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The reactivity properties of platinum-containing anticancer drugs
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Cisplatin has been an important platinum-containing anticancer drug for years. Toxic effects of cisplatin and the
resistance of tumor cells against treatment lead to new studies about finding new Pt- containing anticancer drugs. In this
study, the electronic properties and reactivity indices of cisplatin and its clinically accepted derivatives carboplatin,
oxaliplatin, nedaplatin, lobaplatin, and heptaplatin were calculated by density functional theory (DFT). These properties
of drugs have been calculated in both vacuum and aqueous medium. The reactivity of the molecules is explained with the
global reactivity indices. Local reactivity indices were used to examine the reaction of the hydrolyzed nedaplatin complex
with the amino acid cysteine. In anticancer drugs containing Pt, the platinum atom is an important reaction site for

anticancer mechanisms.
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INTRODUCTION

In the late 1960s, a new era began in
antineoplastic drugs with the discovery of cisplatin
[1, 2]. Understanding the anticancer properties of
cisplatin made it the pioneer of metal-based
anticancer drugs used from the past to the present
[3]. However, cisplatin lacks tumor tissue selectivity
and makes target cells resistant to cisplatin over time
[4]. Therefore, scientists have synthesized new
cisplatin analogs such as carboplatin, oxaliplatin,
nedaplatin, lobaplatin, and heptaplatin. These
platinum-based chemotherapeutic drugs are the most
widely used ones in the treatment of different cancer
diseases [5]. Also, scientists have made progress in
the research of the different metal-based anticancer
drugs in recent years [6, 7].

Cisplatin is used in the treatment of many
cancers, especially testicular and ovarian, also colon,
stomach, breast, prostate, and small cell and non-
small cell lung [8]. The mechanism of action
depends on the platinization of DNA bases. In this
process, hydrolysis of the drug is an important step
that makes it easier to reach the drug to DNA. In
addition, hydrolysis of the drug is essential to
activate the drug [2, 9]. Pt-S and Pt-N bonds were
found in the crystal structure of the drug's addicted
product. This means that the platinum atom of the
drug binds to amino acids of DNA from their S or N
atoms [9]. The resultant structural form suppresses
the efficient replication of tumor DNA and as a result
of this anticancer effect the tumor cell dies [2].

Despite the great benefits of platinum
chemotherapeutics, they have also various side
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effects such as nephrotoxicity and negative effects
on the liver [8]. In addition to the toxicities of the
drug, long-term use of cisplatin causes cisplatin
resistance. The ability of cross-linking feature of
cisplatin provides that cisplatin cross-links to the
DNA of the target cell and prevents its dividing [10].
Thus, the formation of resistance is the binding of
platinum to DNA and the main cytotoxic mechanism
that occurs after cisplatin enters tumor cells [11]. To
elucidate the mechanism of such disadvantages and
side effects, studies have been carried out to examine
many properties of cisplatin such as its electronic
and molecular structure [4, 12].

In one of the studies, the effects of catalpol
(CAT), a bioactive component, on cisplatin-induced
nephrotoxicity and antitumor activity were
investigated. As a result of the research, it has been
observed that CAT can reverse drug resistance
without compromising the antitumor properties of
cisplatin. This shows that CAT has positive effects
against cisplatin-induced kidney damage by
reversing drug resistance via the mitochondrial-
dependent pathway without affecting the anticancer
activity of cisplatin [13]. Another study showed that
the anticancer effect of cisplatin was strengthened by
nano curcumin. So, they achieved a significant
reduction in ovarian tumor volume and weight with
cisplatin and nano curcumin administration [14]. A
study used nanosheets like Al-doped BN and Ga-
doped BN towards cisplatin to understand the
adsorption behavior of cisplatin [15]. They achieved
higher HOMO energies and lower LUMO energies
after the adsorption of cisplatin on the AIBN and
GaBN nanosheets.
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The reduction of the energy gap increases the
conduction electron population which is important
for the drug delivery system. As a result, nanosheets
showed high adsorption behavior with small
adsorption distances and large variations of the
energy gap, especially AIBN. So, AIBN and GaBN
nanosheets are promising candidates as drug
delivery vehicles for cisplatin [15]. The
experimental techniques are expensive to conduct
and bring some problems to clinical trials such as
losing the activity of a drug candidate before in vivo
test. So, computational modeling studies are
important to get information about molecules and to
gain insight into their properties before expensive
experimental periods [1].

Density functional theory (DFT) which is the
most preferred quantum-mechanical method in
recent years, provides important information about
the physicochemical properties of compounds. Also,
it is known that physicochemical properties are
related to the biological activity of compounds [16].
DFT aims to understand the electronic structure and
molecular dynamics of the molecules.

In this study, the electronic and physicochemical
properties of cisplatin and its derivatives such as
carboplatin, oxaliplatin, nedaplatin, lobaplatin, and
heptaplatin were investigated. The calculations of
the relevant molecules were carried out with the
DFT method. The HOMO-LUMO energies, global
and local reactivity indices, and thermochemical
parameters were calculated in both vacuum and
aqueous medium. In addition, the reaction of
hydrolyzed nedaplatin complex with cysteine amino
acid of DNA was explained by local reactivity
indices.

COMPUTATIONAL METHODS

All geometric and electronic calculations were
performed with the DFT method within Gaussian
09W software [17]. DFT calculations were carried
out by using the three-parameter Becke-Lee-Yang-
Parr (B3LYP) exchange-correlation functional with
LanL2DZ basis set. Frequency analysis of the
molecular structure as a global minimum was
performed and all frequency values are positive.
Frontier molecular orbitals (FMO), molecular
electrostatic potential (MEP) surfaces, and structural
visualizations of all molecules were prepared by
using Gaussview 5.0 [18].

Global and local reactivity indices were also
calculated for the studied molecules. Solvent effects
were computed by using conductor-like polarizable
continuum model (CPCM) as the solvation model.
In this study solvent was water with a dielectric
constant value of £=78.355[19].
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Reactivity indices calculation

Reactivity indices are based on the perturbation
of one chemical attacking another chemical species.
These perturbations are related to the changing
number of electrons or changing of an external
potential. Global reactivity indices are related to
changing of electrons. The variation of the boundary
electron densities is defined by the local indices
proposed by Fukui. Local indices give information
about the reactivity of a particular region of the
molecule [20, 21].

The global reactivity indices are calculated with
the following Eq. (1-4). In these equations, Exomo
and ELumo are the energy of the highest occupied
molecular orbital and the lowest unoccupied
molecular orbital, respectively. The hardness () is
calculated by using Koopmans’theorem. [22].

E —E
n= (ELumo . HOMO) (1)

The global softness (S) is defined as inverse of
the chemical hardness.

1
S=5 (2
Electronegativity (X), which is the negative of
chemical potential (u), is calculated with HOMO
and LUMO energies. The electrophilic index
depends on the values of chemical potential and
hardness values.

—E —E
)( [ ( I‘IOMO2 LUMO) (3)
u? X2
w = _Zrl = _Zrl (4)

The fukui indices can be calculated by Egs. (5-7).
In these equations, Pno, Pn+1 and Pn- represent the
electronic population on an atom for the neutral,
cation and anion systems, respectively. And f(*r), fzr),

j‘()r) are fukui indices for the nucleophilic attack,

electrophilic  attack, and radicalic attack,
respectively [21, 23].
f{r) =pn+1(M) —pn (), )
foy = pn (r) —pn-1(r), (6)
M) -pn-a() _ o~
I(()T):PN+17'2PN1T=()2()’ (7)

RESULTS AND DISCUSSION
Ground state geometries and global reactivity
indices

The molecular structures and the optimized
structures of the studied molecules are given in Fig
S1and Fig. 1. The optimized geometrical parameters
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and IR data of cisplatin are based on experimentally
obtained results [24, 25]. The geometric parameters
for other studied Pt- containing anticancer drugs are
given in Table 1. The bond lengths of Pt-O and Pt-
N are found to be 2.0 and 2.1 i\, respectively, for
carboplatin, oxaliplatin, nedaplatin, lobaplatin, and
heptaplatin. The approximate dihedral angle value
of the five molecules is 0.51°. As also demonstrated
in Fig 1, square planar geometric orientation is
obtained for all studied molecules.

Anticancer molecules containing Pt have
different reactivity and stability due to their
structures. In this study, global reactivity indices
such as chemical hardness (1), global softness (S),
electronegativity (X), and electrophilic index (®) are
calculated for vacuum (vac) and aqueous (aq)
medium and they are listed in Table 2. The reactivity
and stability of molecules can be interpreted by
global reactivity indices. The higher hardness value
indicated higher stability and lower reactivity
because of the bigger energy gap between frontier
orbitals. Softness is the inverse of hardness. As seen

- |
® ” ? ’,JO jﬁ‘ o0 _3 {J 2 in Table 2, carboplatin and heptaplatin have the
° RE N o? " P i highest hardness values of 2.55 and 2.54 eV,
¢ ¥ JTIY . S respectively.
o The hardness value of heptaplatin is close to that
Cisplatin Carboplatin Oxaliplatin

of carboplatin. These two molecules are more stable
and less reactive than others. On the other hand,
cisplatin has the highest softness value which is 0.23

Y & V9 o B agy® eV and this makes cisplatin the most reactive
29 o o’e 33 % 29 0g, molecule compared to others. This result is also in
? ? accordance with Alberto et al. study [2, 26].

Nedsplitts —— S—— The reactivity order of the molecules is: cisplatin
> oxaliplatin > nedaplatin > lobaplatin > heptaplatin
> carpoplatin. The acids must be more

. Figure 1. Optimized structures of cisplatin and electronegative than the bases [27]. The highest
erivatives.

electronegativity value has cisplatin with 4.09 eV, so
cisplatin is the most acidic molecule.

Table 1. Calculated bond lengths, r and bond angles, a values of molecules

Carboplatin Oxaliplatin Nedaplatin Lobaplatin Heptaplatin
r(4)
Pt-O 2.0 2.0 2.0 2.0 2.0
Pt-N 21 2.1 2.1 2.1 2.1
a(’)
N-Pt-N 105.6 83.3 106.8 107.3 102.1
O-Pt-0 96.6 83.4 86.8 86.1 98.8
Table 2. Electronic properties (eV) of molecules
Cisplatin Carboplatin Oxaliplatin Nedaplatin Lobaplatin Heptaplatin
vac  aq vac  aq vac  aq vac  aq vac  aq vac  aq
Evomo -6.27 -649 -639 -640 -583 -644 -540 -562 -518 -555 -6.39 -6.46
E.umvo -190 -185 -128 -1.01 -1.06 -175 -066 -0.63 -0.38 -053 -1.30 -1.11
AE 437 465 511 539 477 469 474 499 480 502 508 535
X 409 417 384 370 344 409 303 312 2.78 3.04 38 379
n 218 232 255 270 239 235 237 250 240 251 254 268
® 382 374 288 254 248 357 193 195 1.61 184 291 268
S 023 022 020 019 021 021 021 020 021 020 020 0.19
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Lobaplatin is a basic molecule with the lowest
electronegativity value of 2.78 eV. All of the
molecules have electrophilic index values greater
than 1.5 eV, which means that they are all strong
electrophiles [28]. The chemical potential is
negative. The electrophilic index contains
information about electron transfer and it shows
similar trends with chemical potential [29].

Frontier molecular orbitals

Frontier molecular orbitals (FMOs) are the
electron distribution representations of HOMO and
LUMO. They provide very important information
such as electronic properties, kinetic stability, and
chemical reactivity of molecules [30]. Frontier
molecular orbitals of the studied molecules are given
in Fig. 2. As seen in Fig 2 HOMO is located on the
Pt atom, and chloride substitutions for cisplatin. In
contrast to cisplatin results, HOMO of other drugs is
located at the central Pt atom and butane
dicarboxylate, glycolate, oxalate, 3-methyl butane-
2-one, and pentane-2,4-dione for carboplatin,
oxaliplatin, nedaplatin, lobaplatin, and heptaplatin
respectively. LUMO of the molecules is distributed
through the molecules except for oxaliplatin,
lobaplatin, and heptaplatin. Electron distribution of
LUMO for these molecules is mainly on the
glycolate, 3-methyl butane-2-one, and pentane-2,4-
dione parts of the molecules.

It is understood from Table 1 that HOMO
energies decreased for all molecules in aqueous
medium than in vacuum. On the other hand, LUMO
energies did not decrease for all such as oxaliplatin
and lobaplatin. However, the energy gap between
HOMO and LUMO decreased only for oxaliplatin in
aqueous medium than vacuum. Accordingly, unlike
the others, oxaliplatin is more photochemically
reactive in an agueous medium than in vacuum.

HOMO LUMO HOMO LUMO
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»
NE ) 2 O .5 e . ..., L/ 9900
WL Y o ATEEY o 40 S P
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Figure 2. Frontier molecular orbitals of cisplatin
derivatives
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Molecular electrostatic potential (MEP)

The molecular electrostatic potential (MEP)
surface is a three-dimensional visualized
representation of the charge distributions of
molecules on the electron density surface. MEP
surfaces help to predict the shape, size, and reactive
sides of molecules. The color identification of
electrostatic potential is in the range of red and blue.
The red depicts negative regions and they are related
to an electrophilic attack whereas blue depicts
positive regions and they are related to the
nucleophilic attack. Electrostatic potential increases
from red to blue [31]. MEP surfaces of studied
molecules are illustrated in Fig. 3.

The positively charged regions shown in blue are
mainly over the amine groups of all molecules. The
negative charge distribution of the molecules is on
carbonyl groups and oxygen, except for cisplatin. In
cisplatin, it is on the chloride atoms. These blue
regions have high electron abundance and an
electrophilic attack occurs most likely from this side
of the molecules. Pt atoms in these MEP surfaces are
at the central place of the boundary between the
negatively and positively charged areas for all
molecules.
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Figure 3. MEP surfaces of cisplatin derivatives
Reaction of nedaplatin with cysteine amino acid

Fukui indices are the most important local
properties used in determining the reactivity of
different regions of a molecule. In this part of the
study, the reaction of cysteine amino acid with
anticancer drugs containing Pt was investigated by
local fukui indices. For this, nedaplatin was chosen
as the model molecule. These types of reactions are
necessary to understand the anticancer activities of
Pt-containing anticancer drugs with DNA.

It is known from the literature that the Pt atom
has a soft character, so it can interact with the S atom
in the cysteine amino acid of DNA [32, 33]. Fukui
indices results of nedaplatin in aqueous medium are
given in Table 3.
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Scheme 1. The predicted reaction mechanism of nedaplatin
Table 3. Fukui indices of nedaplatin and cysteine
Nedaplatin Cysteine
f+ f- 10 £+ f- 10
1 Pt 0.472 0.422 0.447 1 N 0.015 0.188 0.102
2 O 0.037 0.186 0.112 3 C 0.040 -0.028 0.006
3 O 0.015 0.017 0.016 5 C -0.008 0.004 -0.002
4 C 0.056 0.047 0.052 6 C 0.262 0.040 0.151
5 O 0.044 0.043 0.044 9 S 0.074 0.313 0.194
12 N 0.042 0.012 0.027 10 @] 0.209 0.073 0.141
13 N 0.031 0.013 0.022 13 O 0.094 0.029 0.062
14 C 0.033 -0.004 0.015

;5.» f'{ — ’jf;;; + e,

C ysteine

Figure 4. Optimized geometries for the reaction path 3.

The greater the value of the fukui indices of an
atom in the molecule, the higher its reactivity.
Therefore, these values are listed in the table. It is
demonstrated in Table 3 that the Pt atom site is a
suitable part for nucleophilic attack of amino acids
and this result is compatible with the literature [32,
33]. Fukui indices of other studied molecules are
given in the Supplementary material. Similar to
Zimmermann et al. study Pt atom sites of other drugs
are also found as the most suitable part for DNA
reactions [33].The reaction mechanism of nedaplatin

9

D Water

with cysteine is given in Scheme 1. As seen from
Scheme 1 the reaction mechanism begins with the
hydrolyzing of nedaplatin. It is accepted that
hydrolysis of nedaplatin is essential to react with
DNA [26]. Thus, hydrolysis of nedaplatin occurs
first in the mechanism, and then it binds to the amino
acid portion of the DNA.

It is understood from Scheme 1 that hydrolysis of
nedaplatin is occurred with two executive steps,
paths 1 and 2. As nedaplatin is completely
hydrolyzed, the diaqua nedaplatin form approaches
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DNA [2, 26]. With these steps a charged active drug
is generated and then it can further interact with the
nucleophilic part of DNA. In reaction path 1, as a
result of the addition of one water molecule to the
drug, nedaplatin’s ring is opened and A is obtained.
With the addition of a second water molecule to A in
reaction path 2, molecule B and ligand C products
are obtained with the SN? mechanism.

In reaction paths 3 and 4, cysteine reactions occur
with B. As can be seen from the fukui indices values
of nedaplatin and cysteine listed in Table 3, Sand N
atoms of cysteine are suitable sites for the reaction.
Therefore, the interactions of cysteine and
nedaplatin with the S and N atoms were investigated
in paths 3 and 4. It is also stated in the literature that
diaquanedaplatin (B) interacts with the S atom of
cysteine and the N atoms of amino acids [4]. Thus,
our result coincides with the literature. In path 3, the
interaction of cysteine and B atom with S atom led
to the formation of the monodentate cysteine
complex (D). Finally, the bidention D molecule is
formed from the N atom of cysteine and the Pt
atomic part of nedaplatin. then E molecule is
obtained by separating a water molecule. The
molecular structures of the reaction intermediate for
path 3 are given in Fig. 4. The molecular structures
for other paths are given in the Supplementary
information.

CONCLUSION
In this study, the electronic properties of
cisplatin, carboplatin, oxaliplatin, nedaplatin,

lobaplatin, and heptaplatin were investigated by the
DFT method. Reactivities of the drugs were
calculated by the means of global reactivity indices.
Global reactivity indices results demonstrate that
cisplatin is the most reactive molecule. The reaction
of nedaplatin with cysteine amino acid was also
analyzed by using local indices. For the molecules
studied, Pt atoms according to the fukui indices
values, as with nedaplatin, are suitable sites that can
react with the nucleophilic region of the DNA
molecule. In general, in platinum-containing drugs,
as understood from the fukui indices, the Pt atom is
the region that can react with amino acids. This study
provides a theoretical basis for predicting the
electronic properties of Pt-containing anticancer
drugs and their reactivity.

Acknowledgement: The authors of this study
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study.
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