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Copper complexes are potential anticancer drugs by virtue of their available redox properties and low

toxicity. In this study, a copper(Il) complex, [Cu(ttpy-tpp)Br,]Br [simplified as CTB, ttpy-tpp = 4"-p-

tolyl-(2,2":6',2"-terpyridyl)triphenylphosphonium bromide], is synthesized and characterized by X-ray

crystallography and ESI-MS as a targeted anticancer agent. Triphenylphosphine (TPP) is introduced into
the complex for its mitochondrion-targeting ability and lipophilic character. The uptake of CTB by tumor
cells and mitochondria was determined by ICP-MS or fluorescence spectrometry. CTB is able to cross the
cytoplasmic and mitochondrial membranes of tumor cells and influence the mitochondrial membrane
potential more profoundly than anticancer drug cisplatin. The cytotoxicity of CTB was tested on MCF-7,
HeLa, Skov-3, A549 and cisplatin-resistant A549R tumor cells by MTT assay. CTB is more cytotoxic
against these cells than cisplatin; particularly, it is highly effective against cisplatin-resistant tumor cells.

The interaction between CTB and DNA has been studied by spectroscopic methods and agarose gel

electrophoresis. CTB strongly interacts with DNA via an intercalation stabilized by electrostatic force,

and displays a significant cleavage activity towards supercoiled pPBR322 DNA and cellular DNA through

an oxidative mechanism. The cytotoxicity of CTB seems to result from a multiple mechanism of action,

including the modification of DNA conformation, generation of reactive oxygen species, scission of DNA

strands, and dissipation of mitochondrial membrane potential. Delocalized cationic property and high

hydrophilicity of CTB favours its selective accumulation in cancer cells and mitochondria. This study

demonstrates that copper complexes with mitochondrion-targeting function could be efficient anticancer

drugs immune to the drug resistance of cisplatin.

Introduction

Platinum anticancer drugs such as cisplatin, carboplatin and
oxaliplatin have been applied in cancer treatment for several
decades."** However, their applications are largely restricted by
various side effects and intrinsic or acquired drug resistance.*” It
is generally accepted that platinum drugs inhibit tumor
proliferation by interfering with the DNA replication in cancer
cells through coordination with DNA.® Nevertheless, many tumor
cells have developed diverse mechanisms to repair the DNA
damages and hence evolved the resistance to these drugs.” Non-
platinum metal complexes such as those of ruthenium and gold
may circumvent the resistance through different mechanisms of
action.**Unfortunately, these metals are unessential elements for
human body and therefore may produce unexpected side effects.
Copper is an essential trace element for human body, and its
complexes have been extensively studied as potential anticancer
agents with low general toxicity.'"'""'"?In addition, the affinity of
DNA for copper ions appears to be greater than that for other
essential metal ions.'> The biodistribution, cellular accumulation,
and cytostatic process of copper complexes seem to be different
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from those of platinum complexes, which create an opportunity to
overcome the tumor resistance to conventional platinum
drugs.'*In many cases, the cytotoxicity of copper complexes
originates from the generation of reactive oxygen species (ROS)
driven by the metal."’In sporadic examples, special ligands are
used to direct the toxicity of the metal toward tumor cells;'® but
ligands with properties targeting at a specific cellular organelle
are rarely seen in copper complexes. Therefore, targeted copper
complexes are appealing objectives in finding novel drug
candidates for cancer chemotherapy.

In recent years, there is a surge in developing compounds
capable of targeting mitochondria for cancer therapy because
dysfunction of this organelle has been linked to both
apoptosisand necrosis.''® Cancer cells often have higher plasma
and mitochondrial membrane potentials (A¥, and A¥,,, negative
inside) than normal cells,®which can be exploited to selectively
deliver drugs to cancer cells while spare normal cells from
toxicity. Triphenylphosphine (TPP) has been used as a
mitochondrion-targeting moiety to deliver toxic drugs or proteins
for triggering apoptosis in cancer therapy,’**"** because it could
impart a delocalized charge and lipophilic character to a
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Fig. 1Structure of [Cu(ttpy-tpp)Br,]Br.

compound that are  favourable for  mitochondrial
accumulation.*Moreover, some triphenylphosphonium salts have
demonstrated  antiproliferative cells and
animals.****For example, a series of compounds containing a TPP
moiety have shown remarkable activity in a panel of cancer cell
lines and significant in vivo efficacy in a mouse model of human
breast cancer with no apparent toxicity.**Studies on®*Cu-labeled
triphenylphosphonium cations as imaging agents have found that
these copper complexes preferentially accumulate within tumor
cells due to the enhanced negative AY¥,, and have low uptake in
the heart and muscle because of the high hydrophilicity.?”®

We recently found that copper-terpyridine complexes can
effectively interact with DNA and cleave it into different
fragments through an oxidative mechanism.” In this study, we
try to introduce TPP to the copper-terpyridine complex in order to
construct a novel anticancer complex that works differently from
platinum drugs (Fig. 1). We presume that TPP could enhance the
intracellular of [Cu(ttpy-tpp)Br,]Br (CTB),
especially in mitochondria, and inhibit cancer cells through DNA
cleavage. To testify this assumption, the cellular and
mitochondrial uptake, the cytotoxicity, the DNA binding and
cleavage properties of the complex were studied by various
methods. The results demonstrate that CTB has a substantial
cellular and mitochondrial accumulation, high DNA cleavage
activity and strong cytostatic activity towards cancer cells,
including those resistant to cisplatin.

activity  in

accumulation

Results and discussion
Characterization

CTB was characterized by X-ray -crystallography. Crystal
parameters and structure refinement details are summarized in
Table 1. Selected bond lengths and angles relevant to the copper
center are listed in Table 2. Detailed crystallographic data have
been deposited at the Cambridge Crystallographic Data Centre
with the deposition number of CCDC 821319. These data are
available for free at http://www.ccdc.cam.ac.uk/deposit, or from
CCDC, 12 Union Road, CAMBRIDGE CB2 1EZ, UK; E-mail:
deposit@ccdc.cam.ac.uk.

As the crystal structure shows (Fig. 2), there are two molecules
in one minimum dissymmetric unit. The dihedral angle between
two molecules is 19.56°, setting ttpy of each molecule as a plane.
Two molecules almost have the same direction although tpp
moieties have different twist directions, suggesting that tpp could
rotate freely in solution. The copper center of CTB adopts a
distorted square pyramidal CuN;Br, coordination geometry with
ttpy-tpp acting as a tridentate equatorial ligand. In CTB, three

Table 1Crystallographic data and structure refinement parameters for
CTB.
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Chemical formula C40H31Br;CuN;OP

Formula weight 903.92

Crystal system Monoclinic
Space group C2/c

a[A] 18.610(5)
b[A] 17.503(5)
c[A] 46.898(5)
a[°] 90.000(5)

Al°] 98.136(5)

y[°] 90.000(5)
VA 15122(6)

Z 16

Dc [gem ™) 1.588

F(000) 7184.0

Crystal size [mm] 0.30 x 0.30 x 0.10
T[K] 298(2)

2 [A] 0.71069

Nref, Npar 13404, 883

Ri, wR, 0.0849, 0.2537
GOF on F* 1.121

so Table 2Selected bond lengths (A) and angles (°) for CTB.

Bond lengths
Cul-N4 2.049(8) Cu2-N1 2.026(9)
Cul—-N5 1.931(8) Cu2-N2 1.949(8)
Cul-N6 2.040(9) Cu2-N3 2.065(8)
Cul-Br3 2.6718(19) Cu2-Br4 2.7494(19)
Cul-Br5 2.320(2) Cu2-Br6 2.306(2)
Bond angles
N4-Cul-N5 79.2(3) N1-Cu2-N2 80.2(3)
N4-Cul-N6 157.3(3) N1-Cu2-N3 156.9(3)
N5—Cul-N6 79.4(3) N2-Cu2-N3 78.4(3)
N4-Cul-Br5 99.0(2) N1-Cu2-Br6 97.5(2)
N5—Cul-Br5 160.6(3) N2-Cu2-Br6 160.6(3)
N6—Cul-Br5 98.6(3) N3—Cu2-Br6 99.6(2)
N4—Cul-Br3 90.7(2) N1-Cu2-Br4 99.4(3)
N5—Cul-Br3 94.3(3) N2-Cu2-Br4 89.9(2)
N6—Cul-Br3 98.5(3) N3-Cu2-Br4 89.5(2)
Br3—Cul—Br5 105.04(7) Br4—Cu2—Br6 109.38(7)
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Fig. 2Crystal structure of CTB along with the atom numbering scheme
around the copper center.

nitrogen atoms from ttpy (N1, N2, N3) and one bromine atom

ss (Br6) form the basal plane, and the other bromine atom (Br4)

occupies the apical position. The coordination mode of copper in
CTB is almost the same as in its analogue complexes.”

The stability of CTB in aqueous solution was investigated by
ESI-MS. CTB shows two sets of peaks in the ESI-MS spectrum

o (Fig. 3): the peaks appear at m/z 323.50-364.17 could be

assigned to the bivalent species; while those appear at m/z
677.17-806.42 could be assigned to the univalent species.
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Table 3Assignments of the observed peaks in the ESI-MS spectrum for CTB (see Fig. 3).

Species Formula Observed m/z Calculated m/z
[CTB —3Br— H* C4oH30CuN;P 323.50-325.83 647.21/2
[CTB- 3Br -H + CH;0H]* C41H34CuN;PO 339.33-342.25 679.25/2
[CTB- 3Br -H + 2CH;0H]*" C4H;33CuN;PO, 355.33-357.17 711.29/2
[CTB-2Br]* C4oH3BrCuN;P 363.33-366.08 728.12/2
[CTB- 3Br— 2H + CH;OH]' C41H33CuN;PO 677.17-681.25 677.17

[CTB —2Br —H]' C4oH30BrCuN;P 725.00-731.00 727.11

[CTB- 2Br — H+ CH;OH]' C41H34BrCuN;PO 756.50-762.33 759.15

[CTB -Br]" C4oH3Br,CuN;P 804.67-810.17 806.99

32350 330.33 355.33 364.17
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s Fig. 3ESI-MS spectrum (positive mode) and the isotopic distribution
patterns of the observed peaks for CTBin water.

Table 4The content of Cu in 10° different tumor cells. The calculation is
based on the data of at least three independent replicates and the content
of Cu in untreated cells has been subtracted.

Tumor cells Cu content (ng)

MCEF-7 114.75+£221
Hela 48.65+2.49
Skov-3 31.72+£0.72
A549 97.08 £2.27
AS549R 107.52 +1.71

o Detailed assignments for the peaks are listed in Table 3. The
isotopic distribution patterns of all the observed species are
consistent with the theoretical results simulated by the Isopro 3.0
program. The results indicate that the metal-ligated skeleton of
CTB is stable while the bromide ligand is labile in solution,
suggesting that the neutral copper center could become positively
charged after losing Br', which may facilitate CTB to interact
with DNA or target at mitochondria.

Cellular and mitochondrial uptake

The cellular copper content in MCF-7, HeLa, Skov-3, A549 and
0 AS49R tumor cells was tested by ICP-MS. The copper uptake
capability of these cells differs significantly with each other, for
instance, that of MCF-7 cells is nearly 4 times greater than that of
Skov-3 cells. The detailed data for each cell line are listed in
Table 4. The results suggest that CTB could pass through the
membrane of these cells and accumulate in the cytoplasm,
whereupon it may further enter into the mitochondrion and even
nucleus to exert the biological effects. MCF-7, A549R and A549
cell lines seem to be more vulnerable to the attack of CTB than

o
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o

93
=]

Table 5The content of Cuin 10°HeLa cells and their mitochondria.
Thevalues were calculated according to the data of at least three
independent replicates and expressed in mass (ng) and density (nguL™).

Cu in cells Cu in mitochondria
Complex - -

mass density mass density
Blank 2.61+0.87 0.13 0.08+0.02 0.02
CTB* 49.12+2.97 3.07 9.77+1.02 3.26
[Cu(ttpy)Br,]*  56.77+4.45 334 4.89+0.52 1.63

“Blank value has been subtracted from the total amount.

HeLa and Skov-3 cell lines, which are expected to result in
different cellular consequences.

The mitochondrial uptake of CTB was examined by two
methods. Firstly, ICP-MS was used to determine the copper
content in HeLa cells and their mitochondria. In order to ascertain
whether CTB  possesses any  mitochondrion-targeting
property,[Cu(ttpy)Br,], an analogue of CTB without the targeting
TPP group, was used as a reference. The results listed in Table 5
indicate that both CTB and [Cu(ttpy)Br,] can pass through the
membrane of the cells and mitochondria. For CTB, the copper
density in mitochondria and cells is 3.26 and3.07 nguL ~
'respectively, displaying some targeting propensity for
mitochondria. Furthermore, the copper content and density in the
mitochondria are higher for CTB (9.77 ng and 3.26 nguL™") than
for [Cu(ttpy)Br,] (4.89 ng and 1.63 nguL "), indicating the former
has a salient affinity for mitochondria. Considering the copper
content and density in the mitochondria of untreated cells are
extremely low, the seemingly insignificant increase
mitochondrial uptake for CTB is actually quite noteworthy.

Secondly, fluorescence spectrometry was used to test the
relative content of CTB in Skov-3 cells and their mitochondria
after CTB was incubated with the cells for 48 h. As Fig. 4 shows,
CTB has a characteristic emission peak at 546 nm (4., = 460
nm)in cell-free aqueous solution. The mitochondrial lysis solution
and the cellular digestion liquid with the same volume also
exhibit emission peaksat 546 nm, which indicates that CTB
canpenetrate the cellular and mitochondrial membranes of Skov-3
cells. Plainly, the fluorescence intensity of the mitochondrial
solution is higher than that of the cellular liquid, suggesting that
the concentration of CTB in mitochondria exceeds that in cells.
The results of above two experiments demonstrate that CTB is
able to target the mitochondria of HeLa and Skov-3 cells, even
though their cellular content of copper is relatively low among
the tested tumor cell lines (Table 4).Apparently, the preferential
accumulation of CTB in mitochondria results from the TPP
targeting group.

in

Lipophilicity and electric charge

This journal is © The Royal Society of Chemistry [year]
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- CTB
—— mitochondrion

Fluorescence intensity (a.u.)

5&-0 5('50 560 660

Wavelength (nm)
Fig. 4The fluorescence spectra of CTB (1 = 460 nm) in cell-free
aqueous solution (0.1 M), in mitochondrial lysis solution, or in cellular
digestion solution with the same volume after cultivating CTB(2 uM)
with Skov-3 cells in RPMI-1640 medium for 48 h.

T
520

560

Table 6The UV absorbance of CTB in phosphate buffer and 1-octanol at
different concentrations and the corresponding lipophilicity.

Ab uffer
CTB (M) before shake | after shake Abocanol Log Pou
50 1.872 1.328 0.544 -0.387
100 3.332 2.382 0.950 —0.399
200 6.248 4.450 1.798 —0.394
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The cellular uptake and tumor selectivity of CTB could be
affected by several factors such as lipophilicity of the complex
and membrane potentials (AY) of the tumor cells. The
lipophilicity of CTB was determined with the established shake-
flask method in a 1-octanol/phosphate buffer system (pH 7.4).
The lipo-hydro partition coefficients (Log P, 74)calculated
under different CTB concentrations are listed in Table 6. The
negative average LogPvalue (—0.39) means that CTB is a
hydrophilic compound. It is known that hydrophilic cationic
compounds with slow diffusion kinetics (LogP =0 to —3.0)
preferentially accumulate in tumor cells or tissues,?’ therefore,
CTB may have a high selectivity for tumor cells.

In general, charged molecules cannot traverse cell membranes
without the aid of transporter proteins owing to the large
activation energies related with the removal of associated water
molecules. The data in Tables 4 and 5, however, demonstrate that
the electric charge did not prevent CTB from penetrating the
cellular and mitochondrial membranes. This may be due to the
distribution of charge across the large lipophilic surface of the
phosphonium ion significantly lowers the energy requirement and
thereby facilitates the passage through lipid membranes.® On the
other hand, the high plasma membrane potential A¥,(30-60 mV,
negative inside) can pre-concentrate the cationic species and thus
enhance their cytoplasmic concentration and availability for
mitochondrial uptake.” Additionally, the difference inA¥,,
between cancer cells and normal epithelial cells is about 60 mV
(negative inside),which could result in a 10-fold greater
accumulation of cationic compounds in mitochondria of cancer
cells."’In brief, both the positive charge and low lipophilicity of
CTB are responsible for its accumulation in cancer cells. Of
course, besides the passive transport, other channels such as the
copper transport protein pathway might also play a role in
penetrating the cell membranes.*"!

~
iy

Dissipation of the mitochondrial membrane potential

Dissipation of AW, before, during, or after the mitochondrial
outer membrane permeabilization is the hallmark of apoptosis
proceeding through the mitochondrial pathway.** The dissipation
of AY¥, could be detected by fluorescence probe 5,5',6,6"-
tetrachloro-1,1',3,3 -tetracthylbenzimidazolylcarbocyanine iodide
(JC-1), which aggregates in the mitochondrial matrix and emits
red fluorescence as mitochondria are intact with normal AW,
while remains as a monomer and emits green fluorescence as
mitochondria are depolarized with abnormal AY,,.> Therefore, a
concentration-dependent shift from red to green in the emission
spectrum of JC-1 measured by flow cytometrycan be interpreted
as an indication of AW, dissipation.** A representative flow

ss cytometric plot reflecting the effects of CTB or cisplatin on HeLa

cells after incubation for 48 h with JC-1 is shown in Fig. S1 (see
ESIY). The corresponding impacts on the emission spectrum of
JC-lare shown in Fig. 5. A mitochondrial metabolic inhibitor
carbonylcyanide m-chlorophenyl hydrazone (CCCP) is used as a
positive contrast, which is capable of inducing the dissipation of
AY,,.3>3 The changes of the red fluorescence intensity (Jgm = 590
nm) are presented to show the red-to-green fluorescence shift.
The fluorescence of the control is quite strong (10%), suggesting
mitochondria are unimpaired and AY,, is normal; while that in the
presence of CCCP is much weak (10?), suggesting mitochondria
are impaired and AY, is dissipated. In comparison with the
control, CTB can exert a manifest influence on the mitochondria
even at low concentrations (1-2 M), in that the fluorescence
intensity of considerable amount of cells decreases to the low
level (10%). Cisplatin, however, only displays a moderate
influence on the mitochondria at a relatively high concentration
(4 uM). The results indicate that CTB is a more effective
stimulator than cisplatin for the dissipation of A¥,,, which may
be attributed to the contribution of the mitochondrion-targeting
moiety TPP.

Cytotoxicity

The cytotoxicity of CTB against the human breast carcinoma
MCEF-7, the human cervical cancer HeLa, and the human ovarian
cancer Skov-3 cell lines was first tested by the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]assay,
using cisplatin as the control. As Fig. 6A shows, CTB is more
cytotoxic against these cell lines than cisplatin. For example, the
inhibition rate of CTB for MCF-7 cells is 57.9% at 1 uM, while
that of cisplatin is far below 10% at the same concentration. The
ICso values of CTB for these cell lines range from 0.87 to 6.80
uM (Table 7). The cytotoxicity was further tested on the human
lung adenocarcinoma AS549 and its cisplatin-resistant A549R cell
lines. As shown in Fig. 6B, CTB displays a significant inhibition
activity towards these cancer cells. For example, the inhibition
rate of CTB is 95.6% for A549 cells and 97.7% for A549R cells
at 20 uM,; even at 1 M, the inhibition rate still reaches 51.0%
for A549 cells and 44.8% for A549R cells. Apparently, the
inhibition efficacy of CTB is much higher than that of cisplatin,
especially at low concentrations (< 10 uM). The ICs, values for
A549 and AS549R cells are 1.01 and 1.54 uM (Table 7),
respectively. The resistance factor (RF) is 1.52, which is defined
as the ratio between the ICs, value for the resistant cells and that
for the sensitive ones.’’This certifies that the cytotoxicity of CTB

4|Journal Name, [year], [vol], 00—00
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towards A549 and A549R cells is very similar, and AS49R cells
do not show evident resistance to CTB. By contrast, the

resistance of AS49R cells to cisplatin is marked at low

concentrations. The results indicate that CTB has the potential to
s circumvent the drug resistance to cisplatin.
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Fig. 5The impacts of CTB or cisplatin on the red fluorescence intensity (Aem = 590 nm)of JC-1after incubation with HeLa cells for 48 h determined by

flow cytometry.
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10 Fig. 6 Cytotoxicity of CTB against MCF-7,HeLa,Skov-3, A549, and A549R cell lines (48 h) at different concentrations (50, 20, 10, 5, 2, 1 uM), with
cisplatin as the reference. Data are presented as the mean = SD of three independent experiments.
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Fig. 7UV spectra of CTB (15 uM) in the absence and presence of CT-
DNA with [DNA]/[CTB] ratios increasing from 0 to 1.2 in the buffer (5

mMTris-HCl/50 mMNaCl, pH 7.4).

400

Table 7ICs, values (¢M) of CTB and cisplatin for MCF-7, HeLa, Skov-3,
A549 and A549R cell lines at 48 h.

Complex MCF-7 HeLa Skov-3 A549 A549R
CTB 0.87 0.95 6.80 1.01 1.54
cisplatin ~ 6.46 5.25 7.08 7.58 8.91

Interestingly, the cytotoxicity of CTB is positively related to
the cellular uptake of Cu (see Table 4), that is, the most sensitive
tumor cells are just those that take in the largest amount of Cu
and vice versa. The correlation between the cytotoxicity and the
uptake of Cu suggests that the metal plays some crucial roles in
the cytostatic mechanism of CTB, which is confirmed by the
following experiments.

DNA binding properties

To elucidate the possible mechanism of action behind the
cytotoxic activity of the complex, the interaction between CTB
and CT-DNA was first studied by UV spectroscopy. The UV
spectrum of CTB in the buffer shows an intense band at 288 nm
(Fig. 7), which could be assigned to the intra ligand transitions of
ttpy-tpp.*® Upon addition of increasing concentrations of CT-
DNA to the solution of CTB, a hypochromism is observed at 288
nm, which is one of the most immediate indications of possible
intercalative binding to DNA.* The planarity and extended
aromaticity of the terpyridine system are favourable for the
stacking of CTB between the DNA base pairs.

Since ttpy-tpp is a cationic ligand and the copper center could
become positively charged in solution, whereas the phosphate
backbone of DNA is negatively charged, the interaction between
CTB and DNA could be stabilized through electrostatic
interactions. This was testified by the UV titration in the buffer
solution with increasing concentration of NaCl. As Fig. 8 shows,
in a fixed [DNA]/[CTB] ratio (0.4), the UV spectra of CTB
change apparently with the variation of NaCl concentrations. As
NaCl is below 50 mM, the absorbance at 288 nm increases with
the augment of NaCl, suggesting the interaction between CTB
and DNA is weakened. This is because Na* could compete with
CTB cations for neutralizing the DNA phosphates and hence
screen more CTB cations from the interaction. As NaCl is above
50 mM, the influenceof CI" on CTB cations becomes apparent
and thus a hypochromism positively related to the concentration
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Fig. 8UV spectra of CTB (15 xM) in the absence and presence of CT-
DNA ([DNAJ/[CTB] = 0.4) in the buffer (5 mM Tris-HCI/NaCl, pH 7.4)
with increasing amounts of NaCl (5-200 mM). Inset shows the UV
absorption of CTB versus the NaCl concentrations at 288 nm.
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Fig. 9Emission profiles (1 = 526 nm) of the EB-DNA system in the

buffer (5 mMTris-HCl/50 mMNaCl, pH 7.4) upon addition of CTB (0 —
5.5 uM) at 25 °C.

580 660

Of NaCl appears. As NaCl is beyond 150 mM, all the
electrostatic interactions have reached equilibrium and therefore
the absorbance of CTB becomes steady. These spectroscopic
changes suggest that NaCl could weaken the intercalation
between CTB and DNA through non-specific electrostatic
interactions. Thus, electrostatic interaction is a major factor
contributing to the interaction between CTB and DNA.

The DNA binding behavior of CTB was further investigated
using the EB—DNA system. This system generally gives a
significant increase in the fluorescence emission when
intercalator ethidium bromide (EB) is bound to DNA, and a
decrease in the fluorescence when EB is displaced.* As Fig. 9
shows, the fluorescence intensity (/) of the EB-DNA system at
605 nm decreases until nearly to 0 with the titration of CTB from
0 to 5.5 uM, suggesting that CTB can replace the DNA-bound EB
through an intercalative interaction. According to the titration
profile, the apparent binding constant K,,, of CTB to DNA was
calculated to be 4.05 x 10° M™%

The conformational changes of DNA induced by CTB were
investigated by CD spectroscopy. The CD spectra of CT-DNA
before and after the addition of different concentrations of CTB
are shown in Fig. 10. The positive band at about 278 nm is due to
the base stacking and the negative band at about 248 nm is due to
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Fig. 10CD spectra of CT-DNA (0.1 mM) in the absence and presence of
CTB in different [CTB]/[DNA] ratios.
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s Fig. 11The cleavage patterns of the agarose gel electrophoresis and the
corresponding cleavage extent (%) for pPBR322 plasmid DNA (200 ng) by
CTB and Vc (1 mM) in the buffer solution (50 mM Tris-HCl/50 mMNaCl,
pH 7.4) at 37 °C for 60 min. Lane 1, DNA control; lane 2, DNA + Vc;
lane 3, DNA + CTB (12 uM); lanes 4-9, DNA + Vc + CTB (2, 4 ,6, 8, 10,

10 12 uM, respectively).

thehelicity, which are the characteristics of B-DNA.* In the
presence of CTB, both the positive and negative bands decrease
markedly in ellipticity, and the bands become nearly flat when
the ratio of [CTB]/[DNA] increases to 1.0, suggesting that CTB
can unwind the DNA helix and lead to the loss of helicity.* The

UV, fluorescence and CD results indicate that CTB can strongly
interact with DNA through an intercalative mode driven by the
electrostatic force between CTB cations and DNA phosphate
anions. These interactions are supposed to elicit effective
20 cleavage activity towards DNA and strong cytotoxicity against

cancer cells.

@

DNA cleavage activity

The DNA cleavage activity of CTB was studied using
supercoiled pBR322 plasmid DNA in the presence of ascorbic
acid (Vc) by agarose gel electrophoresis in the buffer. As Fig. 11
shows, CTB can convert Form I DNA into Form II at 2uM (lane
4), and can completely cleave Form I DNA into Form II (87.2%)
and Form III DNA (12.8%) at 8 uM(lane 7). Linear DNA (Form
III) appears at 6uM (1.1%) (lane 6), and increases to 62.9% at 10
#M (lane 8). Form I DNA is totally cut up at 12 uM (lane 9). The
results demonstrate that CTB has a remarkable DNA cleavage
activity in the presence of Vc. Just as the cytotoxicity, the DNA
cleavage activity of CTB is also positively related to its
concentration, which may imply that cleavage of DNA plays an
35 important part in the cytostatic mechanism of CTB.
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Fig. 12The time-dependent cleavage patterns of the agarose gel
electrophoresis and the corresponding cleavage extent (%) for pBR322
plasmid DNA (200 ng) by CTB (4 uM) and Vc (1 mM) in the buffer

40 solution (50 mM Tris-HCl/50 mMNaCl, pH 7.4) at 37 °C. Lanes 1-3,
DNA, DNA + V¢, and DNA + CTB at 90 min, respectively; lanes 49,
DNA + Ve + CTB at 15, 30, 45, 60, 75, and 90 min, respectively.
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Fig. 13The cleavage patterns of the agarose gel electrophoresis and the
relative intensity of each band for DNA (20 ng uL™) isolated from HeLa
cells after cultivation in the buffer solution (50 mM Tris-HCI/50 mMNaCl
pH 7.4) at 37 °C for 60 min. Lane 1, medium + 10% FBS; lane 2, medium
+ 10% FBS + Vc (1 mM); lane 3, medium + 10% FBS + CTB (2 uM);
lane 4, medium + 10% FBS + CTB (2 uM) + Ve (1 mM).

4

o
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so  The time-dependent cleavage of pBR322 DNA mediated by
CTB (4uM) was followed with agarose gel electrophoresis in the
buffer at 37 °C.As shown in Fig. 12, in the whole time course
(15-90 min), Form IT DNA displays an ever-increasing trend, in
that it changes from 29.1% to 96.1%. Both the concentration- and
time-dependent data lead to the same conclusion that CTB can
efficiently cleave DNA, which forms the basis for its cytotoxic
activity.

The DNA cleavage activity of CTB was further tested on
intracellular DNA isolated from HeLa cells after cultivation for
6 48 h. Fig. 13 shows the gel electrophoresis results of the DNA

cleavage test in different conditions. All lanes show a single band

with different intensities. The cleavage activity was estimated on
the DNA contents calculated by Quantity One Software. In
comparison with the control (lane 1), CTB can cleave 50% of
os DNA at 2 uM (lane 3); in the presence of Vc, it can cleave nearly

75% of DNA at the same concentration (lane 4). The results

demonstrate that CTB also possesses a remarkable cleavage

activity for intracellular DNA of cancer cells even in the absence
of extrinsic Vc.

w
b

70 Identification of ROS

The potential ROS responsible for the DNA cleavage were
identified using common radical scavengers such as DMSO, KI,
NaNj; and D,0, respectively. As Fig. 14presents, the cleavage
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Fig. 14The cleavage patterns of the agarose gel electrophoresis for
pBR322 plasmid DNA (200 ng) by CTB (4 uM) and the corresponding
cleavage efficiency in the presence of Vc (1 mM) after incubation without
or with different radical scavengers at 37 °C for 1 h. Lane 1, DNA control;
lane 2, DNA + Vc; lane 3, DNA + CTB; lane 4, DNA + CTB+ Vc; lanes
5-8, DNA + CTB+ Vc + S, S stands for DMSO (10%), KI (10 mM),
NaN; (10 mM) and D,0 (70%), sequentially.
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Fig. 15The fluorescence intensity of DCF (4 = 488 nm) induced by
different concentrations of CTB, CuCl,and cisplatin,respectively, in HeLa
cells at 37 °C for 1 h, with rosup as a positive control.

T
525

activity of CTB 1is reduced dramatically in the presence of
hydroxyl radical scavenger DMSO (lane 5), indicating that
diffusible -OH plays a key role in the cleavage process. Hydrogen
peroxide scavenger KI (lane 6) and singlet oxygen scavenger
NaNj (lane 7) hardly influence the cleavage, suggesting that H,0,
and 'O, are barely involved in the cleavage mechanism. The
cleavage activity of CTB in D,0, where the lifetime of 'O, is
significantly longer than that in water, further demonstrates
theirrelevance of 'O,to the cleavage (lane 8). The results indicate
that hydroxyl radicals are the crucial ROS responsible for the
cleavage activity of CTB.

The ROS generated in cancer cells were detected using a
fluorescence probe 2',7'-dichlorofluorescin diacetate (DCFH-
DA), which could easily penetrate cell membrane and be
hydrolyzed by intracellular esterase to form DCFH. DCFH has no
fluorescence and cannot pass through the cell membrane, so it
could be easily enriched in cells. Since ROS produced in cells
could oxidize DCFH into fluorescent 2’,7’-dichlorofluorescein
(DCF), thus the fluorescence intensity of DCF can indicate the
level of intracellular ROS. * The fluorescence of the cell
suspensions was determined after HeLa cells were cultured with
CTB, CuCl, or cisplatin for 1 h, using rosup as a positive
reference. As Fig. 15 shows, CTB and CuCl,can significantly
enhance the fluorescence intensityat different concentrations,
while cisplatin can hardly influence the fluorescence. The effect

=
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=
&

%
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90

of CTB seems to be more dependent on the concentration as
compared with that of the simple salt CuCl,; however, the
variation tendencies are the same, indicating that in both cases
Cu" is involved in the generation of ROS. According to the redox
potential of CTB (Fig. S2, see ESIt),the reduction of Cu" to
Cu'may be mediated by theintracellular reducing agentssuch as
glutathione.* Anyway, the results suggest that CTB is an effective
ROS inducer and is likely to exert some effects on cancer cells
dissimilar from those yielded by cisplatin.

On the basis of above facts, we believe that the cytostatic
activity of CTB mainly arises from the following molecular
events. Firstly, the strong binding of CTB to DNA through both
intercalative and electrostatic interactions could unwind the DNA
helix and block up the DNA replication; secondly, the efficient
cutting of DNA by CTB through an oxidative pathway could
utterly damage the cellular DNA strands and make the DNA
repair mechanism of tumor cells fail to take effect. Nevertheless,
tumor cells typically exhibit higher ROS levels in comparison
with normal cells, so that even a minor increase of ROS in tumor
mitochondria might be sufficient to push total ROS levels beyond
the critical threshold and lead to apoptosis.*®*’**Therefore, ROS
may be implicated in the mechanism of action more deeply than
we presumed here. Undoubtedly, the underlying molecular basis
for the cytotoxicity of CTB remains to be defined further.

Conclusions

Various side effects of platinum anticancer drugs are chiefly due
to their lack of specificity for tumor cells. The differences in
plasma and/or mitochondrial membrane potentials between
normal and tumor cells provide an opportunity to design drugs
with preferential selectivity for tumor cells. In this study, a
mitochondrion-targeting group TPP was introduced into the
copper-terpyridine complex to enhance its selectivity and
cytostatic activity for tumor cells. TPP helps the complex
penetrate cellular and mitochondrial membranes and target at
mitochondria, while the copper center exerts the inhibitory effect
via an oxidative mechanism. We demonstrated that the copper
complex can inhibit cancer cells through multiple pathways,
including the structural modification of DNA, production of
ROS, scission of DNA strands, and dissipation of AW, This
study provides a unique example for the rational design of copper
complexes as potential anticancer drugs. The encouraging results
make us believe that copper complexes with mitochondrion-
targetingpotential could bring about anticancer efficacy
unreachable for platinum drugs.
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