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Introduction

In the context of developing metal-based therapeutics and
luminescent probes for biomolecules, systematic studies on
interactions of biomolecular targets such as DNA and pro-
teins with structurally defined metal complexes at the mo-
lecular level can provide useful information.[1±10] Metal com-
plexes are well documented to bind to DNA covalently and
noncovalently. Cisplatin is the best known example of the
former and binds to DNA by coordination of the Pt atom to
the N7 positions of two guanine bases or to adenine and
guanine.[3] Noncovalent interactions between metal com-

plexes and DNA include hydrogen bonding, electrostatic in-
teraction, and intercalation. Lippard et al. pioneered studies
on DNA±metallointercalators using square-planar d8 PtII

complexes,[3,4] while Barton et al. subsequently extended the
scope to octahedral d6 metal complexes with aromatic di-
imine ligands.[1] Thus, [Ru(diimine)3]

2+ ,[1] [Cu(diimine)2]
+ ,

[6,12] and [Pt(terpy)L]+ [4,11] (terpy=2,2’:6’,2’’-terpyridine; L=

anionic ligand, n=1; L=neutral ligand, n=2) are examples
of metal complexes which behave like organic intercalators
such as Netropsin,[13,14] Distamycin,[15] and DAPI (4’,6-diami-
dino-2-phenylindole).[16] These metallointercalators bind to
DNA through p±p and electrostatic interactions, and are
unlike Hoechst derivatives,[17±19] which are groove binders
with crescent shapes and which contain hydrogen-bonding
functionalities that permit binding to the convex curvature
of minor grooves.

One of our approaches to inorganic pharmaceutical re-
search is to develop metal complexes that bind DNA in a
predetermined manner, since such binding may result in
modification of critical DNA functions such as replication
and transcription. In this regard, we were attracted to the
reports by Mingos et al. advocating design studies on metal
complexes with nitrogen-donor ligands that can participate
in both hydrogen-bonding and p±p interactions for molecu-
lar-recognition and crystal-engineering applications.[20] We
envisioned that cooperative effects arising from such nonco-
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valent interactions would be a valuable principle in the de-
velopment of new metal-based probes which recognize bio-
molecular targets with high specificity. [Pt(CNN)(L)]+ (L=

neutral ligand) complexes have been reported to display
photoluminescence that is sensitive to the local microenvi-
ronment,[21,22] and they are structurally related to the well-
known intercalator [Pt(terpy)Cl]+ .[23] Here we describe stud-
ies on DNA binding and cytotoxicity of the cyclometalated
platinum(ii) complex [Pt(CNN)(4-dpt)]PF6 (1) containing a
pyridyl ligand that carries a triple hydrogen-bonding motif.

Results

The employment of functionalized organic chromophores/
building blocks with complementary hydrogen bonding
motifs that are analogous to nucleic acid base pairs is a
widely adopted strategy for the construction of supramolec-
ular assemblies and for binding studies on biomolecules.[24]

Mingos et al. previously reported the ligand 4-dpt, which
contains hydrogen-bonding donor±acceptor±donor (DAD)
sites complementary to those of pyrimidine bases.[25] Transi-
tion-metal complexes of 4-dpt form hydrogen-bonded mo-
lecular assemblies.[20] We conceived that a platinum(ii) com-
plex containing a peripheral 4-dpt moiety would form inter-
molecular complementary hydrogen bonds with biomole-
cules such as DNA and proteins, while the square-planar
[PtII(CNN)] fragment would be capable of intercalation by
p±p interactions. According to the literature, 4-dpt can be
prepared by condensation of biguanide with isonicotinamide
in alkaline methanol.[25] Complexes 1 and 2 were prepared
by treating [PtCl(CNN)] with the corresponding pyridyl
ligand in refluxing MeCN/MeOH and were obtained as
PF6

� salts.
A useful probe for the h3 coordination mode of the CNN

ligand are the intensities of the C=C and C=N stretches;
both diminish upon complexation to a metal ion. The IR ab-
sorption band(s) at about 1600 cm�1 of 1 and 2 are thus sig-
nificantly weaker than that of the free ligand HCNN. The
1H NMR spectra of 1 and 2 are consistent with the h3 coor-
dination mode of the ligand, and their positive-ion FAB
mass spectra show molecular ion clusters at m/z 614 and
505, respectively, corresponding to the formulations
[Pt(CNN)(4-dpt)]+ and [Pt(CNN)(py)]+ .

The crystal structure of 2 shows that the Pt atom adopts
a distorted square-planar geometry in which the N(1)-Pt(1)-
C(1) angle of 161.8(4)8 significantly deviates from 1808. The
bond angles and distances are comparable to related values
in [Pt(CNN)(MeCN)]+ .[26] The Pt�N(py) bond length in 2
(2.02(1) ä) is shorter than that in trans-[PtCl2(py)2]
(2.085 ä).[27] The intermolecular Pt¥¥¥Pt separation in the
crystal lattice of 2 is greater than 3.6 ä and thus indicates
no significant Pt¥¥¥Pt interaction between adjacent
[Pt(CNN)] moieties, although weak p±p interactions are
possible. This is presumably due to the steric effect imposed
by the coordinated py ligand, the plane of which is orthogo-
nal to the [Pt(CNN)] moiety.

Spectroscopic properties : The absorption spectrum of 1 in
Tris buffer displays three absorption peaks [l/nm (emax/
dm3mol�1 cm�1): 420 (1100), 320 (1.36î104), 268 (4.22î
104)]. Complex 2 shows a similar UV/Vis absorption spec-
trum but with an additional peak [l/nm (emax/
dm3mol�1 cm�1): 420 (1500), 346 (1.07î104), 311 (1.11î104),
256 (2.40î104)]. The broad absorption at 420 nm is assigned
to the [(5d)Pt!p*(CNN)] charge-transfer transition (this
spectral assignment was previously made for [Pt(CNN)L]n+

(L=py, PPh3, Cl)
[28]).

Excitation of 1 (50 mm) at 320 nm in degassed Tris buffer
gave an emission with lmax at 547 nm, a quantum yield of
0.035, and a lifetime of 4.0 ms. For 2 (50 mm), a similar emis-
sion at 537 nm with a shorter lifetime of 0.3 ms and a quan-
tum yield of 0.004 was found. With reference to previous
studies,[28,29] these emissions are 3MLCT [Pt!p*(CNN)] in
nature. Minor solvatochromism of the emissions was ob-
served. For example, the emission of 1 (2) shifted from 547
(535) nm in acetonitrile to 550 (540) nm in dichloromethane.
Self-quenching of the emission was observed for 1 at 298 K
in dichloromethane. A linear plot of 1/t against [complex]
was obtained, and a self-quenching rate constant of kq=

2.8î108 mol�1dm3s�1 was derived.

Absorption titration : It is well documented that the transi-
tion dipole moment of metal complexes can be affected by
binding to DNA grooves or intercalative p±p stacking inter-
actions. As depicted in Figure 1, the absorption spectra of 1
in the presence of calf thymus DNA at various concentra-
tions reveal hypochromism (27%) at 320 nm without signifi-
cant bathochromic spectral shift. The spectral changes
showed clear isosbestic points at 305 and 358 nm throughout
the titration experiment.

The intrinsic binding constant K was determined from a
plot of D/Deap versus D according to Equation (1),[30]

D=Deap ¼ D=Deþ 1=ðDeKÞ ð1Þ

where D is the concentration of DNA, Deap= jeA�eF j ,
eA=Aobs/[complex], and De= jeB�eF j ; eB and eF are the ex-
tinction coefficients of the DNA±1 adduct and unbound
complex 1, respectively. For the absorbance data at 320 nm,
the plot of D/Deap versus D (Figure 1, inset) is linear and the
K value is (4.6�0.2)î105 mol�1dm3. The eB value derived
from the plot is 3.69î103 mol�1 dm3cm�1, which is in good
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agreement with the value of 3.67î103 mol�1dm3cm�1 deter-
mined by absorption titration.

The binding of 2 to DNA shows comparable spectral
changes, with isosbestic points at 301, 356, and 377 nm (Fig-
ure S1, Supporting Information). For the absorption band at
332 nm, 40% hypochromicity and a 12 nm bathochromic
shift were observed on addition of calf thymus DNA. Ac-
cording to the literature, substantial hypochromism, exten-
sive broadening, and red shift of absorption band(s) are
characteristic of intercalative interaction.[31] With reference
to our previous studies,[32] the intrinsic binding constant K
for 2 was found to be (2.3�0.3)î104 mol�1dm3, which is
about 20 times smaller than the K value of (4.6�0.2)î
105 mol�1dm3 for 1. In the control experiment with sodium
dodecyl sulfate (SDS) instead of calf thymus DNA, no sig-
nificant difference was observed between the absorption
spectra of the platinum(ii) complexes in the absence and
presence of SDS. This indicates that the absorption spectral
changes observed upon addition of double-stranded DNA
are not due to electrostatic binding of the cationic platinu-
m(ii) complexes to the polyanionic DNA phosphate back-
bone.

Emission titration : In Tris buffer solution (5 mm Tris, 50 mm

NaCl, pH 7.2), the emission intensity of 1 at 547 nm was en-
hanced on addition of calf thymus DNA (Figure 2) and
reached a saturation level (around 18 times the original
value) at a [DNA]:[Pt] ratio of 20:1. The concentration of
the free complex cF is determined by Equation (2),[33]

cF ¼ cT½ðI=I0Þ�P
=ð1�PÞ ð2Þ

where cT is the total concentration of the free and bound
forms of the platinum(ii) complex, I and I0 are the emission
intensity in the presence and absence of DNA, respectively,
and P is the ratio of the observed emission intensity of the
bound complex relative to that of the free complex. The I0
and P values are obtained by plotting I/I0 versus 1/[DNA].
The concentration of the bound complex cB is equal to

cT�cF. A plot of r/cF versus r, where r=cB/[DNA], is con-
structed according to Equation (3),[33]

r=cF ¼ Kð1�nrÞfð1�nrÞ=½1�ðn�1Þr
gn�1 ð3Þ

where n is the size of the binding site in base pairs. The
data were fitted by using Equation (3) to obtain the binding
parameters. The calculated value is n=2, that is, two base
pairs of calf thymus DNA are occupied per molecule of 1.
The binding constant K is (4.9�0.3)î105 mol�1dm3, which
is similar to that of (4.6�0.2)î105 mol�1dm3 obtained by
absorption titration.

The emission intensity of 2 increased 225-fold on addi-
tion of calf-thymus DNA (Figure S2, Supporting Informa-
tion) and reached a saturation level at [DNA]:[Pt] ratios
above 7:1. With reference to our previous work, the binding
constant K is (2.2�0.1)î104 mol�1dm3 and the n value is
2.4.[32]

Binding to synthetic oligonucleotides : Emission titration ex-
periments of 1 with poly(dA-dT)2 and poly(dG-dC)2 were
performed in order to examine sequence selectivity
(Figure 3). For poly(dA-dT)2, the emission intensity showed
an overall 10-fold enhancement, but no further increase was
observed when [DNA]:[Pt] ratios exceeded 15:1. In contrast,
no emission enhancement was observed on addition of
poly(dG-dC)2 to 1 in Tris buffer solution.

Similar emission titrations of 2 with poly(dA-dT)2 and
poly(dG-dC)2 were performed. On addition of poly(dA-dT)2
to 2 in Tris buffer solution, an overall 125-fold increase in
emission intensity was observed, and emission intensity
reached a maximum at [DNA]:[Pt] ratios above 12:1. Again,
no emission enhancement was observed when poly(dG-dC)2
was used. The emission titration results suggest that 1 and 2
preferentially bind to the AT sequence.

The binding of 1 and 2 with poly(dA-dT)2 and poly(dG-
dC)2 was further examined by UV/Vis absorption spectros-
copy. The spectral changes induced by binding of 1 or 2 to

Figure 1. UV/Vis spectra of 1 (100 mm) in Tris buffer solution with in-
creasing ratio of [DNA]/[1]: 0.16, 0.44, 0.83, 1.5 at 20 8C. Inset: plot of D/
Deap versus D. Absorbance was monitored at 320 nm.

Figure 2. Emission spectral traces of 1 (50 mm) in Tris buffer solution with
increasing ratio of [DNA]/[1]: 0.54, 2.70, 5.90, 8.54, 11.2, 13.8, 16.4, 18.9,
21.6 at 20 8C. Inset: Scatchard plot for the binding of 1 to ct DNA. The ti-
tration was used to generate the solid line in the figure, which was deter-
mined by using Equation (3) and a nonlinear least-squares fit for the
data points.
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calf thymus DNA, poly(dA-dT)2, and poly(dG-dC)2 are sim-
ilar. Hypochromicity is detected in the 19±40% range, and
binding constants K for the reactions of 1 and 2 with
poly(dA-dT)2 are around an order of magnitude larger than
those for poly(dG-dC)2. The DNA binding data are summar-
ized in Table 1. These results are consistent with the emis-
sion titration experiments showing general AT specificity for
the binding reactions.

Apart from emission and absorption titrations, UV melt-
ing experiments on poly(dA-dT)2 and poly(dG-dC)2 also re-
vealed that 1 and 2 preferentially bind to the AT sequence.
In the presence of 1 and 2, the melting temperature of
poly(dA-dT)2 increased from 56 to 75 and 72 8C, respective-
ly. In contrast, less than 1 8C increase in melting temperature
was observed for poly(dG-dC)2 under identical reaction con-
ditions (for details of thermodynamic parameters, see Table
S1, Supporting Information).

UV melting study : The thermodynamic stability of the
metal-bound DNA was studied by measuring the UV/Vis
absorption spectra at various temperatures. The melting
curves of 33-bp DNA in the absence and presence of 1 are
depicted in Figure 4. The melting temperature Tm of the un-
treated 33-bp DNA was 71 8C, and this increased to 83 and
85 8C upon binding to 1 and 2, respectively. Treatment of the
melting data by using McGhee×s equation[34] [Eq. 4] afforded

the intrinsic binding constant Km at the DNA melting tem-
perature.

ð1=To

m�1=TmÞ ¼ ðDHm=RÞlnð1þKmLÞ1=n ð4Þ

Here T
o

m and Tm are the respective melting temperatures
of the 33-bp DNA in the absence and presence of the plati-
num(ii) complex, DHm is the helix-to-coil transition enthalpy
of DNA melting (per bp), R is the gas constant, and L is the
concentration of free ligand (approximated as the total
ligand concentration at Tm). Values of DHm=7.0�
0.3 kcalmol�1 and n=2 (data obtained from emission titra-
tion) were used in the calculation.[35] Equation (4) gave K
values of (1.4�0.3)î102 mol�1dm3 at 83 8C for 1 and (1.0�
0.3)î102 mol�1 dm3 at 85 8C for 2 (full thermodynamic pa-
rameters are listed in Table 2). For 1 (2), upon increasing
the temperature to 90 8C, spectral hyperchromism at 211
and 260 (216 and 259) nm and isosbestic points at 302 and
366 (310, 356, and 419) nm were found.

Viscosity experiments : The plots of (h/h0)
1/3 versus binding

ratio (rbound) for the platinum complex, ethidium bromide
(intercalator), and Hoechst 33342 (groove binder) are de-
picted in Figure 5. The relative viscosity of calf thymus
DNA in the presence or absence of the platinum complex
was calculated by using Equation (5),

Table 1. Summary of DNA binding data.

Complex K [mol�1dm3] at 20 8C Hypochromicity [%]
ct DNA poly(dA-dT)2 poly(dG-dC)2 ct DNA poly(dA-dT)2 poly(dG-dC)2

1 (4.6�0.2)î105 (1.6�0.4)î105 (6.8�0.5)î104 27 29 19
2 (2.3�0.3)î104 (3.0�0.6)î104 (4.1�1.4)î103 40 34 33

Table 2. Thermodynamic parameters estimated by absorption titration and DNA melting study

Complex DTm [8C] K [mol�1dm3] at Tm K [mol�1 dm3] at 20 8C DH [kcalmol�1] DG [kcalmol�1] DS [calK�1mol�1]

1 12 1.4�0.3î102 4.6�0.2î105 �26.7�0.4 �7.6�0.1 �65.1�0.3
2 14 1.0�0.3î102 2.3�0.3î104 �17.4�0.2 �5.8�0.2 �39.6�0.3

Figure 4. Plots of A/A0 vs temperature for 33-bp DNA (20 mm) (*) and
33-bp DNA in the presence of 1 (&) with a 1:1 ratio of DNA base pairs
to 1 in Tris buffer solution.

Figure 3. Emission titration curves for 1 with poly(dA-dT)2 (&) and
poly(dG-dC)2 (*) in Tris buffer solution. The emission intensities were
monitored at 547 nm.
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h ¼ ðt�t0Þ=t0 ð5Þ

where t is the flow time of the DNA-containing solution,
and t0 is the flow time of buffer solution alone. According to
Cohen and Eisenberg,[36] the relationship between the rela-
tive solution viscosity h/h0 and contour length L/L0 is given
by L/L0= (h/h0)

1/3, where L0 and h0 denote the apparent mo-
lecular length and solution viscosity in the absence of the
metal complex. An increase in relative viscosity reflects an
increase in apparent molecular length. Insertion of organic
or metal/organic molecule(s) between the stacked bases
within a linear host duplex would lead to lengthening of the
DNA duplex. Thus, the observed increase in viscosity of the
DNA solution on addition of 1 or 2 (Figure 5) is consistent
with an intercalative binding mode.

Gel mobility shift assay : The results of gel electrophoresis
on a 100-bp DNA ladder (Amersham Pharmacia biotech) in
the absence and presence of 1, 2, ethidium bromide, and
Hoechst 33342 are depicted in Figure 6. A single band ob-
served in lane A corresponds to the 100-bp DNA ladder. In
the presence of 1, a slight decrease in DNA mobility in a
dosage-dependent manner was observed. The gel mobility
shift assay for 2 was reported in the literature:[32] significant-
ly reduced DNA mobility in a dosage-dependent manner
was found, and the extent of the mobility reduction was
comparable to that detected when the DNA solution was
treated with ethidium bromide.[37]

Restriction endonuclease fragmentation assay : The results
of electrophoresis of restriction enzyme digestion of pDR2
in the absence and presence of 1 are depicted in Figure 7.
Two bands corresponding to supercoiled and nicked DNA
were observed for the undigested DNA (lane B). After
ApaI digestion of pDR2, three bands corresponding to
DNA fragments with 8, 5, and 2 kbp were obtained and re-
solved by agarose gel electrophorsis (lane C). In the pres-
ence of the classical intercalator ethidium bromide (4 mm),
the minor groove binder Hoechst 33342 (200 mm), or the in-
trastrand cross-linker cisplatin (200 mm), DNA digestion was
incomplete, and bands attributable to the whole plasmid

plus fragments were observed. At a high concentration of 1
(200 mm), complete inhibition of ApaI digestion was found,
while partially inhibited cleavage was observed at a lower
concentration (2 mm). The results indicate that restriction en-
zymatic digestion of plasmid was stopped or retarded by
those molecules that interact with DNA through intercala-
tion, groove binding, and/or cross-linkage. Interestingly, the
same result was obtained for 2.[32] Previous work by Neidle
et al.showed that enzymatic DNA cleavage is inhibited
when the local conformation of the enzyme binding site or
the restriction site is altered due to metal complex bind-
ing.[38] Thus, the results of restriction endonuclease fragmen-
tation assay indicate that 1 and 2, like other intercalators,
groove binders, and covalent cross-linkers, can alter the con-
formation of DNA.[39]

Figure 5. Relative specific viscosity of ct DNA in the presence of ethidi-
um bromide (^), Hoechst 33342 (*), 1 (&) and 2 (*) as a function of the
binding ratio.

Figure 6. Gel electrophoresis of a 100-bp DNA ladder in 2% (w/v) agar-
ose gel showing the mobility of DNA. Lanes A and H are the 100-bp
DNA. Lanes B and C are the 100-bp DNA in the presence of DNA-inter-
acting molecules: ethidium bromide (152 mm, lane B) and Hoechst 33342
(152 mm, lane C). Lanes D±G are the 100-bp DNA in the presence of 1 at
152 mm (lane D), 76 mm (lane E), 30 mm (lane F), and 15.2 mm (lane G).

Figure 7. Inhibition of restriction endonuclease ApaI cutting sites by vari-
ous small molecules. Lane A is a size marker. Lanes B and C are undi-
gested and ApaI (1 unit/mL) digestion products of pDR2 DNA (10.7 kbp,
21 nmbp�1), respectively. Lanes D±F are the digestion products of pDR2
DNA in the presence of DNA-interacting molecules: ethidium bromide
(4 mm, lane D), Hoechst 33342 (200 mm ; lane E), cisplatin (200 mm ;
lane F). Lanes G±I are the digestion products of pDR2 DNA in the pres-
ence of 1 at 200 mm (lane G), 20 mm (lane H), and 2 mm (lane I).

Interaction of Pt Complexes with DNA 6133 ± 6144

Chem. Eur. J. 2003, 9, 6133 ± 6144 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6137

www.chemeurj.org


NMR titration of d(CAATCCGGATTG)2 with 1 and 2 : The
NMR spectra of d(CAATCCGGATTG)2 at [1]/
[d(CAATCCGGATTG)2] ratios of 2.0, 1.5, 0.5, and 0 are
shown in Figure 8. Addition of 1 induces small changes in
the chemical shifts of the major-groove purine H8 and pyri-

midine H6 resonances, while the minor groove A2H2 reso-
nance shows a large downfield shift. The C1 and G12 reso-
nances show slightly larger downfield shifts than the other
major-groove protons (Table 3). This is consistent with bind-
ing of 1 to the minor groove near the A2 residue of
d(CAATCCGGATTG)2.

[40]

The NMR spectra of d(CAATCCGGATTG)2 at [2]/
[d(CAATCCGGATTG)2] ratios of 2.0, 1.0, and 0 are shown

in Figure S3 (Supporting Information). Addition of 2 causes
large changes in the chemical shifts of the major- and minor-
groove protons (see Table 4), with A9H8 and T10 proton sig-
nals displaying the largest upfield shifts (0.09 and 0.061 ppm,
respectively). In general, the DNA spectrum broadens and

shifts upfield in the presence
of 2.

Cytotoxicity test (MTT
Assay): The cytotoxicities of 1
and 2 against the five human
carcinoma cell lines KB-3±1,
KB-V-1, CNE-3, HepG2,
CNE1, and normal CCD-
19 Lu were studied (Table 5).
The cytotoxicity was measured
by MTT assay, and the IC50

values were determined from
the dose-dependence of sur-
viving cells after exposure to
the platinum(ii) complexes for
48 h (Figure 9). The antitumor
activities under our experi-
mental conditions (final con-
centration 4% DMSO) are
in the order: 1�cisplatin>4-
dpt>2. Thus, 1 is more cyto-
toxic than the free ligand 4-
dpt and exhibits cytotoxicity
that is comparable to that of
cisplatin. When cisplatin was
dissolved in H2O and mixed
with the growth medium, the

cytotoxicity was 2±5 times higher than that containing
DMSO (final concentration 4% DMSO). Against CNE-3,
1 is almost 10 times more effective than 2, while it is
20 times more toxic than 2 for KB-3-1. Complex 1 remains
potent against multidrug- and cisplatin-resistant KB-V-1 and
CNE1 cell lines; the resistance ratios are 1.6 and 1.5 respec-
tively. Importantly, 1 is almost an order of magnitude less
toxic to the CCD-19Lu normal cell line.

Figure 8. 1H NMR spectra (500 MHz, D2O) of the aromatic base protons of d(CAATCCGGATTG)2 (1.0 mm)
at [1]/[d(CAATCCGGATTG)2] ratios of a) 0, b) 0.5, c) 1.5, and d) 2.0.

Table 3. 1H NMR chemical shifts [ppm] of d(CAATCCGGATTG)2 and
chemical shift differences[a] (in parentheses) induced by addition of 1 at a
[1]/[d(CAATCCGGATTG)2] ratio of 2.

H8/H6 AH2

C1 7.53065 (0.035)
A2 8.2611 (0.006) 7.3032 (0.024)
A3 8.1600 (�0.002) 7.6911 (�0.009)
T4 7.0493 (�0.001)
C5 7.4256 (�0.0002)
C6 7.2788 (0.004)
G7 7.7301 (�0.004)
G8 7.6570 (0.008)
A9 8.1150 (�0.005) 7.7124 (0.0025)
T10 7.1120 (�0.007)
T11 7.2301 (�0.0035)
G12 7.8336 (0.02)

[a] Significant chemical shift differences (0.01 ppm or more) are shown in
bold face. Positive numbers indicate a downfield shift.

Table 4. 1H NMR chemical shifts [ppm] of d(CAATCCGGATTG)2 and
chemical shift differences (in parentheses) induced by addition of 2 at a
[2]/[d(CAATCCGGATTG)2] ratio of 2.

H8/H6 AH2

C1 7.5701 (�0.0311)
A2 8.2826 (�0.0549) 7.3159 (�0.0394)
A3 8.1719 (�0.05025) 7.7000 (�0.0073)
T4 7.0574 (�0.0074)
C5 7.4311 (�0.0037)
C6 7.2893 (�0.0128)
G7 7.7402 (�0.0475)
G8 7.6735 (�0.0403)
A9 8.1207 (�0.0924) 7.7210 (�0.0283)
T10 7.1256 (�0.0612)
T11 7.2454 (�0.0521)
G12 7.8546 (�0.0573)

[a] Significant chemical shift differences (0.05 ppm or more) are shown in
bold face.
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DNA fragmentation assay : The results of gel electrophoresis
of the DNA extracted from KB-3-1 cells after different
treatments are depicted in Figure 10. Treatment of KB-3-1
cells with 1 at IC50 concentration resulted in a ™DNA
ladder∫ (fragmentation of genomic DNA in nucleosome
units) indicative of apoptosis. The result is the same as that
found for apoptosis induced by UV light.

Fluorescence and confocal microscopy: On the basis of cell
morphology and cell-membrane integrity, normal, necrotic,
and apoptotic cells can be distinguished by laser confocal
microscopy. The types of cell death induced by 1 are depict-
ed in Figure 11.

In the absence of cisplatin or 1, the nucleus of a living
cell was stained as a bright green spot. However, in their
presence, green apoptotic cells with apoptotic bodies and
red necrotic cells were observed. The results show that 1,
like cisplatin, can induce apoptosis in KB-3-1 cell line.

Flow cytometric analysis : Distributions of cell deaths for 1
are depicted in Figure 12. The result shows that 1 induced
51.8�2.3% apoptosis selectively leading to cancer cell
death, and only 4.6�0.2% necrosis was detected. However,
2 induced apoptosis and necrosis of 45.4�0.9 and 18.7�
0.7%, respectively. The cell-death distributions for 1 and 2
are summarized in Figure 13.

Discussion

Complexes 1 and 2 resemble
the classic metallointercalator
[Pt(terpy)Cl]+ in their square-
planar geometry and monocat-
ionic nature. However, complex
1 features a distinctive pyridyl
ligand with the capability to
engage in hydrogen bonding in-
teractions. The present results
indicate that the binding modes
of 1 and 2 to DNA are differ-

ent. As observed by UV/Vis spectroscopy, binding of 1 to
DNA causes no shift in its absorption maximum at 320 nm,
but a decrease in peak intensity (27% hypochromicity) and
a binding constant K of 4.6î105 mol�1dm3 are observed. For
2, 40% hypochromicity and a 12 nm bathochromic shift of
the absorption maximum at 332 nm are found. The K value
for 2 is 2.3î104 mol�1 dm3, which is comparable to that for
related platinum(ii) complexes such as [Pt(terpy)py]2+ (3.5î
104 mol�1dm3),[41] [(phen)Pt(en)]2+ (5î104 mol�1dm3),[4]

[(bpy)Pt(en)]2+ (1î104 mol�1 dm3),[42] [Pt(5,5’-Me2bpy)(4-
ampy)2]

2+ (5,5’-Me2bpy=5,5’-dimethyl-2,2’-bipyridine, 4-
ampy=4-aminopyridine; 1.8î104 mol�1dm3),[43]

[Pt2(CNN)2(m-dppm)]2+ (dppm=bis(diphenylphosphanyl)-
methane; 4.4î104 mol�1dm3)[22] and [Pt(dppz)(tNC)]+

(dppz=dipyrido[3,2-a :2’,3’-c]phenazine, HtNC=4-tert-butyl-
2-phenylpyridine; 1.3î104 mol�1dm3),[7] all of which have
been shown or proposed to interact with DNA by intercala-

Table 5. Cytotoxicities of 1, 2, cisplatin, and 4-dpt in human carcinoma KB-3-1, multidrug-resistant subclone
KB-V-1, CNE-3, HepG2, CNE1, and CCD-19 Lu (normal) cells.

Complex IC50 [mm]
KB-3-1 KB-V-1 CNE-3 HepG2 CNE1 CCD-19 Lu

1[a] 18.4�0.9 28.8�1.9 12.9�1.1 54.6�2.8 18.1�2.1 176�1.7
2[a] 388�1.2 654�2.4 135�0.4 45.0�1.3 n.d.[c] n.d.[c]

cisplatin[a] 22.1�3.6 39.1�1.7 10.5�2.6 10.5�0.5 n.d.[c] 129�0.9
4-dpt[a] 72.1�3.9 79.6�4.1 68.2�2.3 84.7�1.6 n.d.[c] n.d.[c]

cisplatin[b] 5.4�2.1 8.5�1.9 6.4�1.5 6.1�2.7 n.d.[c] n.d.[c]

[a] Compound was dissolved in DMSO and mixed with the growth medium (final concentration 4%
DMSO). [b] Compound was dissolved in H2O and mixed with the growth medium. [c] Not determined.

Figure 9. Plots of percentage growth versus dose concentration of KB-3-1
cells in the presence of 1 (&), cisplatin (~), 4-dpt (*), and 2 (^).

Figure 10. Agarose gel electrophoresis of DNA extracted from KB-3-1
cells subjected to different treatments: Incubation in the presence of 1
(IC50) for 24, 12, and 6 h incubation time, respectively (lanes A±C),
60 mJcm�2 UV light for 24, 12, and 6 h incubation time, respectively
(lanes D±F), and no treatment (lane G). Lane H is a DNA marker.
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tion. Thus the K value, hypo-
chromicity, and bathochromic
shift in absorption maximum
are consistent with 2 binding to
DNA in an intercalative mode.
The K value for 1 is 23 times
larger than that of 2. This find-
ing, together with the low hypo-
chromicity and lack of spectral
bathochromic shift for the reac-
tion between 1 and DNA, sug-
gests that intercalation is not
the major mode of binding. The
hydrogen-bonding functionality
of the 4-dpt ligand in 1 should
allow this complex to act as a
groove binder.[44] Indeed, the
1H NMR study of the reaction
of 1 with d(CAATCCG-
GATTG)2 indicates the involve-
ment of hydrogen bonding in
the binding process. We suggest
that the binding of 1 to DNA
entails hydrogen bonding of the
coordinated 4-dpt ligand with
the groove walls. Moreover, the
K value of 1 is comparable to
that for free bithiazole of bleo-
mycin (1î105 mol�1dm3), which
is known to bind to DNA by
both intercalation and groove
binding.[45]

Binding of both 1 and 2 to
DNA led to enhancement of
the 3MLCT emission originating
from the triplet [Pt!p*(CNN)]
excited state. Here, the environ-

mental effects imposed by the 4-dpt or py ligand on the
emissive excited state, which primarily involves the CNN
ligand, should be minimal. In previous studies, Barton et al.
attributed intensity enhancements and increased lifetimes

Figure 11. KB-3-1 cells were stained by AO/EB and observed by laser scanning confocal microscopy. KB-3-1
cells in the absence (a) and presence of cisplatin (22 mm, b), 1 (18 mm, c) incubated at 37 8C and 5% CO2/95%
air in a humidified incubator for 72 h. Cells in circles and rectangles are necrotic and apoptotic cells, respec-
tively.

Figure 12. FACS analysis of apoptotic HeLa cells by Annexin-V-FLUOS
and propidium iodide. a) Single-parameter Annexin-V-Fluos (cultivation
for 12 h in the presence of 1), b) dual-parameter (cultivation for 12 h in
the absence of 1), c) dual-parameter (cultivation for 12 h in the presence
of 1); cluster R1= living cells, R2=apoptotic cells, and R3=necrotic
cells.

Figure 13. Distributions of cell deaths for 1, 2, and positive control (Staur-
osporin streptomyces) at 12 or 18 h incubation time.
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for the 3MLCT emissions of octahedral [Ru(diimine)3]
2+

complexes to their decreased mobility on intercalation be-
tween the base pairs of calf thymus DNA.[46,47] A similar
reasoning could be invoked to rationalize enhancement of
the 3MLCT emission of 1 in the presence of calf thymus
DNA. Intercalative binding of the [Pt(CNN)] moiety of 1 to
duplex DNA would result in protection of the hydrophobic
[Pt(CNN)] unit from aqueous buffer solution, and nonradia-
tive decay of the excited state by complex±solvent interac-
tion is thus suppressed. However, the maximum enhance-
ment in emission intensity is only 18-fold, which is much
smaller than the 225-fold observed for binding of 2 to calf
thymus DNA, despite the fact that the latter has a smaller K
value. We propose that 1 binds to DNA by hydrogen-bond-
ing (presumably major) and intercalative modes, and the hy-
drogen bonding contributes significantly to the magnitude of
the binding constant but exerts a minimal effect on the
3MLCT emission.

Ultraviolet melting, viscosity, gel mobility shift assay,
and high-resolution NMR experiments were performed to
elucidate the DNA-binding mode(s) of 1 and 2. The binding
reactions are exothermic according to their negative DH
values. Because DH values are known to correlate with the
number of hydrogen bonds to DNA and the number of van -
der Waals contacts,[48] we can compare the DH values of 1
and 2 with those of previously reported groove binders that
preferentially and peripherally bind the AT sequence. For
example, Distamycin A forms four NH hydrogen bonds
(DH=�18.5 kcalmol�1),[49] Netropsin forms three (DH=

�9.2 kcalmol�1),[50] Hoechst 33258 forms two (DH=�6.2
kcalmol�1),[18] and DAPI forms only one (DH=�4.5
kcalmol�1).[51] Based on the data listed in Table 2, DH of the
reaction of 1 with duplex DNA (�26.7 kcalmol�1) is signifi-
cantly more exothermic than that of the corresponding reac-
tion with ethidium bromide (�10 kcalmol�1) or Netropsin
(�9.2 kcalmol�1).[52] Hence, 1 behaves neither like a pure in-
tercalator nor a distinct groove binder. An intercalator
would significantly increase the hydrodynamic length of so-
nicated DNA, while a groove binder has no effect on the
solution viscosity of DNA.[53] For 1, a competing noninterca-
lative binding mode could reduce the extent of helix length-
ening. This may explain the observed increase in DNA
length on reaction with 1, which falls short of the theoretical
value of 1+ rbp predicted by the classical model for interca-
lation into a rodlike nucleic acid.[36]

The results of gel mobility shift assay revealed that, like
ethidium bromide,[37] the 100-bp DNA ladder was length-
ened by 2, and DNA mobility was significantly reduced in a
dosage-dependent manner. The electrophoretic pattern
showed that the DNA mobility was only slightly affected by
increasing concentrations of 1. This is consistent with groove
binding as the major binding mode of 1 towards the 100-bp
DNA. Direct evidence for the involvement of hydrogen
bonding in the reaction of 1 with dodecanucleotides was ob-
tained in 1H NMR experiments. Addition of 2 to
d(CAATCCGGATTG)2 induced substantial changes in the
chemical shifts of the major- and minor-groove protons;
broadening of the spectrum and upfield shifts are character-
istic of an intercalative binding mode. However, addition of

1 to d(CAATCCGGATTG)2 was found to cause a relatively
large downfield shift (0.024 ppm) for the minor-groove A2H2

reasonance, and there were only relatively small chemical
shift differences (�0.008 ppm) for all major-groove proton
resonances. Hence, the 1H NMR data are indicative of bind-
ing of 1 to the minor groove of DNA. By taking all the re-
sults described in previous sections into consideration, we
propose that mixed DNA binding modes are exhibited by 1
in which the Pt(CNN) moiety intercalates into the helical
stack while the 4-dpt ligand protrudes into the minor
groove, as schematically depicted in Figure 14.

AT sequence specificity : Overall 10- and 125-fold increases
in emission intensity were observed on additon of poly(dA-
dT)2 to 1 and 2, respectively. In contrast, no emission en-
hancement was observed when poly(dG-dC)2 was used as
substrate, and the binding constants K for the reactions of 1
and 2 with poly(dA-dT)2 are around an order of magnitude
larger than those with poly(dG-dC)2. These findings clearly
indicate their specificity for AT base-pair binding. In the
AT-rich regions of the minor groove, 1 is stabilized by van -
der Waals interactions and by hydrogen bonding to the N3
atoms of adenine and/or O2 atoms of thymine residues. Ad-
ditionally, more favorable electrostatic interaction would be
achieved in the minor groove of AT sequences, which have
higher negative electrostatic potential than GC sequences.
Similar observations were made for other minor-groove
binders, such as Hoechst 33258.[54±57]

Cytotoxicity : As depicted in Table 5, there is no significant
variation in the cytotoxicity of 1 and cisplatin towards differ-
ent cell lines under our experimental conditions (final con-
centration 4% DMSO). Against CNE-3, 1 is almost 10
times more effective than 2, while it is 20 times more toxic
than 2 for KB-3-1,; this illustrates the value of hydrogen-
bonding motifs in the pyridyl ligand for the design of plati-
num-based antitumor agents. Note that the 4-dpt substrate
alone exhibits poor cytotoxicity relative to 1. Importantly, 1

Figure 14. Schematic representation of the DNA-binding components
of 1.
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is almost an order of magnitude less toxic to the CCD-19Lu
normal cell line.

One of the major problems in cancer chemotherapy is
the development of tumors that are resistant to drug treat-
ment.[58] The mechanism leading to multidrug resistance is
overexpression of the mdr1 gene product, a 170 kDa mem-
brane P-glycoprotein which is an ATP-driven efflux pump
of xenobiotics.[58,59] Here, we studied the effects of 1 on the
multidrug-resistant phenotype in human KB carcinoma
cells. The cytotoxicity results based on the KB-3-1 and KB-
V-1 cell lines show that the IC50 values of 1 are nearly the
same, and the resistance ratio is 1.6 (KB-V-1). Thus, al-
though the KB-V-1 cell line is resistant to anticancer drugs
such as colchicine, vinblastin, and doxorubicin, its multi-
drug-resistance mechanism does not function on 1. More-
over, 1 remains potent against the CNE1 cell line, which is
resistant to existing clinical platinum-based drugs (e.g., cis-
platin).

There are two types of cell death, namely necrosis (™ac-
cidental∫) and apoptosis (™programmed∫).[60,61] Necrotic
cells undergo cell lysis and lose their membrane integrity,
and severe inflammation is induced.[62] However, apoptotic
cells are transformed into small, membrane-bound vesicles
(apoptotic bodies), which are engulfed by macrophages in
vivo, and no inflammatory response is found.[63,64] Hence, in-
duction of apoptosis is important in cancer chemotherapy.
Most of the anticancer drugs in current use have been
shown to induce apoptosis in susceptible cells.[65] In this
regard, we found that 1 induces a high degree of apoptosis,
as established by analysis by confocal microscopy and DNA
fragmentation assay, and through quantitative measure-
ments by flow cytometric analysis.

Conclusion

[Pt(CNN)(4-dpt)]PF6 (1), which bears a triple hydrogen-
bonding motif, binds to the DNA double helix with a bind-
ing constant of (4.64�0.2)î105 mol�1dm3 at 20 8C. The
spectral data support a specific binding mode at the AT se-
quences of DNA. The thermodynamic properties of the
binding reaction were determined by absorption titration
and UV melting studies. The electronic interaction between
the Pt chromophore and DNA bases and the structural and
conformational changes within the DNA helix were exam-
ined by various spectroscopic, electrophoretic, and hydrody-
namic methods. The binding mode for [Pt(CNN)(py)]PF6

(2), which bears no hydrogen bonding motif for DNA, was
found to be intercalation. For 1, both intercalation and
minor-groove binding modes were demonstrated. Complex 1
is cytotoxic against a number of carcinoma cell lines, includ-
ing KB-3-1, CNE-3, and HepG2, and the activities are com-
parable to those of cisplatin under our experimental condi-
tion (final concentration 4% DMSO). Moreover, 1 re-
mains potent against multidrug- and cisplatin-resistant KB-
V-1 and CNE1 cell lines, for which the resistance ratios are
1.6 and 1.5, respectively. Significantly, 1 is almost an order
of magnitude less toxic to the normal cell line CCD-19 Lu
(IC50=176�1.7 mm). By examining the qualitative and quan-

titative cytotoxic effect of 1 on cancer cells, it was revealed
that 1 selectively induced apoptosis leading to cancer cell
death, and necrosis was below 5%.

Experimental Section

Calf thymus DNA (ct DNA) was purchased from Sigma Chemical Co.
Ltd. and purified by the literature method.[66] Poly(dG-dC)2 and poly(dA-
dT)2 (Sigma Chemical Co Ltd.) were used as received without further pu-
rification. The dodecanucleotide d(CAATCCGGATTG)2 was obtained
from GENSET Singapore Biotechnology Ltd. The DNA concentration
per base pair was determined by UV/Vis absorption spectroscopy by
using the following molar extinction coefficients (m�1 cm�1bp) at the indi-
cated wavelengths: ct DNA, e260=13200; d(CAATCCGGATTG)2, e260=
13200; poly(dG-dC)2, e254=16800; poly(dA-dT)2, e260=12000.[67] Two
complementary oligonucleotides–5’-GCTCCCCTTTCTTGCGGA-
GATTCTCTTCCTCTG and 5’-CAGAGGAAGAGAATCTCCGCAA-
GAAAGGGGAGC–were obtained from DNAgency (Malvern, USA)
and annealed to give a double-stranded 33-bp DNA. The purity of the
33-bp DNA was checked by electrophoresis in a 20% polyacrylamide
gel. A plasmid DNA, pDR2 (10.7 kb), was purchased from Clontech
Laboratories Inc. (Palo Alto, USA). Unless otherwise stated, DNA-bind-
ing experiments were performed in aerated Tris buffer solutions (5 mm

Tris, 50 mm NaCl, pH 7.2) at 20 8C. 2,4-Diamino-6-(4-pyridyl)-1,3,5-tri-
azine (4-dpt),[25] 6-phenyl-2,2’-bipyridine (HCNN),[68] [Pt(CNN)Cl],[69] and
[Pt(CNN)(py)]PF6 (2)

[28] were prepared according to reported procedures.

X-ray structure determination : The 4-dpt ligand and [Pt(CNN)(py)]CF3-

SO3 were characterized by X-ray crystallography. Crystal parameters and
details of collection and refinement data are listed in Table S2 (Support-
ing Information). Perspective views of the 4-dpt molecule and
[Pt(CNN)(py)]+ cation are depicted in Figures S4 and S5 (Supporting In-
formation), respectively. X-ray diffraction data were collected on a MAR
diffractometer with a 300 mm image plate detector at 301 K using graph-
ite-monochromatized MoKa radiation (l=0.71073 ä). The structures
were refined by full-matrix least-squares methods against F2

o using the
program SHELXL-97.[70] CCDC 206062 (2) and CCDC-206061 (4-dpt)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or de-
posit@ccdc.cam.uk).

Spectroscopic titrations and lifetime measurements : Absorption and
emission spectra were recorded on a Perkin-Elmer Lambda 19 UV/Vis
and a SPEX Fluorolog-2 Model F11 fluorescence spectrophotometer, re-
spectively. Emission lifetimes were measured with a Quanta Ray DCR-3
pulsed Nd:YAG laser system (pulse output 355 nm, 8 ns). The emission
signals were detected by a Hamamatsu R928 photomultiplier tube and
recorded on a Tektronix model 2430 digital oscilloscope. Estimated error
limits: l (�1 nm); t (�10%); f (�10%).

UV melting study : UV melting studies on 33-bp DNA were performed
with a Perkin-Elmer Lambda 19 UV/Vis spectrophotometer equipped
with a Peltier temperature programmer PTP-6. Solutions of DNA in the
absence and presence of the platinum complex (DNA base pair:metal
complex=1:1) were prepared in a Tris buffer solution. The temperature
of solution was increased at a rate of 1 8Cmin�1, and the absorbance at
260 nm was continuously monitored. The Tm values were determined
graphically from the plot of absorbance versus temperature.

Viscosity experiments : Viscosity experiments were performed on a
Cannon-Manning Semi-Micro Viscometer immersed in a thermostatically
controlled water bath maintained at 27 8C.[36,53,71] Titrations were per-
formed by addition of small volumse of concentrated stock solutions of
metal complex to a solution of calf thymus DNA in BPE buffer (6 mm

Na2HPO4, 2 mm NaH2PO4, and 1 mm Na2EDTA, pH 7.0) in the viscome-
ter. Mixing of the solutions in the viscometer was achieved by bubbling
with nitrogen gas. The concentration of DNA was approximately 1 mm

(in base pairs).

Gel mobility shift assay : A 100-bp DNA ladder (Amersham Pharmacia
biotech, 15.2 mmbp�1) was mixed with ethidium bromide, Hoechst 33342
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trihydrochloride trihydrate, and the platinum complex at various
DNA:Pt ratios (1:10, 1:5, 1:2, and 1:1). The mixture was analyzed by gel
electrophoresis (Pharmacia Biotech GNA-200 submarine unit with Power
Pac 300 power supply, Bio-Rad) with a 2% (w/v) agarose gel and 1î
Tris-acetate-EDTA (TAE) buffer.

Restriction endonuclease fragmentation assay : Digestion of plasmid
pDR2 (10.7 kb) with restriction enzyme ApaI (Boehringer Mannheim)
was performed by mixing the DNA (21 nmbp�1) in 1î SuRE/Cut Buffer
A with ApaI (1 unit/mL), followed by incubation at 37 8C for 1 h.[72] A
mixture of ethidium bromide (4 mm), Hoechst 33342 (200 mm), cis-
[PtCl2(NH3)2] (cisplatin; 200 mm), 1 or 2 (0.2±200 mm) and a plasmid
pDR2 (10.7 kbp, 21 nmbp�1) in digestion buffer was first incubated at
room temperature for 5 min before addition of restriction enzyme
(1 unit/mL). Two controls of pDR2 in the absence and presence of restric-
tion enzyme in digestion buffer were prepared. All solutions were incu-
bated at 37 8C for 1 h; after digestion with the restriction enzyme, the
samples were analyzed by agarose gel electrophoresis.

NMR experiments : All 1H NMR experiments were performed with a
Bruker DRX500 spectrometer at 298 K. Typical acquisition conditions
for a 1H NMR spectrum were 458 pulse length, 2.0 s relaxation delay (4 s
for determination of formation constants), 16000 data points and 16±32
transients. The dodecanucleotide d(CAATCCGGATTG)2 was dissolved
in phosphate buffer (0.7 mL, 10 mm, pH 7.0) containing NaCl (20 mm)
and EDTA (0.1 mm), and a trace of DSS was added as internal reference
for reporting chemical shifts. For experiments in D2O, the sample was re-
peatedly freeze-dried from D2O and finally made up in 99.96% D2O. Ali-
quots of stock solutions of 1 were titrated directly to the DNA solution
in an NMR tube. The spectra were then processed by using an exponen-
tial function with a line-broadening coefficient of 0.3 Hz.

Cytotoxicity test (3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide
(MTT) assay): The parental epidermal carcinoma KB-3-1 cell line and
the multidrug-resistant KB-V-1 cell line derived from KB-3-1 cells by a
series of stepwise selections in anticancer agent (vinblastin) were provid-
ed by Dr. Michael Gottesman of the National Institute of Health, Be-
thesda.[58, 59] KB-V-1 cells were maintained in the presence of 1 mgmL�1

vinblastin. CNE-3 (nasopharyngeal)[73] and HepG2 (hepatocellular)[74]

cell lines were provided by Prof. W. F. Fong of City University of Hong
Kong, Hong Kong SAR. The cisplatin-resistant CNE1 cell line was de-
rived from poorly differentiated NPC in Chinese patients.[75] CCD-19 Lu
(normal lung fibroblast) was obtained from American Type Culture Col-
lection. Cell Proliferation Kit I (MTT) from Roche was used for cytotox-
icity evaluation. Briefly, cells were seeded in a 96-well flat-bottomed mi-
croplate at 20000 cells per well in 150 mL of growth medium solution
[10% fetal calf serum (FCS, Gibco), 1% Sigma A-7292 Antibiotic and
Antimycotic Solution in minimal essential medium (MEM-Eagle,
Sigma)]. Complexes 1±3 and cisplatin (positive control) were dissolved in
DMSO and mixed with the growth medium (final concentration 4%
DMSO). Serial dilution of each complex was added to each well (the
complex-containing media were drawn and added to another set of wells
and such processes were repeated to provide a twofold dilution series).
The microplate was incubated for 48 h at 37 8C, 5% CO2, 95% air in a
humidified incubator. After incubation, 10 mL MTT reagent (5 mgmL�1)
was added to each well. The microplate was then re-incubated at 37 8C in
5% CO2 for 4 h. 100 mL of solubilization solution (10% SDS in 0.01m
HCl) was added to each well. The microplate was left in the incubator
for 24 h. Absorbances at 550 nm were measured on a microplate reader.
IC50 values (concentration required to reduce the absorbance by 50%
compared to the controls) of each complex were determined by the dose
dependence of surviving cells after exposure to the platinum(ii) complex
for 48 h.

Fluorescence and confocal microscopy : A monolayer culture of KB-3-1
cells was incubated in the absence and presence of 1 (18 mm) or cisplatin
(22 mm) in 5% CO2 at 37 8C for 72 h. An aliquot of the solution (1 mL)
was stained with an AO/EB solution (40 mL, 50 mgmL�1 AO, 50 mgmL�1

EB in phosphate buffer). Staining was performed prior to examination
with a laser confocal microscope (Zeiss Axiovert 100m).

DNA fragmentation assay : The cancer cells (KB-3-1) were cultured at a
concentration of approximately 2î105 cellsmL�1. Complex 1 (18.4 mm) or
2 (0.39 mm) was added to the culture medium (10% fetal calf serum
(FCS, Gibco), 1% Sigma A-7292 Antibiotic and Antimycotic Solution).

A DNA sample in the absence of the platinum(ii) complex was used as
negative control. After treatment, the cultures were incubated in 5%
CO2 at 37 8C, and the cells were sampled at 6, 12, and 24 h intervals. The
genomic DNA was extracted according to the literature method,[66] and
analyzed by electrophoresis with a 1% (w/v) agarose gel.

Flow cytometric analysis : Flow cytometry measurements were performed
with an EPICS XL cytometer (Coulter Corporation, Miami, FL) equip-
ped with an argon laser. The sheath fluid was an isotonic solution (Iso-
flow Coulter 8547008, Coulter Corporation). An excitation wavelength of
488 nm at 15 mW was used. About 10000 cells were analyzed in each
sample. Cancer cells (HeLa cell line) were cultured at a concentration of
approximately 2î105 cellsmL�1. Complex 1 (18.4 mm) or 2 (0.39 mm) was
added to the cultures. Staurosporin streptomyces was used as positive
control. After treatment, the cultures were incubated in 5% CO2 at
37 8C. Cells were collected at 12 and 18 h intervals. The genomic DNA
was extracted according to the literature method,[66] and analyzed by An-
nexin V plus PI staining.

Preparation of [Pt(CNN)(4-dpt)]PF6 (1): A suspension of 4-dpt (0.041 g,
0.22 mmol) and [Pt(CNN)Cl] (0.10 g, 0.22 mmol) in an acetonitrile/meth-
anol mixture (1/1, 40 mL) was refluxed for 24 h under a nitrogen atmos-
phere to give a clear orange solution. Addition of methanolic NH4PF6

(0.10 g, 0.65 mmol) gave a yellow precipitate, which was washed with di-
ethyl ether. Recrystallization by diffusion of diethyl ether into an aceto-
nitrile solution afforded a yellow crystalline solid. Yield: 0.14 g, 83%.
FABMS: m/z 614 [M+], 426 [M+�(4-dpt)]. 1H NMR (500 MHz,
[D6]DMSO: 6.32 (s, 1H), 6.80±7.32 (m, 5H), 7.52 (m, 1H), 7.70±7.82 (m,
3H), 8.05±8.48 (m, 6H), 8.56 (m, 1H), 8.84 (m, 1H), 9.25 (m, 1H). IR
(Nujol): ñ=3370 (w, N�H), 1603 cm�1 (s, C=N). Elemental analysis calcd
for C24H19N8PF6Pt: C, 37.95; H, 2.52; N, 14.75; found: C, 38.15; H, 2.60;
N, 14.73. UV/Vis (CH3CN): l/nm (emax/dm

3mol�1 cm�1) 420 (1100), 320
(1.36î104), 268 (4.22î104).
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