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Sudeshna Roy,[a] Katharine D. Hagen,[a, b] Palanisamy Uma Maheswari,[a] Martin Lutz,[c]

Anthony L. Spek,[c] Jan Reedijk,*[a] and Gilles P. van Wezel*[a]

Introduction

The successful application of cisplatin in cancer chemotherapy
and its associated side effects and resistance (intrinsic or ac-
quired), continue to fuel research in platinum chemistry in an
effort to formulate new, specific metallodrugs with fewer or no
side effects.[1] Among several platinum-containing candidates,
cisplatin, carboplatin, and oxaliplatin have been approved for
clinical use.[2] Investigation into the activity of cisplatin at the
biomolecular level indicates that genomic DNA is the primary
target, where cisplatin forms an adduct with adjascent purine
bases,[3] particularly with guanine.[4–6] This coordination results
in distortion of the DNA helix towards the major groove fol-
lowed by unwinding of the DNA. Finally, the cells undergo
apoptosis due to unsuccessful DNA repair.[7]

Phenanthrolines are a class of compounds with an entirely
different mode of action,[8] of interest for their potential activity
against cancer as well as and viral, bacterial, and fungal infec-
tions. In contrast to cisplatin, intercalating ligands, such as the
phenanthrolines and their metal complex derivatives, interact
with DNA by aromatic p stacking between base pairs. This in-
teraction results in lengthening, stiffening, and unwinding of
the helix.[8] The DNA cleaving ability of phenanthroline has
made it a frequently used reagent in DNA footprinting stud-
ies.[9, 10] One phenanthroline derivative, phenanthroline-5,6-
dione (phendione), displays significant anticancer activity, both
with and without a coordinated metal.[11,12]

Some specific phenanthroline-7-ones are already well known
for their excellent cytotoxic properties. Delfourne et al. have
probed the effect of various substituents on different rings of
these tetracyclic aromatic compounds.[13,14] Phenanthroline
itself shows very high activity towards neoplastic cell lines.[15,16]

The IC50 values of phenanthroline in L1210 (cisplatin-sensitive
murine leukemia), HepG2 (human hepatocellular carcinoma),

and A498 (human kidney adenocarcinoma) cell lines are re-
ported as 5, 4.5, and 5.5 mm respectively. In leukemia cell lines
phenanthroline is less active than cisplatin (IC50=2.08 mm

[17]),
whereas in other cell lines it shows 3.3- and 2.5-fold enhanced
activity.

Little is known about the antimicrobial activity of these anti-
tumor compounds. It is clear that a detrimental effect on the
intestinal flora in addition to the unavoidable consequences of
chemotherapy on healthy (dividing) cells is undesirable for the
patient. Hence, it is advantageous to develop antitumor drugs
that do not possess antibacterial activity. The purpose of this
study was to further analyze the possible use of phenanthro-
line derivatives as anticancer drugs, as well as to assess their
antimicrobial activities. This was achieved by modifying the
phenanthroline ligand and subsequent biological evaluation of

Phenanthroline derivatives are of interest due to their potential
activity against cancer, and viral, bacterial, and fungal infections.
In a search for highly specific antitumor and antibacterial com-
pounds, we report the activities of 1,10-phenanthroline-5,6-dione
(phendione or L1), dipyrido[3,2-a :2’,3’-c]phenazine (dppz or L2),
and their corresponding platinum complexes ([PtL1Cl2] and
[PtL2Cl2]), and provide the solid-state 3D structure for [PtL1Cl2] . It
is generally known that a toxic metal ion coordinated to an
active organic moiety leads to a synergistic effect ; however, we
report herein that the platinum complexes [PtL1Cl2] and [PtL2Cl2]

have weaker activities relative to those of the free ligands, espe-
cially against bacteria. Testing these agents against a variety of
human cancer cell lines revealed that L1 and [PtL1Cl2] were at
least as active as cisplatin against several of the cell lines (includ-
ing a cisplatin-resistant cell line). The absence of antibacterial ac-
tivity of [PtL1Cl2] removes the detrimental effect of phenanthro-
lines toward intestinal flora, suggesting a highly promising new
strategy for the development of anticancer drugs with reduced
side effects.

[a] S. Roy,+ K. D. Hagen,+ Dr. P. U. Maheswari, Prof. J. Reedijk,
Dr. G. P. van Wezel
Leiden Institute of Chemistry, Leiden University
P.O. Box 9502, 2300 RA Leiden (The Netherlands)
Fax: (+31)71-527-4671 (J.R.)
Fax: (+31)71-527-4340 (G.P.v.W.)
E-mail : reedijk@chem.leidenuniv.nl

g.wezel@chem.leidenuniv.nl

[b] K. D. Hagen+

Department of Chemistry, Occidental College
Los Angeles, CA 90041 (USA)

[c] Dr. M. Lutz, Prof. A. L. Spek
Bijvoet Center for Biomolecular Research
Crystal and Structural Chemistry, Utrecht University
Padualaan 8, 3584 Utrecht (The Netherlands)

[+] These authors contributed equally to this work.

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cmdc.200800097.

ChemMedChem 2008, 3, 1427 – 1434 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1427



the derivatives and their platinum complexes using MTT and
SRB assays to determine cytotoxicity. Minimum inhibitory con-
centration (MIC) and zone of inhibition tests were carried out
to determine the antimicrobial activities of the derivatives. Be-
cause the modifications are to the aromatic ligands, we expect
the activity profile to be similar to previous reports.

Results

Chemical synthesis and structural determination

Phenanthroline is a well-known DNA-cleaving agent, which has
been used extensively in DNA footprinting studies.[9, 10] This
property also gives rise to significant antitumor activity. Several
derivatives of phenanthroline have been described, with vary-
ing degrees of activity against eukaryotic cells.[12,18, 19] To further
analyze the possible use of phenanthroline derivatives as anti-
cancer drugs, as well as to assess their antimicrobial activities,
two derivatives were synthesized: 1,10-phenanthroline-5,6-
dione (phendione, L1)[20] and dipyrido[3,2-a :2’,3’-c]phenazine
(dppz, L2). These ligands were selected for their subtle differen-
ces in aromaticity and coordination properties over the parent
ligand (phenanthroline, L3).

The platinum complexes were produced by coordination of
the appropriate ligand (L1 or L2) with a Pt-containing starting
material through a spontaneous reaction to give a 1:1 com-
plex. Proton and platinum NMR spectroscopy, and ESI MS were
used for structural determination. The structure of [PtL1Cl2] was
determined by X-ray crystallography, and the excellent R value
obtained confirmed the accuracy in the crystal parameters
(Supporting Information, table S1). Carrying out the measure-
ments at low temperature (150 K) significantly improved the
data and offers a more accurate description of the structure.
Intermolecular and coordinating distances were within the
normal range. The crystal structure contains an exceptionally
close intermolecular interaction between the S=O group of
DMSO and the C5�C6 bond of the metal complex, which may
well be the shortest interaction ever reported. A representation
of the structure is depicted in Figure 1.

In vitro cytotoxicity

The IC50 values for L1 and L2 and their respective platinum
complexes were compared with those of cisplatin (Table 1).
The cytotoxicity of L1 was consistently significantly higher than
that of L2, except against the colon cancer cell line (WIDR),
which was found to be equally sensitive to both compounds
(IC50 ~ 3.5 mm), and to a lesser extent against A2780R, the cis-
platin-resistant variant of the ovarian carcinoma cell line A2780
(difference less than 1.5-fold). Coordination of ligand L1 with
platinum led to a significant decrease in cytotoxicity, reducing
it from 1.4-fold against A2780R, to almost 7-fold against the
lung cancer cell line (H226). Results for the corresponding L2

platinum complex showed an almost complete loss of cytotox-
icity against all of the cell lines tested, reducing its activity by
6.1–14-fold and on average by a full order of magnitude.

Antibacterial activities

One of the main goals of this study was to analyze the antimi-
crobial activity of the phenanthroline-derived anticancer drugs.
For this, we used three representative bacterial strains, namely
Gram-negative Escherichia coli, and Gram-positive Bacillus subti-
lis (low G+C DNA content) and Streptomyces coelicolor (high
G+C DNA content). Two tests were conducted using these
bacterial strains: a zone of inhibition test and a MIC assay, the
details of which are given in the Experimental Section.

The relative antimicrobial activities of the compounds stud-
ied were assessed by the measurement of the zone of clear-
ance around a filter disk impregnated with the active agent at
10 mm (Table 2). Because the zones depend on diffusion, the
activity decreases exponentially. Surprisingly, whereas dppz (L2)

Figure 1. 3D molecular structure of [Pt(phendione)Cl2] ACHTUNGTRENNUNG(dmso) as determined
by X-ray crystallography (ORTEP diagram with 50% displacement probabili-
ty).
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did not produce clearance zones, indicative of very low or no
antimicrobial activity, phendione (L1) had a very strong inhibi-
tory effect on the growth of all strains, giving zones of 16, 20,
and 42 mm against E. coli, B. subtilis, and S. coelicolor, respec-
tively. In comparison with the free ligand, [PtL1Cl2] produced
zones against the Gram-positive bacteria, although to a lesser
extent, but not against E. coli. The [PtL2Cl2] complex was not
found to display any measurable antimicrobial activity.

MIC values in liquid cultures were determined for E. coli and
B. subtilis. (Table 2). Unfortunately, reproducible results could
not be obtained using S. coelicolor due to poor culture growth,
therefore MIC values could not be determined in liquid culture.
Similar to the results observed in the zone of inhibition plate
tests, L1 and [PtL1Cl2] were more active against the Gram-posi-
tive B. subtilis than against the Gram-negative E. coli (Table 2).
Ligand L1 had MIC values of 2 and 0.5 mgmL�1 against E. coli
and B. subtilis, respectively. These were the lowest MIC values
of all compounds tested, validating the results of the previous
assay. Although L1 was at least 100-fold more active than its
platinum complex ([PtL1Cl2]), the complex [PtL2Cl2] was twofold
more active than its free ligand, L2. After 16 h, both L2 and
[PtL2Cl2] showed some precipitation from solution, potentially
reducing their effectiveness. Neither L2 nor its platinum com-

plex inhibited growth of E. coli
at � 200 mgmL�1. However,
both of these complexes inhibit-
ed growth of B. subtilis at
200 mgmL�1 when incubated for
10 h, after which growth ap-
proached control levels.

DNA cleavage

As phenanthroline efficiently
cleaves DNA, it was hypothe-
sized that the antimicrobial ac-
tivity of L1 and L2 arises through
a similar mechanism of action.
Therefore, the ability of the phe-
nanthroline derivatives and their
Pt complexes to cleave DNA was
examined. Figure 2 shows the

relative cleavage abilities of all compound concentrations of
25 and 100 mm. Additionally, various dilutions of these com-
pounds were incubated with supercoiled phage fX174 DNA,
and the compound concentration necessary to achieve a 1:1
ratio of open circular (OC or nicked DNA) versus linear DNA
was noted for comparison (Table 3). Interestingly, the activity
of the compounds toward DNA did not follow the trends ob-
served with their antimicrobial activities. In fact, while L2 dis-
played a much lower antimicrobial activity against all bacteria
tested (Table 2), a 1:1 OC/linear ratio was achieved at 80 mm L2,
as compared with 125 mm L1 (Figure 2 and Table 3). The corre-
sponding platinum complexes were far less active than the
free ligands, and while some linear DNA was produced, a 1:1
OC/linear ratio was never achieved at concentrations lower
than 200 mm. Thus, both L1 and L2 are much more effective in
cleaving DNA than their platinum complexes.

Table 1. In vitro IC50 values of the ligands and platinum complexes toward several neoplastic cell lines and
their relative changes in cytotoxicity.

Cell line IC50 [mm] Relative change in cytotoxicity[a]

cisplatin L1 L2
ACHTUNGTRENNUNG[PtL1Cl2] ACHTUNGTRENNUNG[PtL2Cl2] L2/L1

ACHTUNGTRENNUNG[PtL1Cl2]/L
1

ACHTUNGTRENNUNG[PtL2Cl2]/L
2

A498 7.50 1.22 4.01 4.90 33.8 3.3 4.0 8.4
EVSA-T 1.40 0.499 2.53 3.05 16.4 6.2 6.2 6.5
H226 10.9 0.494 3.28 3.27 39.8 6.8 6.8 12
IGROV-1 0.563 0.528 3.09 2.67 43.8 5.5 5.1 14
M19-MEL 1.85 0.356 2.77 0.812 20.5 7.9 2.3 7.4
MCF-7 2.32 0.575 2.81 3.38 21.3 4.9 5.9 7.6
WIDR 3.22 3.47 3.65 19.5 45.9 1.1 5.6 13
A2780 5.22 0.068 2.18 0.827 13.2 12 4.6 6.1
A2780R 8.41 0.933 1.33 0.683 19.3 1.4 1.4 14

RF[b] 1.61 13.7 0.61 0.829 1.46 – – –
Average relative change: 5.5 4.7 9.9

[a] Change in cytotoxicity between ligands (L2/L1) and between the complex and ligand ([PtL1Cl2]/L
1 and

[PtL2Cl2]/L
2). [b] Resistance factor= IC50 ACHTUNGTRENNUNG(A2780R)/IC50 ACHTUNGTRENNUNG(A2780).

Table 2. Zones of inhibition and MIC values against bacterial strains.[a]

Compound Zone of inhibition [diameter in mm][b] MIC values[c]

ACHTUNGTRENNUNG[mgmL�1]
Ecoli Bsubt Scoel Ecoli Bsubt

cisplatin 6�0.6 0 0 25�1 >200
phenanthroline 6�0.6 9�0.7 9�0.7 25�1 15�1
L1 (phendione) 16�1 20�1 42�3 2�0.2 0.5�0.1
ACHTUNGTRENNUNG[PtL1Cl2] 0 2�0.2 10�0.5 >200 >200
L2 (dppz) 0 0 0 >200 >200
ACHTUNGTRENNUNG[PtL2Cl2] 0 0 0 >200 >200

[a] Scoel, S. coelicolor M145; Ecoli, E. coli JM109; Bsubt, B. subtilis. [b] Values
reported are an average of at least three independent experiments,
zones given in mm outside the filter disk. [c] Values reported are an aver-
age of at least six growth curves per sample per strain.

Figure 2. Agarose gel electrophoresis showing the effects of phenanthro-
line-type compounds on DNA integrity. All compounds were incubated at
concentrations of 25 mm (top) or 100 mm (bottom), with 20 mm fX174 DNA
(in base pairs). Reaction mixtures contained a 4:1:16 ratio of compound/
CuSO4/ascorbic acid and were incubated for 30 min at 37 8C in the dark.
Lane 1: DNA without added compound; lanes 2–6: DNA incubated with L1

(2), [PtL1Cl2] (3), L
2(4), [PtL2Cl2] (5), CuSO4 (6.25 mm, top; 25 mm, bottom) and

ascorbic acid (100 mm, top; 400 mm, bottom) (6).
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Analysis of DNA conformational changes by circular dichro-
ism

To obtain further insight into the molecular interactions of the
ligands L1 and L2 and their Pt complex derivatives with DNA,

we performed circular dichroism (CD). Native DNA (calf
thymus) gave CD bands at ~248 nm (negative) arising due to
B-form right-handed helicity, and ~270 nm (positive) originat-
ing from uniform nucleobase stacking in the B-form conforma-
tion.[21] When the free ligands L1 and L2 and the platinum com-
plexes [PtL1Cl2] and [PtL2Cl2] were allowed to interact with
DNA, prominent changes were observed in helical conforma-
tion, indicative of strong binding of the compounds to DNA.
(Figure 3).

The CD spectrum of ligand L1 differs significantly from that
of native DNA, with new bands at 237 (positive) and 252 nm
(negative), revealing a complete conformational change in the
DNA; the new ellipticity at ~300 nm is typical of Z-form
DNA.[22, 23] (Figure 3a). Moreover, with an increase in incubation
time from 6 to 12 h, the negative band at ~300 nm increased

Table 3. DNA cleaving activities of ligands and complexes.

Compound DNA cleaving activity[a] [mm]

cisplatin no linear
phen 15
phendione 125
ACHTUNGTRENNUNG[PtL1Cl2] >125
dppz 80
ACHTUNGTRENNUNG[PtL2Cl2] >125

[a] The concentration needed to achieve a 1:1 ratio of OC/linear DNA.

Figure 3. Circular dichroism for the analysis of the effect of a) phendione (L1), c) dppz (L2), and their Pt complexes b) and d), respectively, on the conformation
of calf thymus DNA. Prominent changes in CD spectra were observed in relation to native DNA (trace A) induced by the ligands and their platinum complexes
(trace B).
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while the positive band at ~272 nm decreased. The platinum
complex of L1 produced similar conformational changes in the
DNA, although these were less pronounced than for the free
ligand (Figure 3b). This is probably due to the coordination of
[PtL1Cl2] to the DNA helix leading to control of the conforma-
tional change.

The free ligand L2 shows a decrease in the intensity of both
the positive and negative bands, depicting a classical intercala-
tion involving a slight decrease in DNA helicity and base stack-
ing (Figure 3c). The corresponding [PtL2Cl2] complex showed a
significantly greater change in the positive band, with the ap-
pearance of a new peak at 287 nm (Figure 3d). The appear-
ance of new ellipticity at 237 nm indicates a conformational
change in DNA similar to that observed for [PtL1Cl2] . The prom-
inent changes in the CD spectra of the free ligand L2 and the
platinum complex [PtL2Cl2] can be easily explained by different
modes of interaction with DNA; the free ligand is only able to
intercalate with DNA, whereas the complex is able to both in-
tercalate and coordinate DNA.

Discussion

The results of this study illustrate the potential application of
the phenanthroline derivatives as antimicrobial and antitumor
agents. The free ligands, phendione (L1), and dppz (L2), have
cytotoxicities similar to those of cisplatin. However, little was
known of the antimicrobial activity of phenanthroline deriva-
tives. This study has clearly shown that phendione (L1) is a very
potent antibiotic, and importantly, towards both Gram-positive
and Gram-negative bacteria. In fact, to our knowledge, there
are no reports of a more potent antibiotic against Streptomyces
coelicolor (unpublished data). In contrast to phendione (L1),
dppz (L2) has negligible antimicrobial activity, making it poten-
tially suitable for development as a specific antitumor drug.
Indeed, L2 displays lower IC50 values than cisplatin for four of
the nine cell lines, including the cisplatin-resistant cell line
A2780R.

It has been well documented that metal complexes bind to
DNA through coordination, and this gives rise to the anticanc-
er activity of platinum complexes. Lippard’s pioneering work
showed that square-planar PtII complexes interact non cova-
lently with DNA by intercalation, groove binding, or external
electrostatic binding.[24] However, the PtII complex–DNA adduct
is only formed after hydrolysis of one or more of the labile li-
gands. Because we incorporate both known intercalator li-
gands and labile chlorido ligands in the complexes synthe-
sized, the combined action is expected. The intercalating prop-
erty of the ligand increases with extension of the aromatic
system, which is evident in the results obtained for our com-
plexes. The complex [PtL2Cl2] has an extended diimine, which
gives rise to more prominent changes in the DNA (l280 and l250

positive and negative bands, respectively ; Figure 3d) relative
to those seen for [PtL1Cl2] (Figure 3b).

The cytotoxic and antimicrobial activities of the compounds
may well be explained by their ability to cleave DNA. Surpris-
ingly however, whereas L1 is both more cytotoxic and has
higher antimicrobial activity than L2, the latter has a somewhat

higher nuclease activity in vitro. The disparity between the ob-
served activities in vitro and those seen in the cell-based
assays strongly suggests that additional factors influence the
potency of these compounds, with differences in transport effi-
ciency as one of the most likely explanations. It is unlikely that
the cytotoxic activity of the free ligands is due to scavenging
of rare metals, as the addition of an excess in trace elements
did not affect the antimicrobial activity of L1 (data not shown).
Coordination with platinum significantly altered the activity of
the compounds. The in vitro assays showed that the chemical
nuclease activity of [PtL1Cl2] was significantly lower than that
of phendione (L1) itself, as [PtL1Cl2] produced almost no linear
DNA, and supercoiled DNA was still observed even at the
higher concentration (100 mm). The decreased chemical nucle-
ase activity agrees with the less pronounced changes in DNA
conformation observed in the CD studies elicited by [PtL1Cl2]
relative to those seen with L1, and correlates well to the ob-
served 7-fold decrease in cytotoxicity in coordination with plat-
inum. Similarly, coordinating platinum to L2 also strongly de-
creased its activity against eukaryotic cells by up to 14-fold.
However, in contrast to L1, the chemical nuclease activity of L2

increased on coordination with platinum. This again underlines
the difficulties involved in using in vitro (nuclease) activities to
predict the results of cell-based assays. The reduced antimicro-
bial and cytotoxic activities of dppz (L2) and [PtL2Cl2] in com-
parison with the analogous phendione compounds (L1 and
[PtL1Cl2]) may be explained by the limited solubility of L2 and
[PtL2Cl2] in buffer solutions. Formulation to increase the solubil-
ity of dppz (L2) may make it a more potent antibiotic.

The ability of compounds such as phendione (L1) to act as
dual antitumor and antimicrobial drugs raises an important
issue. There is little discussion in the literature on the potential
antibacterial activity of (DNA-targeting) drugs, even though
some, like phendione, are very potent antibacterial agents and
as such will eradicate the intestinal flora that are necessary for,
among other things, resistance to invasive pathogenic bacteria.
In light of this, phendione itself is perhaps a less obvious can-
didate for development as a specific antibacterial or antitumor
agent. However, considering its strong activities, it is worthy of
further investigation to assess whether modifications to phen-
dione could make it a potent antitumor agent but an ineffec-
tive antimicrobial, or vice versa. Coordinating platinum to the
free ligand is a particularly promising modification. This com-
pound, [PtL1Cl2] , is similar to or more effective than cisplatin
against five of the nine cell lines tested, including the cisplatin-
resistant line A2780R, while it has almost negligible antimicro-
bial activity.

Conclusions

We have demonstrated that phendione (L1) has very strong an-
timicrobial activity in addition to its antitumor activity. This is a
clear example of the care that should be taken with adminis-
tering DNA-targeting drugs, such as phendione, as anticancer
agents. We were able to enhance the specificity of phendione
by coordination to platinum, which resulted in dramatically re-
duced antibacterial activity whilst maintaining potent antitu-
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mor activity. Compared with cisplatin, this Pt complex was
over twelvefold more potent toward the cisplatin-resistant cell
line A2780R. Further modification of phendione (L1) to dppz
(L2), extending the aromaticity and planarity of the ligand, ap-
pears to be another very efficient way to decrease its antimi-
crobial activity. While perhaps less potent against cancer cell
lines than phendione (L1), dppz (L2) still shows sixfold greater
activity than cisplatin against the resistant cell line, A2780R.
These results underscore the exciting prospects for phenan-
throline derivatives and their platinum complexes as novel an-
ticancer drugs.

Experimental Section

The solvents used for synthesis were purchased from Biosolve (AR
grade) and used without further purification. K2ACHTUNGTRENNUNG[PtCl4] was provid-
ed by Johnson-Matthey (Reading, UK). Phenanthroline, MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), and deuter-
ated solvents were purchased from Sigma–Aldrich. RPMI and fetal
calf serum (FCS) were obtained from Life Technologies (Paisley,
UK). sulforhodamine B (SRB), DMSO, penicillin, and streptomycin
were obtained from Duchefa Biochemie B.V. (Haarlem, The Nether-
lands). TCA and acetic acid were purchased from Baker B.V.
(Deventer, The Netherlands) and the phosphate-buffered saline so-
lution (PBS), from NPBI B.V. (Emmer-Compascuum, The Nether-
lands).

Chemistry

1H and 13C spectra were recorded at 300 MHz using a Bruker spec-
trometer at 25 8C in [D6]DMSO. The 195Pt spectra were recorded on
a 300 MHz Bruker spectrometer with a 5 mm multi-nucleus probe
at 25 8C in [D6]DMSO and [D7]DMF, using Na2PtCl6 as an external
reference (d=0 ppm). ESI MS spectra were recorded on a Finnigan
AQA instrument equipped with an electrospray ionization (ESI) in-
terface. The ligands phendione (1,10-phenanthroline-5,6-dione[20])
and dppz (dipyrido[3,2-a :2’,3’-c]phenazine[25]) were synthesized ac-
cording to published methods. Cisplatin was synthesized from K2-
ACHTUNGTRENNUNG[PtCl4] following a classical synthetic route.[26] The cis-[Pt ACHTUNGTRENNUNG(dmso)2Cl2]
complex was prepared from K2 ACHTUNGTRENNUNG[PtCl4] as described previously.[27]

Synthesis

[Pt(1,10-phenanthroline-5,6-dione)Cl2] ([PtL
1Cl2]): A solution of

1,10-phenanthroline-5,6-dione (50.64 mg, 0.2409 mmol) in EtOH
was added dropwise to a solution of K2 ACHTUNGTRENNUNG[PtCl4] (100 mg,
0.2409 mmol) in H2O in the dark and stirred overnight at 50 8C. The
reaction mixture was filtered, and the precipitate was washed with
ice-cold ethanol (3O2 mL) and diethyl ether (3O5 mL), then dried
under vacuum in the dark to yield a deep-green precipitate
(65.98 mg, 62%); 195Pt NMR (300 MHz, [D7]DMF): d=�2313 ppm,
[N2Cl2Pt] ;

195Pt NMR (300 MHz, [D6]DMSO): d=�2317 ppm,
[N2Cl2Pt] ; MS (ESI) m/z=519 [Pt(phendione)Cl ACHTUNGTRENNUNG(DMSO)]+ .

[PtACHTUNGTRENNUNG(dipyrido[3,2-a :2’,3’-c]phenazine)Cl2] (ACHTUNGTRENNUNG[PtL
2Cl2]): This complex

was synthesized as described previously.[28] In brief, a solution of
cis-[Pt ACHTUNGTRENNUNG(dmso)2Cl2] in DMSO was treated with dppz (1 equiv) and al-
lowed to react overnight in the dark. 195Pt NMR (300 MHz,
[D6]DMSO): d=�2954 ppm (N2ClS Pt) ; MS (ESI) m/z 547.8 [Pt-
ACHTUNGTRENNUNG(dppz)Cl2] , 586.8 [PtACHTUNGTRENNUNG(dmso) ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(CH3OH)]2+ , 659.7 [Pt ACHTUNGTRENNUNG(dmso)2-
ACHTUNGTRENNUNG(dppz)]2+ .

Structural determination of [PtL1Cl2] by X-ray diffraction

Single crystals were obtained from a solution of [PtL1Cl2] in
[D6]DMSO at room temperature in the dark. X-ray reflections were
measured on a Nonius Kappa CCD diffractometer with rotating
anode (graphite monochromator, l=0.71073 P). Data were inte-
grated with EvalCCD[29] using an accurate description of the experi-
mental setup for the prediction of the reflection contours. Absorp-
tion correction and scaling were performed using SADABS.[30] The
structure was solved with automated Patterson methods (DIRDIF-
99[31]) in the triclinic space group P�1 (no. 1). The structure was then
transformed to the correct space group Cc (no. 9) using the
ADDSYM routine in PLATON.[32] Refinement was performed with
SHELXL-97[33] against the F2 of all reflections. Non-hydrogen atoms
were refined with anisotropic displacement parameters. All hydro-
gen atoms were introduced in calculated positions and refined
with a riding model. Geometry calculations and higher symmetry
checks were performed using PLATON.[32] This structure has been
previously determined at room temperature and with less accuracy,
however, its coordinates (PESZUJ) have not been reported in the
Cambridge Structural Database (CSD).[34] Additionally, a preliminary
X-ray structure was published, in a different space group and pack-
ing, but with the same molecular structure.[35] The structure de-
scribed herein is presently the most accurate available, and all rele-
vant structural data have been submitted to the Cambridge Crys-
tallographic Data Centre (CCDC) and are available in the CSD
(CCDC 678530). These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via http://
www.ccdc.cam.ac.uk/data_request/cif. Further details of the molec-
ular structure are given in the Supporting Information (tables S1
and S2).

Biology

Cell culture and microwell plates were obtained from NUCLON
(Roskilde, Denmark). The human ovarian carcinoma cell lines
A2780 (cisplatin-sensitive) and A2780R (cisplatin-resistant) were do-
nated by Dr. J. M. PerSz (Universidad Autonoma de Madrid, Spain).
The cells were grown as monolayers in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FCS, penicillin
(100 UmL�1) and streptomycin (100 mgmL�1) or in RPMI 1640
medium (ATCC catalog no. 30-2001). The cell lines and bacterial
strains used in this study are summarized in Table 4.

MTT cytotoxicity assay

In-house cytotoxicity tests were performed using the MTT colori-
metric method[36] adapted as before from our laboratory.[37, 38] For
this, cells were plated onto 96-well sterile plates in 100 mL DMEM/
FCS medium at a density of ~2O103 cells per well and incubated
for 48 h at 37 8C in 7% CO2. Stock solutions were made in DMSO
(5 mg in 1 mL solvent) and diluted with medium in such a way
that the final concentration of DMSO was consistently less than
1%. Each compound was tested at six final concentrations ranging
from 0.4 to 90 mm. Cisplatin was tested both in DMSO and in aque-
ous solution to allow comparison with reported IC50 values. For the
assays, after incubation for 48 h, freshly prepared MTT (5 mgmL�1

in PBS) was added to each well (50 mLwell�1), and the plates were
incubated for a further 3 h at 37 8C. The absorbance at 595 nm was
assessed for each well using a Tecan Genios microplate reader. All
tests were repeated in triplicate with four biological replicates per
experiment for each cell line. The IC50 values were calculated from
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the curves drawn by plotting cell survival (%) versus complex con-
centration (mm) using GraphPad Prism v.3.0.

SRB cytotoxicity test

The microculture SRB test[39] was carried out commercially at Phar-
machemie (Haarlem, The Netherlands). The human tumor cell lines
used were WIDR, IGROV-1, M19-MEL, A498, H226, MCF-7 (ER+ ,
PgR+ ), and EVSA-T (ER�, PgR�) (Table 4). All cell lines were main-
tained in continuous logarithmic culture in RPMI 1640 medium
with Hepes and phenol red. The medium was supplemented with
10% FCS, penicillin (100 UmL�1), and streptomycin (100 mgmL�1).
The cells were treated with trypsin for passage and for use in the
assay. Trypsin-treated tumor cells (150 mL, ~2O103 cellswell�1) were
pre-incubated for 48 h at 37 8C in 96-well, flat-bottom cell culture
plates, and the compounds were added in a threefold dilution
series up to and including 62.5 mgmL�1. After seven days, cells
were fixed with 10% TCA in PBS and incubated at 4 8C for 1 h. The
cells were washed with water (3O ) and then stained for 15 min
with 0.4% SRB in 1% acetic acid. Subsequently, the cells were
washed with 1% acetic acid, air dried, and the bound stain dis-
solved in unbuffered Tris base (150 mL, 10 mm). A540 values were
measured using an automated microplate reader (Labsystems Mul-
tiskan MS). The concentration–response curves and ID50 values
were calculated using Deltasoft 3 software (Biometallics Inc. ,
Princeton, NJ, USA) and subsequent unit conversion provided the
IC50 values for all samples tested.

Circular dichroism

The circular dichroic spectra were recorded using a JASCO J-815
spectropolarimeter equipped with a Peltier temperature control
unit. All experiments were performed using a quartz cuvette with a
path length of 1 mm. Spectra were recorded at standard sensitivity
(100 mdeg), with a data pitch of 0.5 nm in the continuous mode.
All the spectra were averaged after four accumulations with a
scanning speed of 100 nmmin�1 and a response time of 1 s. The
baseline was corrected using a reference of 10 mm PBS. The com-
pound (1O10�3m) together with calf thymus DNA (1O10�4m) were
incubated at 37 8C, and spectra were recorded at the given time in-
tervals. Cisplatin was also tested as a reference compound for com-
parison.

Zone of inhibition plate tests

The zone of inhibition tests were
carried out on minimal medium
agar plates (MM)[40] using 1% glu-
cose (S. coelicolor) or Luria–Bertani
(LB) agar plates (E. coli and B. sub-
tilis). Approximately 107 cells
(E. coli and B. subtilis) or spores
(S. coelicolor) were mixed with soft
agar (~3 mL per 20 cm2 LB con-
taining 0.7% agar) and plated.
Sterile Whatman filters (6 mm)
were then placed onto the bacte-
ria-containing top agar layer, and a
solution of the compound to be
tested (10 mL containing 100 nm)
was spotted onto the filter. The
plates were first incubated for 2 h
at 4 8C to allow the compounds to
diffuse into the agar, then subse-
quently incubated for 48 h at 30 8C

(S. coelicolor) and 16 h at 37 8C (E. coli and B. subtilis). Zone diame-
ters are expressed as the distance to the outer edge of the filter
disk (e.g. , a zone of 16 mm is noted as 10 mm). Values reported
are an average of at least three independent experiments.

Minimum inhibitory concentration in liquid-grown cultures

E. coli (JM109) and B. subtilis were inoculated in 200 mL LC cultures
with final compound concentrations of 10 ngmL�1 to 200 mgmL�1,
and grown at 37 8C for 16 h with continuous, intensive shaking
using a Bioscreen C microbiology shaker/reader (Transgalactic Ltd.),
which allows the high-throughput generation of multiple highly re-
producible growth curves.[41,42] The turbidity was measured at 10-
minute intervals using a 450–600 nm wideband filter. All assays
were carried out at 10 different dilutions per compound tested
and repeated in triplicate. MIC values are defined as the lowest
concentration of compound at which growth is completely inhibit-
ed for at least 8 h.

DNA cleaving activity assays

Supercoiled fX174 phage DNA was incubated with various con-
centrations of the relevant compounds in 10 mm phosphate buffer
(pH 7). All assays contained fX174 (20 mm base pairs final concen-
tration) and a 4:1:16 ratio of compound/CuSO4/ascorbic acid,
unless otherwise noted. This mixture, with the absence of a com-
pound, was used as the control, as ascorbic acid and CuSO4 them-
selves elicit an unfolding effect on DNA. Samples were incubated
in the dark at 37 8C for 30 min. After incubation, reactions were
quenched by the addition of DNA loading buffer containing the
copper(I) chelator bathocuproine disulfonic acid (BCDA) 1 mm.
Samples were run on a 1% agarose gel in TAE buffer, stained with
ethidium bromide, and imaged with a BioRad ChemiDoc XRS appa-
ratus.
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