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Quantum and nonquantum descriptors clearly related to physicochemical features and predictors of the trends
to evolve along different stages of a known mechanism of action were determined for a set of square-planar
compounds of general formula [M"AA,L,L,] (M" = Pt(I1)/Pd(Il); Ai/L; = carrier/labile ligands), structurally
related to the anticancer agent Cisplatin. Selected compounds have been sorted and classified by Ward’s
Cluster Analysis and Principal Components Analysis data-mining techniques using seventeen 1D and two
3D of such theoretical descriptors calculated at the DFT level (PCM-B3LYP/LANL2DZ/6-31G*). A rationale
emerging from the study is that whereas most significant differences come from substitution of Cisplatin
ligands, cis/trans isomerism, and exchange of M introduce minor alterations in the electronic/geometrical
structure. This provides theoretical support to the assay of transplatinum compounds as potential anticancer
drugs, a fact already pointed out by empirical evidence. Similarly, the little geometrical/electronic differences
triggered by switching M" from Pt to Pd enable us to devise a rational path to propose new compounds
with expected good anticancer profiles, tuning alterations introduced by simultaneously changing both metal
and ligands. Current results serve thus to enlarge the Cleare-Hoeschele guides for Pt(Il) square-planar
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Density Functional Theory Characterization and Descriptive Analysis of Cisplatin and

anticancer potential drugs to Pd(II) compounds, both using cis/trans scaffolds.

INTRODUCTION

Cisplatin, a widely known anticancer drug, is employed
in chemotherapy against different kinds of solid tumors."
Despite the remarkable success reached by its use several
limitations are well documented along more than 30 years
of clinical experience. Side-effects (gastrointestinal and
kidney toxicity, immune system suppression, peripheral
neurotoxicity, etc.) are dose-limiting disadvantages forcing
the use of medical strategies to deal with their unpleasant
consequences.” Inherent/acquired resistance considerably
narrow the spectrum of malignancies to treat as well as the
individual response obtained, whereas the biochemical mech-
anisms underlying these phenomena are not completely
unraveled yet.'*

The search of analogues to overcome these disadvantages
led to approval of Carboplatin, a more soluble second generation
Pt(I) species with better toxicological profile and similar
antineoplastic clinical activity.” Outstanding efforts were de-
voted in the next decades to synthesize and screen a third
generation of square planar Pt(I)/octahedral Pt(IV) related
compounds (the latter rapidly reducing in vivo to Pt(IT) species®).
Based on a subtle balance between enhancement of anticancer
activity, toxicological profile, and circumvention of drug
resistance just a few compounds—Oxaliplatin, Nedaplatin,
Lobaplatin, Satraplatin, and Picoplatin—emerged as promising
candidates in phase III of experimentation against different
malignancies”® or even in clinical use (Oxaliplatin was ap-
proved by the FDA in 2002—2004 to treat colorectal cancer).*
According to the current knowledge all these drugs share a
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common mechanism of action leading to antineoplastic activity
through covalent union of activated Pt(II) species—generated
in the cell by Sy2 aquation processes—with genomic DNA, their
pharmacological target. Whereas inter/intrastrand cross-links
established between Pt(II) moieties and N7 atoms at DNA
purines are the species to which cytotoxicity has been attributed,
formation of covalent adducts and interactions with proteins
and other relevant biomolecules is connected with adverse
effects and resistance.'*

Selection of new prospective drugs from thousands of
prepared compounds is a relatively complex and low-
efficiency task, essentially supported by experimental pro-
cedures aimed to screen activity profiles through in vitro and
in vivo studies.” Systematizing indices from different sources
and cell lines in a coherent outline reflecting effectiveness
against tumors has not been easy to accomplish. Applying
bioinformatics tools Fojo et al.” compared and clustered 107
platinum species from the National Cancer Institute’s drug
repository based on their in vitro anticancer profiles, finding
12 groups with a strong correlation with structural features.
Application of robotic high-throughput screening and com-
binatorial chemistry tools to the systematic search of more
effective compounds have produced so far few successful
compounds, essentially helping to discard in vitro poor
candidates.”®*

The understanding gained on the molecular mechanisms
of action,'** the characterization of major DNA-Pt adducts,
and the absence of antitumor activity of the trans isomer of
Cisplatin'® made it possible in the 1970s to establish a set
of structure—activity relationships (SAR) known as the
Cleare-Hoeschele rules.'' Neutral square-planar Pt(IT) com-
plexes of general formula cis-[Pt!A,L,]—A/L respectively
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standing for inert am(m)ines/labile anionic (i.e.: chloride)
ligands coordinated to Pt—were the structural motifs “re-
quired to guarantee” antineoplastic activity. Although these
rules guided for years the design and synthesis of thousands
of novel Pt(Il) square-planar candidates, a realm of com-
pounds defying them were also proved to display anticancer
activity.>”® Alternative structural motifs include among
others: trans-dichloroPt(II) species with different carrier
ligands,'? cis-(NH;),L,Pt(IT) compounds with chelating leav-
ing groups (L, = oxalate, glycolate, etc.),”® cis-dichloroPt(II)
species with secondary, tertiary, and/or heterocyclic amines
acting as mono/bidentate ligands,®™'® octahedral Pt(IV)
compounds, well suited for oral administration,®'* poly-
nuclear charged platinum compounds,'® and non-platinum
metal-based compounds, particularly those of Pd(I) with
bidentate amines, for which better toxicity profiles have been
argued.'® This points out the need and relevance of getting
a wider perspective, looking for more detailed and complete
characterizations of the known active compounds with the
aim to classify them by structural themes. Then, this will
help to elaborate more robust and representative structure—
activity/reactivity-activity relationships, valuable in identify-
ing structural motifs that should be taken into account in
the future rational design of alternative compounds intended
for clinical use.

Considerable efforts have also been devoted to characterize
and predict the molecular mechanisms underlying the known
anticancer profile of Cisplatin and congeners by applying
both quantum and QM/MM theoretical methods'’~ " and
molecular dynamics simulations.>*! There is a large amount
of modeling studies on aquation processes,'’*° DNA plati-
nation on systems of increasing complexity taken under more
or less realistic conditions,'2%°~421*=2 414 chemical reac-
tions presumed to be involved in developing toxic side-effects
and resistance.'® Although fundamental pieces of knowledge
emerged from that work, a fairly reduced series of relevant
Pt(I[)/Pd(IT) compounds has been examined thus far. A less
explored way**—helpful in supporting the rational search of
new drug candidates—is that of using theoretical methods
and computational tools to determine quantum/nonquantum
monodimensional (1D) descriptors clearly related to phys-
icochemical features (i.e.: energy of frontier orbitals, solvent
accessible surface areas, etc.) and 1D/3D predictors of the
trends to evolve along different stages of the known
mechanism of action (i.e.: charge reorganization/transfer
accompanying molecular recognition/chemical transforma-
tions; nucleo/electrophilicity indices; etc.) to be used for
establishing qualitative/quantitative structure—activity/structure-
properties relationships.

Aimed to rationalize the available data to extend the rules
guiding the search of novel potential anticancer drugs, we
carried out a DFT comparative characterization of 35 Pt(Il)/
Pd(II) compounds (depicted in Figure 1) using a set of
descriptive analysis to sort and classify them and to establish
qualitative relationships between biological/pharmacological
indices and calculated descriptors. The species are cis/trans
square-planar complexes of general formula [M"A A,L L]
(M" = Pt(I)/Pd(II); A; = carrier ligand; L; = labile ligand)
obtained by introducing substitutions on the Cisplatin/
Transplatin scaffolds (1/1t in Figure 1). A wide spectrum of
anticancer activity profiles and relevant physicochemical
properties (solubility, hydrophobicity, trend to react with
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biological nucleophiles through Sy2 processes, etc.) is
covered: 1, 15, and 16 are worldwide established anticancer
agents with well-known patterns of activity; 22 and 24 are
used in clinical practice in Asian countries; 11 and 17 (a
major metabolite of Satraplatin®>°) are in phase III of clinical
experimentation, close to obtain FDA approval; 3—5, 7, 9,
10, 10t, 12—14, 17¢t, 18, and 29 have displayed anticancer
activity in preclinical assays.7’8’l(”23 1t, 2, 2t, 6, 8, 19, 20
are known to be therapeutically inactive due to different
reasons.'*'® Biological/pharmacological anticancer activity
indices are available from literature/open access databases
only for a subset of the compounds,'*'%?*73! Jacking in any
case from homogeneity (see Tables 1S and 2S in the
Supporting Information for additional information on the
anticancer activity profiles and indices). Thus, at this stage,
just qualitative SAR/SPR relationships can be established
on a firm basis on this set.

THEORETICAL AND DESCRIPTIVE METHODS

The structure of each member of the set has been fully
optimized in vacuo at the DFT level without imposing
constraints, using the B3LYP hybrid functional®* with the
6—31G(d)33 basis set for H, C, N, O, F, and Cl atoms and
the LANL2DZ>* pseudopotential and associated basis set for
the transition metals (Pt/Pd). The nature of each optimized
species has been carefully inspected checking the eigenvalues
of the diagonalized Hessian. Solvent effects (water, €e=78.5)
have been included at the same level of theory by single-
point calculations using the PCM-IEF continuum model®”
with molecular shape cavities generated according to the
United Atom Topological Model.*® This combination of
theoretical chemistry approaches has shown to have a very
good performance in modeling structural characteristics and
reactivity of this kind of compounds,'7J-0-18n.p.u.19¢.£.37

Seventeen structural and reactivity 1D descriptors have
been obtained at the DFT/PCM level in aqueous solution
including geometrical data (four metal—ligand bond lengths),
molecular volume, solvent accessible surface area (SASA),
natural atomic charges derived from Weinhold’s NPA density
population analysis*® (6 by compound, corresponding to five
atoms in the coordination sphere complemented by the most
acid H in the amine moieties, which is presumed to play a
central role in stabilizing metal-DNA interactions),'** the
energy of the Kohn—Sham’s frontier orbitals (€oy0 and
€.umo0), and the electronic chemical potential (¢), hardness
(17), and electrophilicity (w) calculated as reactivity descrip-
tors in a conceptual DFT framework, within a finite differ-
ences method and frozen orbitals approach, according to the
following expressions™

1
u = _§(€HOM0 + €Lumo) ()
1
n= E(SLUMO ~ €4omo) 2
#2
o = T 3

3D shape of the LUMO’s electron density (taken as an
approximation to the electronic Fukui’s function)* and 3D
molecular electrostatic potential (MEP) mapped on a isos-
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Figure 1. Sketch of the structures for the Pt/Pd cis/trans complexes under examination. See Supporting Table 1S for a detailed identification
(chemical formulas, commercial/common names) and description of the known anticancer activity profiles for the 35 compounds.

urface of electron density (0.0004 au) have also been
obtained, visualized, and analyzed as reactivity descriptors.
All the descriptors were generated and/or graphically ana-
lyzed using Gaussian03 revision B05,** Gaussview 2.1%%°
and Molekel 4.3*' programs.

A Hierarchical Cluster Analysis (HCA)** was performed
on the 17 x 35 matrix of 1D standardized descriptors for
the complete set of compounds, using the Chebychev
algorithm to obtain a distance matrix. A dendrogram—
displayed in Figure 2—was constructed for the 35 cases by
using Ward’s hierarchical agglomerative method*? clustering
the data set by proximity. A Principal Component Analysis
(PCA)** was performed on the same 17x35 correlation
matrix to condense information on shape and reactivity** into
a new set of nonredundant variables (Principal Components,
PCs). PCs are linear combinations of the descriptors (related
by means of weights p, the PC loadings) reflecting major
physicochemical features of the species. Applying Kaiser’s
approach®® only PCs with eigenvalues >1 were retained in
this work. The two PCs retained, used to generate loading
and score plots, were selected as those that accumulate a
maximum variability among compounds and have at least
one original descriptor with PC loading p = 0.8. Similarities
among the compounds can be detected and analyzed by
means of their scores plotted on the PC/ x PC2 plane.

HCA and PCA were performed and visualized by using
Statistica software.*’

RESULTS AND DISCUSSION

Figure 2 shows the result of Ward’s agglomerative clustering
with cluster hierarchies visualized as a dendrogram. Whereas
the complete matrix of theoretical descriptors is available as
Supporting Information (Table 3S), a selection of representative
values is collected in Table 1. Figures 3 and 4 respectively
contain 3D isodensity representations of the LUMO and a
selection of MEPs. PCA loading and scores plots for the
compounds characterized are shown in Figures 5a-b and 6.

Hierarchical Cluster Analysis. All compounds were
sorted on the base of their geometrical and electronic similarities/
differences into well-defined clusters at different hierarchical
levels, each of them represented by a tree branch in the
dendrogram in Figure 2. Linkage distance at each branching
makes it possible to assess the relative impact of introducing
specific variations on the basic structural and reactivity motifs
present in Cisplatin/Transplatin scaffolds. It is worth to recall
here that covering a wide spectrum of anticancer responses,
Fojo et al. found that platinum-based compounds belonging to
a same group of distinctive activity patterns (clustered by
similarity in activity profile against cell lines in NClg,) undoubt-
edly share chemical structure features.’
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Figure 2. Dendrogram for the set of 35 compounds generated with Ward’s hierarchical clustering, using 17 theoretical local and global
descriptors. The numbers in the top of the figure identify the species according to the scheme in Figure 1.

Table 1. Selection of Theoretical Descriptors for a Set of Representative Compounds Grouped According to HCA Clusters”

electronic
chemical electro-philicity electronic
cluster compd ID M hardness(77) (w) egomo(aun) chemical pot. («) eLumol(au) surface (Az)
#3 labile group 1 0.594 0.0891 0.253 —0.23929 0.150 —0.06118 172
CI™ in the absence 1t 0.604 0.0842 0.249 —0.22896 0.145 —0.06055 173
of o-donor/m- 2 0.667 0.0780 0.379 —0.25003 0.172 —0.09404 173
acceptor ligands 2t 0.671 0.0766 0.355 —0.24142 0.165 —0.08826 172
17 0.587 0.0894 0.243 —0.23685 0.147 —0.05798 304
17t 0.602 0.0843 0.238 —0.22589 0.142 —0.05732 273
#2 presence of 6 0.780 0.0853 0.328 —0.25247 0.167 —0.08196 369
o-donor/ 7- 8 0.782 0.0850 0.331 —0.25268 0.168 —0.08265 351
acceptor ligands 7 0.809 0.0875 0.337 —0.25915 0.172 —0.08422 368
9 0.811 0.0861 0.340 —0.25712 0.171 —0.08502 351
15 0.765 0.1013 0.177 —0.23537 0.134 —0.03278 351
22 0.726 0.0944 0.113 —0.19760 0.103 —0.00875 275
23 0.731 0.0940 0.115 —0.19788 0.104 —0.00997 246
16 0.785 0.1037 0.169 —0.23600 0.132 —0.02857 254
24 0.740 0.0939 0.126 —0.20245 0.109 —0.01467 172
25 0.740 0.0943 0.122 —0.20158 0.107 —0.01291 197
13 0.660 0.0725 0.393 —0.24136 0.169 —0.09634 327
14 0.691 0.0763 0.392 —0.24920 0.173 —0.09666 291
#1 pyridine or 10 0.613 0.0893 0.252 —0.23915 0.150 —0.06061 260
derivatives as 12 0.612 0.0893 0.249 —0.23846 0.149 —0.05980 280
carrier ligands 11 0.610 0.0890 0.249 —0.23782 0.149 —0.05977 289
10t 0.626 0.0835 0.265 —0.23230 0.149 —0.06533 238
12t 0.625 0.0835 0.263 —0.23159 0.148 —0.06456 263
11t 0.624 0.0837 0.251 —0.22858 0.145 —0.06111 256

“ For the complete matrix for all compounds, see the Supporting Information (Table 3S).

The most remarkable fact emerging from Figure 2 is the 10t-12t, identified as Cluster#1 and labeled Py in the figure.
neat differentiation from the rest of the set of those The uniqueness in structural—both geometrical and elec-
compounds with pyridine planar amines as monodentate tronic— and reactivity characteristics evidenced by this
carrier ligands, namely cis species 10—12 and trans species analysis matches the differential behavior in anticancer profile
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Figure 3. 3D representation of the Kohn—Sham LUMO orbital obtained at the PCM-IEF/B3LYP level. Isodensity contours are depicted
for a value of 0.0004 au KS LUMO-+1 for compounds 6, 8, and 15 (shown in Supporting Figure 1S) resemble in shape the o* LUMOs here
depicted for the rest of the set, destabilized by amounts of ~0.99 eV in the case of both orotic acid derivatives and 0.16 eV in the case of

Oxaliplatin (15).

found for these compounds, currently under testing with the
specific aim of overcoming cross-resistance with well
established anticancer drugs.”'?

At a first glance, a second level of branching would
distinguish among species bearing labile ligands other than
chloro (Cluster#2) and those with Cl™ leaving groups
(Cluster#3), where compounds 13 and 14 (biPy in Figure
2) appear to be an exception to this rule. A closer look into
the structural features of the species in Cluster#2—the richest
in established anticancer agents—enables to recognize the
presence of N—N’, N—O, and/or O—O’ chelating ligands,
sharing the ability of acting both as o-donors/w-acceptors,
as the actual sorting motif. This kind of ligands can delocalize
electron density away from the metal center through st back-
donation effects,*®* as evidenced by a more positive charge
on M compared to Cisplatin (see data in Table 1).

As can be seen from Figure 3, all the known cytotoxic
species in Cluster#2 (7,9, 14, 16, 22, and 24) but Oxaliplatin
(15) exhibit chemically active o-antibonding LUMOs involv-
ing a metal d state and ligand orbitals. This is an electronic
signature shared by all the anticancer agents across Clus-
ters#1—3 for which biotransformation is initiated by Sy2
reactions with water and biologically active species. Oxali-
platin’s LUMO, a s-antibonding KS orbital spread over the
oxalate leaving group, definitely constitutes a distinctive

electronic characteristic of this antineoplastic agent. This
feature, in conjunction with its quite less electrophilic
character relative to Cisplatin (see w values in Table 1), could
be in the roots of the particular tumor selectivity and the
lack of cross-resistance allegedly*’* displayed by Oxaliplatin.
This gives indeed sustain to the possibility of alternative
mechanisms of action in the body, triggered by noncovalent
interactions with biomolecules (a fact already pointed out
by the empirical research conducted in the case of biPy
compounds).mb*d The two known inactive Pt(Il) species
within this branch (6 and 8) also exhibit s-antibonding
LUMOs located over their corresponding orotato ligands, a
characteristic promptly removed by substitution of Pt(II) by
Pd(Il), to give the cytotoxic charged species 7 and 9. A
similar pattern can also be observed in passing from Pt(Il)
13 to Pd(IT) 14 more cytotoxic species. The next higher KS
orbital resembling the LUMO usual shape observed in
platinum anticancer drugs is the LUMO+1 for the case of
6, 8, and 15, and the LUMO+3 for 13—see Supporting
Information Figure 1S. These KS orbitals are respectively
0.99, 0.99, 0.16, and 1.21 eV higher in energy than the
corresponding LUMOs. These energy gaps show the distinc-
tive LUMO not to be an artifact of the calculation for 6, 8,
and 13. For Oxaliplatin, the gap between the two electronic
states is close to the bounds of expected error of the model.



1412 J. Chem. Inf. Model., Vol. 49, No. 6, 2009

I (1) | (1

1221 [24] [291

Figure 4. Selection of representative 3D Molecular Electrostatic
Potential (MEPs) mapped on an electron density surface of 0.0004
au. Scale of colors from red to blue represents MEP values ranging
from —0.15 to +0.15.

Examination of the 3D mapped MEPs depicted in Figure
4 enables to complement these considerations. Whereas in
vitro cytotoxic species exhibit a pronounced gradient from
the region around the metal center M to both the surface of
carrier and labile ligands (responding to the picture of highly
polar molecules, containing large areas of both positive and
negative potential), Pt(I) inactive (6 and 8) and low-cytotoxic
(13) species display a fairly more homogeneous distribution
of charge around M. This distinctive feature in the case of
Pt(IT) species switches again to the more common pattern
(pronounced electrostatic potential gradient) when tuning the
electronic density by substitution of the metal center by Pd(II)
(see pairs 6—7; 8—9; 13—14).

These pieces of evidence clearly support the idea that an
adequate interplay between the effects of changing the nature
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of the ligands and charge on M might be a promising strategy
for tuning the electronic features of square planar compounds
in order to obtain cytotoxic species with a particular
anticancer profile. In the case of Pd(II) square planar
compounds, modulation of the well-known activating effect
of Pt(I)/Pd(II) substitution can be achieved comprising in
the structure stabilizing o-donor/sz-acceptor chelating ligands.

The most important level of distinction within Cluster#3
(species with ClI™ as labile group in absence of o-donor/s-
acceptor ligands) corresponds to the bidentate/monodentate
nature of the carrier ligands, respectively reflecting the
presence/absence of cyclometalation effects** as the main
discriminating motif. Inspection of further sub-branching
shows that albeit a Pt(II)/Pd(II) exchange has a profound
impact on kinetics of the Sy2 processes involving Cisplatin,
geometrical and electronic alterations caused by metal
substitution are relatively minor in comparison to the changes
introduced by replacing the leaving group/carrier ligand.
Something similar happens with the effects of introducing
cis/trans variations.

Theoretical support is thus provided here to the need of
enlarging the rational rules initially proposed by Cleare and
Hoeschele''™ to also include trans species in which the
choice of L1-L2 and carrier ligands is conveniently done to
achieve a balance among the structural modifications—steric
and electronic—that modulate the desired properties deter-
mining the activity profile. In the search of new pharmaco-
logical leads with specific anticancer sensitivity, toxicity and
resistance features, virtual screening supported by a HCA
based on 1D theoretical descriptors of clear physicochemical
meaning (coupled with the analysis of 3D descriptors) is
shown to be a powerful aid in sorting and recognizing
common patterns over wide sets of possible candidates and
expanding or extracting new rationales to guide further
synthesis research.

Principal Component Analysis. Two principal compo-
nents, labeled PCI and PC2 in Figures 5 and 6, emerged
from PCA with eigenvalues of respectively 4.2 and 2.2, to
which 64.34% of the variability among compounds can be
attributed. Examination of Figure 5a immediately brings to
the attention that the local descriptors corresponding to the
carrier ligands have small loadings in both PC (p < 10.5l).
PCI, accounting for the 42.34% of the total variability,
explains differences among compounds along the horizontal
axis in Figure 5b. It essentially responds to global descriptors
of molecular stability and reactivity and local descriptors
associated to the labile ligands. € ymo, hardness (1), and
eyomo exhibit positive PC loadings; electronic chemical
potential («, the opposite of the electronegativity y), elec-
trophilicity (w), L1/L.2 atomic charges and M-L1/M-L2 bond
lengths, possess negative loadings. Thus—provided that axial
steric hindrance is not present—in moving from the left to
the right it would be expected to find compounds with
stronger M-L interactions, progressively becoming less
reactive toward SN2 biotransformations, less prone to estab-
lish covalent interactions, and more electronegative.

Reminding that the in vitro anticancer activity has been
linked by Monti et al.>” to the optimization of the difference
in y between atoms separated by 3—4 bonds, and also by us
(see previous discussion) to a pronounced gradient of MEP
between the accessible regions on the carrier and labile
ligands, PCI can be roughly interpreted as reflecting a
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Figure 5. a. PCA loadings plot for PC/ and PC2. List of acronyms used for the 17 descriptors: Sur = solvent accessible surface area; Vol
= molecular volume; M-X = bond length for metal center (M) binding to each of the four atoms in the first coordination sphere (X = L1,

L2, N1,N2); M, N1, N2, L1, L2, H,. = NPA atomic charges; EHomo/ELumo = HOMO/LUMO orbital energies; Electro = electrophilicity;
Hard = chemical hardness; CPot = electronic chemical potential as defined in the text. b. PCA score plot derived from a 35 compounds
x 17 descriptors matrix. A classification of the compounds in five groups (I, I, III, IV, and V) is shown. Identification of each compound

follows numeration scheme provided in Figure 1.

delicate balance between contributions to systemic toxicity
and anticancer cytotoxicity (which also related to the features
of the activated form of the drug, available to attack DNA
within the cellular context). That means that whereas
compounds placed to the right would be, in principle, quite
less toxic and variable in efficacy compared to Cisplatin

(constituting a space of improved tolerability, as anticancer
agents in Group V actually do) species located nearby the
central region in the plot—Groups I and IIl in Figure
5b—would be expected to display toxicity and activity close
to those of Cisplatin, constituting a space of structural
chemotypes for which cancer sensitivity and selectivity
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Figure 6. Enlargement of the PCA Scores Plot section corresponding to the projection of compounds in Groups II, II—III, and III. Solid
arrows connect cis/trans pairs of isomers; dashed arrows connect Pt(II)/Pd(II) counterparts.

should be tuned by optimization of other orthogonal molec-
ular features, contained in one or more of the remaining PCs.
The region placed at more negative values of PC/—populated
here by Groups II and IV—would represent a space of quite
toxic compounds whose kinetic stability could be not enough
to ensure the compound arrives to the cell to lesion DNA.

This ordering reproduces well the observed anticancer
responses of each clinical agent and tested compound for
all the species in the set but 10—12, 16, and 17 (and their
respective trans isomers, where applies) which are essentially
gathered in Group “II—IIT”, misplaced in Figure 5b. These
compounds bear bulky moieties lying above/below the
molecular plane, which block the SN2 entering channel in a
way that preferentially reduces reactivity toward soft nu-
cleophiles. Reflecting this feature (not contemplated in the
theoretical descriptors in PC/ and PC2) on the location of
such species would require to shift them rightward in Figure
5b, toward the improved tolerability region, adopting PC/
effective values higher than that of Cisplatin.'>!3>:14

The properties explaining differences along the vertical
axis given by PC2 (accounting for 22.00% of the variability
among compounds) are the charge on M and the molecular
surface and volume of the species (respectively Sur and Vol),
all with negative loadings in Figure Sa. In going from top to
bottom in Figure 5b, compounds become larger—and thus
more hydrophobic—and M increases from +0.59 up to
+0.81 au. This PC could be interpreted as explaining part
of the variability associated to cellular drug uptake and efflux,
two features known to exert a deep influence on cellular
sensitivity to the drug and resistance patterns,'-'*2%>-48750

It has been shown that Pt cellular accumulation correlates
with hydrophobicity (expressed in terms of logP,, as a good
predictor of the entrance of platinated drugs to the cell since
correlates with platinum uptake®’ and this, in turn, to the
molecular area®”>?) in a differential way in sensitive/resistant

cells.**>¢ Thus, going down along PC2 would follow the
trend of increasing hydrophobicity and enhancing passive
diffusion into the cell as a mean to bypass resistance due to
reduced facilitated uptake. On the other hand, specific
interactions with metal binding domains of several cellular
transporters having a role in mediating platinum inward flux
(copper homeostasis proteins*® and organic cation transport-
ers,”® among others) would be modulated by the molecular
size and shape of the drug as well as by the charge on the
metal and the electrostatic features on the accessible surface
(shown in Figure 4). Encompassed with a deeper knowledge
on the structural determinants of substrate specificity and
the expression of transporters in normal/malignant tissues,
the organization of compounds along PC2 might be conve-
niently exploited, in conjunction with MEP and LUMO 3D
descriptors, to perform in silico preselection of new promis-
ing candidates sought to bypass cross-resistance with Cis-
platin or even addressed to treat unresponsive malignancies
expressing cell-type specific transporters.

Oxaliplatin can be taken here as an archetypal case to
validate the general procedure of using a PCA based on these
physicochemical descriptors with predictive purposes. The
species is located at the region of improved tolerability along
PC1, and has the lowest projection on PC2 among those of
the platinum clinical agents in the score plot. Besides its
LUMO’s uncommon features, additional singularities in
features defining the nature of the interactions the drug can
establish with proteins (transporters in particular) are exposed
with the analysis. Experimental evidence supports now
multiple cellular transport systems for Oxaliplatin which
appear to be distinct from those of Cisplatin, Carboplatin,
and Nedaplatin, a finding that has been invoked as one of
the reasons to explain its singular efficacy against colorectal
cancer.*?*>°
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Separation among groups of species according to the
nature of the labile ligands L is clearly evidenced in the score
plot in Figure 5b, which is divided by a wide diagonal region
placed in between of two populated zones (one includes
Groups II—1V; the other Groups I and V). This illustrates
how the use of bulky chelating L can be exploited as an
efficient strategy to modulate systemic toxicity and/or cell
uptake of in vitro active compounds typical of Groups II1
and IV. Since experimental evidence sustains that compounds
in Groups I and V are activated through biotransformation
processes before reaching its molecular target, their C1™
congeners (such as 1 and 3) would be more representative
to anticipate their in vivo cytotoxicity, being thus the former
considered as precursors or pro-drugs.*’®

To conclude, a global examination of the constitution and
location of the six groups identified across the PCA score
plot (Figure 5b) and the three main clusters emerging from
HCA (Figure 2) can be performed to integrate and compare
both analysis. Compounds in Cluster#l and Cluster#3
essentially concentrate at the left upper quadrant, in a
disposition that completely masks the singular characteristics
of Pt(Il) pyridine derivatives (particularly their lower reactiv-
ity toward thiol-containing species) readily evidenced by
HCA and linked to their unique anticancer profile (partial/
full noncross-resistance to Cisplatin, Carboplatin, and Ox-
aliplatin in pretreated lung, colon and ovarian malignan-
cies).!? Once the reduction in reactivity by axial sterical
hindrance is reflected by shifting the location of Group
“II—IIT” rightwards along PC1, the Py structural chemotype
appears as one of the few populating the right upper quadrant
in the scores plot. These compounds have hydrophobicity
and M values intermediate between those of Cisplatin and
those of the other clinical agents in Group V, sharing these
features with JM118’s cyclohexylamine motif (species 17,
assigned to Cluster#3 in the HCA). Cellular pharmacology
of JM118 is currently attracting attention because of the
finding that very different cellular mechanisms of resistance
respect to Cisplatin are engaged with it, being apparently
able to hypersensitize cells to other nonplatinum anticancer
drugs.*”® Compounds previously gathered in Cluster#2 are,
in general terms, contained in three groups spread all over
the bottom of the scores plot, covering the three regions of
toxic side-effects/anticancer activity balance previously
identified along PCI and also displaying significant differ-
ences between them along PC2.

Whereas the impact of Pt/Pd substitution has different
magnitude depending on the family of compounds considered
(being more important for species belonging to Cluster#3,
a fact that is better appreciated in Figure 6) the general trend
is, as expected, to shift toward regions of lower values both
in PCI and PC2. This mainly reflects the more electrophilic
character of the Pd counterpart and the increasing positive
charge on the metal. The effect is quite less significant for
species in Cluster#2, noticing that in the case of compounds
13/14 (Group IV) a reversion in the general trend in both
PCs is even detected. This reaffirms the idea that, although
not advisible for the simplest Pt scaffolds included in Group
III because of the excessive activation gained, Pd substitution
can be a convenient strategy in tuning properties and response
of metal-based square planar compounds used together with
stabilizing chelating labile groups or s-acceptor moieties.
Regarding the cis/trans effect, as can also be seen in Figure
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6, a similar pattern in shifts over the PC1xPC2 plane is
found, although the changes are quite less significant yet and
the effect seems to be more pronounced in platinum species
belonging to Cluster#3.

CONCLUSIONS

A reduced set of theoretical global and local physico-
chemical descriptors, calculated at the DFT/PCM level, with
a clear connection to the structure, stability and intrinsic
reactivity of M coordinated square planar complexes (M
= Pt(II)/Pd(II)) has been used here to describe and sort by
HCA and PCA data-mining techniques a group of 35
compounds structurally related to Cisplatin, most of them
displaying in vitro anticancer activity and some currently in
clinical use as antitumor agents for different kind of human
malignancies.

HCA has shown to be a very useful tool to retrieve
meaning from a subset of the 1D calculated physicochemical
descriptors and to sort the species in clusters related to
particular anticancer profiles, well-defined in terms of
potency, side-effects and resistance patterns, in a way that
immediately points out the singular characteristics of com-
pounds bearing monodentate pyridines as carrier ligand—
Picoplatin in this group—which indeed constitute a promising
chemical space for further exploration and lead optimization.
Exploited in a complementary way with the use of surface
mapped MEPs and KS LUMOs as 3D descriptors, HCA
becomes a very useful, cheap and efficient strategy for
performing in silico preselection of new antitumor candidates
within large amounts of compounds representative of several
chemotypes combining multiple variations. On the other side,
PCA enables to perform a more detailed level of analysis,
explaining differences within each cluster and putting in
evidence the existence of different chemical spaces reflecting
the result of a subtle balance between improved cytotoxicity/
tolerability (reached by tuning the species reactivity and
surface MEP gradient) altogether with the ability of the
compound to enter the cell through active/passive diffusion
processes and reach its final molecular target.

A measure of the impact of introducing different kinds of
structural changes is also given here. Despite the known
effect on kinetics of Pt/Pd and cis/trans variations, the
combination of descriptors and data mining techniques used
herein has shown them to be of minor impact on determining
similarities/differences among these compounds. Introducing
o-donor/m-acceptor stabilizing chelating moieties emerges
as one of the most influential variations to apply (especially
at the labile positions) on the structural platinated square
planar scaffold, followed by the effect of a cyclometalation/
monodentate-binding interplay at the carrier ligands. This
work provides thus a rational base to enlarge the pre-
established SAR rules including frans motifs or M=Pd(II)
as chemotypes for searching new leads, provided an adequate
balance in kinetics is obtained by tuning the nature of the
carrier and leaving groups and/or blocking the SN2 entering
channel by introducing bulky substituents in the ligands.
Along with the known biological activity of each compound
this study enables to device a rational path to propose new
candidates with expected good anticancer profiles.
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