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’ INTRODUCTION

Since the landmark discovery of the antitumor activity of cis-
diamminedichloroplatinum(II), cis-[Pt(NH3)2Cl2] (cisplatin),

1

many other Pt complexes have been designed, synthesized, and
tested in order to circumvent the cisplatin acquired resistance,
side effects, toxicity, and low water solubility in an effort to
increase the efficacy of the drug.2 The proposed mechanism of
action of these anticancer agents have yet to be completely
understood, but it is believed that the formation of bonds
between the platinum center and DNA leading to the formation
of coordinative cross-links is responsible for the cytotoxicity of
cisplatin.3 Additionally, platinum(II) complexes have been re-
ported to bind to bimolecular targets via other types of binding,
including electrostatic interactions, and such investigations are
being further developed.4

Most platinum complexes in clinical use as therapeutic agents
contain amine (with at least one N�H bond) ligands.5 However,
analogous complexes containing phosphine ligands have also been
investigated in therapeutic applications.5b,6 The use of phosphine
ligands in place of amines, as used in gold-containing complexes,
have been successfully employed as therapeutic agents.6,7 Con-
siderable efforts have been made during the past three decades to
synthesize novel complexes of platinum to overcome the short-
comings associated with cisplatin. Toward this goal, utilizing a
rational design approach may provide the most effective means of

discovering more clinically relevant platinum complexes.2c A
promising example of these attempts is the discovery of cyclome-
talated platinum(II) complexes which have recently been investi-
gated as anticancer drugs.6,8 The biphosphine ligands bis-
(diphenylphosphino)methane, dppm = Ph2PCH2PPh2, and to a
lesser extent, its amine analogous bis(diphenylphosphino)amine,
dppa = Ph2PNHPPh2, are versatile and robust ligands that are
known to have different coordinating abilities.9 Whether these
coordinating capabilities play a role in augmenting the therapeutic
activity of platinum complexes have yet to be understood.

The ubiquitin-proteasome pathway plays an essential role in
critical cellular processes including cell cycle progression, differen-
tiation, apoptosis, and signal transduction.10 Its primary function is
to degrade damaged, mutated, or misfolded proteins, which is vital
in regulating cellular function.11,12 Proteins marked for degradation
are first tagged with a chain of ubiquitin molecules and translocated
to the 26S proteasome.13,14 The enzymatic activity of the 26S
proteasome is mediated by the 20S proteasome that contains three
pairs of catalytic sites responsible for its chymotrypsin-, trypsin-, and
caspase-like activities.15 Because inhibition of the proteasomal
chymotrypsin-like activity is associated with tumor cell apoptosis,
targeting the ubiquitin-proteasome pathway has become an
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ABSTRACT: New complexes [Pt(C∧N)Cl(dppa)] (1), and
[Pt(C∧N)Cl(dppm)] (2), (C∧N. deprotonated 2-phenylpyr-
idine; dppa. bis(diphenylphosphino)amine; dppm. bis(dip-
henylphosphino)methane) were suggested to have pentacoor-
dinated geometry as investigated by NMR and conductometry.
Pharmacological effects of 1 and 2 were evaluated for their
proteasome-inhibitory and apoptosis-inducing activities under
in vitro and in vivo conditions, showing significant proteasome-
inhibitory activity against purified 20S proteasome, while 2
demonstrated superior inhibitory activity against cellular 26S
proteasome. Consistently, this effect was associated with higher
levels of proteasome target proteins and apoptosis induction in breast cancer cells. Importantly, preliminary studies show 1 and 2
were able to exert a similar effect in vivo by inhibiting the growth of breast cancer xenografts in mice, which was associated with
proteasome inhibition and apoptosis induction. Interaction of 1 and 2 with herring sperm DNA was investigated by fluorimeteric
emission, suggesting that PtII-containing biphosphine complexes with DNA binding capabilities can also target and inhibit the
tumor proteasome.
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important target in cancer therapy.16 Indeed, this concept was
validated in 2003 when bortezomib became the first proteasome
inhibitor approved by the Food and Drug Administration as an
anticancer drug.17,18 However, due to the appearance of toxicity and
drug resistance coupled with limited activity toward solid tumors,
efforts have been ongoing to develop novel proteasome inhibitors
that address these shortcomings.

Many transition metal complexes are known to bind to DNA
via both coordinative and noncovalent interactions. Noncovalent
DNA interactions include intercalative, electrostatic, and groove
(surface) binding outside of the DNA helix.19 The study of
noncovalent interactions of substitution inert transition metal
complexes with DNA is an area of intense interest, owing to their
photochemical properties and potential applications as new
anticancer agents.20 Additionally, the unique properties of metal
complexes may also allow coordination of biological molecules
other than DNA that may have significant clinical relevance.

In the present study, we investigated the biological activity of
two five coordinated cyclometalated platinum(II) complexes
containing either dppa or dppm ligands. Our results show that
both platinum complexes exhibit potent anticancer activity under
in vitro and in vivo conditions with activity superior to cisplatin.
Interestingly both complexes showed proteasome inhibitory
activity toward purified 20S proteasome and intact 26S protea-
some in human breast cancer cells. Inhibition of proteasomal
chymotrypsin-like activity by these platinum complexes was
associated with apoptosis induction in these breast cancer cells.
Importantly, preliminary studies show these platinum complexes
could inhibit tumor growth in a mouse xenograft model with a
more favorable toxicity profile compared to cisplatin. On the
basis of the inherent luminescence activities of these complexes,
we have suggested a binding mode to DNA and also a relation-
ship between the structure of the complexes and their antitumor
effects as it relates to their proteasome-inhibitory effects.

’RESULTS AND DISCUSSION

Synthesis and Characterization of the Complexes. Two
cyclometalated platinum(II) complexes [Pt(C∧N)Cl(dppa)], 1,
and [Pt(C∧N)Cl(dppm)], 2, in which C∧N = deprotonated

2-phenylpyridine, dppa = bis(diphenylphosphino)amine, or
dppm = bis(diphenylphosphino)methane, were used to investi-
gate their biological activities. As is depicted in Scheme 1, the
complexes 1 or 2 were prepared from the reaction of the starting
PtII complex [Pt(C∧N)Cl(DMSO)], DMSO = dimethylsulfox-
ide, with 1 equiv of dppa or dppm, respectively. The complexes in
solution were fully characterized bymulti nuclear 1 and 2DNMR
spectroscopy, and the details are described in the Experimental
Section.
In the 31P{1H} NMR spectrum of complex [Pt(C∧N)-

Cl(dppa)], 1, two sharp doublets were observed, one at δ = 14.3
with 1J(PtP) = 3426Hz and 2J(PP) = 40Hz for the P atom trans to
N and the other at δ = 32.7 with 1J(PtP) = 1466 Hz and 2J(PP) =
40Hz for the P atom trans to C, confirming that dppa in complex 1
is chelated. In the 1H NMR spectrum of complex 1 there are three
notable signals appearing in low field region of the spectrum that
are coupled to the platinum center. The two signals at δ = 8.58 and
δ= 7.31 are attributed to theC�Hgroup adjacent toNof theC∧N
ligand, i.e. H6, and the C�H of phenyl group adjacent to the
ligating carbon ofC∧N ligand, i.e.H3 0

, respectively, confirming that
apart from dppa, the C∧N ligand is also chelated. The third signal,
appearing at a significantly high chemical shift of δ = 11.63, is
assigned to the NH group of dppa. The latter signal has a large
1J(PtH) value of 125.3Hz, supporting the formation of uncommon
strong intermolecular N�H 3 3 3Pt hydrogen bonding. Consis-
tently, upon dilution, decreasing or increasing temperature or
changing the solvent (even to those having high coordinating
abilities such asDMSO-d6 orCD3CN), the signal forNHproton of
dppa was clearly observed, with slight shifting and almost the same
coupling constant.
In the 31P{1H} NMR spectrum of complex [Pt(C∧N)-

Cl(dppm)], 2, the P atom trans to C appeared as a doublet at
δ = �25.6 ppm with 1J(PtP) =1383 Hz that is coupled to the
second dppm P atom (the one trans to N) with 2J(PP) = 38 Hz.
The P atom trans to N however appeared as a broad signal at δ =
�33.6 ppm, with a much higher value of 1J(PtP) = 3394 Hz, due
to the trans influence ofCbeing far greater than that of theN ligand,
supporting that the dppm ligand being chelated in the complex 2.
In the 1HNMR spectrum of complex [Pt(C∧N)Cl(dppm)], 2, the
two signals at δ = 8.24 and δ = 6.92 are attributed to the C�H

Scheme 1



6168 dx.doi.org/10.1021/jm2006832 |J. Med. Chem. 2011, 54, 6166–6176

Journal of Medicinal Chemistry ARTICLE

group adjacent to N of the C∧N ligand, i.e. H6, and the C�H of
phenyl group adjacent to the ligating carbon ofC∧N ligand, i.e.H3 0

,
respectively; the data confirm that aside from dppm, the C∧N
ligand is also chelated. Unlike the N�H 3 3 3Pt intermolecular
interaction suggested to occur for complex 1, any similar interaction
of type C�H 3 3 3Pt was not detected for the analogous complex 2,
probably due to less acidic nature of C�H group of dppm as
compared to that of the N�H group of dppa. All these plus the
conductivity measurements, describing that the complexes are not
ionic even at low temperatures (see below), strongly support that
the structure of the complexes 1 and 2 in solution should be
pentacoordinated.
When the complexes 1 and 2 were reacted with NH4PF6, the

chlorine ligands were removed from the coordination sites and the
cationic complexes [Pt(C∧N)(dppa)]+PF6

�, 3, and [Pt(C∧N)-
(dppm)]+PF6

�, 4, respectively, were yielded (Scheme 2) in each of
which the PF6

� counteranion has no coordinating ability.
Typically, In the 31P{1H} NMR spectrum of complex

[Pt(C∧N)(dppa)]+PF6
�, 3, two sharp doublets were observed,

one at δ = 19.0 with 1J(PtP) = 3475 Hz and 2J(PP) = 47 Hz for
the P atom trans to N and the other at δ = 36.9 with 1J(PtP) =
1495 Hz and 2J(PP) = 47 Hz for the P atom trans to C. The
conductivity measurements, for the complexes 3 and 4 (see
below), revealed that the complexes should be ionic in
solution.
The molar conductances of 10�3 M solutions of complexes

1�4 in solution at different temperatures were measured. The
values obtained for the complexes 3 and 4, with PF6

� counter-
ions, in dichloromethane (+20 �C) were 140 and 130 Ω�1 cm2

mol�1, respectively, complying with the complexes being 1:1
electrolytes; the reported values for 10�3 M solution of 1:1
electrolyte compounds are between 100 to 140 Ω�1 cm2

mol�1.21 In contrast, for the complexes 1 and 2 the values in
dichloromethane (+20 �C) were 0.5 and 7.0 Ω�1 cm2 mol�1,
respectively, confirming that the complexes are nonionic. The
data support that the complexes 1 and 2 in solution ought to be
neutral involving the coordination of Cl� to form the related
pentacoordinated complexes as shown in Scheme 1, rather than
having cationic structures with square-planar geometry around
the metallic centers, i.e. [Pt(C∧N)(dppa)]Cl and [Pt(C∧N)-
(dppm)]Cl, respectively.
Effect of Complexes 1 and 2 on Cell Proliferation in

Human Breast Cancer Cells. In the current study, we investi-
gated the effect of these platinum complexes and, more impor-
tantly, the cellular target responsible for their underlying

biological activity. We first tested the growth-inhibitory effect
of the complexes 1 and 2 toward the highly aggressive breast
cancer MDA-MB-231 cell line by performing an MTT assay,
MTT = 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide. We found that both compounds were similarly
capable of inhibiting cell proliferation with IC50 values ∼3.0
μmol/L (Figure 1). Furthermore, when cells were treated with
7.5 μmol/L of either of the platinum complexes, nearly 100% cell
proliferation was inhibited (Figure 1). As a comparison, cisplatin
was unable to inhibit cell proliferation at 100 μmol/L under the
same experimental conditions (Figure 1).
Inhibition of the Chymotrypsin-Like Activity of a Purified

20SProteasomebyComplexes1and2.Wehave previously22�24

shown that different metal-containing complexes can inhibit the
proteasome activity and therefore hypothesized that the platinum
complexes tested here with the correct choice of ligands and
structure might be similarly capable of targeting and inhibiting the
proteasome. To provide direct evidence for this, we incubated a
purified rabbit 20S proteasome with the complexes 1 and 2, and
cisplatin followed by measurement of the proteasomal chymptryp-
sin-like(CT-like) activity. We found that the CT-like activity was
significantly inhibited by both compounds 1 and 2 with similar
potencies (IC50 =∼ 6.0 and 4.0 μmol/L, respectively) (Figure 2).
In comparison, cisplatin at 10 μmol/L failed to inhibit the protea-
somal chymotrypsin-like activity (Figure 2).

Scheme 2

Figure 1. Antiproliferative effects of Pt-complexes 1 and 2 toward
MDA-MB-231 breast cancer cells.

Figure 2. Inhibition of the proteasomal chymotrypsin-like activity of
purified rabbit 20S proteasome by complexes 1 and 2. Cisplatin was used
as a negative control.
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Pt Complexes 1 and 2 Inhibit the Chymotrypsin-Like
Activity and Induce Apoptotic Cell Death in Human Breast
Cancer Cells. To test whether these Pt containing complexes
were active proteasome-inhibitory compounds in intact breast
cancer cells, highly aggressive MDA-MB-231 breast cancer cells
were treated with different concentrations of complexes 1 or 2 for
24 h. DMSO and cisplatin were used as controls under the same
experimental conditions. Following treatment, cells were col-
lected and protein extracts were used to measure levels of the
proteasomal chymotrypsin-like activity, ubiquitinated proteins,
and the proteasome target protein p27. We found that complex 2
only slightly inhibited the chymotrypsin-like activity at both 1
and 3 μM. However, the proteasomal activity was inhibited
∼80% by complex 2 at 6 μM (Figure 3A). Consistently, the
accumulation of ubiquitinated proteins and the proteasome
target protein p27 was observed in cells treated with complex 2
(Figure 3B). Additionally, complex 1 was able to inhibit the
proteasomal activity but to a much lesser extent (Figure 3A).
Although proteasomal activity was only inhibited∼23% by 6 μM
of compound 1, this effect still resulted in higher levels of
ubiquitinated proteins (Figure 3B). In parallel, treatment with
cisplatin at 100 μM did not cause inhibition of proteasomal
activity (Figure 3 A, B).
It has been shown that inhibition of the proteasomal chymo-

trypsin-like activity is associated with apoptosis induction in
tumor cells.25 To investigate whether proteasome inhibition
results in apoptosis, morphological changes, caspase 3 activation,
and apoptosis-associated PARP cleavage were assessed. Treat-
ment with complexes 1 and 2 resulted in PARP cleavage,
associated with the production of the p85 fragment at the highest
concentration tested (Figure 3B). Because visible levels of PARP
cleavage by platinum complexes are apparent, you would expect

to see higher levels of caspase 3 activity. Consistent with this
observation, PARP cleavage was accompanied by increasing
levels of caspase 3 activity. Cells treated with complexes 1 and
2 resulted in a 300% and 180% increase in caspase 3 activity,
respectively (Figure 3C). In comparison, only∼35% increase in
caspase 3 activity was apparent in cells treated with cisplatin
compared to DMSO control (Figure 3C). Furthermore apopto-
tic morphological changes (shrunken cells and characteristic
apoptotic blebbing) were present in cells treated with complexes
1 and 2 at the highest concentration tested (Figure 3D). Taken
together, these results show that complexes 1 (to a lesser extent)
and 2 are able to inhibit the proteasomal chymotrypsin-like
activity at varying levels of potency, resulting in apoptosis in
human breast cancer MDA-MB-231 cells.
Pt Complexes 1 and 2 Inhibit the Growth of Breast Cancer

Xenografts Associated with Proteasome Inhibition and
Apoptosis Induction in Vivo.Our data described above clearly
show that platinum complexes 1 and 2 can target and inhibit the
tumor proteasome under cell-free conditions and in cultured
breast cancer cells at varying potencies associated with decreased
cell proliferation and increased cell death. To determine whether
complexes 1 and 2 could induce apoptosis and inhibit tumor
growth associated with proteasome inhibition in vivo, we con-
ducted a preliminary study by first implanting MDA-MB-231
breast cancer cells sc in nude mice. When the tumors became
palpable, the mice were injected sc daily with solvent or 2.5 mg/
kg of either platinum complex 1, 2, or cisplatin for 29 days. At the
end of the trial, the mice were sacrificed and their tumor tissue
was used for immnostaining. Preliminary results showed that
treatment of breast tumor xenografts by platinum complexes 1
and 2 was associated with significant reduction in tumor growth.
Although cisplatin treatment also caused significant tumor

Figure 3. Inhibition of the proteasomal chymotrypsin-like activity by Pt complexes 1 and 2 is associated with apoptosis in intact MDA-MB-231 cells.
(A) The cells were treated with complexes 1 or 2 at the indicated concentrations (1, 3, 6 μM) for 24 h, collected, and analyzed for the chymotrypsin-like
activity. (B) Western blot analysis for accumulation of ubiquitinated proteins, proteasome target protein (p27), PARP cleavage in the cell extracts after
24 h treatment. (C) Activation of caspase 3 activity. (D) Induction of apoptosis by complexes 1 and 2 in MDA-MB-231 cells treated with indicated
concentrations of either complex. Apoptotic morphological changes visualized by phase-contrasting imaging. Magnification �100.
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growth inhibition, its toxicity was apparent as evidenced by loss
of body weight compared to solvent control. In sharp contrast,
platinum complexes 1- and 2-treated mice showed no visible
signs of toxicity, as indicated by a relatively stable body weight
compared to solvent control.
To determine if apoptosis associated with proteasomal inhibi-

tion was the predominant factor responsible for tumor growth
inhibition, prepared tumor samples were used for p27, H&E, and
TUNEL staining (Figure 4), H&E = hematoxylin and eosin,
TUNEL = terminal deoxyribonucleotidyl transferase-mediated
dUTP nick end-labeling. Induction of apoptosis was confirmed
in tumors treated with platinum complexes 1 and 2 compared to
control-treated tumors by measurable levels of condensed apop-
totic nuclei detected in H&E staining and the presence of
TUNEL-positive cells (Figure 4). Complex 2-treated tumors
contained low levels of apoptotic markers, whereas complex-1
treated tumors contained much higher levels of apoptotic indices
(Figure 4). Additionally, low levels of p27 were detected in
tumors treated with complex 1. It is important to note that
although complex 2 exhibited higher potency under in vitro and
cell culture conditions, complex 1 showed higher apoptotic
indices under in vivo conditions. Taken together, our results

show that suppression of cell proliferation, and apoptotic cell
death induction by complexes 1 and 2 in vitro, is associated with
tumor growth ablation and appearance of apoptotic indices
in vivo.
DNA-Binding Studies. Native Fluorescence of Complexes.

The fluorescence spectra of a 50 μM solution of the complexes
1 and 2 in the absence and presence of a fixed amount of DNA are
shown in Figure 5. The complexes exhibit twin emission bands in
the range 460�570 nm (λex = 312 nm). Upon additions of DNA,
the fluorescence emission intensity of both platinum complexes
grew steadily. The result suggests that the stronger enhancement
of the fluorescence intensity may be largely due to the interaction
between adjacent base pairs of DNA and the complexes. An
increase in the molecule’s planarity and a decrease of the
collisional frequency solvent molecules with the complexes
usually lead to emission enhancement. The results agree with
those observed for other intercalators.26

EB�DNA Quenching Assay. In an effort to understand the
interaction pattern of the complexes with DNA more clearly,
fluorometric competitive binding experiment was carried out
using ethidium bromide (EB) as a probe. The intrinsic fluores-
cence intensities of DNA and that of EB in Tris�HCl buffer are
low. However, EB emits intense fluorescent light in the presence
of DNA due to its strong intercalation between the adjacent
DNA base pairs.27 If the complexes can intercalate into DNA, the
binding sites of DNA available for EBwill be decreased, hence the
fluorescence intensity of EB will be quenched. This is proof that
the complexes intercalate between base pairs of DNA.27,28 The
quenching extent of fluorescence of EB�DNA is used to
determine the extent of binding between the complex and
DNA. The emissions spectrum of EB binding to DNA in the
absence and presence of the complexes is given in Figure 6. The
addition of the complexes to DNA pretreated with EB causes an
appreciable reduction in the emission intensity, indicating the
replacement of EB by the complexes.29 As observed, complex 2
represented a slightly more pronounced quenching effect on
fluorescence intensity of EB�DNA, underscoring its tighter
binding to DNA as compared to complex 1. We believe that in
aqueous media the complexes 1 and 2 remain pentacoordinated
upon attacking DNA and so they really act as drugs and not
prodrugs, with the active drug being cationic complexes with
square planar geometry around the metallic center, i.e.
[Pt(C∧N)(dppa)]+ and [Pt(C∧N)(dppm)]+, respectively. Con-
sistently, when the four-coordinated cationic complexes [Pt-
(C∧N)(dppa)]+PF6

�, 3, and [Pt(C∧N)(dppm)]+PF6
�, 4, were

reacted with DNA, the fluorescence behaviors, as shown in
Figure 6, were significantly different as compared with those of
five coordinated complexes 1 and 2. Thus, relative to fluores-
cence of EB�DNA initial adduct (taken as 100%), the fluores-
cence values of complexes 1 and 2 are significantly lower, being

Figure 4. Hematoxylin and eosin (H&E) staining, TUNEL, and p27
assays using harvested mouse tumor samples treated with Pt-complexes
1 or 2. Tumors were collected after a 29-day treatment, and the prepared
tissue slides were used for immunostaining with H&E and TUNEL
staining assays. Apoptotic-condensed nuclei and TUNEL-positive cells
were found in tumor tissue from mice treated with platinum complex 1
or 2. Magnification: �400.

Figure 5. (A) Emission spectra of complexes (50.0 μM) in the absence (a) and presence (b) of DNA (100.0 μM): (A) complex 1, (B) complex 2.
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76.0% and 73.6%, respectively. The corresponding values for the
complexes 3 and 4 were quite different (as compared with those
for complexes 1 and 2), being 84.2% and 89.0%, respectively.

’CONCLUDING REMARKS

According to multinuclear 1D and 2D NMR spectroscopy
and conductometric determinations, the complexes [Pt(C∧N)-
Cl(dppa)], 1, and [Pt(C∧N)Cl(dppm)], 2, appear to be neutral
with five-coordinated geometry around the platinum centers;
note also that in the 195Pt NMR spectra of complexes 1 and 2, the
related signals are located in the region expected for the five-
coordinated PtII complexes.35a,b In contrast, the complexes
[Pt(C∧N)(dppa)]+PF6

�, 3, and [Pt(C∧N)(dppm)]+PF6
�,

4, in which the PF6
� counterion has no coordinating ability,

are indicated to have square planar geometry around the metallic
center.

The effects of complexes 1 and 2 were tested toward purified
20S and intact human breast cancer cells, under both cell culture
conditions and mice-bearing xenografts. The results indicate that
both complexes were able to significantly inhibit the proliferation
of breast cancer cells at similar levels (IC50 = ∼ 3.0 μmol/L)
(Figure 1). Additionally, associated with cell growth inhibition
was a significant decrease in the chymotrypsin-like activity by
complexes 1 and 2 (IC50 = ∼ 6 and 4 μmol/L, respectively)
(Figure 2). When tested against the 26S proteasome of cultured
breast cancer cells, complex 2 demonstrated higher proteasome
inhibitory activity associated with cell death, as indicated by
aberrant morphological changes (Figure 3A,B). Although both
complexes were shown to indicate higher antitumor activities as
compared to cisplatin under cell culture conditions, complex 1
was visibly less effective in terms of its proteasome-inhibitory
capabilities. This may potentially be due to the formation of the

intermolecular Pt 3 3 3H�N hydrogen bonding that retards the
platinum center to attack the N-terminal threonine of β-5. In
addition, because complex 2 showed a higher binding affinity
toward DNA as measured by fluorescence intensity (Figure 6),
this finding may be valid toward other biological targets, includ-
ing the proteasome, which showed a higher level of proteasome-
inhibitory and apoptotic activity compared to complex 1 under
cell culture conditions. However, under in vivo conditions,
complex 1 showed higher levels of apoptotic indices, as indicated
byH&E and TUNEL staining of mice tumor tissue. It is tempting
to suggest the amine-containing biphosphine ligand of com-
plex 1 may confer greater stability when complexed to the
platinum center under in vivo conditions and may be less
susceptible to metabolic inactivation. However, this is purely
speculative and no firm conclusions could be established. All
these data suggest using five-coordinate drug design strategy for
the future development of platinum-containing complexes.35

It has been well detailed that Pt-containing complexes exert
their biological effects primarily through the intercalation of
DNA and ultimately triggering apoptotic cell death. However, in
addition to their DNA binding properties, the current study
proposes the cellular proteasome as a novel target for these
biphosphine-containing platinum complexes that are at least
partially responsible for their observed antitumor effects both
in vitro and in vivo. Each of the complexes 1 or 2, containing a
robust biphosphine ligand, exhibits DNA binding capabilities and
thus is a suitable platform for the design of novel platinum
anticancer drugs. These complexes are quite stable in an S-donor
media environment, such as DMSO, for considerable time, and
the platinum centers are capable of accepting strong hydrogen
bond. These unique properties of biphosphine platinum com-
plexes 1 and 2may hold potential in conferring a more favorable

Figure 6. Emission spectrum of EB, shown by i, EB bound to DNA; a, and EB�DNA in the presence of different added amounts of platinum(II)
complexes (b�h: 5.0, 9.9, 14.8, 19.6, 24.4, 29.1, and 33.8 μM, respectively). (A) complex 1, (B) complex 2, (C) complex 3, (D) complex 4. [EB] =
4.0 μM, [DNA] = 40.0 μM, λex = 525 nm.
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cellular distribution profile, which includes mitigating off-target
effects, and resulting in lower toxicity levels as compared to
conventional platinum drugs. However, this is purely speculative
and further investigations are needed to validate their clinical
potential. Nonetheless, the data observed suggest that platinum
complexes containing biphosphine ligands as proteasome inhi-
bitors hold significant potential to be further developed as
potential anticancer drugs.

DNA binding studies confirm that in aqueous media the
complexes 1 and 2 remain pentacoordinated upon attacking
DNA, and so they really act as drugs and not prodrugs with the
active drug being cationic complexes with square planar geome-
try around the metallic center.

’EXPERIMENTAL SECTION

The 1H, 31P, and 195Pt NMR and 2-DNMR spectra were recorded on
a Bruker Avance DRX 500 MHz. References were TMS (1H), H3PO4

(31P), aqueous K2PtCl4 (195Pt), and NH4Cl(
15N). All the chemical

shifts and coupling constants are in ppm and Hz, respectively. The
conductivity measurements were performed using an ino-Lab Cond 720
conductometer. The reagents HC∧N, dppm, and dppa were used as
purchased from Aldrich, Merck, and Stream, respectively, without any
further purification. [Pt(C∧N)Cl(DMSO)] was prepared according to
literature method.30 Purities of the synthesized compounds areg98% as
determined by elemental analysis in conjunction with usingmultinuclear
NMR spectroscopy. All other chemicals and solvents were commercially
available compounds. The labeling for NMR data is shown in Scheme 3.
3-[4,5-Dimethyltiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT),

DMSO, and cisplatin were purchased from Sigma-Aldrich (St. Louis,
MO). DMEM F/12, penicillin, and streptomycin were purchased from
Invitrogen (Carlsbad, CA). Purified rabbit 20S proteasome was
purchased from Boston Biochem (Cambridge, MA). Fluorogenic
peptide substrates Suc-LLVY-AMC and Ac-DEVD-AMC (for the
proteasomal chymotrypsin-like, and Caspase 3 activities, respectively)
were from EMD Biosciences (San Diego, CA). Mouse monoclonal
antibody against human poly(ADP-ribose) polymerase PARP was
purchased from BDBiocsciences (San Diego, CA). Mouse monoclonal
antibodies against p27, ubiquitin, goat polyclonal antibody against
actin, and secondary antibodies were from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA).
UV�Vis absorption spectra were measured on HP (model 8452A)

photodiode array UV/vis using a 1.0 cm cell. Fluorescence spectra were
recorded using Perkin�Elmer LS-55B fluorescence spectrophotometer
(USA) with a 1.0 cm quartz cell. Both of the excitation and emission
bandwidths were 10 nm and the scan rate was 1500 nm min�1. The pH
value was photometrically measured using a Metrohm 654 pH-meter
equipped with a combined glass electrode (pH Electrode Blue Line 23
pH, Schott).
[Pt(C∧N)Cl(dppa)], 1. To a solution of [Pt(C∧N)Cl(DMSO)]

(100 mg, 0.216 mmol) in acetone (5 mL) was added dppa (83.5 mg,
0.216 mmol). A light green�yellow precipitate was formed after a few
min. This was stirred at RT for 1 h. The light green�yellow precipitate

was filtered off, and the residue was washed with 1 mL of cold acetone
and dried on oven at 60 �C. Yield 94.7% (161 mg). Anal. Calcd for
C35H29ClN2P2Pt 3H2O: C, 53.34; H, 3.96; N, 3.55. Found: C, 53.81; H,
3.88; N, 3.58%.Molar conductivity in CH2Cl2(10

�3M): at +20 �C= 0.5
Ω�1 cm2 mol�1 and at +5 �C = 0.4 Ω�1 cm2 mol�1. 1H NMR (500
MHz, CD2Cl2, 25 �C, 0.0325 molar, TMS): δ 7.06 [tt, 3J(HH) = 7.4 Hz,
5J(PH) = 1.6 Hz, 1H, H4 0

of C∧N], 7.21 [t, 3J(HH) = 7.2 Hz, 1H, H5 0
of

C∧N], 7.21 [t, 3J(HH) = 7.6Hz, 1H, H5 of C∧N], 7.31 [td, 3J(HH) = 7.6
Hz, 4J(PtransH) = 7.6 Hz, 4J(PcisH) = 4.1 Hz, 3J(PtH)≈ 54 Hz, 1H, H3 0

of C∧N], 7.51 [dt, 3J(HH) = 7.6 Hz, 4J(PH) = 2.8 Hz, 4H, Hm of phenyl
rings of PPh2], 7.53 [dt,

3J(HH) = 7.6 Hz, 4J(PH) = 2.6 Hz, 4H, Hm of
phenyl rings of PPh2], 7.59 [dt,

3J(HH) = 7.5 Hz, 5J(PH) = 1.8 Hz, 2H,
Hp of phenyl rings of PPh2], 7.60 [dt,

3J(HH) = 7.4Hz, 5J(PH) = 1.8 Hz,
2H, Hp of phenyl rings of PPh2], 7.71 [d,

3J(HH) = 7.8 Hz, 1H, H6 0
of

C∧N], 7.92 [ddd, 3J(HH) = 7.1 Hz, 3J(PH) = 12.7 Hz, 4J(HH) = 1.4 Hz,
4H, Ho of phenyl rings of PPh2], 7.95 [d,

3J(HH) = 8.2 Hz, 1H, H3 of
C∧N], 8.01 [ddd, 3J(HH) = 7.2 Hz, 3J(PH) = 13.3 Hz, 4J(HH) = 1.2 Hz,
4H, Ho of phenyl rings of PPh2], 8.02 [t, 3J(HH) = not resolved,
overlapped with Ho of phenyl rings, 1H, H4 of C∧N], 8.58 [broad dd,
3J(PtH)≈ 40Hz, 4J(PH) = 4.9 Hz, 3J(HH) = 5.2 Hz, 1H, H6 of pyridine
group], 11.63 [broad singlet, 1J(PtH) = 125.3 Hz, NH fragment of
dppa]; similar data were observed in the related 1H NMR spectra at
�14, +40, and +47 �C except shifting of NH group. 13C NMR (125.77
MHz, CD2Cl2, 25 �C, TMS): δ 120.1 [s, 3J(PtC)≈ 34 Hz, C3 of C∧N],
124.3 [d, 4J(PC) = 5 Hz, C6 0

of C∧N], 124.5 [d, 4J(PC) = 3 Hz, C5 of
C∧N], 126.0 [s, C5 0

of C∧N], 129.0 [d, 3J(PC) = 13Hz, Cm phenyl rings
of PPh2 fragments], 129.3 [d, 3J(PC) = 11 Hz, Cm phenyl rings of PPh2
fragments], 130.0 [dd, 1J(PC) = 68Hz, 3J(PC) = 4Hz, Cipso phenyl rings
of PPh2 fragments], 131.2 [dd, 4J(PC) = 9 Hz, 4J(PC) = 4 Hz, C4 0

of
C∧N], 132.1 [d, 4J(PC) = 2 Hz, Cp phenyl rings of PPh2 fragments],
132.3 [dd, 1J(PC) = 49 Hz, 3J(PC) = 3 Hz, Cipso phenyl rings of PPh2
fragments], 132.4 [d, 4J(PC) = 2 Hz, Cp phenyl rings of PPh2
fragments], 132.6 [d, 2J(PC) = 14 Hz, Co phenyl rings of PPh2
fragments], 133.2 [d, 2J(PC) = 14 Hz, Co phenyl rings of PPh2
fragments], 139.0 [dd, 3J(PC) = 6 Hz, 3J(PC) = 5 Hz, C3 0

of C∧N],
140.8 [s, C4 of C∧N], 147.5 [s, C1 0

of C∧N], 153.2 [d, 2J(PtC) = 22 Hz,
3J(PC) = 9 Hz, C6 of C∧N], 157.5 [d, 2J(PC) = 109 Hz, 1J(PtC) = not
observed, C2 0

of C∧N], 167.0 [dd, 3J(PC) = 3 Hz, 3J(PC) = 5 Hz, C2

of C∧N]. 31P NMR (202 MHz, CD2Cl2, 25 �C, H3PO4): δ 14.3 (d,
1J(PtP) = 3426Hz, 2J(PP) = 40Hz P trans toN), 32.7 (d, 1J(PtP) = 1466
Hz, 2J(PP) = 40 Hz, P trans to C). 15N NMR (50 MHz, CD2Cl2, 25 �C,
NH4Cl): δ 52.5 (resolved from N�H HSQC). 195Pt-NMR (107 MHz,
CD2Cl2, 25 �C, K2[PtCl4]): δ�2454 (dd, 1J(PtP) = 3422 Hz, P trans to
N, 1J(PtP) = 1476 Hz, P trans to C). Selected solution (CH2Cl2) Far-IR
peaks (KBr): 564, 516, 501, and 454 cm�1. ESI-mass in methanol: m/z
734.1 [M � Cl]+.
[Pt(C∧N)Cl(dppm)], 2. To a solution of [Pt(C∧N)Cl(DMSO)]

(100 mg, 0.216 mmol) in acetone (5 mL) was added dppm (83.0 mg,
0.216 mmol). After a few min a light green�yellow precipitate was
formed. The mixture was stirred at RT for 1 h. The light green�yellow
precipitate was filtered off, and the residue was washed with 1mL of cold
acetone and dried on oven. Yield 93.5% (159 mg); melting point
>260 �C. Anal. Calcd for C36H30ClNP2Pt.H2O: C, 54.93; H, 4.10; N,
1.78. Found: C, 54.87; H, 3.97; N, 1.81%. Molar conductivity (10�3 M):
at +20 �C= 7.0Ω�1 cm2mol�1, at +4 �C= 6.1Ω�1cm2mol�1. NMR in
CDCl3: δ (

1H) = 4.99 [t, 2J(PH) = 4.8 Hz, 3J(PtH) = 20.0 Hz, 2H, CH2

fragment of dppm ligand], 6.84 (t, 3J(HH) = 7.3 Hz, 1H, H4 0
of C∧N),

6.92 (td, 3J(HH) = 7.5 Hz, 4J(P transH) = 7.5 Hz, 4J(P cisH) = 3.5 Hz,
3J(PtH) ≈ 40 Hz, 1H, H3 0

of C∧N), 7.07 (t, 3J(HH) = 7.6 Hz, 1H,
H5 0

of C∧N), 7.18 (t, 3J(HH) = 6.4 Hz, 1H, H5 of C∧N), 7.40
(t, 3J(HH) = 7.7 Hz, 8H, Hm of phenyl rings of PPh2), 7.42 (t,

3J(HH)
= 8.6 Hz, 2H, Hp of phenyl rings of PPh2), 7.64 (d,

3J(HH) = 7.9 Hz, 1H,
H6 0

of C∧N), 7.68 (dd, 3J(HH) = 7.3 Hz, 3J(PH) = 12.3 Hz, 4H, Ho of
phenyl rings of PPh2), 7.83 (dd,

3J(HH) = 7.3Hz, 3J(PH) = 13.3Hz, 4H,

Scheme 3
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Ho of phenyl rings), 7.94 (d, 3J(HH) = 8.1 Hz, 1H, H3 of C∧N), 8.10 (t,
3J(HH) = 7.8 Hz, 1H, H4 of C∧N), 8.24 (broad, 3J(PtH)≈ 30 Hz, 1H,
H6 of pyridine group). 13CNMR (125.77MHz, CDCl3, 25 �C, TMS): δ
46.3 [t, 1J(PC) = 36 Hz, CH2 of dppm], 120.6 [s, C3 of C∧N], 124.6 [d,
4J(PC) = 5 Hz, C6 0

of C∧N], 125.0 [bs, C5 of C∧N], 126.6 [s, C5 0
of

C∧N], 129.5 [d, 3J(PC) = 12 Hz, Cm phenyl rings of PPh2 fragments],
129.9 [d, 3J(PC) = 11 Hz, Cm phenyl rings of PPh2 fragments], 131.2
[dd, 4J(PC) = 9 Hz, 4J(PC) = 4 Hz, C4 0

of C∧N], 132.4 [s, Cp phenyl
rings of PPh2 fragments], 132.7 [s, C

p phenyl rings of PPh2 fragments],
133.3 [d, 2J(PC) = 13 Hz, Co phenyl rings of PPh2 fragments], 133.9 [d,
2J(PC) = 13 Hz, Co phenyl rings of PPh2 fragments], 138.3 [s, 2J(PtC) =
8 Hz, C3 0

of C∧N], 141.9 [s, C4 of C∧N], 147.6 [s, C1 0
of C∧N], 152.2

[s, C6 of C∧N], 156.1 [d, 2J(PC) = 105Hz, 1J(PtC) = not observed, C2 0
of

C∧N], 167.0 [s, C2 of C∧N]; δ(31P) at +27 �C =�33.6 [broad, 1J(PtP)
= 3394Hz, 2J(PP) = not resolved, P trans to N],�25.6 [d, 1J(PtP) = 1383
Hz, 2J(PP) = 38 Hz, P trans to C]; δ(31P) at +10 �C =�33.9 [d, 1J(PtP)
= 3376 Hz, 2J(PP) = 40 Hz, P trans to N],�26.1 [d, 1J(PtP) = 1401 Hz,
2J(PP) = 39 Hz, P trans to C]; δ(31P) at +60 �C = �25.2 [d, 1J(PtP) =
1275 Hz, 2J(PP) = 28 Hz, P trans to C]. 31P NMR data in CD2Cl2:
δ(31P) at +25 �C = �33.9 [broad, 1J(PtP) = 3416 Hz, 2J(PP) = not
resolved, P trans to N], �25.8 [d, 1J(PtP) =1335 Hz, 2J(PP) = 35 Hz, P
trans to C];δ(31P) at�5 �C=�34.5 [d, 1J(PtP) = 3372Hz, 2J(PP) = 40
Hz, P trans to N],�26.6 [d, 1J(PtP) = 1411 Hz, 2J(PP) = 38 Hz, P trans
to C]; δ(31P) at�30 �C=�34.9 [d, 1J(PtP) = 3314Hz, 2J(PP) = 40Hz,
P trans to N], �27.2 [d, 1J(PtP) = 1412 Hz, 2J(PP) = 40 Hz, P trans to
C]. δ(195Pt) = �2389[dd, 1J(PtP) = 3380 Hz, 1J(PtP) = 1420 Hz].
Selected solution (CH2Cl2) far-IR peaks (KBr): 547, 504, and
453 cm�1. ESI-mass in methanol: m/z 733.2 [M � Cl]+.
[Pt(C∧N)(dppa)]PF6, 3. To a solution of [Pt(C∧N)Cl(dppa)], 1,

(20 mg, 0.025 mmol), in dichloromethane (5 mL) was added NH4PF6
(6mg, 0.037mmol) and a few drops of distilled water (to help dissolving
NH4PF6). A pale-yellow precipitate was formed after a fewmin. This was
stirred at RT for 3 h. The solvent was removed by rotary evaporator to
yield a pale-yellow residue, which was then dissolved in 3 mL of
dichloromethane and filtered. Solvent was removed from the light-
yellow filtrate by rotary evaporator and residue washedwith diethyl ether
and dried on oven at 80 �C. Yield 91.6% (20.5 mg). Anal. Calcd for
C35H29F6N2P3Pt: C, 47.79; H, 3.32; N, 3.18. Found: C, 47.70; H, 3.28;
N, 3.22%. Molar conductivity (10�3 M) in dichloromethane (+20 �C):
140Ω�1 cm2 mol�1. 1H NMR (250 MHz, CDCl3, 25 �C): δ 7.17�8.0
(the aromatic region of 2-phenylpyridine ligand, NH group and phenyl
groups of dppa), 8.48 (broad s, 1H, H6 of C∧N group). 31P NMR (202
MHz, CDCl3, 25 �C, H3PO4): δ �144.2 [h, 1J(PF) = 713 Hz, PF6

�

counterion], 19.0 [d, 1J(PtP) = 3475 Hz, 2J(PP) = 47 Hz, P trans to N],
36.9 [d, 1J(PtP) = 1495 Hz, 2J(PP) = 37 Hz, P trans to C].
[Pt(C∧N)(dppm)]PF6, 4. To a solution of [Pt(C∧N)Cl(dppm)],

2, (20 mg, 0.025 mmol) in dichloromethane (5 mL) was added NH4PF6
(6mg, 0.037mmol) and a few drops of distilled water (to help dissolving
NH4PF6). A pale-yellow precipitate was formed after a fewmin. This was
stirred at RT for 3 h. The solvent was removed by rotary evaporator to
yield a pale-yellow residue, which was then dissolved in 3 mL of
dichloromethane and filtered. The solvent of light-yellow filtrate was
removed by rotary evaporator and residue washed with diethyl ether and
dried on oven at 80 �C. Yield 96.0% (21.5 mg); melting point >260 �C.
Anal. Calcd for C36H30F6NP3Pt: C, 49.21; H, 3.44; N, 1.59. Found: C,
49.45; H, 3.46; N, 1.62%. Molar conductivity (10�3 M) in dichloro-
methane (+20 �C): 130Ω�1 cm2 mol�1. NMR in CDCl3: δ(

1H) = 4.64
[m, 3J(PtH) = 25.2 Hz, 2H, CH2 fragment of dppm ligand], 6.95�8.04
[the aromatic region of 2-phenylpyridine ligand and phenyl groups
of dppm], 8.38[broad s, 1H, H6 of C∧N group]. δ(31P) = �144.2
[h, 1J(PF) = 713 Hz, PF6

� counterion], �34.2 [d, 1J(PtP) = 3394 Hz,
2J(PP) = 39 Hz, P trans to N], �26.5 [d, 1J(PtP) = 1403 Hz, 2J(PP) =
39 Hz, P trans to C].

Cell Culture and Cell Extract Preparation.MDA-MB-231 cells
were grown inDMEMF/12 supplemented with 10% fetal bovine serum,
100 units/mL of penicillin, and 100 μg/mL of streptomycin. All cells
were grown at 37 �C in a humidified incubator with atmosphere of 5%
CO2. A whole-cell extract was prepared as previously described.31

Briefly, cells were harvested, washed with PBS twice, and homogenized
in a lysis buffer (50 mM Tris-HCl (pH 8.0), 150 mMNaCl, 0.5% NP40
(v/v), and 0.5 mM phenylmethylsulfonyl fluoride) for 30 min at 4 �C.
The lysates were then centrifuged at 12000 rpm for 12 min, and the
supernatants were collected as whole cell extracts.
Analysis of the Proteasomal Activity in Purified 20S

Proteasome. Purified rabbit 20S proteasome was incubated with 20
μmol/L of Suc-LLVY-AMC (EMD Chemicals, Gibbstown, NJ, USA), a
fluorogenic substrate specific for chymotrypsin-like activity, in 100 μL of
assay buffer [20 mmol/L Tris-HCl (pH 7.5)] in the presence of
platinum complexes, cisplatin, or equivalent volume of solvent DMSO
as control. After 2 h of incubation at 37 �C, inhibition of the proteasomal
chymotrypsin-like activity was measured by production of hydrolyzed
AMC groups. A Victor 3 multilabel counter (PerkinElmer, Boston, MA,
USA) with an excitation filter of 380 nm and emission filter of 460 nm
was used to measure fluorescence. Values plotted are calculated as
change in fluorescence against solvent-treated controls and are the mean
from triplicate experiments.
Proteasome andCaspase 3Activity Assays in Intact Breast

Cancer MDA-MB-121 Cells.MDA-MB-231 breast cancer cells were
grown to 70�80% confluency, treated for 24 h, harvested, and used for
whole cell extract preparation. Then 10 μg of extract was used for
proteasomal activity, as described above, and 24 μg for caspase 3 activity.
For the caspase 3 assay, the fluorgenic substrate Ac-DEVD-AMC (EMD
Chemicals, Gibbstown, NJ, USA) was used, and fluorescence was
measured using a Victor 3 multilabel counter (PerkinElmer, Boston,
MA, USA) with an excitation filter of 380 nm and emission filter of
460 nm. Values plotted are means of triplicate experiments.
Cell Proliferation Assay. The MTT (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich, St. Louis, MO,
USA) assay was used to determine the effects of platinum and other
compounds on breast cancer cell proliferation. Cells were plated in a 96-
well plate and grown to 70�80% confluency, followed by addition of
each complex at the indicated concentrations. Stock solutions were
made in the millimolar range in DMSO and were then diluted 1:1000 in
RPMI-1640 medium supplemented with FBS and penicillin/strepto-
mycin as previously described. After 24 h of incubation at 37 �C,
inhibition of cell proliferation was measured as previously described.31

Briefly, drug-containing media was removed and MTT in PBS (1 mg/
mL) was added to wells and incubated at 37 �C for 4 h to allow for
complete cleavage of the tetrazolium salt by metabolically active cells.
MTT was then removed and 100 μL per well DMSO was added,
followed by colorimetric analysis using a Victor 3 multilabel plate reader
(PerkinElmer, Boston, MA, USA) at a wavelength of 560 nm. Absor-
bance values plotted are the mean from triplicate experiments.
Cellular Morphology Analysis. A Zeiss (Thornwood, NY)

Axiovert 25 microscope was used for all microscopic imaging with phase
contrast for cellular morphology.
Western Blot Analysis. MDA-MB-231 cells were treated, har-

vested, and lysed. Cell lysates (40 μg), prepared as previously described,
were separated by SDS-PAGE and transferred to a nitrocellulose
membrane, followed by visualization using the HyGLO chemilumines-
cent reagents (Denville, Metuchin, NJ). Western blot analysis was
performed using specific primary antibodies against p27, ubiquitin,
and actin (loading control) (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) as well as PARP (Biomol, Plymouth Meeting, PA, USA).
Membranes were incubated in mouse secondary antibody for p27,
ubiquitin, PARP, and goat secondary antibody for actin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA).
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Terminal Deoxyribonucleotidyl Transferase-Mediated
dUTP Nick End-Labeling (TUNEL) Assay. Tumor tissues were
paraffin embedded and stained according to the manufacturer’s instruc-
tions. Briefly, after deparaffinization and hydration, the tissue was
incubated with working strength stop/wash buffer, conjugated with
antidigoxigenenin, and then stained with peroxidase substrate. Finally,
the tissue was mounted under a glass coverslip in permount and viewed
under a microscope.
H&E Staining Assay. Paraffin-embedded sample slides were

deparaffinized and hydrated and then stained with eosin for 1 min,
followed by further rinsing, and coverslips were mounted onto slides
with permount.
DNA-Intercalation Study. Herring sperm DNA was procured

from TCI chemicals (Japan) and used without further purification. Its
stock solution was prepared by dissolving solid DNA into doubly
distilled water overnight, and its concentration was determined by
absorption spectrometry, using the molar absorptivity ε260 = 6600 L
mol�1 cm�1.32 Stock solution of DNA was stored at 4oC in the dark for
no more than a week. The solution gave a ratio of >1.8 at A260/A280,
indicating that DNA is sufficiently protein-free.33 Ethidium bromide
(EB) was prepared by dissolving its crystals (Sigma-Aldrich Biotech.
Co.) in doubly distilled water and diluted to the required volume, and its
concentration was determined assuming amolar extinction coefficient of
5450 L mol�1 cm�1 at 480 nm.34 The stock solutions (3.0 mM) of the
platinum complexes were prepared by dissolving the powder materials
into appropriate amounts of DMSO solutions. All the measurements
involving the interactions of the two metal complexes with DNA were
carried out in buffer solution containing 50 mMTris and 100 mMNaCl
and adjusted to pH 7.4 with hydrochloric acid. All spectroscopic
measurements were studied at RT and 5min after addition of complexes.
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