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The cytotoxic properties of arylphosphines are regulated by metals. We have synthesized a
series of copper(I) complexes of 1,2-bis(diphenylphosphino)ethane (DPPE) and tested their in
vitro cytotoxicity in a human lung carcinoma cell line H460. One of the complexes
[Cu2(DPPE)3(CH3CN)2](ClO4)2 (C1), showed maximum cytotoxicity comparable to that of
adriamycin. Treatment of cells with C1 caused DNA damage in vitro and activated the p53
pathway. Flow cytometry revealed that growth inhibition by C1 was due to a combination of
cell cycle arrest and apoptosis. Simultaneous addition of C1 and adriamycin increased the
cytotoxicity of either compound, suggesting the potential use of adriamycin in combination
with C1. DNA binding and simulation studies suggest that adriamycin binds to DNA
synergistically in the presence of C1. Thus, we have identified C1, a copper(I) complex of DPPE,
as a potential chemotherapeutic drug for further testing, which could be used either alone or
in combination with other chemotherapeutic drugs.

Introduction
Cisplatin is one of the most widely used metallodrugs

for solid tumors. Despite its success, clinical use of
cisplatin is limited due to acquired and intrinsic resis-
tance of cancer cells to the drug and its high toxicity to
some normal cells.1 Hence, there exists an immense
interest to improve the design of metallodrugs having
reduced toxicity and a high spectrum of activity, espe-
cially drugs that would show activity against cell lines
resistant to cisplatin. A group of complexes that are
particularly relevant in this regard are the phosphine
complexes of group 11 metal ions. Their biological
properties were relatively unexplored until the late
1970s when a thioglucose derivative of triethyl phos-
phine gold(I) (auranofin) was found to be antiarthritic
and subsequently shown to have in vivo antitumor
activity, although only against P388 leukemia.2 In an
attempt to identify gold-containing complexes with a
wider spectrum of activity, extensive work done by
Sadler’s group demonstrated the cytotoxicity of Au-
(DPPE)2Cl in several cell lines such as B16 melanoma,
P388 leukemia, and M5076 reticulum cell carcinoma
(DPPE ) 1,2-bis(diphenylphosphino)ethane).3 It was
found that DPPE-gold complexes were 10-fold more
cytotoxic than DPPE alone, suggesting that metal ions
potentiate the cytotoxic property of DPPE.4 In addition,
the cytotoxic properties of DPPE were found to be
increased by AuIII and CuII but not by MgII, ZnII, MnII,
FeII, CoII, and CdII.4 Nephrotoxicity associated with the
phenyl groups on DPPE could also be a reason these
complexes have not been investigated more extensively.5

In our previous study, we demonstrated the in vitro
antitumor activity against PA1, CHO, and human
ovarian carcinoma cell lines by analogous copper(I)
complexes of phosphines and heterocyclic thiones.6 One
of the complexes Cu2(DPPE)3(CH3CN)2(ClO4)2 (C1) was
found to be more active than adriamycin.6 The promis-
ing activity and reactivity of C1 prompted us to inves-
tigate a series of copper(I) DPPE complexes. There
exists a broad consensus about the importance of
platinum-DNA interaction in the working mechanism
of cisplatin.7 However, significant differences in the
reactivity of metallodrugs and the redox properties
make it difficult to predict pathways of action without
specific investigations. Hence, mechanistic studies based
on cell cycle analysis supported by in vitro reactivity
studies would go a long way in the design of new
anticancer copper(I) complexes. Recent studies by Pil-
larsetty et al. on the cell arrestation properties of a gold
complex illustrate the value of such studies.8 Mecha-
nistic studies are also likely to help one design a metal
complex with less toxicity.

In this report, we describe the synthesis of several
CuI DPPE complexes, with and without N-heterocycles
such as carbazole and benzotriazole, and the study on
the mechanism of cytotoxicity against H460, a human
lung carcinoma cell line. The most active complex was
found to be [Cu2(DPPE)3(CH3CN)2(ClO4)2] (C1). We
found C1 damaged DNA in vitro and activated the p53
pathway. We also showed that C1 inhibits the growth
of cancer cells by inducing cell cycle arrest and apop-
tosis. In addition, C1 and adriamycin worked synergis-
tically by potentiating the cytotoxicity of one by the
other. Finally, we found evidence through binding and
simulation studies for increased binding of adriamycin
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to DNA modified by C1, thus providing a plausible
mechanism for synergistic action between adriamycin
and C1.

Results

Cytotoxicity of Copper(I) Complexes of DPPE.
H460 cells were cultured in the presence of varying
concentrations of different copper(I) complexes of DPPE
for 48 h, and the cytotoxicity was analyzed by MTT
assay (MTT ) 3-(4,5-dimethylthiazol-2-yl-)-2,5-diphen-
yltetrazolium bromide). Adriamycin was used as a
positive control. The IC50 values for all of the compounds
were determined and are given in Table 1. Of all of the
copper(I) complexes tested, C1 had an IC50 value of 0.07
µg/mL, which was similar to that of adriamycin (0.05
µg/mL) (Figure 1, Table 1). All of the other compounds
tested had considerably higher IC50 values. We also
tested appropriate ligands as well as DPPE used in the
synthesis of C1 for their cytotoxicity. Acetonitrile and
Cu(CH3CN)4ClO4 did not inhibit the growth of cells
(Figure 1). However, DPPE had an IC50 value of 0.25
µg/mL (Figure 1, Table 1). These results suggest that
the cytotoxicity of DPPE is further enhanced by copper
in C1 by about 3.6-fold. Because the activity of C1 was
found to be in the range of adriamycin, we decided to
test its mechanism of action.

C1 Damages DNA in Vitro and Activates the p53
Pathway. To find out whether C1 causes damage to
DNA in vitro, we carried out a single cell gel electro-
phoresis (COMET assay) of cells treated with C1.

Adriamycin was used as a positive control as it has been
shown to intercalate DNA and cause damage to DNA
possibly by inhibiting the topoisomerase II enzyme.9-11

Adriamycin addition resulted in the formation of comets
(Figure 2A compare panel b with a) in about 93.6% of
treated cells (Table 2) in comparison to untreated cells
(8.65%). Similarly, comets were seen in 90.6% of C1
treated H460 cells (Figure 2A compare panel c with a,
Table 2).

DNA damage has been shown to inhibit the growth
of cells by inducing the tumor suppressor p53. Because
our results suggest that C1 causes DNA damage, we
investigated the ability of C1 to activate the p53
pathway. First, we checked the effect of C1 on the levels
of p53. H460 cells were treated with adriamycin and
C1, and the cells were stained for p53 by immunohis-
tochemistry. Adriamycin-treated cells induced high
levels of p53 in comparison to untreated control cells
(Figure 2B compare panel b with a). Similarly, C1-
treated cells show high levels of p53 (Figure 2B compare
panel c with a). To see whether C1-induced p53 is
functional, we monitored the levels of p21WAF1/CIP1, a
known transcriptional target of p53. Adriamycin as well
as C1 treatment resulted in an increase in levels of
p21WAF1/CIP1 in comparison to that in untreated cells
(Figure 2B compare panels e and f with d). These results
suggest that C1 causes DNA damage in vitro and
activates the p53 pathway.

C1 Induces Cell Cycle Arrest and Apoptosis.
Upon induction, p53 is known to arrest the growth of
cells and induce apoptosis.12 Because our results show
C1 is growth inhibitory and it activates the p53 path-
way, we decided to check the ability of C1 to induce
growth arrest and apoptosis. First, we carried out [3H]-
thymidine incorporation to monitor cellular DNA syn-
thesis in C1-treated cells. Treatment of H460 cells with
C1 resulted in dose-dependent inhibition of DNA syn-
thesis (Figure 2D compare bars 2-5 with 1) as seen by
decreasing [3H]thymidine incorporation as the concen-
tration of drug is increased. C1 treatment also resulted
in apoptosis induction as seen by bright blue fluores-
cence upon DAPI staining, which is indicative of nuclear
fragmentation (Figure 2C compare panel c with a).
Adriamycin, which was used as positive control, also
induced apoptosis (Figure 2C compare panel b with a).
To confirm these observations, we studied the cell cycle
profile of C1-treated cells by fluorescence-activated cell
sorting (FACS). Treatment of cells with increasing
concentrations of C1 for 48 h resulted in accumulation
of cells with 2N and 4N amounts of DNA, suggesting
the arrest of cells in the G1 and G2/M phases of the
cell cycle (Figure 3, parts A and C). Arrest of cells in
the G1 and G2/M phases of the cell cycle also resulted
in concomitant decrease in S-phase populations. In
addition to these changes, there was also the appear-
ance of cells possessing less than 2N amount of DNA,
which represent cells undergoing apoptosis (Figure 3,
parts A and C). Next, we treated H460 cells with 1.0
µg/mL of C1 for different time points and analyzed the
cell cycle profile by FACS. Accumulation of cells par-
ticularly at the G2/M phase of the cell cycle was evident
as early as after 24 h of treatment, becoming very
obvious by 48 h (Figure 3, parts B and D). However,
the apoptotic cells appeared only after 48 h (10.54%)

Table 1. IC50 Values of Different Copper(I) Complexes of
DPPE

no. compound IC50
a

1 adriamycin 0.05 (0.002)
2 C1 0.07 (0.02)
3 C2 0.55 (0.12)
4 C3 0.55 (0.1)
5 C4 0.54 (0.07)
6 DPPE 0.25 (0.04)

a Refers to amount of drug in µg/mL to inhibit the growth of
H460 cells by 50% in 48 h. Each value is the average of three sets
of experiments.

Figure 1. Cytotoxicity of C1. H460 cells were treated with
increasing concentrations (0.05, 0.1, 0.25, and 1 µg/mL) of
acetonitrile, CAP, DPPE, adriamycin, and C1. After 48 h of
addition of these compounds, the proportion of live cells was
quantified by the MTT assay as described in the Experimental
Section. The absorbance of control cells was considered as
100%.
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and have further increased to high levels (22.34%) by
72 h (Figure 3, parts B and D). These experiments
suggest that C1 inhibits the growth of H460 cells by
inducing cell cycle arrest as well as apoptosis.

Synergism between C1 and Adriamycin. Combi-
nation therapy has been found to be extremely effective.
Testicular cancer has become a model for curable
neoplasm by using a combination of cisplatin, vinblastin,
and bleomycin.13 Because adriamycin and C1 are potent
inhibitors of cancer cell growth individually, we decided
to check whether a combination of C1 and adriamycin
could function in a synergistic fashion to inhibit the
growth of H460 cells. Cells were treated with increasing
concentrations of C1 in the presence of a constant
amount of adriamycin and vice versa, and the cytotox-

icity of each of the compounds was analyzed by the MTT
assay (Figure 4, parts A and B). In the presence of a
constant amount of adriamycin, the cytotoxicity of C1
was enhanced significantly (Figure 4A, 0.07-0.02 mg/
mL). Similarly, the presence of C1 also enhanced the
cytotoxicity of adriamycin, although less significantly
(Figure 4B). We conclude from these experiments that
adriamycin and C1 work synergistically. To support the
synergistic effect between adriamycin and C1, an isobo-
logram analysis was carried out to see the effects of one
drug on the action of the other. Zero interaction re-
sponse curves were calculated using the median effect
relation.14,15 The predicted zero interaction curves for
C1 in the presence of a constant amount of adriamycin
and vice versa are shown (Figure 4, parts C and D,
respectively). The experimental curve for the combina-
tion of C1 and adriamycin, when the later is added in
constant amounts with variable concentrations of C1,
is much below the zero interaction curve (Figure 4C).
Similarly, when C1 is added in constant amounts with
variable concentrations of adriamycin, the experimental
curve also deviates from the zero interaction curve but

Figure 2. (A) C1 causes DNA damage in vitro. H460 cells were treated with (b) adriamycin and (c) C1 for 24 h, and the cells
were subjected to the COMET assay. Comets are visualized under a fluorescent microscope. (B) C1 induces p53 and p21 levels.
H460 cells were treated with adriamycin (b and e) or C1 (c and f) for 24 h. The cells were fixed and analyzed by immunohistochemical
staining for p53 (a, b, and c) or p21 (d, e, and f). (C) H460 cells were treated with (b) adriamycin or (c) C1. After 48 h of addition
of these compounds, 1 µL of 1 mg/mL DAPI was added to each well, and they were observed under UV microscopy immediately.
Note that the spots with bright blue fluorescence in panels b and c indicate the presence of nuclear fragmentation. (D) H460 cells
were treated with increasing amounts of C1 (0.05, 0.1, 0.25, and 1 µg/mL). The cells were allowed to incorporate [3H]thymidine
for the last 4 h of the time points at which they were collected. After 24 h of addition of C1, [3H]thymidine incorporated into
cellular DNA was measured as described in the Experimental Section.

Table 2. Results of Single Cell Gel Electrophoresis

no. compound % of cells with COMETa

1 9.28 (0.69)
2 adriamycin 93.55 (1.21)
3 C1 90.60 (3.37)

a Refers to the average % of cells with COMET, calculated from
three sets of experiments.
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less significantly (Figure 4D). These results indicate
that the cytotoxicity of either of the compounds is
increased by the presence of the other, suggesting that
C1 and adriamycin work synergistically with each other.

In Vitro DNA Binding Behavior of C1. The bind-
ing of small molecules to DNA is conveniently monitored
by changes in the fluorescence of substrates. The
fluorescence of ethidium bromide (EtBr) increases sig-
nificantly upon binding to double-stranded DNA, and
its primary intercalation sites saturate when the ratio
of DNA/EtBr reaches a value of 0.25.16 Addition of
increasing amounts of C1 to a solution of DNA (calf
thymus) containing EtBr (DNA/EtBr ) 0.25) resulted
in a concentration-dependent decrease of fluorescence,
indicating the release of EtBr from the DNA (Figure 5
A). When the C1/EtBr ratio is 1:1, the fluorescence
intensity reduced by 10% from the saturation value.
Further addition of another equivalent of C1 (C1/EtBr
) 2) results in the decrease of fluorescence intensity by
another 6%.

Next, we probed the interaction of adriamycin with
DNA. We found that adriamycin fluorescence is quenched
when it intercalates into DNA, confirming an earlier
observation.17 In addition, we also probed the interac-
tion of adriamycin with DNA in the presence of EtBr.
Surprisingly, the binding of adriamycin to DNA appears

unaffected by the addition of EtBr (data not shown).
This suggests that EtBr binding to DNA is independent
of adriamycin binding to DNA.

Because the synergistic action between adriamycin
and C1 is observed, it is of interest to probe if the
binding of DNA with adriamycin is enhanced in the
presence of C1. DNA was modified with two different
concentrations of C1 for 24 h at room temperature, and
addition of C1-modified DNA (C1-DNA) to adriamycin
was monitored with fluorescence. Scatchard plots for the
binding of adriamycin to DNA and C1-DNA based on
fluorescence intensities are shown in Figure 5B. The
Scatchard parameters were calculated following the
procedure described before17 and are given in Table 3.
The Scatchard plot for the binding of adriamycin to
native DNA is linear, and the apparent binding constant
(K) was found to be 0.49 × 107 M-1(Figure 5B, Table
3). However, the Scatchard plots for the binding of
adriamycin to C1-DNA are nonlinear (Figure 5B, Table
3). Further analysis as described before18 indicated that
C1-DNA has two different binding sites for adriamycin.
When the DNA/C1 ratio was 5.6, K1 and K2 were
numerically evaluated to be 0.13 × 107 and 8.45 × 107

M-1, respectively. The apparent binding constant K1 is
in the similar range to that of adriamycin/native DNA.
The second binding constant K2 is associated with

Figure 3. Induction of cell cycle arrest and apoptosis in C1-treated cells. (A) H460 cells were treated with different concentrations
of C1, and the cells were harvested after 48 h and subjected to flow cytometry analysis as mentioned in the Experimental Section.
(B) H460 cells were treated with 1 µg/mL of C1, and the cells were collected at different time points (0, 24, 48, and 72 h) and
subjected to flow cytometry analysis as mentioned in the methods. (C and D) Graphical representation of the FACS data presented
in A and B, respectively. Percentage of apoptosis (A), S phase cells (S), G1 phase cells (G1), and G2 phase cells (G2) in C1-treated
cells in A and B are calculated and shown in C and D, respectively.
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adriamycin binding to regions of DNA modified by C1
and is significantly higher. This is further supported by
the fact that K2 increases to 16.7 × 107 M-1 when the
DNA/C1 ratio is changed to 2.2. These results suggest
that binding of adriamycin to DNA is significantly
enhanced in the presence of C1.

Simulation Studies. Different models for the C1-
DNA complex were constructed based on the binding
preference of the metal complex C1 and the ability of
nucleic acids to bind metal ions. The interaction of
guanine residues through N7 has been shown to be ideal
for binding metal ions. Removal of the ligand, acetoni-
trile, generates a vacant site on copper in C1. A model
complex where N7 of guanine in a 17-mer strand of
DNA binds to copper(I) of C1 is readily constructed
using the program Hyperchem (Hypercube, Inc., Gaines-
ville, FL). Because two copper ions are present, a two-
pronged binding of DNA to C1 could also take place.
The bifunctional binding mode of C1 was generated
using the same 17-mer strand interacting through two
guanine residues at G8 and G10 of the same strand, in
the major groove. Similarly an interstrand complex was
also constructed. The complex formed by the adducts
of C1 were optimized following a procedure developed
by Cox et al.19 using the program Hyperchem. Both
monofunctional and bifunctional binding modes induce

significant changes in the conformation of DNA. The
major changes are the disruption of the conventional
hydrogen bonding between nearly five of the GC and
AT base pairs adjacent to the binding site. Conse-
quently, on binding to the metal complex, the base
stacking and helical nature of DNA are disrupted, and
the DNA strands are bent (Figure 6, parts B, C, and
D). Base stacking distances increase from 4 Å to nearly
5.3 and 4.8 Å in intrastrand and interstrand cross-
linked models, respectively. The stacking was com-
pletely disrupted in the monofunctional model. The helix
angle between the two strands decreases from 180° in
native DNA to 152°, 167°, and 157° in intrastrand,
interstrand, and monofunctional models, respectively.

Discussion
We found in this study that C1 [Cu2(DPPE)3(CH3-

CN)2(ClO4)2] is a potent inhibitor of cancer cell growth.
C1 had an IC50 value in the range of adriamycin. We
found C1 damaged DNA in vitro and activated the p53
pathway. We also show that inhibition of cancer cell
growth involves both cell cycle arrest and apoptosis
induction. In addition, C1 and adriamycin worked
synergistically by potentiating the cytotoxicity of one by
the other. Furthermore, we present evidence based on
DNA binding and simulation studies for increased

Figure 4. Synergism between C1 and adriamycin. (A and B) C1 and adriamycin synergistically increase the cytotoxicity of each
other. (A) H460 cells were treated with increasing concentrations (0.05, 0.1, 0.25, and 1 µg/mL) of C1 and a constant amount
(0.05 µg/mL) of adriamycin. (B) H460 cells were treated with increasing concentrations (0.05, 0.1, 0.25, and 1 µg/mL) of adriamycin
and a constant amount (0.06 µg/mL) of C1. After 48 h of addition of these compounds, the proportion of live cells was quantified
by the MTT assay as described in the Experimental Section. The absorbance of control cells was considered as 100%. (C and D)
Experimental cytotoxicity curve and zero interaction response surface according to the dose additivity criterion for the combined
action of adriamycin and C1 on H460 cells. Calculation of the response surface with the median function dose response relations.
(C) The concentration of adriamycin is constant, and the concentration of C1 is varied. (D) The concentration of C1 is constant,
and the concentration of adriamycin is varied.
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binding of adriamycin to C1-DNA, thus providing a
plausible mechanism for synergistic action between
adriamycin and C1.

Metal complexes of DPPE have been shown to inhibit
DNA polymerase R and cause DNA damage.4,20 Forma-
tion of COMETS in 90.3% of C1-treated cells in a single
cell gel electrophoresis (COMET assay) suggests that
C1 causes DNA damage in vitro. The tumor suppressor
p53 gets activated in response to genotoxic stresses such
as DNA damage, hypoxia, etc. leading to cell cycle arrest
and induction of apoptosis.12,21 Our experiment suggests
that C1 induces the levels of p53 in H460 cells. In

addition, C1-induced p53 is functional because p21, one
of the p53 target genes, is also increased in C1-treated
cells. Many chemotherapeutic drugs have been shown
to perturb cell cycle progression22,23 and induce apop-
tosis.24

[3H]Thymidine incorporation and flow cyotmetry ex-
periments suggest that C1 treatment inhibits the cel-
lular DNA synthesis and arrests the cells in the G1 and
G2 phases of the cell cycle. Moreover, C1 treatment also
resulted in induction of apoptosis. These results suggest
that C1-mediated growth inhibition involves DNA dam-
age, which in turn induces p53-mediated growth arrest
and apoptosis.

The differences in the fluoresence intensities of bound
and free EtBr are a sensitive probe for monitoring
changes in the DNA structure. In the presence of C1,
there is a decrease in the fluoresence intensity, showing
release of EtBr from the DNA/EtBr complex. C1 distorts
DNA in a fashion that reduces the efficiency with which
DNA binds EtBr. However, it is found that the binding
of adriamycin to DNA is unaffected by the presence of
EtBr (data not shown). The observation regarding
different regions of binding for EtBr and adriamycin is
in agreement with a previous study25 where fluorescence
from terbium bound to DNA was quenched by adria-
mycin and not by EtBr. Clearly, the interactions of these
two molecules with DNA are independent of one an-
other. Taken in conjunction with the studies conducted
with C1, these results point to the fact that C1 and
adriamycin bind to different regions of DNA and could
function independently and that the cytotoxic behavior
of one drug may not affect the efficacy of the other
adversely.

Direct evidence for the effect of C1 on the binding of
adriamycin with DNA is obtained by studying the
fluorescence of adriamycin in the presence of DNA
modified by C1. The Scatchard plots suggest two dif-
ferent binding sites for Adriamycin in DNA-C1. Because
the smaller binding constant is closer to the apparent
binding constant calculated for native DNA (K ) 0.49
× 107 M-1), it is likely that it corresponds to the
interaction of adriamycin with regions of DNA unaf-
fected by C1. The larger K value belongs to the binding
of adriamycin with DNA in regions modified by C1.
Increasing the amount of C1 should increase the binding
of adriamycin to DNA-C1. This conclusion is indeed
supported by the experiments done with increased
concentrations of C1 (DNA/C1 ) 2.2). Thus, C1 clearly
enhances the binding of adriamycin. So, on the basis of
those two experiments, one can conclude that C1 and
adriamycin bind to two different regions of DNA and
that the modification of DNA with C1 can in fact
increase the binding of adriamycin with DNA.

The simulation studies provide information on a
possible mode of interaction between DNA and C1 and
how the DNA structure is affected by binding to the
metal complex. C1 is known to accommodate a variety
of ligands in the coordination site generated by loss of
acetonitrile. Formation of stable complexes by replacing
acetonitrile in C1 with guanine residues suggests that
the greater effectiveness of C1 is due to the presence of
labile acetonitrile ligands. They are readily displaced
by the nucleobases whereas there are no labile sites on
the complexes C2 to C4. The possibility of binding C1

Figure 5. In vitro DNA binding behavior of C1. (A) Fluores-
cence quenching of DNA-bound EtBr by C1. Effect of addition
of C1 to the emission intensity of the DNA-bound EtBr (5 and
15 µM respectively) at different ratios of the C1 to EtBr (0-
3.5) in a 5 mM Tris-HCl/50 mM NaCl buffer (pH 7.2). The
excitation wavelength was set to 510 nm. (B). Scatchard
analysis of the binding of adriamycin with the native DNA
and C1-bound DNA with different ratios of DNA/C1. The slope
of the graph ) 1/K, and the value of r at r/c ) 0 is the number
of apparent binding sites. Addition of 17.5 µM DNA modified
with 3.1 µM C1 and 13.5 µM DNA with 6.6 µM C1 to 2.6 µM
adriamycin, when the ratio of DNA/C1 is 5.6 and 2, respec-
tively, in a 5 mM Tris-HCl/50 mM NaCl buffer (pH 7.2).
Excitation wavelength was set to 490 nm.

Table 3. Summary of the binding parameters of Adriamycin
for CT DNA and C1-DNAa

drug DNA K (× 107 M-1) n

adriamycin CT-DNA 0.49 (0.23) 0.62

drug DNA
K1

(× 107 M-1)
K2

(× 107 M-1) n1 n2

adriamycin DNA/C1 ) 5.6 0.132 8.45 0.09 0.27
adriamycin DNA/C1 ) 2.2 0.37 16.7 0.09 0.25

a K is the average binding constant, and n is the average
number of binding sites.
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to two bases in the same strand explains why C1 binds
better than other complexes and is more cytotoxic.
Recent studies involving dinuclear copper(II) com-
plexes26 have also shown that dinuclear complexes are
more active than mononuclear complexes. Modeling
studies on the C1-bound DNA indicate significant
distortions in the DNA strand. This is probably respon-
sible for the enhancement in the binding of adriamycin
with DNA.

A molecular level explanation for the effectiveness of
C1, a dinuclear copper(I) phosphine complex, has been
realized through a combination of flow cytometry, comet
assays, thymidine incorporation, DNA binding, and
simulation studies. Mechanistic studies have been

extremely valuable in arriving at a pathway by which
C1 induces apoptosis. The cytotoxicity of C1 that has
been found to function effectively against many different
cell lines6 is due to its capability to interact with DNA.
Fluorescence-based binding studies are valuable in
arriving at the stability of substrate/DNA complexes.
Simulation studies point out the possible ways by which
DNA could bind to C1 very efficiently and, furthermore,
the changes they bring about in the tertiary structure
of DNA. Interestingly, the copper(I) complex can bind
strongly to DNA and distort it if there are two guanine
units suitably separated on the same strand. This two-
pronged attack on DNA can significantly enhance the
anticancer activity of the known drug adriamycin by

Figure 6. Simulated molecular model of duplex DNA (A). DNA bound in a monodentate fashion modified by a monofunctional
adduct of C1 (B). Cross-linked by C1 1,3 intrastrand fashion (C). Monodentate binding of DNA to C1. Bidentate 1,2 intrastrand
binding of DNA to C1. Bidentate 1,3 intrastrand cross-linking of DNA to C1. Copper of C1 is attached to N7 of guanine.
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making DNA bind it better. Enhanced binding trans-
lates into enhanced activity as observed by the syner-
gistic action of adriamycin and C1.

Multidrug chemotherapy that combines different
types of chemotherapeutic agents can more effectively
fight cancer. Our study shows that C1 and adriamycin
increased the cytotoxicity of each other, suggesting that
these compounds work synergistically. Thus, our study
suggests that C1 could be considered for in vivo thera-
peutic testing either alone or in combination with
adriamycin.

Experimental Section

General Methods. RPMI medium, penicillin, and strep-
tomycin were obtained from GIBCO BRL (U.S.A.) Fetal calf
serum and 3-(4,5-dimethylthiozal-2-yl)-2,5-diphenyltetrazo-
lium bromide were products of Sigma Chemical Co. (U.S.A.).
Sterile 96-well flat-bottom tissue-culture plates and other
tissue-culture plastic wares were purchased from Tarsons
(India). DPPE was obtained from Aldrich (U.S.A.). Dimethyl-
sulfoxide (DMSO), dimethylformamide (DMF), and other
chemicals were analytical grade reagents from Qualigens
(India). Calf thymus DNA and ethidium bromide were bought
from Sigma (U.S.A.). Human lung carcinoma cell line (H460)
is maintained in RPMI 1640 medium containing 10% FCS.27

The cultures were maintained in a 37 °C and 5% CO2

incubator. Cu(CH3CN)4ClO4) (CAP) and C1 were synthesized
using previously described methods.28,29 All reactions were
carried out in an atmosphere of dry nitrogen using standard
Schlenk and vacuum line techniques, and solvents were dried
by standard methods. 1H NMR spectra were recorded on a
Bruker AMX 400 MHz spectrometer with tetramethylsilane
as the internal reference. 31P{1H} NMR spectra were recorded
on a Bruker AMX 400 MHz spectrometer operating at 162
MHz. IR spectra were recorded in the solid state as KBr pellets
on a Bruker Equinox 55 spectrometer. The stock solutions of
complex C1 for mechanistic studies were prepared by dissolv-
ing the complex in 700 µL of DMF and 300 µL of tris-HCl
buffer (pH 7.2).

Fluorescence Studies. Emission spectra were recorded
with a Perkin-Elmer (LS 50B) fluorescence spectrometer using
a 1 cm quartz cell at 22 °C. An excitation wavelength of 510
nm was used, and the emission of EtBr was monitored at 605
nm. The EtBr solution was taken in 5 mM tris-HCl buffer (pH
7.2) and 75 mM NaCl. The concentrations were 15 µM for EtBr
and 5 µM for DNA in a total volume of 2.0 mL. This solution
was subsequently titrated with various concentrations of C1
in DMF. Fluorescence emission intensities were corrected for
dilution and quenching by the solvent, which was typically less
than 5% of the observed intensities. For the adriamycin
fluorescence quenching experiments, 17.5 µM DNA modified
with 3.1 µM C1 and 13.5 µM DNA with 6.6 µM C1 was added
to 2.6 µM adriamycin when the ratio of DNA/C1 is 5.6 and 2,
respectively, in a 5 mM Tris-HCl/50 mM NaCl buffer (pH 7.2),
Excitation wavelength for adriamycin was 490 nm, and
emission was monitored at 590 nm.

Molecular Modeling. A double-stranded DNA model (17-
mer) was constructed using the nucleic acids database of
Hyperchem 7.0 to construct the B-form of DNA. The sequence
of the complimentary oligonucleotides is 5′- TGAATTC-
GAGCTCGGTA-3′ and 5′-TACCGAGCTCGAATTCA-3′. Coun-
terions of charge +1.00 from Hyperchem’s database were
included at a distance of 0.167 nm from the phosphate oxygen
of each base. The crystallographic coordinates of the closely
related isostructural complex Cu2(DPPE)3Cl2 were used to
mimic C1 in the presence of chloride ions. Models of the
monofunctional and bifunctional adduct were built by remov-
ing one or both chlorines to create a vacant site on copper.
Copper was bonded to suitable ligands on the 17-mer. Two
monofunctional adducts were formed in separate experiments
from N7 of guanine (G5) and adenine (A12). A bifunctional
adduct was generated using the N7 of guanine from G8 and

G10. To balance the charge, an appropriate number of sodium
ions were deleted in the mono- and bifunctional adducts. The
optimization was done in two steps by using the force field
AMBER30,31 for the nucleic acid part and MM+32 all atom force
field for the metal complex. A distance-dependent dielectric
constant was used, which took care of the solvation parameter
while van der Waals and electrostatic interactions were scaled
by 0.5, Å which is a common practice in DNA modeling.33 The
resulting complexes were minimized with 1000 cycles of
steepest descent, followed by up to 3000 steps of Polak-Ribiere
conjugate-gradient minimization, until convergence was
achieved as judged by the root mean square gradient being
less than 0.03 kJ mol-1 Å-1. The optimized systems were then
subjected to molecular dynamics simulations (1 fs time step,
30 ps at 300 K to achieve equilibrium). The cycle was repeated
thrice before carrying out a final optimization using a 1000
step steepest descent and a conjugate gradient convergence.

Immunohistochemical Analysis. Immunohistochemical
staining was performed as described before.27 Cells were fixed
after 24 h of addition of drugs and subjected to staining with
mouse antihuman p53 monoclonal (Ab-2, Oncogene) and
mouse antihuman p21WAF1/CIP1 monoclonal (Ab-1, Oncogene).

COMET Assay. The COMET assay was performed es-
sentially as described previously.34 Cells were harvested by
trypsinization after treatment with adriamycin or C1 for 24 h
and subjected to the COMET assay.

Cytotoxicity (MTT) Assay. The cytotoxicity exerted by
compounds was checked by the MTT assay. The assay is based
on the fact that only live cells reduce yellow 3-(4,5-dimeth-
ylthiazol-2-yl-)-2,5-diphenyltetrazolium bromide (MTT) but not
dead cells to blue formazan products. Cells were seeded in 96-
well tissue-culture plates at 1200 cells/well in 100 µL of RPMI
1640 media. Cells were incubated overnight to adhere properly.
Adriamycin and copper complexes were diluted to desired
concentrations (0.05, 0.1, 0.25, and 1 µg/mL final concentra-
tion) in RPMI 1640 media and added to respective wells in
triplicates and incubated for 2 days. At the end of 2 days, 20
µL of MTT (5 mg/mL in PBS) per well was added, and the
plate was incubated for additional 3 h. The medium was
decanted carefully, the formazan dye was dissolved in DMSO
(200 µL/well), and absorption was read at 550 nm wavelength
using a microplate reader ELISA spectrophotometer. The
amount of the drug that kills 50% of cells (IC50) was calculated
for all of the compounds.

Cell Cycle Analysis. Cell cycle analysis was carried out
as described before with minor modifications.35 H460 cells were
infected with varying concentrations of C1. At indicated time
points, the cells were washed with PBS twice and harvested
by trypsinization. The cells were washed again with PBS, fixed
with cold 70% ethanol for 1 h, washed with PBS once, and
then incubated with 4 µg of ribonuclease A (Roche) for 30 min
at room temperature. Propidium iodide was added to the cell
suspension at a final concentration of 20 µg/mL and incubated
for 30 min. Cells were then analyzed by flow cytometry using
FACScan (Becton Dickinson). The results were quantified by
using the software Cell Quest (Becton Dickinson).
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