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ABSTRACT
Purpose To describe a computational tool to calculate
molecular descriptors of potential application in ADME virtual
screening of antitumor Pt(II) drug candidates.
Methods The multistep computational procedure consists in
(a) building and optimization (PM3) of the 3D structures of the
investigated complexes, (b) parametrization of Pt(II) and its
implementation in GRID, (c) GRID calculations and extraction
of the information content with VolSurf and BIOCUBE4mf,
and (d) PLS analysis to look for the correlation between
experimental data and the molecular descriptors.
Results The following results were obtained: (a) the calibration of
the GRID force field to take into account the platinum di-cation, (b)
solid PLS models between log k30 and log kw with VolSurf
descriptors which highlight the main structural differences between
the two chromatographic parameters, (c) the prediction of virtual
(of each conformer) log k30 and log kw, and (d) the identification of
the main descriptors governing VDss of drugs in clinical use.
Conclusion The study suggests a strategy to identify good Pt
(II) complexes prior to their synthesis to eliminate as soon as
possible drug candidates with unfavorable PK profile.

KEY WORDS ADME prediction . distribution volume .
lipophilicity . Molecular Interaction Fields . Pt(II) complexes

INTRODUCTION

Platinum drugs are now established as effective anticancer
agents (1,2). The severe systemic toxicity and drug
resistance of cisplatin and its analogues has stimulated the
quest for new platinum-based compounds obtained by
modifying the ligands around the metal centre. In particular,
complexes that (a) display different DNA-binding modes
(non-classical platinum complexes), (b) are activated only
in the tumour tissue, and (c) are accumulated at the
tumour site by virtue of an accurate active and/or
passive drug targeting and delivery strategy have recently
been proposed to improve clinical effect (3). However,
up-to-date drug design strategies aimed at finding new Pt
(II)-based anticancer agents do not include either Drug
Metabolism and Pharmacokinetics (DMPK) or physico-
chemical virtual screening. The prediction of the ADME
profile of new Pt(II) complexes could indicate good
complexes prior to their synthesis to eliminate drug
candidates with unfavorable PK profile as quickly as
possible, thus limiting animal experimentation as well (4).

Pt(II) complexes represent a dataset of not easy integration
in larger databases of organic compounds and, thus, of
difficult comparison with standard pharmaceutical products.
For example, the peculiar chemical properties of Pt(II)
complexes require very particular chromatographic condi-
tions to obtain lipophilicity data, far from those that may be
applied to organic molecules. In addition, the traditional
shake-flask method suffers from significant errors caused by
the very negative lipophilicity values generally related to such
a class of compounds.
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Some computational methods were shown to be able to
calculate lipophilicity of Pt(II) complexes (5), but none of
them was designed (a) to calculate virtual lipophilicity (of
each conformer) and (b) to predict chromatographic
retention indexes which represent the best suited descriptors
for this class of compounds. In fact, the measurement of
lipophilicity descriptors for Pt(II) complexes are dependent on
the already mentioned chemical properties, handling and
toxicity of compounds. Chromatographic determination of
retention indexes (i.e. the RP-HPLC isocratic and the
extrapolated retention factors, log k30 and log kw (6,7)) are
generally more convenient than shake-flask experiments
measuring log P/log D and can also provide relevant
information about the compound’s property even without
conversion in log P (8).

In this study, we first report the setting-up of an in silico
tool based on GRID/VolSurf software to predict virtual
(of each conformer) chromatographic retention factors
(log k30 and log kw) for Pt(II) complexes of potential
antitumor activity. The method is based on the
parametrization of Pt(II) into GRID force field (9–11)
that can be used either alone or implemented in GRID-
based software (e.g. VolSurf, ALMOND, MetaSite (12)).
In particular, here we used VolSurf 2D descriptors, since
these latter quantitatively characterize polarity and
hydrophobicity, which are the main factors governing
lipophilicity (13), and we already used them to calculate
virtual log PNalk of molecules in the alkane/water system
(14,15).

The prediction of the steady-state volume of distribution
(VDss) is a key step in ADME profiling of drug candidates,
since VDss together with clearance determines the half-life
and, thus, impacts on the dosing regimen of a compound
(16). Lipophilicity and MIFs-derived descriptors were
proven to be relevant in predicting VDss of large com-
pounds datasets (17), thus, in the second part of the paper
we verified whether the same was true for the small series of
Pt(II) drugs in clinical use. Results suggested the relevant
role played by the hydrogen bond acceptor (HBA)
properties of complexes in governing their VDss and the
negligible contribute of lipophilicity.

METHODOLOGY

The 3D structures of investigated Pt(II) complexes were
obtained by modification of the X-ray structure of five
complexes deposited in the Cambridge Structural Data-
base (http://www.ccdc.cam.ac.uk/products/csd/) (see
“Supplementary Material” for details). The crystal structures
were imported in Spartan ’08 molecular modeling software
(http://www.wavefun.com/) and modified with the builder
tool when necessary. According to literature (18), the

geometry of the complexes was fully optimized without
symmetry constraints using the semiempirical quantum-
mechanical PM3 Hamiltonian as implemented in Spartan
’08 and retained for GRID v22.b (http://www.moldiscovery.
com/) calculations. For flexible compounds, additional
conformations were generated with Spartan ’08 with the
standard analysis conformational tool and ranked according
to their heat of formation (kcal/mol).

The final structures were saved in mol2 and submitted to
GRID to obtain MIFs. The readable .kont files were
analyzed with the help of BIOCUBE4mf v1.01 (http://
www.casmedchem.unito.it/), whereas the binary .kont files
of all structures were submitted to VolSurf v.4.1.2 software
(http://www.moldiscovery.com/) for the calculation of the
MIFs-derived descriptors (92, extracted from MIFs obtained
with the OH2, DRY, N1 and O probes).

PLS analysis tools was used as implemented in the
VolSurf v.4.1.2 software. In addition, XLStat v.2009.6.04
(www.xlstat.com) was employed to obtain the VIP plots.

RESULTS AND DISCUSSION

In this study, a series of Pt(II) derivatives (n=24) reported by
Platts et al. (19) was selected as a reliable dataset of
lipophilicity indexes, since the experimental procedure to
obtain log k30 values (log k30 ranges from −0.73 to 0.98 and
corresponds to a variation in log Poct from −2.22 to 1.13
according to the reported calibration curves (19)) was clearly
referenced (20) and of high experimental quality. The full list
of structures and data is in the “Supplementary Material”.

Before submitting Pt(II) complexes to VolSurf to
calculate molecular descriptors, it was necessary to calibrate
the GRID force field to take into account the platinum di-
cation. Usually, the check and the refinement of the GRID
force field is based on the calculation of GRID maps for
high resolution ligand-macromolecule X-ray structures. In
particular, the correctness of the calibration is evaluated by
comparing the position of the ligand atoms with the GRID
maps obtained with different probes. Since Pt(II) complexes
are bound covalently to nucleotides, in this case it is not
possible to calibrate the force field on the basis of Pt(II)
position. Instead, we used the position of water molecules
extracted from a high resolution cisplatin-DNA structure
deposited in the PDB (PDB code: 1I1P, (21,22)) with an
accurate determination of water molecules caged around
ligand (cisplatin). In particular, according to Pastor et al.
(23), we assumed that the presence of any water molecule in
its observed crystallographic position was energetically
favorable. In practice, we used GRID to calculate the
MIFs for the water probe and BIOCUBE4mf (24) to select
the regions satisfying energetic criteria (energy threshold).
Results are shown in Fig. 1: the experimental position of the
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water molecules (red dots) is well reproduced by the clusters of
lowest energy (in blue, energy threshold = −3.0 kcal/mol)
calculated by GRID. In particular, experimental water
molecules form a cage which surrounds the platinum
centre. The MIF due to the water probe correctly
predicts two favorable locations on both sides of cisplatin
along its quaternary axis. These two positions are
expected to vary considerably with force field parame-
trization. Similar results were also found for two
additional crystallographic structures (1LU5 and 3CO3,
see “Supplementary Material”).

A relationship between experimental log k30 and the
VolSurf descriptors was obtained by PLS technique
(model 1). A 3LVs model was found: the three main
components explained about 85% of the total variance
(r2=0.85). The internal predictive capability of the model
(q2=0.44) was evaluated using the cross-validation tech-
nique (CV) and, in particular, the leave-one-out (LOO)
procedure. Complete statistics of model 1 are in Table I.
The relationship between experimental and calculated
values (r2=0.85) is shown in Fig. 2A. A slope of about 1
and an intercept of about 0 indicate a very good
correspondence between experimental and calculated
values.

The external predictive skills of the PLS method were
evaluated with an external test set of eight Pt(II) complexes

(chemical structures are in “Supplementary Material”).
TS1 and TS2 are complexes bearing pyridine moieties
(see “Supplementary Material” for details about their
preparation), whereas TS3-TS8 are a series of cis-
diamminemalonatoplatinum(II) derivatives recently de-
scribed in literature (18). Test set experimental lipophi-
licity data (Table II) were obtained with the same method
used for measuring log k30 of the training set (18).
Predictions were first calculated on the fully optimized
conformer (PM3 column in Table II), and a generally
good match between experimental and calculated log k30
was found, except for TS7 and to a smaller extent, for
TS5, which were predicted more hydrophilic than
expected. Even though the difference between experimen-
tal and calculated values for these two complexes was not
dramatic (less than 0.4), we decided to investigate whether
conformational effects could be related to this finding, as
described in the details below, after analyzing the model
for its chemical interpretability. To obtain a correct
chemical interpretation of a PLS model, it is necessary to
carefully inspect the variable importance in the projection
(VIP) plot together with the PLS coefficients (14). Briefly,
the VIPs show which descriptors are the most important
for the model, whereas the sign of the PLS coefficients
indicates the positive or negative contribution of the
descriptor to the investigated variable. Fig. 3 shows the
VIPs plot of model 1 in red (the full list of VIPs together
with their values and signs is in the “Supplementary
Material”). As expected, the most relevant contributions
to log k30 (VIPs >1.5) were given by the hydrophobic
(D1-, D2-, D3-DRY, on the left) and size/shape
descriptors (S, V-OH2, on the right). Their definition is
available in the “Supplementary Material”. All of them
had PLS positive signs; thus, the larger they were, the
larger log k30 was and, consequently, the more lipophilic
the complex.

The training set contains rigid and semirigid structures
except for 22 (and 24 to a lesser extent) and, thus, is poorly
affected by molecular flexibility. Conversely, the test set
contains six flexible complexes (TS3-TS8). In a recent
paper (14), we suggested a strategy to handle virtual log P
of flexible compounds where the first step is the building of
an averaged conformer (i.e. a reasonably averaged 3D
structure). This step is not a trivial procedure for Pt(II)
complexes (for organic molecules one could use common

Fig. 1 Validation of Pt(II) parametrization introduced in GRID force field:
in red the crystallographic position of the water molecule (PDB code:
1I1P), in light blue the clusters of lowest energy calculated by GRID
combined with BIOCUBE4mf.

Model Exp Number of
observations, n

Number
of latent
variables, LV

Cumulative
determination
coefficient, r2

Cross-validated
correlation
coefficient, q2

Root mean
square of the
errors, RMSE

1 log k30 24 3 0.85 0.44 0.16

2 log kw 24 3 0.88 0.57 0.29

Table I PLS Models Discussed in
the Paper
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algorithms such as Omega, CONCORD or CORINA),
and in this study we decided to replace the averaged
conformer with the fully optimized conformer. In
practice, after some assays, we decided to use PM3 as
the minimization algorithm (see “Methodology”) which
produced rather folded averaged conformers for the whole
test set (Fig. 4A for TS7). As mentioned above, the virtual
log k calculated for these conformers matched experimen-
tal values well except for TS5 and TS7. To check which
conformer better reproduces experimental values, we
submitted the whole test set to conformational analysis,
and virtual log k30 was calculated for every conformer.
Interestingly, the log k30 lipophilicity range (the difference
in log k30 between the most lipophilic and the most
hydrophilic conformer) was about 0.5 (comparable with a
log Poct range of about 1 unity according to calibration curves
reported by Platts et al. (19)). The conformational analysis of
TS7 produced, among others, a number of extended
conformations; the most stable of them (TS7*) is reported
in Fig. 4B, and its calculated virtual log k30 (0.27) is close
to the experimental value (0.19). The same is true for TS5.
The similar behavior of TS5 and TS7 cannot be clearly
deduced from the comparison of their chemical structures.

Since size/shape and hydrophobic contributions
mainly govern the variation in log k30 as described
above, we verified whether these descriptors were able
to explain the differences in lipophilicity between TS7
and TS7*: TS7 is folded, and, thus, its shape is different
from TS7*, which shows an extended conformation.
Moreover, the points of the MIF due to the DRY probe
(in yellow in Fig. 4), calculated with BIOCUBE4mf (24)
at −0.5 kcal/mol, are a good approximation of the
VolSurf D descriptors (the hydrophobic descriptors) and
strongly vary between the two conformers, both in
location and in number, being 330 for TS7 and 528 in
TS7*. These findings also support the reliability of the
chemical significance of the PLS model.

In a recent study, we successfully demonstrated the
skills of this approach based on an overall analysis of
VIPs profile generated by the same VolSurf descriptors
used here (14) to distinguish two widely-known lipophi-
licity indexes (log PNoct and log PNalk). Since the paper of
Platts et al. (19) also reports log kw data for the 24
complexes, we verified whether the approach here
described is able to distinguish in an interpretable way
the two chromatographic indexes.
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(calc) RP-HPLC-based lipophilicity
indexes: A log k30; B log kw.

Compound log k30 (Exp)a log k30 (Calc)

PM3b Maxc Mind Lipophilicity rangee

TS1 0.15 0.07 – – –

TS2 0.64 0.47 – – –

TS3 −0.67 −0.69 −0.69 −1.03 0.34

TS4 0.12 0.01 0.01 −0.17 0.18

TS5 0.11 −0.17 0.01 −0.52 0.53

TS6 0.21 0.20 0.20 −0.21 0.41

TS7 0.19 −0.29 0.27 −0.30 0.57

TS8 0.09 0.20 0.38 −0.16 0.54

Table II External Test Set
Prediction

a experimental value; b log k30 calcu-
lated on the fully optimized conformer
(PM3, see “Methodology”); c log k30
of the most lipophilic conformer; d log
k30 of the most hydrophilic conformer;
e difference between themost lipophilic
and the most hydrophilic conformer
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As expected for the investigated series of 24 compounds,
log kw and log k30 were highly correlated (Fig. 5) but not
superposable, since at different ratios of solvent/water in
the mobile phase, the nature of both mobile and stationary
phases was modified. In particular, methanol showed more
hydrophobic character and lower hydrogen-bond capacity
than water. This could cause, at high methanol concen-
trations, other polar interactions with the stationary phase
(25).

To check the ability of our method to detect the
differences between the two chromatographic indexes, a
relationship between experimental data (here log kw) of
the investigated series of 24 Pt(II) complexes and the
VolSurf descriptors was again explored by a PLS run.
Statistical results are summarized in Table I (model 2)

and are slightly better than those obtained for log k30.
The relationship between experimental and calculated
values is shown in Fig. 2B, where no outliers were
identified.

The VIPs plot for model 2 is reported in blue in
Fig. 3 and shows that model 2 is, as expected, also due to
size/shape and hydrophobic contributions. Fig. 3 suggests
that model 1 (log k30) and model 2 (log kw) are similar but
not identical. In fact, the two models differ in two regions
(Z1 and Z2) where VIPs values are relevant (>1). In
particular, Z1 evidences that HBD properties of the solutes
are more relevant for log kw, and this is in line with the major
water content of the system. Z2 highlights the larger
importance of size/shape contributions to log k30; this is in
line with the larger hydrophobicity of methanol compared to

log Kw log k30
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Fig. 4 Two conformers of 7 with different virtual log k30: A conformer with minimum energy, 7; B conformer with the best predicted log k value, 7*.
The MIF generated by the DRY probe at −0.5 kcal/mol is shown in yellow.
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water. These findings confirm the method’s ability to detect
the differences between similar lipophilicity systems.

Volume of distribution, expressed according to
Obach et al. (16) as the steady-state volume of distribution
(VDss,), is a major pharmacokinetic determinant. For large
databases of traditional drugs, it was found that VDss

showed trends with some physicochemical descriptors such
as clogP, PSA, number of H-bond acceptors and donors,
and charge type (16). We thus collected VDss for Pt(II)
drugs used in clinical practice (carboplatin, cisplatin,
lobaplatin, nedaplatin and oxaliplatin, all data in “Sup-
plementary Material”) (16,26–29) and checked for the
molecular descriptors which better correlate with VDss

values. First, in accordance with Lombardo et al. (30,31)
we consider lipophilicity expressed as log k30 and
calculated as described above. No relationship between
log k30 and VDss was found (the same was true for log kw,
data not shown). In literature, VDss values often showed
trends with lipophilicity (16), but this is verified for large
data sets of unrelated structures and less probable for a
small series of analogues as Pt(II) derivatives. A correlation
matrix including all VolSurf descriptors and log k30 and
log kw was then calculated and showed that many
parameters due to the probe N1 and, thus, to the
hydrogen bond acceptor (HBA) properties of the Pt(II)
complex were related to VDss. Fig. 6 shows the linear
dependence between VDss and W7-N1, which can be
defined as the molecular envelope generating attractive H-
bond acceptor interactions computed at −5 kcal/mol.
This relationship, which individuates HBA properties as
the major determinants for VDss of Pt(II) complexes, is of
practical interest, since it is expected to be used for the
design of new series of Pt(II) drug candidates. In practice,
to design Pt(II) complexes with high VDss, chemists should
lower the number of HBA moieties, whereas to decrease
VDss the reverse is true. Finally, we tried to look for a
correlation between VolSurf molecular descriptors and
clearance. Unfortunately, clearance data available in
literature suffer from inconsistency since they are

expressed in quite different units of measurement, which
limits the number of usable values.

CONCLUSION

Pt(II) complexes represent a peculiar class of drugs which
are difficult to compare with standard organic pharma-
ceutical products and require ad hoc in silico tools to be
used during the various steps of the drug discovery
process.

This study shows how the implementation of Pt(II)
parameters into GRID force field overcomes one of the main
limitations of GRID due to the missing parametrization of
some ions. In addition, it enables the separate prediction of
retention factors log k30 and log kw for Pt(II) complexes, the
more common lipophilicity indexes reported for this class of
molecules of potential antitumor activity. Since the method is
based on MIFs, it also facilitates checking the dependence of
lipophilicity on conformational effects (virtual log k30) as
already reported for traditional log P and log D descriptors
(virtual log P and virtual log D, respectively).

In addition to lipophilicity, the parametrization of Pt
(II) in the force field also enables the calculation of a
number of descriptors largely adopted to predict the
ADME profiles of compounds. In particular, this study
indicates the HBA properties of complexes as the main
determinants of VDss of the five platinum drugs in clinical
use and, thus, represents the first step toward the
prediction of pharmacokinetic descriptors to be used for
screening purposes in new drug design campaigns of Pt(II)
antitumor candidates.

The next steps of the study, which are in progress in our
laboratories, consist in extending the GRID parametrization
to another class of Pt complexes containing the metal atom in
the oxidation state IV and in some technical adjustments to
automatize and, thus, speed-up calculations.
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