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ABSTRACT: The crystal structure of the main adduct
formed in the reaction between cisplatin and bovine
pancreatic ribonuclease is reported here. Notably, in both
of the protein molecules present in the asymmetric unit,
platinum(II) binding takes place exclusively at the level of
Met29. In one of the two molecules, the Gln28 side chain
completes the platinum coordination sphere, anchoring
the cisplatin fragment to the protein in a bidentate fashion.
These results contain interesting implications for under-
standing the biological chemistry of this important drug.

Cisplatin [cis-diamminedichloroplatinum(II)] is one of the
most potent anticancer drugs in current clinical use for the

treatment of several types of solid tumors.1 The cytotoxic effect
of cisplatin is thought to arise primarily from the formation of
platinum−DNA adducts involving two adjacent nucleobases;2

this kind of DNA damage eventually triggers apoptosis in cancer
cells and produces the therapeutic effects.2,3 However, DNA is
not the only biological target for cisplatin. The effectiveness of
cisplatin is also linked to resistance mechanisms, including
reduced cell uptake and rapid detoxification, in which a number
of extra- and intracellular proteins could be involved.4

The interaction between cisplatin and proteins is underscored
by a number of biochemical and biophysical studies that have
characterized the formation of complexes between this important
molecule and hen egg white lysozyme (HEWL),5 transferrin,6

the copper chaperone Atox-1,7 hemoglobin,8 cytochrome c,9

ubiquitin,10 DNA polymerase,11 metallothionein,12 and bovine
erythrocyte copper, zinc superoxide dismutase (beSOD).13

From the structural point of view, the first crystallographic
model of a cisplatin−protein adduct, i.e., a complex with beSOD,
was reported in 2006 by Calderone et al.13a This structure
documented unambiguously selective platination of the His19
side chain in the two subunits of the enzyme. Later on, His
platination has been observed in the cisplatin complex with
HEWL.5 In this case, cisplatin binds the protein by coordinating
the ND1 atom of the imidazole ring of His155a or both the ND1
and NE2 atoms of the same His,5b,c after release of one chlorine
ligand. Similar results were obtained with cisplatin derivatives.14

More recently, the crystal structures of the cisplatin−Atox1
monomeric and dimeric adducts (Pt-Atox1) have been solved.7a

In these structures, a platinum(II) ion is coordinated by Cys12
and Cys15 from the copper(I) binding CXXC motif.15 Thus, up
to now, only cisplatin binding sites containing His residues or

previously recognized metal binding sites have been described at
atomic details. However, it is known that HEWL His15 is a
reactive residue5,14,16 and that the accessibility of Cys6 and
Met115, the only sulfur-donor-containing residues in beSOD, is
quite limited.13a Furthermore, it has been shown that, in other
proteins, methionines are (alternative) reactive sites to which
cisplatin can efficiently coordinate.17 The lack of structural
information on cisplatin binding sites distinct from His (or from
a CXXC metal binding motif) led us to perform new
crystallographic investigations on additional cisplatin−protein
adducts to give a detailed structural description of new types of
metal−protein interactions.
Here we report the crystal structure of the adduct formed upon

reacting cisplatin with bovine pancreatic ribonuclease (RNase
A). RNase A has often been used as a model for the interaction of
metallodrugs with enzymes.18 The reaction of cisplatin with
RNase A had already been described in the literature. Early
experiments performed by Neault et al. in 1999 suggested the
direct binding of platinum(II) to sulfur donor atoms and indirect
interactions with the polypeptide chain.19

Crystals of the RNase A−cisplatin adduct have been obtained
by soaking experiments, where pregrown monoclinic crystals
were incubated for 3 h with an excess of the platinum drug (at a
protein-to-platinum ratio of 1:10). This procedure has already
been used to obtain productive crystals of the complexes
between RNase A and many other ligands.20 X-ray diffraction
data have been collected on these crystals at 1.85 Å resolution.
Details of crystallization, data collection, and structure refine-
ment are given in the Supporting Information (SI). Themodel of
the cisplatin−RNase A adduct (Figure 1), which presents two
molecules in the asymmetric unit and consists of 2059 non-
hydrogen atoms, refines to Rfactor = 18.9 (Rfree = 24.7). The
electron density maps are well-defined, with the exception of
residues 16−22 of the two chains. The overall structure of the
protein in the adduct is very similar to that of the ligand-free
enzyme (PDB code 1JVT):20b the root-mean-square deviation in
positions of CA atoms are in the range 0.40−0.67 Å. In other
words, the binding of cisplatin does not elicit anymajor structural
change in the protein conformation.
Although RNase A possesses four His residues, two of which

are metal-reactivein fact they are located in the enzyme active
site and were already shown to bind metallodrugs18RNase A
platination in both molecules present in the asymmetric unit

Received: February 20, 2014
Published: April 3, 2014

Communication

pubs.acs.org/IC

© 2014 American Chemical Society 3929 dx.doi.org/10.1021/ic500360f | Inorg. Chem. 2014, 53, 3929−3931

pubs.acs.org/IC


(molecules A and B hereafter) occurs nearly exclusively at the SD
atom of side chain of Met29. The local environment of the
protein-bound platinum(II) center was identified by the
observation of a very clear electron density map (Figure 2).
The first platinum(II) binding site is in a cavity formed

between molecules A and B (Figure 1). A platinum(II) ion is
coordinated to the SD atom of Met29 and to other three atoms,
which are hydrogen-bonded to the NE atom of Arg33, to the OG
atom of Ser32, and to a water molecule, which, in turn, is
hydrogen-bonded to the OD1 atom of Asp53 of molecule B
(Figures 2A and S1 in the SI). The lack of an anomalous signal
attributable to chlorine ions suggests that these ligands are
released from the platinum ion. This is in line with hydrolysis
studies performed at acidic pH and at low chlorine
concentration.21 Thus, it is likely that a water molecule and
two ammine groups complete the coordination sphere of
platinum, although because of the strong trans-labilizing effect
of sulfur, we cannot exclude the loss of one ammine group in
favor of a water molecule. Inspection of the residual electron
density map of this region shows the presence of an additional
peak close to the SD atom, which is attributed to an alternative,
low-occupancy position of the platinum ion bound to
methionine. Because of the low occupancy and the possible
conformational disorder of this site, the coordination sphere of
the alternative platinum is not clearly defined, and just one ligand
(NH3) beyond the SD atom of Met29 has been modeled
(Figures 2A and S1B in the SI). This ligand is taken in its place by
the hydrogen bond that it forms with the OG atom of Ser59 of
molecule B.
In molecule B, the platinum(II) ion coordinates to the SD

atom of Met29, to the NE (or OD) atom of the side chain of
Gln28, and to two light atoms, interpreted as ammine ligands, in
a classical square-planar geometry (Figure 2B). It is not possible
to distinguish between the NE or OD atom of the Gln side chain.
However, following previous indications,22 we positioned theNE
atom close to the platinum ion. In this site, the ammine groups
are hydrogen-bonded to two water molecules and to the OD2
atom of Asp14. The refinement of B factors of platinum ligands
and the inspection of residual Fo − Fc electron density maps
suggest that the platinum ions have high occupancy, 0.75 and

0.25 for the two alternative conformations close to Met29 of
molecule A and 0.55 in molecule B.
Altogether these data support a clear tendency of platinum for

the binding of accessible Met29; this is in line with the
established thermodynamic preference of the “soft” platinum(II)
ion for sulfur donors compared to nitrogen donors.22,23

In conclusion, we have reported here the X-ray structure of the
RNase A−cisplatin adduct. The present structure shows the
following:
(a) Cisplatin binds RNase A mainly through the Met29

residue. To the best of our knowledge, this is the first X-ray
structural characterization of a cisplatin adduct with amethionine
residue in a protein. This is a valuable result because platinum
binding to sulfur-donor ligands has often been experimentally
observed and is expected to play a relevant role in the cisplatin
metabolism.21,22 In this respect, it should also be recalled that, up
to now, the possibility that sulfur-donor binding of platinum
drugs could be an intermediate in platinum transport to nuclear
DNA has not been ruled out.23−25

(b) Different binding modes are observed for cisplatin toward
RNase A. Indeed, the platinum center is anchored to the protein
either in a monodentate (i.e., like in molecule A) or in a bidentate
(i.e., like in molecule B) fashion. This might result in different

Figure 1. Ribbon representation of the asymmetric unit of the RNase
A−cisplatin structure. Molecules A and B are colored in gray and cyan,
respectively. The side chain of Met29 of the two molecules in the
asymmetric unit and the side chain of Gln28 of molecule B are shown
along with platinum centers. The structure has been deposited in the
Protein Data Bank under the accession code 4OT4.

Figure 2. Details of the binding sites of platinum(II) in the RNase A−
cisplatin structure. A platinum ion is bound to Met29 in molecule A
(panel A) and toMet29 and Gln28 in molecule B (panel B). In molecule
A, two alternative bindingmodes of the platinum ion have beenmodeled
(see also Figure S1 in the SI). 2Fo − Fc electron density maps are
contoured at the 0.8σ (gray) and 8.0σ (red) levels.
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patterns of protein platination. Interestingly, in molecule A, two
alternative positions of the platinum ion can be modeled. This
indicates that alternative binding modes are possible within the
same metal binding site. The existence of monodentate and
bidentate binding modes of cisplatin to proteins has been
suggested by other authors on the basis of mass spectrometry
studies carried out on the adduct formed between cisplatin and
insulin.26

(c) NH3 groups have an important role in protein−cisplatin
recognition because they are responsible for important hydrogen
bonds. These groups can drive the drug approach toward the
biological target,27 stabilizing the final structure. This is in line
with the expected donor properties of NH.
(d) Because His residues in RNase A are well accessible and

have already been shown to be involved in the formation of an
adduct with metallodrugs,18 the selective binding of cisplatin to
Met residues suggests a strong preference of this molecule for
available sulfur donors. This result is in agreement with the
established thermodynamic preference of platinum(II) ions for
sulfur donors over nitrogen donors.23
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