Arastirma Makalesi BAUN Fen Bil. Enst. Dergisi, 27(1), 218-227, (2025)
DOI:10.25092/baunfbed. 1578034 J. BAUN Inst. Sci. Technol., 27(1), 218-227, (2025)

Computational assessment of the platinum (II)
complex of imidazolidine dioximes substituted with
methoxydiglycol units: from activation to DNA
binding

Burcu DEDEOGLU*

Gebze Technical University Faculty of Arts and Science, Department of Chemistry, Gebze, Kocael,
Turkey.

Gelis Tarihi (Received Date): 02.11.2024
Kabul Tarihi (Accepted Date): 10.12.2024

Abstract

To overcome the issue of toxicity inherent in the approved anticancer agents, many
cisplatin derivatives continue to be designed and tested today. Recently, we have
proposed a new series of platinum complexes with highly potent imidazolidine dioxime
ligands, a combination of two active ligands targeting DNA, substituted with aliphatic
carbon chains or aromatic moiety. Quantum mechanical calculations have revealed their
potential activity, particularly highlighting the potentially enhanced activity of complexes
with aliphatic substituents in DNA platination. Here, we extend our previous study with
the inclusion of methoxydiglycol unit (2-(2-methoxyethoxy)ethyl substituents) into the
imidazolidine dioxime ligands of our previously proposed complexes to possibly enhance
the solubility and bioavailability. Our current investigation focuses on modeling the
aquation and DNA binding reactions to assess the potential of this modification and the
results are compared to cisplatin.
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Metoksidiglikol ile siibstitiie edilmis imidazolidin dioksimlerinin
platin (IT) kompleksi lizerine hesapsal bir ¢alisma: aktivasyondan
DNA baglanmasina

Oz

Onaylanmus antikanser ajanlarinin sahip oldugu toksisite sorunlarinin iistesinden gelmek
amaciyla, giiniimiizde bir¢ok cisplatin tiirevi tasarlanmakta ve test edilmektedir. Yakin
zamanda, DNA’y1 hedef alan iki aktif ligand iceren, alifatik karbon zincirleri veya
aromatik yapt ile siibstitiie edilmis imidazolidin dioksim ligandlarina sahip yeni bir platin
kompleks serisi onerdik. Kuantum mekanik hesaplamalar, ozellikle alifatik
stibstitiientlerin DNA platinasyonu tizerindeki potansiyel aktivitesini vurgulamistir. Bu
calismada, ¢oziiniirliik ve biyoyararlanimin artirilmast amaciyla daha once onerdigimiz
komplekslere metoksidiglikol (2-(2-metoksietoksi)etil) siibstitiienti dahil edilmis ve bu
modifikasyonun potansiyelini degerlendirmek icin yeni onerilen platin kompleksinin
hidroliz ve DNA baglanma reaksiyonlar: hesapsal olarak ¢alisilmis ve sonuclar aktif
kullanimda olan cisplatin ile karsilastirilmigtir.

Anahtar kelimeler: Platin ilaglari, antikanser ajanlari, cisplatin tiirevleri, yogunluk
fonksiyoneli teorisi.

1. Introduction

Cisplatin, the first Pt(II)-based drug for the treatment of cancer was discovered in the late
1960s and it has been approved by FDA in 1978 for clinical use [1]. However, its
efficiency is limited due to its drawbacks including the side effects, low solubility and the
acquired drug resistance which encourage researchers to develop improved platinum-
based drugs that would be more effective and less toxic [2-4]. Next generation anticancer
drugs such as carboplatin and oxaliplatin have been reported and approved for the clinical
use [5-6]. These are less toxic than cisplatin, but still, they have side effects. Therefore,
drug improvement based on cisplatin and the next-generation platinum drugs are
promising to improve the properties of the parent structures.

The mechanism of action of cisplatin is widely recognized, beginning with its hydrolysis
to form an aqua species. This occurs as cisplatin, with two coordination sites occupied
by labile chloride ligands (Scheme 1), enters the cell, driven by the low concentration of
chlorine within the cellular environment. [7]. After hydrolysis, the aqua species binds to
DNA resulting in a cross-link with DNA that eventually leads to the cell death. Both
hydrolysis and DNA binding reactions are assumed to take place in two steps following
an Sn2 reaction mechanism. In the hydrolysis reaction, one nucleophilic water molecule
replaces one labile chloride ligand at each step. The platinum (II) water complexes
formed exhibit significant electrophilic properties, allowing them to engage in reactions
with the purine bases of nucleic acids, which serve as potent nucleophiles at the N7
position [8]. Consequently, cisplatin forms covalent bonds with DNA bases, especially
guanine (Scheme 1), resulting in structural distortion that triggers apoptosis. The
effectiveness of cisplatin as an anti-cancer compound is partially due to its ability to
promote the formation of inter- and intra-strand cross-links in DNA. This process serves
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to impede gene transcription and DNA replication, consequently impeding protein
synthesis and cell proliferation [9].
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Scheme 1. Structures of cisplatin (left) and guanine (right).

It is important to understand the basic chemistry of platinum compounds, as well as to
focus on enhancing the clinical delivery of these drugs. Cisplatin, carboplatin, and
oxaliplatin are all administered exclusively as intravenous (IV) infusions. If the solubility
of platinum drugs could be improved, clinicians could administer these drugs as injections
rather than infusions [4].

Oximes exhibit important biological activity through their interaction with DNA, and
their complexes with platinum demonstrate significant cytotoxicity along with high DNA
platination [10-13]. Recently, Pt(I) complexes of oxime ligands with aniline groups have
been synthesized and these platinum complexes were shown to exhibit anticancer activity
[14]. On the other hand, imidazolidine ring is a biologically important structure which is
considered as a chemotherapeutic agent. Thus, oximes and imidazolidines represent two
distinct families of compounds recognized for their biological activity through interaction
with DNA; nevertheless, dioxime derivatives of imidazolidines [15-16].

We have recently proposed a new series of platinum complexes with highly potent
imidazolidine dioxime ligands substituted with aliphatic carbon chains or aromatic unit
and their fluorine analogues (Scheme 2) [17]. We have investigated the hydrolysis and
DNA binding of these platinum complexes with quantum mechanical calculations to
evaluate their potency as anticancer agents in comparison to the widely used anticancer
agent, cisplatin. Our results indicated that these platinum complexes, particularly
substituted with aliphatic carbon chains, might display enhanced activity due to their
better DNA platination profile. Based on these promising results, we have extended our
study with the utilization of 2-(2-methoxyethoxy)ethyl substituent resembling
polyethylene glycol (PEG) which would confer greater solubility on this potent
imidazolidine dioxime ligand of the platinum complex.

The modification of biological molecules with PEG, known as PEGylation, is used as a
strategy to improve the pharmacokinetic behavior of the drug molecules [18]. Here, we
have studied the hydrolysis and DNA binding of this platinum complex, 1a, (Scheme 2)
by using density functional theory to evaluate its activity compared to cisplatin.
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Scheme 2. Structures of platinum complexes investigated in this study and in the
previous study [17].

2. Computational methods

All calculations have been carried out with the Gaussian 16 program package [19].
Geometry optimizations were performed using density functional B3LYP. The
dispersion effects were included using Grimme’s D3 approach [20]. For platinum, the
effective core potential (SDD) [21], and for the rest of the atoms the 6-31+G (d, p) basis
set were used. This is the methodology we have applied in our previous study [17]. All
calculations were performed with the SMD polarizable continuum model using water as
asolvent [22]. Atomic charges were calculated using the NPA approach at the same level
of theory [23].

All stationary points have been characterized by a frequency analysis at the same theory
level as the geometry optimizations. All the energies reported in the manuscript are free
energies (kcal mol™'). CYLview was used to generate three-dimensional molecular
images [24].

3. Results and discussion

A new platinum(Il) complex of imidazolidine dioxime ligand substituted with 2-(2-
methoxyethoxy)ethyl (1a) has been subject to a computational investigation to identify
its potency as an anticancer agent in terms of its hydrolysis and DNA binding. Prior to
calculations on the reaction mechanisms, charge analysis has been carried out for the
neutral complex with two labile chloride ligands (Figure 1, left) and the fully hydrolyzed
complex with 2+ charge (Figure 1, right) to explore their reactivity for hydrolysis and
guanine binding reactions respectively. According to the NPA charge analysis (Figure
1), the Pt atom in both the neutral and fully hydrolyzed complexes possesses a larger
positive charge relative to cisplatin. An increased positive charge on the Pt atom enhances
the metal site's efficacy as an electrophilic center for nucleophilic substitution reactions
during hydrolysis and guanine binding. Next, the aquation of 1a and its binding to DNA
(binding to guanine, as model of a purine base site of DNA) have been explored
theoretically and the calculated energy profiles are shown in Figures 2 and 3 respectively.

221



BAUN Fen Bil. Enst. Dergisi, 27(1), 218-227, (2025)

2+
(+0.235) (+0.667)
N\+0.29C| N\+().67()/OH2

N/Pt\m N/Pt\OH2

-0.179 -0.463 -0.192 -0.921
(-1.027) (-0.501) (-1.016) (-0.920)

Figure 1. Natural charges of Pt, N, Cl and O atoms of the complex (1a, left) and its fully
hydrolyzed form (right). The values in the parentheses are for cisplatin as a comparison
from our previous study [17].

The initial reaction of cisplatin prior to DNA binding involves the substitution of chlorine
atoms with water molecules in cellular environments characterized by low CI™
concentration. In the hydrolysis reaction, the platinum complex is activated as its labile
chloride ligands dissociate through a two-step Sx2 mechanism, with each step involving
the replacement of a chloride by a water molecule as widely reported throughout in the
literature (Figure 2). The reaction starts with a prereactive complex (PRChyd), where two
water molecules form hydrogen bonds with the chloride ligand and the nitrogen atom of
the oxime. In the first transition state, TS1nya, the Pt-Cl bond elongates from 2.37 A to
2.86 A, resulting in the dissociation of one chloride anion and the formation of an
intermediate (INThya) that is 7.5 kcal mol™! of energy higher than PRChya. This step
requires 21.8 kcal mol™! of energy. In TS1nyq, the leaving chloride anion is stabilized by
the hydroxyl of the oxime. The intermediate, INThya, subsequently undergoes a second
Sn2 reaction, with a lower energy barrier of 18.6 kcal mol !, leading to the fully aquated
product, PROnya. In the second transition state, TS2nya, the leaving chloride ion is
stabilized by hydrogen bonding interactions with the oxime of the carrier ligand and the
approaching nucleophile, water. Both transition states exhibit a pseudo-trigonal
bipyramidal structure with the metal, the approaching water molecule and the leaving
chloride anion lie in the same equatorial plane. The energy barriers for cisplatin are 22.8
and 24.0 kcal mol™! for the first and second substitution reactions of hydrolysis. The
overall hydrolysis of cisplatin is endergonic by 12.9 kcal mol™!. For compound 1a, the
barrier for the first step of the hydrolysis is comparable to that of cisplatin, however the
second step is 5.4 kcal mol™! lower than that of cisplatin. The first step is the rate-
determining step, in contrast to the hydrolysis of cisplatin. The overall hydrolysis of
compound 1a is endergonic by 10.7 kcal mol™!. These results confirm the viability of
aquation for compound 1a.
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Figure 2. Energy profile for the hydrolysis of complex 1a.

The positively charged and hydrolyzed complexes of classical platinum drugs exhibit
electrostatic attraction to DNA. This interaction leads to binding with purine bases,
ultimately causing DNA damage. Thus, the aquation reaction is followed by the
displacement of the water molecule due to the interaction with DNA bases. Therefore,
the interaction of the aquated form of compound 1a with a purine base of DNA has been
computationally investigated utilizing guanine as a model system (Figure 3).
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Figure 3. Energy profile for the binding of complex 1a to guanine.
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Guanine binding reaction is modeled from the prereactive complex, PRCbind, where the
oxygen atoms of guanine molecules establish hydrogen bonds with the water molecules
(Figure 3). Additionally, the hydroxyl group of the oxime of the carrier ligand interacts
with the N7 position of guanine. The initial step demands an energy input of 14.4 kcal
mol ! to surmount the barrier and form the intermediate, INThina. This intermediate has
a lower energy than the prereactive complex, PRCbinda, by 10.5 kcal mol!. In the first
transition state, TS1»inda, the approaching distance for the incoming guanine molecule is
2.60 A, while the distance for the leaving water molecule elongates from 2.10 A to 2.38
A. IRC calculations have verified that TS 1pina connects the intermediate to the preractive
complex. In the INThind, guanine forms a covalent bond with Pt with 2.04 A and the free
water molecule forms a hydrogen bond with the oxygen atom of the guanine molecule.
The second step requires 12.7 kcal mol ! of energy and through TS2bina substitution leads
to the final product, PRObind. In TS2bing, the nucleophilic guanine molecule approaches
the electrophilic metal center with a distance of 2.55 A and the distance for the leaving
water molecule elongates from 2.09 A to 2.41 A. The binding of the complex to guanine
proceeds through a trigonal pyramidal transition state like hydrolysis. The overall process
is highly exergonic by 21.2 kcal mol™!. For compound 1a, both energy barriers are
similar, with the first step being the rate determining step. The binding of cisplatin to
guanine occurs in two steps that require energies of 11.9 and 19.2 kcal mol ™!, respectively.
While the first step has a lower energy requirement, the second step is significantly higher
in energy and ultimately determines the rate of the overall reaction for cisplatin. The

overall binding of guanine by cisplatin is highly exergonic, similar to that of compound
la.

The relative free energies of the intermediates, products and the transition states of all
complexes investigated in this study (1a), as well as in our previous study (1b-¢, 2a-b)
and cisplatin for the hydrolysis and guanine binding reactions are summarized in Table
1. Overall, the energy values for the proposed complexes are comparable to each other
and are also lower than that of cisplatin.

Table 1. The relative free energies of the intermediates, products and the transition states
for hydrolysis and guanine binding of la-c, 2a-b and cisplatin with respect to the
corresponding pre-reactive complexes.

TSlhya INThya TS2nya  PROnya  TSlpina  INThina  TS2hina  PROping

la* 21.8 7.5 26.1 10.7 14.4 -10.5 2.2 -21.2
1b** 22.5 10.4 30.8 12.1 12.8 -13.7 2.5 -22.8
le** 21.8 7.7 273 11.1 11.6 -13.1 1.9 -25.2
2a%* 21.7 8.5 28.3 11.9 15.5 -7.4 5.5 -17.4
2b** 21.8 8.9 27.6 11.1 16.7 -7.7 5.1 -16.4
CisPt** 22.8 5.1 29.1 12.9 11.9 —-16.4 2.8 —25.3

*this study ** values taken from our previous study [17]

4. Conclusions

In this study, we conducted a quantum mechanical investigation of the cytotoxic potential
of a platinum (II) complex comprising imidazolidine dioxime ligands, two active
components that target DNA, with 2-(2-methoxyethoxy)ethyl substituent as an extension
of our previous study. In our previous study we have studied the cytotoxic activity of
platinum (II) complexes of imidazolidine dioxime ligands substituted with aliphatic
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carbon chains or aromatic unit and their fluorine analogues and concluded that newly
proposed platinum complexes might display an improved activity particularly in terms of
DNA platination compared to the clinically used anticancer agent, cisplatin. Based on
these promising results, we have extended our study with the inclusion of 2-(2-
methoxyethoxy)ethyl substituent so that their solubility could be improved and then this
may open up new clinical avenues for their delivery.

The reactivity of the proposed platinum complex la was elucidated regarding their
performance in hydrolysis and guanine binding reactions. The calculated barrier height
for the hydrolysis reaction was found to be generally similar to the previously proposed
complexes, 1b-c and 2a-b, albeit marginally lower than that of cisplatin. In the guanine
binding reaction, the complex showed significantly lower calculated activation barriers
compared to cisplatin, and even lower barriers than the previously proposed platinum
complexes of imidazolidine dioxime ligands substituted with aliphatic carbon chains (1b-
¢), indicating an enhanced reactivity. These insights will inform forthcoming
experimental endeavors focused on the synthesis of the proposed complexes and the
subsequent evaluation of their in-vitro cytotoxic activity.
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