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The platination mechanism of RNase A by
arsenoplatin: insight from the theoretical study†

A. Parise, a,b N. Russo a and T. Marino *a

Herein, we present a detailed metalation process of the bovine pancreatic ribonuclease (RNase A) by a

novel multitarget anti-cancer agent arsenoplatin-1, AP1, ([Pt(µ-NHC(CH3)O)2ClAs(OH)2]), on the basis of

quantum chemical investigation, employing the B3LYP and M062x functionals and a large model of the

active site. The proposed mechanism is consistent with the structural data. The role of water molecules in

the active site is also analyzed. These studies revealed that the Nδ of His119 binds platinum(II), preserving

the Pt–As bond. To better rationalize the different behavior of AP1 (bound to His119) and the reference

cisplatin (bound to Met29) towards the same target RNAse A, also these processes have been considered.

The final platinated complex structure agrees well with the crystallographic one. Our results evidence that

the metalation process takes place more favorably in water than in the protein environment in agreement

with the nature of the protein binding pocket residues.

Introduction

The O’Halloran group successfully developed a synthesis
method to obtain good amounts of stable aqueous arsenous
acid–platinum complex with biological activity that is distinct
from cisplatin and arsenic trioxide individually. This newly
synthesized compound, named arsenoplatin-1 (AP1), [Pt(µ-
NHC(CH3)O)2ClAs(OH)2] (Scheme 1), presented anticancer bio-
logical activity in several cancer cell lines and is stable in an
aqueous environment. In addition, it can be beneficial to load
it into a liposome based drug delivery system. With the aim of
improving the efficacy of these two common anti-cancer thera-
peutics, a method to co-encapsulate high levels of arsenous
acids and aqua-cisPt into 100 nm liposomes, capable of releas-
ing their drug in the low-pH endosome, has been developed.1

Arsenoplatins are a good example of hybrid bifunctional
compounds obtained from merging the pharmacophores of
active molecules featuring different mechanisms of action.
They are adducts of two chemically important anticancer
drugs, cisplatin and arsenic trioxide, characterized by an
arsenous acid moiety covalently linked to the platinum(II)
center equipped with an unusual five coordinate As(III)-geome-
try. This can be interpreted, in the drug discovery field, as a

borderline choice between bio-inspired and rational design
generating molecules with a dual mode of action for creating
new efficient drugs that can act on different biological targets.
Preliminary tests in vitro aimed to evaluate the cytotoxicity pro-
posed that arsenoplatins may have a distinct mode of action in
comparison with cisplatin and As2O3 alone, other than the
ability to overcome platinum resistance mechanisms.2

Arsenoplatin-1 (AP1) resulted to be more potent than either
cisplatin or arsenic trioxide in most of the cancer cell lines
evaluated. This behavior was deemed attributable to a possible
cooperative effect between platinum and arsenic pharmaco-
phores detected in lungs,3 oral squamous cell carcinoma,4 and
ovarian cancer cell lines.5

Despite the insights gained into the interaction of cisplatin
and AP1 with DNA at theoretical and experimental levels,2,6

those concerning AP1 and proteins are often lacking. Recently,
with the aim of better learning its biological chemistry, a novel
investigative strategy based on the combined use of electro-
spray ionization mass spectrometry (ESI MS) and X-ray
crystallography7,8 allowed the in-depth investigation of the

Scheme 1 Representation of the AP1 complex and its aquated form
APw.
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metalation process of small model proteins. In particular, the
structural information of the hen egg white lysozyme (HEWL)
and bovine pancreatic ribonuclease (RNase A), interacting with
cisplatin, is available.9 Recent structural studies have shown
that AP1 bound to RNase A with platinum(II) that binds to the
N-atoms of the solvent exposed His105 and His119 side chains
on the surface of the protein preserving the Pt–As bond.10

Since His119 residues are implicated in the catalytic activity of
the RNase A enzyme, the binding of AP1 on this site results in
the inhibition of the enzyme function, as indicated by a cata-
lytic activity assay. Unlike AP1, cisplatin showed the adduct for-
mation with the methionine sulfur atom under the same con-
ditions. In addition, analogous to what was observed with the
tested proteins, the same authors observed AP1 readily enters
the cells and binds to DNA, maintaining the Pt–As bond
(Pt : As ratio of 1). After longer incubation times, however, the
Pt : As ratio in DNA samples increases, suggesting the occur-
rence of cleavage of the Pt–As bond and the release of the As
(OH)2 moiety. This finding suggested that arsenoplatin-1 has
the potential to deliver both Pt and As species to a variety of
hematological and solid cancers with superior effects to those
observed in most parts of the NCI-60 human tumor cell lines
when compared to the use of cisplatin or arsenic trioxide as
single agents.

Starting from these interesting experimental outcomes2,10

and stimulated by the reliable results of the previous theore-
tical investigation on the AP1–DNA interaction mechanisms,6

it seemed right, but also intriguing, to explore the inhibition
mechanism induced by the metalation process of RNase A at
the expense of AP1. To do this, a rather large quantum chemi-
cal model including amino acid residues present in the cata-
lytic task and suitable to describe electronic structures and
related energetic profiles has been adopted. Furthermore, to
find an explanation of the different behavior of AP1 (bound to
His119) and cisplatin (bound to Met29) towards the same
target RNase A, the mechanism has been explored by using
smaller models.

Theoretical calculations represent nowadays an effective
way to separate and individually quantify the physical com-
ponents that contribute to the activation free energy and,
therefore, are an optimal tool to characterize all the species
including intermediates and transition states, intercepted
along a selected reaction pathway, often suggested by the
experimental findings.

Computational methods

All the calculations were performed employing the Gaussian
09.D01 software package.11 The B3LYP12,13 (20% HF exchange)
and M062x14 (54% HF exchange) functionals coupled to the 6-
31+G(d,p) basis set for the C, N, O, and H atoms were used for
the small models (Scheme S1†). The results for geometry
optimization, electronic barrier height and electronic energy of
reaction are reported in Fig. S1.† On the basis of these results,
for larger systems, the M062x functional was employed.

Furthermore, to evaluate the influence of the exchange–corre-
lation functional also single point B3LYP computations on the
M06-2x optimized geometries were performed.

For both Pt and As atoms, the effective core potential SDD15

coupled with their related orbital basis set was selected. The
D3 dispersion contribution was considered in all the
computations.16

In order to avoid large artificial movements of the amino
acids in the larger quantum cluster model, the coordinate-
locking scheme was assumed in which the amino acid resi-
dues are usually truncated at Cα atoms that are fixed during
geometry optimizations. The stars in Fig. 1 indicate the atoms
where the truncation is made. The residues have been mod-
elled according to standard cluster model procedures.17–24

This adopted procedure assumes that the overall structure is
kept very close to the experimental one. The nature of minima
(no negative vibrational frequencies) and transition states (one
negative vibrational frequency) along potential energy surfaces
was established by frequency calculation at the same level of
theory. Due to the presence of constrained atoms, small
vibrational frequencies <40i cm−1 have been obtained in all
stationary points that do not alter the thermochemical analysis
and zero-point energy (ZPE) corrections and do not obscure
the main negative TS-frequency. An analogous computational
protocol was successfully applied in the mechanistic studies of
many enzymes.23–29

The transition state has been checked by intrinsic reaction
coordinate (IRC) analysis,30,31 by assessing that the localized
transition states correctly connect to the corresponding
minima along the imaginary mode of vibration.

To model the protein environment effects, the CPCM32,33

polarizable continuum model was used with a dielectric con-

Fig. 1 The used cluster model is shown inside the circle and the
arsenoplatin complex is shown as balls and sticks.
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stant that simulates the protein (ε = 4) and water (ε = 80)
environments. The last choice well reproduces the nature of
the catalytic pocket that is widely solvent exposed.10 To
improve the electronic energies, the more extended 6-311+G
(2d,2p)|SDD basis set was adopted in single point energy cal-
culations done by using M062x and B3LYP-D3 on the M062x
optimized geometries. In the potential energy surfaces (PESs),
the reported energies include the ZPE corrections, excluding
the contributions of frozen atoms in vibrational analysis34 and
the standard approximation for free energy. In order to prop-
erly take into account the entropic contributions, free energy
corrections have been estimated adding a term equal to RT ln
(Vmolar gas/Vmolar solution), where R = gas constant, T = absolute
temperature, Vmolar gas is the volume occupied by one mole of
ideal gas at the considered temperature and Vmolar solution is
the volume occupied by one mole of species in a standard
solution of concentration 1 mol L−1, as successfully adopted in
other works.35,36 To obtain internal entropies, we interpolate
the rotational and harmonic vibrational approximations. SV
and SR are combined by using a weighting function, following
the Head-Gordon damping function, reported in eqn (1) and
(2) as proposed by S. Grimme.18

S ¼ WðωÞSV þ ½1�WðωÞ�SR ð1Þ

WðωÞ ¼ 1½1þ ðω0=ωÞa��1 ð2Þ
NBO37 analysis was performed on all the stationary points

intercepted on the PESs and the related results are given in
Table S1.†

Results and discussion
Active site model

The starting molecular model used for the QM calculations
was obtained from the X-ray structure of the adduct formed in
the reaction between pancreatic ribonuclease isolated from Bos
taurus10 and arsenoplatin-1 at a resolution of 2.15 Å (PDB id:

5NJ7). All protonation states were obtained using Propka 3.0
(see Table S2†).38,39

To construct the active site model in the initial enzyme–
substrate complex form, the Nδ (His119)–Pt was broken and
modified back to the native form with the H2O molecule repla-
cing the imidazole ring of the His119 residue. The resulting
cluster (depicted in Fig. 1) consists of 255 atoms with an
overall charge of zero and contains amino acid residues of the
active site positioned in the solvent exposed surface of the
protein of the catalytic groove, which are Lys1, Glu2, Lys 7,
Phe8, Glu9, Arg10, Gln11, His12, Val118, Phe120, and Asp121.
RNase A shows a V-shaped kidney structure, with two opposite
domains forming an elongated substrate-binding groove
between the two arms. The high content of positively charged
(lysine and arginine) residues present in the active site cleft is
linked to the reaction catalyzed by RNase A consisting of the
hydrolysis of the phosphodiesteric bond at the 5′-ribose of the
negatively charged substrate, single-stranded RNA.

Other polar residues ensure a dense network of local inter-
actions. The distribution of the positively and negatively
charged polar and nonpolar residues is shown in Fig. 2a,
where it is possible to see that His119, present along the walls
of the active site groove, is surrounded almost exclusively by
polar residues. The dominant distribution of these polar
amino acids at the protein surface attracts water molecules in
the first hydration shell. A detailed analysis of the water mole-
cule distribution in the binding cavity in the RNase A protein
has been done by using Molecular Dynamics simulations (see
the ESI†). The H-bonding interactions from the MD simulation
of the apoprotein are also reported in Table S3.† Fig. 2b shows
the water radial distribution function (RDF) obtained as a
function of the distance between the water oxygen and the Nδ
of the His119 residue. The observed trend of RDF, evidenced
by the sharp peak circled in orange at a distance of <2.50 Å,
indicates that a more ordered water structure is present in
the proximity of the protein surface rather than in bulk
water where broader peaks are present. This behavior is essen-
tially due to the specific interactions between His119 and
water.

Fig. 2 (a) Structure of RNase A with the backbone evidencing the secondary structures. The surface is illustrated based on the different nature
(negative, red and positive, blue) of the residues. (b) The radial distribution function of the bulk water inside 12.5 Å from Nδ of the His119 residue.
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This confirms the presence of a conspicuous number of
water molecules in the crystal that encouraged us to retain two
explicit water molecules (W1 and W2) in the QM cluster
(Fig. 1).

Small models

Preliminary calculations were carried out on small models
(single amino acids and platinum complex), as depicted in
Scheme S1,† in order to evaluate the reactivity of AP1 in its
original form with the chloride ligand (a) or in its corres-
ponding aquated form (b) towards histidine and methionine.
The barriers related to the platination process on the small
models are reported in Fig. S1.† The results confirmed that the
more favorable energetics concern the aquated form of AP1
((b) of Scheme S1†) and the histidine resulted in the preferred
target in agreement with the experimental observations.10

This behavior is similar to that occurring in platinum lig-
ation to DNA purine bases investigated previously.6

Furthermore, the energy trend obtained using the two func-
tionals (Fig. S1†) is similar and matches well with a recent
study performed on analog platinum(II) complexes.40

Reaction mechanism

From the water exposure of the binding pocket of RNase A and
the results from our calculations on small models (see
Fig. S1†), we believed that the ligation to histidine of the
RNase A takes place by the aquated form APw and not by AP1
(Scheme 1).

The explored mechanism for the platination of RNase A
(studied by employing the larger cluster), shown in Scheme 2,
indicated as E, proposes a single step process in which, after
the barrierless formation of the adduct (EAPw), the reaction
proceeds towards the covalent product (P) through a transition
state characterized by the Pt of APw linked to Nδ of His119 and
the water molecule.

All the M062x/6-31+G(d)|SDD optimized structures for the
obtained stationary points are depicted in Fig. 3 along with
the main geometrical parameters, while Fig. 4 shows the
M062x-D3 (a) and B3LYP-D3 (b) potential energy surfaces in
protein and water environments.

In the EAPw complex (see Fig. 3), APw is found to bind
such that the water coordinated to Pt points toward the Nδ of
His119 establishing a H-bond of 1.55 Å. An additional H-bond
interaction involves the O3H moiety and the carbonyl group of
the backbone of the Phe120 residue (1.61 Å). The distance
between Nδ His119 and Pt, corresponding to the reaction coor-
dinate linking the starting point to the product of the platina-
tion process, is equal to 3.83 Å. This confirms that the neutral
nucleophile His119 is not still included in the inner coordi-
nation shell of the platinum, thus ensuring the planarity
around the Pt center since the dihedral angle (N2–N1–O1–O2)
is −3.54°. The EAPw complex is 4.30 (3.83) kcal mol−1 at
M062x-D3 (B3LYP-D3) lower than the separated reactants (E +
APw) in the protein environment and the corresponding
values in the water phase are 0.90 kcal mol−1 (M062x-D3) and
2.37 kcal mol−1 (B3LYP-D3) (Fig. 3).

The reaction proceeds towards the product by overcoming
the barrier dictated by the TS whose optimized structure is
depicted in Fig. 3. The RNase A platination process takes place
at the expense of His119 (Nδ imidazole ring) that now is
located at 2.83 Å, confirming the shortening of the distance by
1 Å with respect to the EAPw adduct. The water molecule is
placed at 2.16 Å showing only slight lengthening relative to the
previous species. This behaviour can be assimilated to an
associative-like substitution mechanism in which the incom-
ing ligand (His119) binds to the Pt center before the departing
ligand (water). The Pt appears pentacoordinated and arranged
in a trigonal bipyramidal geometry as also observed in the
corresponding step of the AP1 aquation process.6 The imagin-
ary frequency in this TS is about 59 cm−1 and the analysis of

Scheme 2 The mechanism of the metalation process promoted by APw.
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the corresponding vibrational mode clearly indicates the
stretching of the Nδ His119–Pt bond formation associated with
that of metal–water (Pt–Ow).

The required energetic cost for this step is about 15 kcal
mol−1 using both M062x-D3 and B3LYP-D3 functionals in the
protein environment. The same barrier is reduced to about 9
and 10 kcal mol−1 in water (see Fig. 4). This can be considered
the consequence of the “synergic” effect due to the destabiliza-
tion of the EAPw adduct and the stabilization of the transition
state observed with both the employed functionals. This evi-
dence further highlights the role played by the first hydration
shell of the protein surface around the Pt where the bond clea-
vage and formation occur.

As evidenced above in the small models, in the QM cluster
larger model, both the used functionals provide electronic
barrier heights and electronic energies very close in energy in
the protein and water environments as in the case of other
chemical reactions.41 Furthermore, the inclusion of D3 dis-
persion does not influence the energetics of the process.

Looking at the NBO charges collected in Table S1,† it is
possible to note that the charge on Pt in the TS becomes less

positive than that in the adduct due to the effect of the pres-
ence of different atoms of the ligand (Ow in EAPw and Nδ in
the TS) on the metal center. In the final platinated complex (P)
the imidazole of His119 lies in the trans position to the As
(OH)2 moiety at about 2.21 Å from Pt while the water leaving
group is now at 3.37 Å and is in close contact with His119 by
an H-bond (2.23 Å). During the platination process the geo-
metrical parameters in the As(OH)2 and diacetylamido moi-
eties do not suffer significant variations and the Pt–As bond
maintains the same distance (see Fig. 2). This behavior is in
agreement with that of the experimental counterpart that pro-
poses the Pt–As unit to remain intact upon RNase A binding.
The additional water molecule (W2) retained in the QM model
lies very close to the platination reaction site establishing an
H-bond (2.00 Å) interaction with the oxygen atom of the
Val118 residue, and with the backbone N atom of Phe8 with
an N–Hw distance of 2.30 Å.

The stability of the final covalent platinated product with
the Nδ–Pt formed bond is confirmed by the ΔG value of the
process that is a little bit more pronounced with B3LYP-D3
than that with M062x-D3 (see Fig. 4). The exothermicity of the

Fig. 3 Optimized geometries of the stationary points at the M062x/6-31G+(d,p)|SDD level of theory. aMain distances as defined in the structure are
included in the connected table.10
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process indicates that the reverse reaction is still possible but
much slower for the higher barriers (21.71 and 22.50 kcal
mol−1 at the M062x level and 22.60 and 23.36 kcal mol−1 at the
B3LYP-D3 level in protein and water environments,
respectively).

Comparison with the experimental results,10 (see Fig. 5)
possible only for the P species, shows a good agreement with
the calculated geometry with both the employed functionals as
indicated by the superposition of the optimized structure of P.

To better evaluate the nature of the interactions present
inside the catalytic pocket during the process, in Fig. 6, we
have reported the density of isosurfaces, arising from Non-
Covalent Interactions (NCI) analysis, indicating the contri-
butions of the residues retained in the model. The red isosur-

Fig. 4 M062x-D3/6-311+G(2d,2p)|SDD//M062x/6-31+G(d,p)|SDD (a) and B3LYP-D3/6-311+G(2d,2p)|SDD//M062x/6-31+G(d,p)|SDD (b) free energy
profiles of the RNase A metalation process promoted by APw in protein (ε = 4) and water (ε = 80) environments.

Fig. 5 Superposition of the M062x/6-31+G(d)|SDD (gray) and
B3LYP-D3/6-31+G(d)|SDD (green) optimized structures of the final
covalent platinated product (P) with the corresponding crystallographic
structure (yellow).

Fig. 6 Nonbonding interaction plot calculated for the stationary points at the M062x/6-311+G(2d,2p)|SDD//M062x/6-31+G(d,p)|SDD level.
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faces account for the repulsive interactions related to the
center of the π systems of Phe8 and Phe120 residues. Further
information arises from the green regions indicative of the dis-
persion contributions (van der Waals forces) characterizing the
binding cavity of the adduct that increases during the platina-
tion process (EAPw → P). The blue region around Pt reveals
significant attractive interactions (H-bond) that are absent in
the EAPw but appear in the TS structure where W1 engages Nδ
of His119 and the W2 molecule forms a H-bond.

Conclusions

Drug discovery remains a great challenge for scientific and
economic reasons. In particular, the development of new anti-
cancer agents is a long-term process, which involves multiple
steps and can not always exclude the occurrence of side
effects. The preparation of hybrid molecules with two or more
structural domains acting as two distinct pharmacophores rep-
resents a more fast and efficient pathway. This is particularly
the case of arsenoplatin-1 (AP1), [Pt(µ-NHC(CH3)O)2ClAs
(OH)2], the object of the theoretical investigation presented
herein. It is a new anticancer agent that is more active than
the parent drugs As2O3 and cisplatin in most of the cancer cell
lines tested. The metalation process of RNase A by AP1 has
been elucidated by DFT calculations using a larger cluster
model able to represent the environment of the binding site of
AP1 quite realistically. The proposed one-step mechanism of
the RNase A inhibition by AP1, examined in both protein and
water environments by the solvation continuum model, shows
low barriers compatible with a very fast process. The occur-
rence in aqueous medium is more favorable from a kinetic
point of view with both B3LYP and M062x functionals and
compatible with the protein’s active site present on the surface
area accessible to solvents. The structure of the metalated
protein product (P) matches very well with the corresponding
crystallographic one, confirming that the binding site is well
reproduced by the used cluster model.
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