLa cells covered a large fraction of the well in cells
incubated with copper chloride or 0.5 or 2 yM Cu,(OAc),. By
contrast, hardly any healthy cells were seen after incubation
with 10 or 20 M Cu,(OAc),, but round stressed or dead cells
were visible. As a quantitative measure for cell numbers their
proteins were stained with sulforhodamine B and the
absorption measured photometrically in an ELISA plate reader
(Figure 9b). HeLa cells survived 2 uM Cu,(OAc), but were
killed by 10 uM. Cisplatin had a more gradual effect on HeLa
cells with cytotoxic effects starting at 1 M and maximal eftects
at 20 yM. Similar results were obtained by testing cell survival
with the XTT assay (data not shown), which measures
metabolic reduction of a tetrazolium reagent to a formazan.
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As concentrations of 10 uM Cu,?* inhibited DNA synthesis
and resulted in complete cell death, our data suggest that (i)
Cu,*" is membrane permeable, which is a prerequisite for
developing novel anticancer drugs, and (ii) binding of Cu,>* to
DNA inhibits DNA polymerase and is the reason for cell death
in HeLa cells.

B CONCLUSIONS

In summary, we developed by rational design a new dinuclear
complex family with the objective of binding to two
neighboring phosphates in the backbone of dsDNA yielding a
cytotoxic effect to human cancer cells in analogy to the
nucleobase-binding family of cisplatin anticancer drugs. Several
independent experiments at the single-molecule level and
ensemble experiments in solution provide strong evidence for a
severe, irreversible binding of the dinuclear Cu,(OAc),
complex to DNA. It should be noted that crystallization of a
Cu,”*-bound DNA is elusive as Cu,** does not bind to DNA in
a sequence-specific manner. Thus, only statistical mixtures of
Cu,**-bound DNA molecules are present in solution that
cannot crystallize. Therefore, only the application of a
combination of biochemical, spectroscopic, and single-molecule
methods allows obtaining insight into the binding of Cu,** to
DNA.

The strong inhibition of DNA synthesis and the strong
cytotoxicity effects of Cu,(OAc), compared to cisplatin
presupposes an efficient Cu,**-DNA interaction in vitro and
in living cells. The weak but measurable ability of Cu,** to
cleave DNA demonstrates its binding capability to the DNA
phosphates, where the phosphate oxygen atoms on the DNA
surface are pointing outward. Cu,>* binding to these phosphate
oxygen atoms results in a decoration of the DNA surface with
naphthalene rings making the hydrophilic DNA backbone more
hydrophobic. In these aqueous solutions 7—7 or other van-der-
Waals-like interactions of the naphthalene rings of phosphate-
bound Cu,** enable intramolecular DNA entanglements as
evidenced by the knot and coil formations by AFM and OT
stretching experiments. Intermolecular DNA entanglements
could be evidenced in gel electrophoresis experiments and by
the strong scattering effects in UV—vis spectroscopy experi-
ments. Currently, we are investigating the influence, binding,
and cytotoxicity of various other metal ions in [(tom™¢)M,]"*
for binding to DNA and their potential for oncogenic
applications.
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