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ABSTRACT:

The inhibition activity of a series of anticancer metal complexes based on platinum, ruthenium, and goldmetal ions was evaluated on
the zinc-finger protein PARP-1, either purified or directly on protein extracts from human breast cancerMCF7 cells. Information on
the reactivity of the metal complexes with the PARP-1 zinc-finger domain was obtained by high-resolution ESI FT-ICR mass
spectrometry. An excellent correlation between PARP-1 inhibition in protein extracts and the ability of the complexes to bind to the
zinc-finger motif (in competition with zinc) was established. The results support a model whereby displacement of zinc from the
PARP-1 zinc finger by other metal ions leads to decreased PARP-1 activity. In vitro combination studies of cisplatin with NAMI-A
and RAPTA-T on different cancer cell lines (MCF7, A2780, and A2780cisR) showed that, in some cases, a synergistic effect is in
operation.

’ INTRODUCTION

Following the discovery of the anticancer properties of
cisplatin in 1965 by Rosenberg and co-workers,1 considerable
efforts have beenmade both to unravel the mechanisms by which
it exerts its anticancer effect2 and to develop alternative metal-
based drugs to broaden the range of treatable tumors.3-5 During
the last few decades, themajority of research on anticancer metal-
based compounds has focused on their interactions with DNA,
since it was recognized to be a primary target for platinum
compounds.2,6,7 However, it is increasingly evident that the
interactions of anticancer metallodrugs with enzymes and pro-
teins deserves more attention, since they play important roles in
metal complex uptake and biodistribution processes and in
determining their overall toxicity profile.8 The reactions of metal
complexes with proteins are also likely to be involved in crucial
aspects of their mechanism of action,9-11 particularly for non-
platinum anticancer compounds (e.g., compounds based on
ruthenium and gold centers), for which multiple biological
pathways have been proposed, including the inhibition of

cysteine proteases12,13 by ruthenium compounds and the inhibi-
tion of mitochondrial enzymes by gold complexes.14,15

Within this frame, the poly(adenosine diphosphate (ADP)-
ribose) polymerases (PARPs) are essential proteins involved in
cancer resistance to chemotherapies. PARPs play a key role in
DNA repair by detecting DNA strand breaks and catalyzing
poly(ADP-ribosylation),16 and consequently, PARPs have been
referred to as “the guardian angels” of DNA.17 Notably, PARP-1,
the most studied member of the PARP family, is characterized by
the presence of two long zinc fingers (ZF-PARPs, also termed as
nick-sensors) that are positioned upstream of the catalytic
domain18 and mediate specific nicked DNA recognition.19

Figure 1 shows the structure of the catalytically essential
N-terminal ZF-PARP-1 peptide.20 The enzyme reaction then
uses NADþ as a substrate and catalyzes the addition of long
branching chains of poly(ADP-ribose) polymers to target

Received: October 25, 2010

http://pubs.acs.org/action/showImage?doi=10.1021/jm2000135&iName=master.img-000.jpg&w=313&h=130


2197 dx.doi.org/10.1021/jm2000135 |J. Med. Chem. 2011, 54, 2196–2206

Journal of Medicinal Chemistry ARTICLE

proteins or PARP itself.21,22 PARP is activated by mild to
moderate genotoxic stimuli, which facilitates DNA repair by
signaling cell cycle arrest and by interacting with DNA repair
enzymes.21 Severe DNA damage may even induce hyperactiva-
tion of PARP, which ultimately leads to apoptosis.23,24

PARP inhibitors have been considered as drugs for use in
combinatorial therapies with alkylating agents,25 to sensitize
cancer cells to subsequent treatment with cisplatin and carbo-
platin.26-29 Indeed, phase I and II clinical trials to evaluate the
potential of PARP inhibitors in combination therapies with
platinum drugs are currently in progress.30

Notably, PARP has been shown to bind to platinum-modified
DNA.31,32 A systematic in vitro study was recently conducted in
which the effect of PARP inhibition on the ability of nuclear
proteins to bind platinum-modified DNA was evaluated by
photo-cross-linking experiments.33 According to these studies,
the activity of PARP, following exposure to platinated DNA,
resulted in the dissociation of DNA-bound proteins. Moreover,
PARP inhibitors were able to sensitize some, but not all, of the
cell lines to cisplatin. Other studies describe the binding of
PARP-1 to platinum 1,2-d(GpG) and 1,3-d(GpTpG) intrastrand
cross-links on duplex DNA,33,34 and a very recent report
demonstrated that PARP-1 differentiates between normal and
platinum-damaged DNA, having higher binding affinity for the
cisplatin 1,2-d(GpG) cross-links than for the unplatinated DNA
or other types of cisplatin-DNA cross-links.35 In this latter study,
it was also shown that PARP-1 may shield the DNA lesion from
repair and trigger a cytotoxic response.

Despite these studies, the activity of PARP upon cisplatin
treatment remains controversial and not fully understood.Herein,
we propose an alternative mechanistic hypothesis in which PARP
is a pharmacological target of metal-based drugs. Such a hypoth-
esis is based on the inhibition activity studies of a series of metal-
based drugs (platinum, ruthenium, and gold) on purified PARP-1
and on protein extracts from human breast cancer MCF7 cells.
Considering that the PARP structure contains ZFmotifs that may
be altered by themetal complexes, we have also studied the nature

of the possible metal-ZF-PARP adducts by high-resolution elec-
trospray ionization Fourier-transform ion cyclotronmass spectro-
metry (ESI-FT-ICR MS). An excellent correlation between
PARP-1 inhibition and the ability of the complexes to bind to
the ZF motif was observed. Moreover, in vitro combination
studies to evaluate the cooperative effect of PARP-1 inhibition
and DNA binding on cytotoxicity are described.

’RESULTS AND DISCUSSION

A series of complexes based on ruthenium and gold were
investigated for their inhibitory properties of PARP-1 in comparison
to cisplatin and 3-aminobenzamide (3-AB),36 the latter being the
benchmark PARP inhibitor (Chart 1). The series included com-
pounds that inhibit invasion processes in vitro and show an
antimetastatic effect in vivo, [Ru(η6-p-toluene)Cl2(pta)] (pta =
1,3,5-triaza-7-phosphaadamantane, RAPTA-T)37-39 and trans-[Ru-
(dmso)(Him)Cl4]Him(dmso=methylsulfoxide,Him= imidazole,
NAMI-A),40,41 as well as the antirheumatic agent (Au(2,3,4,6-tetra-
O-acetyl-1-(thio-κS)-β-D-glucopyranosato)PEt3) (PEt3 = triethyl-
phosphine, auranofin)42,43 and the cytotoxic gold(III) compounds
[Au(phen)Cl2]Cl

44,45 (phen = 1,10-phenanthroline, Auphen) and
[Au(bipy)Cl2](PF6)

46 (bipy = 2,20-bipyridine, Aubipy).
PARP-1 inhibition was initially determined on the purified

human enzyme. The enzyme was incubated with each compound
at various concentrations for 24 h before assessing its activity
spectrophotometrically by measuring the incorporation of bio-
tinylated poly(ADP-ribose) onto histone proteins (see the
Experimental Section for further details). The long incubation
time was selected in order for the compounds to establish
maximum inhibition, in particular for the ruthenium complexes
that have been previously reported to behave as typical time-
dependent enzyme inhibitors.12 The resulting IC50 values are
reported in Table 1 in comparison to the PARP-1 reference
inhibitor 3-AB. Notably, all the complexes are superior PARP-1
inhibitors compared to 3-AB, with the gold complexes showing
the most potent effect and the lowest IC50 values (in the
nanomolar range), followed by cisplatin (IC50 ∼ 12.3 μM)
and the ruthenium complexes.

Incubation of protein cell extracts (isolated fromMCF7 cells)
with the compounds (50 or 150 μM) for 24 h at 37 �C followed
by determination of PARP-1 activity shows that the complexes

Figure 1. Ribbon representation of the NH2-terminal zinc finger of
PARP-1 (from pdb 2DMJ), with the Zn2þ binding motif shown as a
ball-and-stick model. The 106 amino acid sequence is as follows:
GSSGSSGMAESSDKLYRVEYAKSGRASCKKCSESIPKDSLRMAIM
VQSPMFDGKVPHWYHFSCFWKVGHSIRHPDVEVDGFSELRWD
DQQKVKKTAEAGGSGPSSG (Zn-binding residues Cys-28, Cys-31,
His-60, and Cys-63 in bold letters).

Chart 1. Structures of the Compounds Used in This Study
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maintain their inhibition activity. Figure 2 shows the residual
activity of PARP-1 on protein extracts treated with the complexes
and 3-AB at a fixed concentration of 50 μM. The most effective
ruthenium compound is NAMI-A, which reduced PARP-1
activity to ca. 21%, with respect to untreated protein extracts.
Notably, NAMI-A is more efficient than 3-AB (residual activity =
55%). Cisplatin also inhibits PARP-1 activity (residual activity =
52%), albeit to a lesser extent than NAMI-A, but comparable to
that of 3-AB. The least active compound is RAPTA-T (residual
activity = 70%). The lower activity of RAPTA-T compared to
NAMI-A, relative to their similar inhibition on the purified
protein, indicates that RAPTA-T binds preferentially to other
protein targets including proteases.12 Aubipy and Auphen are the
most potent compounds of the series, inhibiting PARP-1 activity
to ca. 12% of residual activity, with auranofin displaying prefer-
ential interactions with other targets, such as the seleno-enzyme
thioredoxin reductase.14

As mentioned above, overexpression of PARP in cancer cells
has been linked to drug resistance and the overall ability of cancer
cells to survive genotoxic stress. PARP-1 inhibition has been
shown to sensitize tumor cells to chemotherapeutic agents
including platinum compounds.29,47 Therefore, we decided to
evaluate the cytotoxic effect of cisplatin administered in combi-
nation with different concentrations of RAPTA-T or NAMI-A.
The ruthenium complexes were selected for the coadministration
experiments, as good PARP-1 inhibition is observed at concen-
trations significantly below cytotoxic doses, which is relevant to
the further development of these compounds in combination
therapy in vivo. Cisplatin inhibited MCF7 cell proliferation with
an IC50 = 20( 3 μMafter 72 h treatment whereas RAPTA-T and

NAMI-A were practically nontoxic even at a concentration of
500 μM, as shown in Figure 3.

Figure 3 compares the survival of MCF7 cells treated for 72 h
with 25 μM cisplatin or with 25 μM cisplatin together with
RAPTA-T or NAMI-A at concentrations of 150, 300, or 500 μM
(data obtained on RAPTA-T and NAMI-A treated cells are also
reported for comparison). Concerning the relatively high con-
centrations of the ruthenium complexes used in our study and
their relevance to the real in vivo situation, it is worth mentioning
that, for example, the low cytotoxicity and rather acceptable
toxicity profile of NAMI-A allowed administration of relatively
high doses of compound to patients enrolled in clinical trials.48

Moreover, high intracellular concentrations of ruthenium are
usually attained both in vitro and in vivo following NAMI-A
treatment, as reported by Sava and co-workers based on atomic
absorption determinations.49 In the reported cell studies, extra-
cellular concentrations of NAMI-A up to 100 μM or even 1 mM
were applied and excellent uptake of ruthenium was revealed.
Finally, a recent study on the reaction of NAMI-A with serum
albumin revealed that NAMI-A/albumin adducts retain a sig-
nificant biological activity.50 Thus, ruthenium bound to serum
albumin in the cell culture medium might still serve as a drug
reservoir at the cancer cell surface.

The results of our experiment show that cisplatin cytotoxicity
increases approximately 2-fold when coadministered with
(noncytotoxic) 150 μM doses of RAPTA-T and NAMI-A. The
cytotoxicity of the combined treatment increases up to 3-fold,
with 500 μM doses of the ruthenium drugs.

Statistical analysis based on the method of Chou and Talaly51

was performed, and in Table 2 a comparison of the predicted
survival rates (defined as the expected cell viability if the
combined activities of the compounds are additive) and the
experimentally determined values (the observed viabilities) is
reported. The observed survival rates for the combinations of the
two ruthenium compounds at different concentrations with
cisplatin are significantly lower than those predicted, indicating
a synergistic effect between the two compounds is in operation.

Similar coadministration experiments were repeated for the
A2780 human ovarian cancer cell lines and the cisplatin resistant
analogue, A2780cisR, for which cisplatin has IC50 values of 1.9(
0.6 μM and 20 ( 5 μM, respectively. It should be noted that
RAPTA-T and NAMI-A alone showed a cytotoxic effect on both
cell lines at 150 μM. Cells were incubated with 1 or 10 μM
cisplatin (for A2780 and A2780cisR, respectively) and different
concentrations of RAPTA-T or NAMI-A (150, 300, or 500 μM).

Figure 2. PARP-1 activity levels in MCF7 protein extracts. PARP-1 activity was measured in homogenates (50 μg of protein) treated with the
compounds (50 μM) over 24 h at 37 �C, in comparison to the standard inhibitor 3-AB. Data are the mean ( SD of at least three experiments, each
performed in triplicate. Tukey-Kramer multiple comparison test: compound p < 0.01 vs control in all cases.

Table 1. IC50 Values for PARP-1 Inhibition Following 24 h
Incubation

compound IC50 (μM)a

RAPTA-T 28 ( 2

NAMI-A 18.9 ( 1.6

cisplatin 12.3 ( 2.0

auranofin 0.079 ( 0.009

Auphen 0.0069 ( 0.0001

Aubipy 0.0077 ( 0.0001

3-AB 3336

aValues are the mean ( SD of at least three determinations each,
performed in triplicate.

http://pubs.acs.org/action/showImage?doi=10.1021/jm2000135&iName=master.img-003.jpg&w=308&h=126


2199 dx.doi.org/10.1021/jm2000135 |J. Med. Chem. 2011, 54, 2196–2206

Journal of Medicinal Chemistry ARTICLE

A ca. 1.5- to 2-fold increase in cytotoxicity was observed at
150 μMRAPTA-T or NAMI-A and a ca. 2- to 2.4-fold increase at
the maximum concentrations of the ruthenium compounds (see
Table 2). All the observed survival rates for combinations of
RAPTA-T at different concentrations with cisplatin indicate the
occurrence of a synergistic effect. Conversely, NAMI-A treat-
ment led to survival rates inferior to the ones expected from an
additive effect only at 150 μM for both the cell lines.

To establish whether PARP-1 inhibition by the ruthenium
compounds could contribute to the observed synergistic effects
on MCF7 cells, PARP-1 activity was evaluated on protein
extracts obtained from MCF7 cells pretreated with noncytotoxic
doses of each compound. MCF7 cells were incubated with
150 μM RAPTA-T or NAMI-A or with 15 μM cisplatin for
72 h and the protein extracts collected and analyzed for PARP-1

activity. NAMI-A and RAPTA-T treatments inhibited PARP-1
by about 15% when administered at 150 μM. Notably, despite a
10-fold reduced dose with respect to the ruthenium complexes,
cisplatin treatment resulted in PARP-1 activity being reduced by
ca. 17% compared to the untreated cells. In contrast, in HT29
colon carcinoma cells, cisplatin treatment led to an increase in
PARP-1 activity.52 The difference between the cell lines is
possibly due to a cisplatin resistant phenotype of these HT29
cells, carrying a p53 mutation.52

In order to study the influence of the compounds on PARP-1
expression induced by possible DNA damage, Western blot
analysis was performed on protein extracts from MCF7 cells
treated for 24 and 72 h with the same concentrations of
ruthenium complexes and cisplatin as described above. For both
NAMI-A- and RAPTA-T-treated samples, PARP-1 remained

Table 2. Comparison of the Expected Survival Rates (Based on an Assumption That the Combined Drug Activities Are Additive)
and the Experimentally Determined Values after Treating Cells with Cisplatin and Different Concentrations of RAPTA-T or
NAMI-Aa

survival rate

MCF7 A2780 A2780cisR

combination expected observed expected observed expected observed

cisplatin þ RAPTA-T 150 μM 0.42 0.27* 0.48 0.29* 0.54 0.25*

cisplatin þ RAPTA-T 300 μM 0.41 0.23* 0.51 0.23* 0.47 0.18*

cisplatin þ RAPTA-T 500 μM 0.40 0.15* 0.51 0.20* 0.40 0.20*

cisplatin þ NAMI-A 150 μM 0.45 0.20* 0.39 0.32 0.43 0.32

cisplatin þ NAMI-A 300 μM 0.45 0.18* 0.28 0.30 0.38 0.31

cisplatin þ NAMI-A 500 μM 0.42 0.14* 0.14 0.23 0.23 0.27
aCisplatin concentration was 25 μM (MCF7), 1 μM (A2780), or 10 μM (A2780cisR). Calculation of the predicted survival rates is described in the
Experimental Section. The obtained values were statistically analyzed using a t-test (*p < 0.05).

Figure 3. Survival of MCF7 cells subjected to 25 μM cisplatin and cisplatin with RAPTA-T (top) or NAMI-A (bottom) in combined treatments. Cell
viability was measured on MCF7 cells after 72 h treatments using the MTT assay. Data are the mean ( SD of two experiments performed in eight
replicate wells. Tukey-Kramer multiple comparison test: cisplatin þ ruthenium compound p < 0.01 vs cisplatin in all cases.
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mainly in its intact form and the protein expression levels were
essentially unaltered with respect to the controls (Figure 4),
which supports the idea that the observed PARP-1 reduced
activity in MCF7 protein extracts is due to direct enzyme
inhibition by the ruthenium complexes. For cisplatin, marked
apoptotic proteolysis of PARP-1 was detected after 24 h, as
observed previously for other cell lines.52

PARP-1 inhibition by the complexes might be due to direct
modification of the ZF domain of the protein. In fact, it has already
been reported that modification of the zinc finger core by electro-
philic agents results in inhibition of the nucleic acid binding capacity
of the modified peptide.53 Other studies describe the binding of
platinum complexes to ZF structures.54-56 Indeed, it has already
been shown that cisplatin inhibits human DNA polymerase-R via
covalent interactionswith the cysteine residues of theZFmotif.57-59

Recently, platinum-nucleobase complexes were reported to cause
zinc displacement and loss of tertiary structure from the C-terminal
ZF of retroviral proteins.60,61 Gold complexes were also shown to
efficiently react with ZFs with substitution by Au of the Zn ion, with

the formation of so-called “gold fingers”.62,63 Indeed, a number of
medicinally relevant gold-based compounds are known to alter
essential ZF domains in proteins or model peptides with crucial
biological function, including DNA binding proteins.64

In order to establish the nature of PARP-1 inhibition by the
complexes at a molecular level, e.g. whether inhibition involves
coordination of the drugs to the zinc binding domain of the
protein, substitution of the Zn ion, and binding stoichiometry,
FT-ICR mass spectrometry was carried out using a peptide
containing the N-terminal zinc finger domain of PARP-1, initially
in the absence of Zn2þ (apo-ZF-PARP), with a complex-to-
protein ratio of 3:1. This specific ZF-PARP domain was chosen as
the N-terminus of the peptide and is essential for PARP-1
activation by double-stranded DNA breaks.20

Incubation of the complexes with the apo-ZF-PARP peptide
(monoisotopic molecular mass 5116.46 Da) leads to the forma-
tion of new adducts. The extent of adduct formation (estimated
from the peaks assigned to adducts relative to the unmodified
apo-ZF-PARP) follows the trend: Aubipy ≈ Auphen. NAMI-
A > auranofin > cisplatin > RAPTA-T, which is in excellent
agreement with the data obtained from the inhibition assays
performed on the pure protein and MCF7 cell extracts. The
Au(III) compounds, Aubipy and Auphen, which inhibit PARP-1
at nanomolar concentrations, show much higher reactivity than
the other compounds, with extensive adduct formation taking
place after only a few minutes (see Figure 5), with up to three
bound Au ions detected. Notably, in the obtained spectra, apart
from the peak of the apo-ZF-PARP peptide (m/z 732.3602 for
the 7þ charge state), peaks corresponding to “naked”Au ions (in
which all the original ligands are absent) bound to the peptide are
observed at m/z 759.7792, m/z 787.9172, and m/z 816.0562 for
one, two, and three Au ions bound to the ZF-PARP in the 7þ
charge state, respectively. Isotope cluster analysis indicates that
the first Au ion is in oxidation state þ3, whereas additional gold
ions have undergone reduction to theþ1 state—note that redox
processes are not uncommon for Au(III) complexes interacting
with peptides.65

Figure 4. Western blot analysis of the expression of PARP-1 in MCF7
cells after incubation with RAPTA-T and NAMI-A (150 μM) and
cisplatin (15 μM) for 24 and 72 h. Total cellular protein extracts (30 μg)
were analyzed by Western blot with an anti-PARP-1 antibody. Controls
consisted of samples of untreated cells. Actin was used as an internal
loading control.

Figure 5. ESI FT-ICRMS of apo-ZF-PARP incubated with Aubipy in a 1:3 ratio for 15 min. The expanded segment of the mass spectrum in the range
m/z 720-825 shows the adducts in the 7þ charge state. Them/z value for the most intense isotope of each gold-adduct peak is given. Unlabeled peaks
correspond to adducts formed with ubiquitous sodium and potassium ions.
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Similar results were obtained with auranofin, with up to two
Au ions bound to the ZF-PARP detected. Figure 6 depicts the
expanded segments of the mass spectra around the 7þ charge
state of an adduct formed between the zinc finger and auranofin
(gold in the oxidation state þ1) and Aubipy (gold in the
oxidation stateþ3). As mentioned above, all the original ligands
are lost from both compounds, leading to adducts of the type Au-
ZF-PARP, which only incorporates the metal ion. Comparison of
the experimentally and theoretically obtained isotopic patterns in
the 7þ charge states shows that, in the case of auranofin, the gold
ion remains in the þ1 oxidation state. For Aubipy the signal of
the adduct is shifted by m/z 0.5739, corresponding to approxi-
mately 4 Da at z = 7. This indicates not only that the gold remains
in the oxidation state þ3 (therefore requiring two protons less
for ionization) but also that two additional cysteine residues are
involved in the binding (leading to the replacement of the sulfur-
bound hydrogens by the gold), which is in agreement with the
expected square planar binding mode of Au(III) in comparison
to the linear coordination geometry characteristic of Au(I).

In the case of RAPTA-T, the compound takes several hours for
adducts to be observed. The toluene and PTA ligands remain
attached to the ruthenium center upon binding to the protein,
with only loss of the chlorides observed, which is in keeping with
RAPTA compounds binding to proteins as observed by MS66,67

and X-ray crystallography.68 For NAMI-A, only the imidazole
moiety remains attached to the ruthenium center upon adduct
formation (adducts containing only the Ru ion are observed
following prolonged incubation). Additionally, as already ob-
served in DNA binding studies,69 a series of aquated species are
detected for the Ru(III) compound, complicating data analysis
due to the large number of possible combinations.

In the case of cisplatin, the major adducts formed (Figure 7)
correspond to a “naked” platinum(II) ion (e.g., peak at m/z
759.9225 in Figure 7), although peaks of low relative intensity,
corresponding to binding of a Pt(NH3)

2þ moiety, are also
observed (e.g., the peaks centered at m/z 762.2092 in Figure 7).

The apo-ZF-PARP was incubated with zinc acetate in order to
create the physiological ZF-motif (holo-ZF-PARP). The zinc salt
was added to the apo-ZF-PARP before the metal complexes to
ascertain whether the metallodrugs are able to displace coordi-
nated zinc. In another series of experiments, the zinc salt and
metal complexes were added simultaneously to mimic competi-
tive binding conditions. ZF-PARP preincubated with the metal-
lodrugs was also treated with the zinc salt to determine whether
Zn(II) can displace the metallodrugs and to establish whether
Zn(II) and other metal ions bind to the same residues.

For the Au(III) compounds, the spectra obtained are compar-
able in all three experimental setups: within minutes an equilib-
rium between the Zn- and Au-bound species is established,
evidenced, for example, by peaks at m/z 1296.6061 and m/z
1329.8654 for the Zn(II) and Au(III) bound 4þ charged species,
respectively (Figure 8, top). Although the spectra are not
quantitative, the ratio of Au- to Zn-bound ZF-PARP is approxi-
mately 3:1, indicating a higher binding affinity of the thiophilic
Au ion compared to the Zn ion toward the ZF motif. These
results also suggest that the Zn and Au ions compete for the same
binding site on the ZF-PARP and provide evidence that direct
disruption of zinc finger function may represent a mechanism for
the highly efficient inhibition of PARP-1 activity. Moreover, due
to the competition with the Zn ion, and at variance with the
apo-ZF-PARP data, only gold monoadducts were observed.
A peak containing both Au and Zn ions bound to the

Figure 6. Comparison of adducts formed between apo-ZF-PARP and Au(I) (auranofin, top left) and Au(III) (Aubipy, top right) obtained with ESI FT-
ICR MS with their corresponding calculated mass spectra (bottom).
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ZF-PARP is observed (m/z 1345.8408 in Figure 8 for the 4þ
charge state), indicating that additional residues might also serve

as binding sites for the metal ions once the ZF motif is
saturated.

In the case of auranofin (Figure 8, bottom), competition
between the Zn(II) and Au(I) ions for the zinc binding motif is
also observed. The ratio between the two species at equilibrium
may be estimated to be only 1:1 (Figure 8; peaks at m/z
1296.6061 andm/z 1328.8618, respectively), thereby confirming
results obtained with the apo-ZF-PARP, which also showedmore
efficient adduct formation between the peptide and Au(III)
compared to Au(I) ions. Again, a minor peak is observed that
may be attributed to a species containing both zinc and gold ions
(m/z 1344.8417). The lower reactivity of auranofin relative to
the Au(III) complexes is also in excellent agreement with
the lower IC50 value observed in the PARP-1 inhibition studies
(ca. by 1 order of magnitude).

Addition of RAPTA-T to the Zn(II)-ZF-PARP results in
peaks corresponding to binding of compound via loss of two
chloride ligands, in addition to the Zn(II) ion (peaks at m/z
1094.5062 and m/z 1037.0803, respectively, in Figure 9), as
observed for the apo-ZF-PARP. As highly abundant species
contain both Zn(II) and the RAPTA-T fragment (e.g., peak
centered at m/z 1107.0907 in Figure 9), it is not unreason-
able that the Ru-adduct coordinates to amino acids other than those
of the zinc finger motif. This is not surprising, as Ru(II)-arene
adducts have been shown to be able to coordinate to aspartate
carboxylateO atoms, the hydroxyl functions of serine, and the amino
N atoms of lysine residues,70 all of which are also present in the
ZF-PARP peptide. Such secondary interactions are likely to
interfere with the activity of the enzyme to a lesser extent, which
is consistent with the lower inhibitory effect of RAPTA-T.

NAMI-A forms the same ensemble of adducts with the zinc-
modified peptide as in the experiments with the apo-ZF-PARP
(i.e., “naked” Ru, Ru-imidazole, and a series of aquated species,
depending on the incubation time) (Figure 10), and no species
with bound zinc are observed. Apparently, the multidentate
binding mode of the NAMI-A fragments blocks the ZF motif
directly or interferes strongly with the secondary structure of the
protein, preventing Zn(II) ions from binding to the peptide.
These observations correlate well with the rather high activity of
NAMI-A in the PARP-1 inhibition assay on MCF7 cell extracts.

Figure 7. ESI FT-ICRMS of apo-ZF-PARP incubated with cisplatin for
24 h. The expanded segment of the mass spectrum in the range m/z
700-900 shows the 7þ and 6þ charge states. The m/z value for the
most intense isotope of major peaks is given.

Figure 8. ESI FT-ICRMS of (top) apo-ZF-PARP with zinc acetate and
Aubipy in a 1:2:2 ratio incubated for 10 min under competitive
conditions, and (bottom) of apo-ZF-PARP preincubated with zinc
acetate and subsequent addition of auranofin (24 h) in a 1:2:2 ratio.
The m/z value of the most intense isotope of each peak is given.
Unlabeled peaks correspond to adducts formed with ubiquitous sodium
and potassium ions.

Figure 9. ESI FT-ICR MS of apo-ZF-PARP preincubated with zinc
acetate and subsequent addition of RAPTA-T (24 h) in a 1:2:2 ratio. The
m/z value for the most intense isotope of each peak is given. Unlabeled
peaks correspond to adducts formed with ubiquitous sodium and
potassium ions.
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The spectra obtained upon incubation of the Zn(II)-ZF-PARP
with cisplatin give peaks that may be assigned to adducts of Pt2þ

or Pt(NH3)
2þ containing species (as for the apo-ZF-PARP) and

indicate direct competition with the Zn(II) ion for the zinc
binding motif (1:1 Pt:Zn adduct formation). Peaks of very low
abundance show concomitant coordination of both Pt and Zn.

’CONCLUSIONS

A series of anticancer metal complexes were found to inhibit
PARP-1 activity more efficiently than the benchmark inhibitor
3-AB; the extent of inhibition follows the trend Au(III) > Au(I) >
Pt(II) > Ru(III) > Ru(II) > 3-AB. Enzyme activity assays
performed on purified PARP-1, and on protein extracts from
cancer cells, show differences, that presumably correspond to the
reactivity of the complexes with other proteins/enzymes in the
cell extracts. It should be noted, however, that cisplatin inhibits
PARP-1 to the same extent as 3-AB in cell extracts, and this
feature should not be excluded when considering the overall
pharmacological profile of this widely used anticancer drug.
Moreover, for clinically used gold-based drugs, PARP-1 or more
generally ZF proteins appear to be relevant targets.

The ruthenium complexes (at noncytotoxic doses) were
coadministered with cisplatin, resulting in a synergic increase
in cytotoxicity in the case of MCF7 cells treated with either
RAPTA-T or NAMI-A. This effect is likely to correspond to a
reduced repair of the platinated DNA adducts due to (partial)
PARP-1 inhibition by the ruthenium complexes, although other
mechanisms cannot be excluded. Notably, treatment with the
ruthenium compounds did not affect PARP-1 expression, as
confirmed by Western blot analysis. In the case of A2780 and
A2780cisR cells, only RAPTA-T demonstrated a synergistic
effect. Although caution should be taken in transferring the
results of in vitro models to the in vivo reality, the observed
effects provide further evidence that ruthenium compounds act
via a different mechanism of action with respect to the DNA
damage induced by cisplatin, as indicated in an in vivo combina-
tion study using cisplatin and NAMI-A, which demonstrated the
compatibility of the concomitant treatment of malignant carci-
nomas with two metal-based drugs.71

Excellent correlation between PARP-1 inhibition in protein
extracts and the mode of metal binding was observed. The
gold(III)-based compounds rapidly lose all their ligands upon
binding to the zinc finger domain, which presumably results in
tetradentate binding through 1 His and 3 Cys residues. Similar
behavior is observed for cisplatin, whereas the ruthenium com-
pound RAPTA-T only loses the two chloride ligands. For NAMI-
A, a series of possible adducts is observed, including loss of all
original ligands and species containing the imidazole and/or aqua
moieties. Notably, all compounds were able to compete with
Zn(II) for the binding site in the ZF-PARP to some extent; the
Au(III) compounds, which showed the highest inhibitory po-
tencies, were most efficient in this regard. The high reactivity
of gold(III) complexes toward ZF peptides with respect
to platinum(II) compounds is in accordance with previous
studies.63

’EXPERIMENTAL SECTION

Materials and Reagents. RAPTA-T,72 NAMI-A,73 Auphen,44

and Aubipy46 were prepared according to literature methods. Their
purity was confirmed by ESI MS, 1H NMR spectroscopy, and elemental
analysis. Cisplatin was purchased from Sigma-Aldrich and auranofin
fromAlexis Biochemicals. The PARP-1 zinc binding domain (GRASCK-
KCSESIPKDSLRMAIMVQSPMFDGKVPHWYHFSCFWKV) was
purchased from Peptide Specialty Laboratories GmbH (Heidelberg,
Germany). Dithiothreitol (DTT; molecular biology grade) and zinc
acetate dihydrate (p.a.) were obtained from Sigma-Aldrich.
Cell Culture. The human breast cancer cell line MCF7 and human

ovarian cancer cell lines A2780 and A2780cisR (resistant to cisplatin)
were cultured respectively in DMEM (Dulbecco’s Modified Eagle
Medium) and RPMI containing GlutaMaxI supplemented with 10%
FBS and 1% penicillin/streptomycin (all from Invitrogen), at 37 �C in a
humidified atmosphere of 95% of air and 5% CO2 (Heraeus, Germany).
Where indicated, MCF7 cells were grown for 72 h prior to the assays in
DMEM containing GlutaMaxI supplemented with 1% or 3% of FBS.
Cell Growth Inhibition. Cell viability was evaluated by using a

colorimetric method based on the tetrazolium salt MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide], which is re-
duced by viable cells to yield purple formazan crystals. Cells were seeded
in 96-well plates at a density of (8-15) � 103 cells per well (200 μL).
After overnight attachment, the medium was replaced by 200 μL of a
dilution series of the compounds in the medium, and cells were
incubated for a further 72 h. Stock solutions of the complexes were
prepared in water for cisplatin and the ruthenium compounds, auranofin
was dissolved in EtOH and Aupiby and Auphen in DMSO. The
percentage of DMSO or ethanol in the culture medium did not exceed
0.2%. At the end of the 72 h incubation period, the media was removed
and the cells were incubated with MTT (0.5 mg/mL in culture medium;
200 μL) for 3-4 h at 37 �C and 5% CO2. The purple formazan crystals
formed inside the cells were then dissolved in 200 μL of DMSO by
thorough shaking, and the absorbance was read at 570 nm, using a plate
spectrophotometer (Power Wave Xs; Bio-Tek). Each test was per-
formed with at least six replicates and repeated at least 2 times. The IC50

value is expressed as percentage of the surviving cells in relation with the
control (cells with regular medium).
Additive and Synergistic Cytotoxicity Analysis. The combi-

nation index method of Chou and Talaly was used to determine whether
the observed interactions between cisplatin and the ruthenium drugs
were additive or synergistic.51 If the interaction was additive, the sum of
the effects of the two drugs should be equal to the product of their
fractional activities. The representative function defined as the expected
cell survival rate corresponds to f(u)1,2 = f(u)1 3 f(u)2, where f(u)1 = the

Figure 10. ESI FT-ICR MS of apo-ZF-PARP preincubated with zinc
acetate and subsequent addition of NAMI-A (24 h) in a 1:2:2 ratio. The
m/z value for the most intense isotope of each peak is given. Unlabeled
peaks correspond to adducts formed with ubiquitous sodium and
potassium ions.
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fraction unaffected by drug 1, f(u)2 = the fraction unaffected by drug 2,
and f(u)1,2 = the fraction unaffected by drugs 1 and 2.74 The expected
and observed cell survival rates obtained from a minimum of six
replicates and of at least three repetitions were analyzed by the Student’s
t test (p); p < 0.05 was viewed as significant.
Preparation of Cell Extracts.MCF7 cells were grown in DMEM

GlutaMaxI with 10% FBS (or 3% and 1%when indicated) and incubated
with different doses of the compounds. After 72 h, cells were scraped in
ice-cold PBS and centrifuged at 10000g for 10 s at 4 �C. The pellet was
resuspended in 5-10 volumes of lysis buffer (PARP Buffer, Trevigen)
containing complete protease inhibitor cocktail tablets (Roche), 0.4 M
NaCl, and 1% Triton X-100). After 15 min on ice, lysates were
centrifuged at 14000g for 10 min at 4 �C to pellet the cellular debris
and the supernatants were removed for further use. The total protein
content was determined by using the DC Protein Assay Kit (Biorad).
PARP-1 Activity Determinations. PARP-1 activity was deter-

mined using Trevigen’s HT Universal Colorimetric PARP Assay. This
assay measures the incorporation of biotinylated poly(ADP-ribose)
onto histone proteins in a 96 microtiter strip well format. Either
recombinant human PARP-1 (high specific activity, purified from E.coli
containing recombinant plasmid harboring the human PARP gene,
supplied with the assay kit) or an aliquot of protein cell extracts
(50 μg) was used as the enzyme source. 3-Aminobenzamide (3-AB),
provided in the kit, was used as control inhibitor. Two controls were
always performed in parallel: a positive activity control for PARP-1
without inhibitors, that provided the 100% activity reference point, and a
negative control, without PARP-1 to determine background absorbance.
The final reaction mixture (50 μL) was treated with TACS-Sapphire, a
horseradish peroxidase colorimetric substrate, and incubated in the
dark for 30 min. Absorbance was read at 630 nm after 30 min. The
data correspond to the mean of at least three experiments performed in
triplicate ( SD.
Evaluation of PARP-1 Expression by Western Blot Anal-

ysis.MCF7 cells were incubated for 24 or 72 h with 150 μMof RAPTA-
T or NAMI-A or 15 μM of cisplatin and then lysed in Cell Lytic-MT
Extraction reagent (Sigma) supplemented with Complete protease
inhibitor cocktail tablets (Roche Applied Science). After 15 min on
ice, lysates were centrifuged at 14000g for 10 min at 4 �C to pellet the
cellular debris, and the supernatants were removed for further use. The
total protein content was determined by using the DC Protein Assay Kit
(Biorad), and aliquots of protein (30 μg) from each sample were
analyzed using standard Western blot procedures. Briefly, protein
extracts were subjected to electrophoresis on a 7% SDS-polyacrylamide
gel and transferred electrophoretically onto nitrocellulose membranes.
The blots were blocked with PBS-T containing 5% nonfat dry milk for
1 h. The blotting membranes were incubated with primary antibodies
against PARP-1 (1:1000, Cell Signaling) and actin (1:8000, Sigma)
overnight. Membranes were washed with PBS-T and incubated for 1 h
with secondary antibodies (anti-mouse IgG-HRP and goat anti-rabbit
IgG-HRP, Biorad) diluted 1:3000. Finally, membranes were developed
using the SuperSignal WetsPico Substrate kit (Pierce, Rockford, IL)
according to the manufacturer’s instructions.
Mass Spectrometry. Samples comprising 50 μM ZF-PARP-pep-

tide (pretreated with 3 equiv of DTT to ensure reduced cysteine
residues) and 150 μM of the corresponding complex were prepared in
ammonium carbonate buffer (10 mM, pH 7.4) and incubated for up to
24 h at 37 �C prior to analysis. For Zn displacement experiments, the
reduced ZF-PARP-peptide was incubated with zinc acetate in a ratio of
1:3 for 15 min prior to addition of the metallodrug. Quantitative binding
of the zinc ion was confirmed by label-free ESI MS. The samples were
diluted 10-fold with HPLC MS purity grade water before measurement
and analyzed in positive ion mode using a hyphenated ion trap-FT-ICR
mass spectrometer comprising an LTQ XL and a 12 T FT-ICR MS
(both ThermoFisher Scientific, Bremen, Germany) at a resolution of

25000 at 400 m/z specified for a 7 T magnetic field, described
elsewhere.75,76 Samples were introduced by direct infusion either with
a standard ESI ion source at a rate of 4 μL/min or using an Advion
TriVersa nano-ESI robot (Advion Biosciences, Ithaca, NY, USA)
equipped with a 5.5 μm-nozzle chip, providing a flow rate of
∼300 nL/min. The ESI robot was controlled with ChipSoft v7.2.0
software employing a gas pressure of 0.45 psi and a voltage of 1.7 kV. The
Xcalibur software bundle (ThermoFisher Scientific) was utilized for data
acquisition and data analysis.
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