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Abstract

Abstract

Molti metalli e, conseguentemente, molti complessi metallici
svolgono ruoli importanti all’interno di sistemi biologici e
biochimici. Oggigiorno, ¢ risaputo che essi rappresentano
ingredienti molto importanti per la vita altrettanto quanto 1
composti organici. Per esempio, i complessi di ferro svolgono un
ruolo fondamentale nel trasporto di O2 nel sangue, 1 complessi di
calcio sono alla base delle ossa, lo zinco ¢ presente nell’ insulina
che regola la quantita di zucchero nel nostro corpo. Questo ¢
possibile perché 1 metalli possiedono particolari proprieta
chimiche. Infatti, tendono facilmente a perdere elettroni,
diventando specie elettron-deficienti piu reattive nei confronti di
diverse molecole biologiche e piu solubili in soluzioni acquose. |
metalli non solo sono elementi vitali in molti fenomeni biologici,
ma possono anche essere sfruttati per il trattamento di diverse
malattie.

L'esempio piu importante di questa categoria di composti ¢ il
complesso organometallico cisplatino [Pt(Cl)2(NH3)2], il
chemioterapico piu potente disponibile sul mercato. Scoperto nel
1969 da Rosenberg, esso svolge un ruolo chiave nell’ inibizione
della divisione cellulare, causando la morte delle cellule

tumorali.
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Dopo la scoperta della sua attivita citotossica, l'applicazione di
farmaci metallici nelle varie terapie ha registrato una crescita
enorme ¢ la continua ricerca dell'uso di metalli in medicina, in
particolare per la cura del cancro, ¢ diventata una disciplina,
indicata come Medicinal Inorganic Chemistry.

Dopo la scoperta del cisplatino, altri due farmaci antitumorali a
base di platino, derivati del cisplatino, sono stati scoperti:
carboplatino e ossaliplatino. Questi complessi esercitano la loro
azione citotossica coordinando il DNA e bloccando la divisione
cellulare. Tuttavia, anche se questi complessi, di formula
generale [Pt(X)2(L)2], sono ancora tra 1 farmaci piu
frequentemente utilizzati, risultano essere tossici a causa della
loro reattivita e instabilita.

In questi anni, per superare i1 problemi relativi all’uso di
complessi di Pt(II), 1’ attenzione ¢ stata concentrata sullo
sviluppo di nuovi complessi, generando due diverse categorie di
farmaci antitumorali: 1 complessi di Pt(IV), considerati
"profarmaci" e ottenuti per ossidazione dai complessi di Pt(Il), e
1 "farmaci che non contengono platino", come 1 complessi di
iridio, rodio, osmio o rutenio. Le caratteristiche di questi farmaci
dovrebbero renderli piu inerti, quindi piu efficaci dei complessi
di Pt(Il), e provocare una differenziazione nel meccanismo di

azione.
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Lo studio teorico dei sistemi biologici ha ormai raggiunto la
maturitd necessaria per fornire informazioni complementari
rispetto a quelle ottenibili sperimentalmente nello studio di
molte proprieta e fenomeni. Infatti, I’impressionante sviluppo sia
delle metodologie teoriche, sia della tecnologia informatica ha
consentito di fornire un importante supporto di studi teorici alle
bioscienze. Inoltre, 1’uso della teoria del funzionale della densita
(DFT), che rappresenta un ottimo compromesso tra accuratezza
e costi computazionali, ¢ particolarmente adatto allo studio dei
sistemi biologici come dimostrato dal fatto che negli ultimi anni
sono stati completati con successo molti studi DFT e sono state
affrontate questioni fondamentali nelle simulazioni biologiche.

Scopo di questa tesi ¢ lo studio teorico di farmaci antitumorali
contenenti metalli, in particolare complessi di Pt(IV) e Ir(III),
delle principali reazioni del farmaco che avvengono dal
momento della sua iniezione o somministrazione orale al
raggiungimento del suo bersaglio biologico e investigazione del
meccanismo di azione che pud essere sia quello classico, gia
proposto per il cisplatino e, quindi, associato all’accumulo
cellulare e al legame con il DNA, sia un meccanismo di diversa
natura. In alcuni casi, la teoria del funzionale della densita ¢
stata utilizzata come approccio computazionale supportato da
calcoli eseguiti a livello Coupled Cluster post Hartree-Fock nella

sua versione CCSD(T).
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INTRODUCTION

Many metals, and, consequently, many metal complexes play
important roles in biological and biochemical systems. It is
known, today, that they are very important ingredients in life as
well organic compounds. For example, the iron complexes have
a fundamental role in the O> transport in the blood, the calcium
complexes are the basis of the bones, the zinc is present in the
insulin, which regulates the amount of sugar in our body. This is
possible because metals have particular chemical properties.
Indeed, they easily tend to lose electrons, becoming electron
deficient species, reactive towards various biological molecules
and soluble in water solutions. Metals not only are vital
elements in many biological phenomena, but they can be also
exploited in therapeutics for a variety of diseases.

The most prominent example of such class of compounds is the
organometallic complex cisplatin [Pt(Cl)2(NH3)2], the most
potent chemotherapeutic available on the market. Discovered in
1969 by Rosenberg, it plays a key role in the inhibition of cell
division, killing the cancer cells. Since its discovery the
application of metal drugs for therapeutics has experienced a
tremendous and continuous growth and the investigation of the

use of metals in medicine, particularly for the treatment of



Introduction

cancer, has become a discipline that is the Medicinal Inorganic
Chemistry.

After the discovery of cisplatin, other two Pt-anticancer drugs,
derivatives of cisplatin, have been discovered: carboplatin and
oxaliplatin. These complexes exert their cytotoxic action by
coordinating to DNA and stopping cell division. However,
although these complexes, with general structure [Pt(X)2(L):],
are still among the most frequently used drugs, they appear to be
toxic, because of their chemical reactivity and instability.

In these years, to overcome Pt(I) complexes disadvantages, the
research has turned its attention to the development of new
complexes, producing two different anticancer drugs classes:
Pt(IV) complexes, which are considered “prodrugs” and are
obtained by oxidation of the Pt(Il) complexes, and “no-platinum
containing drugs”, such as iridium, rhodium, osmium or
ruthenium complexes. The characteristics of such drugs should
both make them more inert and, consequently, more effective
than Pt(II) complexes and cause a differentiation in the
mechanism of action.

The theoretical investigation of biological systems has now
achieved the needed maturity to complement the experimental
approaches for the study of a large variety of properties and
phenomena. The impressive development accomplished by both

theoretical approaches and computer technology provides an
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important support to biosciences in many fields. Density
Functional Theory (DFT) use represents an optimal compromise
between accuracy and computer resources, particularly suitable
for the investigation of biological systems. Myriad of DFT
studies, indeed, have been successfully completed in recent
years and crucial issues in biological simulations have been
addressed.
Aim of this PhD thesis is the theoretical study for metal-
containing anticancer drugs, particularly Pt(IV) and Ir(II)
complexes, of the main reactions in the complicated route of the
drug from its injection or oral administration to its biological
target and the elucidation of the mechanism of action that could
be either the classical one already proposed for cisplatin and thus
associated to both cellular accumulation and DNA binding, or
could also follow different patterns. The Density Functional
Theory is used as computational approach supported, in some
cases, by calculations carried out at post Hartree-Fock Coupled
Cluster level in its CCSD(T) version.
This PhD thesis is organized in five chapters:

— Chapter I. Cancer and Anticancer Drugs: General

Principles;
— Chapter II: Theoretical Concepts and Computational
Methods;
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Chapter III: Carnosine Role in Inhibition of Platinum II
Drugs;

Chapter IV: Platinum Complexes Hydrolysis;

Chapter V: A New Class of Anticancer Drugs:

Organoiridium(IIl) Complexes.
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CHAPTER 1

Cancer and Anticancer
Drugs: General Principles






Chapter I: Cancer and Anticancer Drugs: General Principles

Introduction

Cancer 1s a disease caused by abnormal cells present in our
body, which multiply uncontrollably. No one knows the causes
that originate this phenomenon, but, certainly, environmental,
hereditary and related to lifestyle factors can contribute to the
tumor onset.

There are two types of cancer: solid tumor, formed by a mass of
diseased cells, and liquid tumor, generated by diseased cells
present in liquid matrices, such as blood [1]. Furthermore, these
tumors can be classified into “malignant and benign tumors”,
which difference lies in the ability of malignant tumors to
generate “metastasis”, that is other diseased cells within the
body [2]. Cancer is the main cause of death in developed
countries, and, in the last years, some types of cancer, such as
breast, lung, colon and prostate cancer, have become
increasingly common [2].

Currently, cancer is treated by three approaches: surgery,
radiation therapy, in which radiations are used to kill the
diseased cells, and chemotherapy, in which particular drugs are
swallowed either intravenously or orally [3], being the former
the most used. So, in this chapter, we will try to explain and
understand, in general, how a tumor is generated, what are the
drugs most commonly used in chemotherapy, advantages,

disadvantages and recent developments of anticancer drugs.
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1.1 Creation of a “cell tumor”

A cancer cell is born when the DNA of a healthy cell undergoes
mutations [4].

To understand a cancer cell emergence, it is necessary to
understand the cell cycle, in which the basis is called
phosphorylation, and its phases. The phosphorylation consists of
phosphate groups transfer from particular high-energy molecules
to various substrates. The enzymes that catalyze this transfer are
called "kinases". So, in our body cells, the four phases of the cell
cycle are regulated by a set of protein kinases, called CDK
(Cyclin-dependent Kinases). The CDK allow the passage from
one phase to another and, if they are damaged, an abnormal cell
cycle and, consequently, an abnormal cell division will occur.
The result is the appearance of an abnormal cell, defined tumor
cell [5]. The abnormal cells are eliminated by apoptosis. In the
case of tumor cells, the apoptosis phenomenon doesn’t occur, so

they continue to multiply uncontrollably.

1.1.1 Cancer cells vs healthy cells

Cancer cells differ from healthy cells for four reasons [2]:
1. uncontrolled proliferation,;
2. loss of functionality: healthy cells, once they are formed,

acquire a specific function that they will carry out for all
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their life cycle. In contrast, cancer cells, particularly
malignant ones, are all the same and, for that reason, they
haven’t a specific role. The main consequence is that they
lose functionality;

3. invasiveness: The tumor cells, in contrast to healthy ones, are
located outside of the tissues or organs of origin;

4. ability to form metastases, which are small tumors located in

body areas different from tumor origin site.

1.2 Cancer therapies

There are several methods for the treatment of cancer. To
understand what is the best, it is needed to know and to interpret
some information, for example the type and location of the

tumor or the patient's health status [6].

1.2.1 Surgery

This treatment is used for tumors that have well-defined
characteristics. In fact, they must be solid, small and, in
particular, must be localized in the areas of the body easily

reached by classical surgery [7].

1.2.2 Radiotherapy

This treatment consists of local irradiation of X-rays (external

radiotherapy) or in ingestion of drugs, source of gamma rays
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(internal radiotherapy). These rays damage the DNA of diseased
cells, which cannot multiply and, so, they die.
Unfortunately, this treatment is not selective. In fact, it damages

both cancer cells and healthy cells [7].

1.2.3 Targeted therapies

The use of targeted therapies is based on knowledge of the
molecular mechanisms that lead to the development, growth and
spread of cancer. They act in a selective way on some of these
cellular processes and, for this reason, targeted therapies are
defined “smart drugs”. Smart drugs are able to specifically
coordinate molecular targets that are in cancer cells. In this way
the therapy action appears to be selective and healthy cells are
not damaged. Basically, the targeted therapies involve the
correction of genetic mutations that are the basis of onset tumor,
through inhibition or stimulation of the molecular target altered
in the diseased cell. So, each genetic mutation underlying the

disease has a specific therapy [8].

1.2.4 PDT: Photodynamic therapy

Photodynamic therapy is a non-invasive technique that uses a
photosensitizing substance as a drug. The photosensitizer is

activated by light at a particular wavelength.
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The first step of PDT is the injection of the photosensitizer in the
bloodstream. So, the drug enters in the metabolism of cancer
cells, which are exposed to light.

At this point, the photodynamic therapy may act in three
different ways:

1. ROS Production: The photosensitizer, activated by light,
releases ROS, that is singlet oxygen, superoxide anion
and hydrogen peroxide, which determine the diseased cell
apoptosis;

2. Lack of nutrients: The photosensitizer can damage the
blood vessels of cancer cells, preventing the tumor to
receive the necessary nourishment;

3. Immune system activation: PDT can activate the immune
system to attack cancer cells.

PDT can be used for the treatment of lungs and esophagus
cancers. In this case, the light is provided by optical fiber cables
inserted into endoscopes. For superficial tumors, such as skin
cancers, light-emitting diodes (LEDs) are used.

The main disadvantage of PDT is that the light which is used to
activate the photosensitizer cannot pass through more than 1
centimeter of tissue. So, this therapy can be used effectively only
for the treatment of skin cancers and small tumors. It cannot be

used for the treatment of metastases.
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The main advantage of PDT is that healthy tissues are not
damaged because diseased tissues are treated in a limited way.
Furthermore, PDT may be used with other therapies, such as

surgery, radiation therapy, or chemotherapy [9].

1.2.5 Third cancer therapies: Chemotherapy

One of the main advantages of chemotherapy is that it can be
used for the treatment of solid tumors, such as testicular cancer,
breast, colon, and fluids, such as leukemia, through the use of
particular drugs, called "chemotherapeutic drugs". These drugs
act on the cells that grow very quickly, i.e. the cancer cells,
going to damage some steps of cell division. In this way, the cell
replication is hampered and, as a result, the diseased cells die
[7,10].

These various therapies can be used separately or can be used in
mixed treatments. In fact, in the case of very large tumors, one
can think to use radiotherapy or chemotherapy to reduce the

tumor, and then to remove it surgically.

1.2.5.1Chemotherapeutic drugs: classification and

Mechanism of Action

Chemotherapy drugs are classified according to their mechanism

of action (MoA). In fact, they are divided into [1]:
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. Antimetabolites. The mechanism of action consists in the

block or change the DNA biosynthetic pathways of
cancer cells;
. DNA interactive agents. They are divided into:

-Alkylating agents, which act by forming covalent bonds

with the DNA of diseased cells. In this way, cell
replication is blocked;

-Cross-linking agents, which coordinate the DNA on the

same filament (intra-strand cross-linking) or between two
different strands (inter-strand cross-linking). Platinum
complexes belong to this subclass;

-Intercalating agents. The intercalation is a type of non-

covalent interaction, in which planar molecules are
inserted between pairs of the DNA bases;

-Kinases inhibitors, that is drugs that inhibit kinases;

-DNA-cleaving agents. They, coordinating the DNA,

cause the resolution of the filament to which they bind.
From this division free radicals are formed.

. Antitubulin agents. They interfere with the synthesis of
microtubules, blocking the nuclear division and causing

the death of the diseased cell.
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1.2.5.2 Chemotherapeutic drugs administration modes

The chemotherapy consists of "treatment cycles", which can
vary from three to eight, depending on the type of cancer and of
the drugs used. On these last two factors also depend
administration modes of anticancer drugs. In fact, they can be
administered intravenously, to date the most widespread way,
and by intramuscular or subcutaneous injection. In these cases,
the drugs reach the diseased cells by means of transport in the
blood. These types of administration have limitations and
disadvantages, such as long times of administration, high costs
for healthcare and, mainly, possible interaction of drugs with
species present in the blood, with the consequent loss of their
efficacy. For these reasons, in the last years, it has become
always more important the oral administration, consisting in the

use of particular drugs [11].

1.2.5.3 Chemotherapeutic drugs resistance

All anticancer drugs listed above, appear to be quite effective in
cancer diseases. Unfortunately, in some patients there is the
problem of the "resistance", that is the cancer cells survive,
despite administration of chemotherapy drug, by adaptations
toward the antitumor agent [7]. The resistance phenomenon

could increase with the succession of chemotherapy cycles.

10
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Among the many anticancer drugs, some cross-linking agents, in
particular platinum complexes, appear to be very effective. So,
in the following paragraphs we will focus on the detailed
description of platinum complexes, comparing them with
complexes having different metals than platinum, but equally

effective in the fight against cancer.

1.3 Platinum(II) anticancer drugs

Over the years, the metal-containing compounds have had a
fundamental role in the pharmaceutical field, due to their
chemical-physical properties. The metals most commonly used
in the chemical-pharmaceutical industry are the "transition
metals". In fact, they have partially filled d orbitals, which are
exploitable in coordination with various ligands due to their
interesting electronic properties. Transition metals can be used
in the design of new anticancer drugs [12].

The transition metal most commonly used in the anticancer
drugs design is Platinum, which, by coordinating various
ligands, generates anticancer platinum complexes. The large use
of platinum complexes in the treatment of cancer is due to
Barnett Rosenberg who, in 1969, discovered, casually, the
importance of cisplatin [cis-diamminedichloridoplatinum (II)] in
the inhibition of cell division. In fact, during an experiment to

analyze the effects of the electric field on the bacterial growth,

11
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he observed that the bacteria proliferation on platinum electrode
had ceased. On this electrode, Rosenberg identified the
formation of an electrolysis product, identified as Cisplatin (cis-
[Pt(NH3)2(Cl)2]), considered to be responsible for cellular anti-
proliferation. Assuming that the platinum complexes could be
used in cancer treatment, Rosenberg and co-workers performed
experiments with Sarcoma 180 and the L1210 leukemia. Due to
the attained results, in 1971, cisplatin went in the phase I clinical
trials and, in 1978, it was approved for use in testicula and
ovarian cancer by the US Food and Drug Administration

[13,14].

1.3.1 Cisplatin: chemical properties

In cisplatin, the metal ion, that is platinum, has a state of
oxidation equal to +2, it has a d® electronic configuration, has a
coordination number equal to four and cisplatin has a planar-
square structure.

The Pt(II) can coordinate the four ligands, two amines and two
chlorides, as well as in cis position, also in frans position,

generating, in this way, the transplatin {trans-[Pt(NH3)2(Cl)2]}
(Fig. 1) [15].

12
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) H3N cl b ¢ NH

’ o \Pt/ i

H3N/ c H3N/ ai
cis-[Pt(NH;),(Cl),] trans-[Pt(NH;),(Cl),]

Fig. 1: Chemical structure of a) cisplatin and b) transplatin

Cisplatin, conversely transplatin, can coordinate the DNA of

cells. For this reason, it was considered to be an active complex

for the inhibition of cell division.

1.3.2 Cell death: Cisplatin action mechanism

Experimental and theoretical studies carried out over the years

have provided many information concerning the mechanism of

action of cisplatin. Cisplatin, and generally the platinum (II)

complexes, induce the death of diseased cells through four steps:

l.

Accumulation inside the cancer cell. The cisplatin comes
into contact with the blood stream of patients
intravenously. In plasma, it finds a high concentration of
chloride ions (~100 mM), which limits the replacement of
its chloride ligands with water molecules (hydrolysis of
cisplatin). In this way, the cisplatin preserves its
neutrality, necessary requirement for its transport into the
cell membranes and, consequently, for the accumulation
in the diseased cell. Cisplatin can be transported into the

cell membrane by passive diffusion or active transport.

13



Chapter I: Cancer and Anticancer Drugs: General Principles

2. Activation of the drug by hydrolysis. In the cytoplasm, the
concentration of chloride ions decreases (~4 mM).
Consequently, the cisplatin chloride ligands are replaced
by two molecules of water through an associative
substitution reaction (Sn2) (Scheme 1). The loss of
chlorides, via hydrolysis, is the step that determines the
activation of the drug. In fact, the reaction product,
positively  charged, is highly reactive towards

nucleophiles present inside the cancer cell (Chapter IV).
cis-[Pt(NH;),(Cl),] + H,0 === cis-[Pt(NH;),(OH,)(C)]" + CI
cis-[Pt(NH;),(OH,)(CI)]" + CI" + H,0 === cis-[Pt(NH;),(OH,),]*" + 2CI

Scheme 1: Hydrolysis reaction of cisplatin

3. Interaction with DNA. The literature confirms that the
hydrolysis products coordinate the DNA nucleobases of
diseased cells, producing structural distortions.
Consequently, the cancer cells are no longer able to
reproduce themselves, because the DNA transcription is
blocked, and, therefore, they die. The main DNA
coordination sites are (Fig. 2):

— the N1 or N7 nitrogens of adenine;

— The N3 nitrogen of cytosine;

14
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— The N7 nitrogen of guanine.

Theoretical and crystallographic studies have shown that
the cisplatin prefers to coordinate the nitrogen N7 of
guanine [16] and that it can coordinate the DNA in three
different modes (Fig. 3):

— 1,2-intrastrand.

— 1,3-intrastrand;

— interstrand.

The 1,2-adduct intrastrand is the adduct more present in
the cancer cell (=65%) and more reactive, because it
induces a significant distortion in the DNA double helix.
The 1,3-intrastrand (=10%) and the interstrand (=3%)
modes are significantly less important [17].

. Cell Apoptosis. Generally, the platinum complex
coordination inhibits the DNA replication, causing the
death of the cancer cell. This phenomenon is called as
"cell apoptosis" and is directly proportional to the
cytotoxicity of cisplatin and, in general, to the

cytotoxicity of platinum (II) complexes.
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Fig. 3: DNA-Cisplatin adducts. a) 1,2-intrastrand cross-link,
b) 1,3-intrastrand cross-link and c) interstrand cross-link.

1.3.3 Cisplatin disadvantages

Although cisplatin appears to be very cytotoxic to certain

cancers, in vivo and in vitro studies have demonstrated that this
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drug has many disadvantages. For example, nephro-, oto- and
neuro-toxicity, nausea and/or vomiting may occur in patients
subjected to this type of chemotherapy. In addition, the cisplatin
1s not very soluble in aqueous solutions, therefore, the
intravenous administration 1s a limit, and it can be easily
complexed from peptides that are in the extra- and intra-cellular
environment. Anyway, the main disadvantage of the cisplatin

treatment is the resistance of the cancer cell to the drug [17].

1.3.3.1 Cancer cell resistance to cisplatin

Many tumors appear to be resistant to cisplatin, and in general to
anti-cancer drugs. In the particular case of cisplatin, the
resistance is of two types:
— Intrinsic resistance, that means that the tumor cells do not
respond to the drug;
— acquired resistance. In this case, the cancer cell becomes
resistant after exposure to the drug. For example, the
ovarian cancer cells, initially, respond to the action of

cisplatin but, in time, acquire resistance to the drug.

The factors that modulate the resistance are three:
1. Drug changes during its accumulation in the intracellular

environment;
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Presence of thiols in the intracellular environment. A
cellular response to the accumulation of cisplatin in the
cancer cell 1s an intracellular increase of thiols
concentration. The thiol mainly present in the cells is the
glutathione (GSH), which may coordinate the drug,
decreasing 1its cytotoxicity. So, a result of the
complexation phenomenon, which will be discussed
specifically in Chapter III, is the platinum(Il) complex
Inactivation;

Ability of the cancer cell to repair the DNA structural
modifications. In some cases, the diseased cells are able
to survive to DNA damage. It is not clear how this
mechanism of cellular resistance develops, but some

studies have shown that it happens [18].

Ultimately, cellular resistance to cisplatin is a complicated and

multifactorial phenomenon.

1.3.4 Second and third generation drugs

Over the years, research has focused the attention on the design
of new platinum (II) complexes, hoping to improve the clinical
performance and to overcome the limits of cisplatin. Cleare and
Hoeschele, affirmed in their articles that cisplatin derivatives can

show antitumor activity only if the structural criteria listed

below are fulfilled [19,20]:
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— presence of two amine groups in cis, because trans
geometry is not active;

— presence of two leaving groups in cis relative to one
another;

— the leaving groups must be removed easily;

— the compounds must be neutral at time of administration;

— compounds with alkyl substituents and, at least, one
hydrogen atom on the amine ligands are more cytotoxic.

So, the general structure for the new platinum (IT) complexes is:

R2HN\Pt X
R2HN/ \X

where X are the leaving groups, for example two chlorides or
bidentate malonate, while R are hydrogen atoms or alkyl
substituents. However, the “rules of thumb” are no longer
generally followed because today are known numerous active

Pt(I) complexes possessing trans geometry or positive

charge.

1.3.4.1 Second generation platinum drugs: Carboplatin

Carboplatin [cis-diammine(1-1-cyclobutanedicarboxylato)
platinum(Il)] is called second-generation drug and it has been

developed to overcome the toxicity limits of cisplatin (Fig. 4).
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Fig. 4: Chemical structure of Carboplatin

The carboplatin MoA is very similar to that of cisplatin.
However, carboplatin undergoes hydrolysis more slowly than
cisplatin  for the presence of the bidentate ligand
cyclobutanedicarboxylate [21]. Therefore, being the carboplatin
less reactive than cisplatin, it is also less toxic. Indeed, neuro-
and oto-toxicity appear to be less evident after carboplatin
treatment. This allows using higher doses of the drug during
chemotherapy cycles. Currently, carboplatin is the drug most
widely used for the treatment of ovarian cancer [22]. It appears
to be not very effective against bladder, head and testicles
cancer. In these cases, the drug most used is cisplatin.

The main disadvantage of carboplatin is the cell resistance [23].
Furthermore, the use of high doses of this drug can generate
phenomena of myelosuppression (decreased production of cells
in the blood by the bone marrow) and thrombocytopenia
(decreased production of platelet). Another carboplatin problem
is the possible complexation of the drug in the extra- or intra-

cellular environment (Paper III).
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1.3.4.2 Third generation platinum drugs: Oxaliplatin

Oxaliplatin [trans-(1R,2R-Diaminocyclohexane)oxalato
platinum(Il)] was developed to overcome cellular resistance
limitations of cisplatin and carboplatin. Oxaliplatin is a cisplatin
derivative having two bidentate ligands, that is 1R, 2R-
diaminocyclohexano ligand (DACH) and the oxalate group as a
leaving group (Fig. 5).

N, o
L
H/ No .

Oxaliplatin

Fig. 5: Chemical structure of Oxaliplatin

The presence of the oxalate reduces the drug reactivity, limiting
its toxicity, while the presence of the DACH increases the
oxaliplatin lipophilicity, favoring its accumulation in the
cytoplasm by passive absorption.

Oxaliplatin, as carboplatin, is hydrolyzed more slowly than
cisplatin [24] and the hydrolysis product interacts with the DNA
of the cancer cell to form the DNA-oxaliplatin adduct. This
adduct is much more efficient in the inhibition of cell replication
compared to cisplatin-DNA and DNA-carboplatin adducts,
because the DACH ligand has a higher lipophilicity and steric

hindrance [18]. To date, the oxaliplatin is used for the treatment
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of breast, stomach, pancreas and, in combination with other
drugs, to the colon cancers. Similarly to cisplatin and
carboplatin, the main problem of oxaliplatin is its complexation
by means of peptides that are in the extra- or intra- cellular

environment (Paper II).

Cis-, Carbo- and Oxaliplatin play a key role in the fight against
various cancers. However, their clinical use is limited due to
their toxicity and cellular resistance. In addition, the research of
new and more effective platinum(Il) drugs did not produce
satisfactory results, except in rare cases [25,14].

The requirement to develop platinum drugs strongly cytotoxic,
has encouraged researchers to a clinical investigation of

platinum(IV) complexes as anticancer prodrugs.

1.4 Platinum(IV) prodrugs. General aspects

The platinum(IV) complexes are anticancer prodrugs of
structure [PtAz1»X>], that show a low-spin d® octahedral
geometry. These compounds are obtained by adding the axial
ligands (X) to the platinum(Il) complexes through oxidative
addition. The axial ligands can be chloro, hydroxo or
carboxylato groups and they regulate the pharmacological
properties of platinum(IV) complexes, such as lipophilicity,

reduction potentials, charge, selectivity and accumulation in the
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cancer cell. Instead, the equatorial ligands, that is amine ligands
(A) and leaving groups (L), determine the prodrugs cytotoxicity.
The platinum(IV) prodrugs are more inert than platinum(II)
drugs, therefore, more stable and, consequently, less reactive.
This all translates into a lower tendency to hydrolysis or
substitution of the ligands in the blood, after the intravenous
administration and intra-cellular environment. Due to this low
reactivity, the platinum(IV) complexes may be taken orally and
accumulate in the cytosol in higher quantities than platinum(II)
complexes.

In cancer cells, platinum(IV) prodrugs are activated by
reduction, which consists in the release of the two axial ligands
and the real drug, that is the platinum(Il) complex. Then, this
complex coordinates the final target, i.e. the DNA (Scheme 2)
[26].

X
A OXIDATIVE A L REDUCTION A L
~_ 7 ADDITION |~ (inside cancer cell) "\ _~
/F’t\ —_— Pt\ e /Pt\ +2X
A L v | L A L
X
PRODRUGS DRUGS

Scheme 2: Synthesis and reduction of platinum(IV) complexes

According to various studies, in the cytoplasm, the reduction of
the platinum(IV) complexes occurs due to glutathione (GSH)

and ascorbate as reducing agents. The reduction is considered
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the activation step of the platinum(Il) drugs, because it favors
the transition from the platinum(IV) complexes, kinetically inert
and not very reactive, to platinum(Il) complexes, kinetically
labile, and, therefore, more cytotoxic of platinum(IV) prodrugs
[27].
The intracellular reduction rate of the platinum(IV) complexes
depends on the type of cell and on the ligands coordinated to the
metal, which define the coordination sphere of the complex.
Generally, the platinum(IV) prodrugs have many advantages
compared to the platinum(Il) complexes [13]: due to their
stability they could be assumed orally, they have fewer side
effects than the platinum(Il) complexes and the axial ligands can
be modified to improve and increase the pharmacological
properties of the complex.
Platinum(IV) anticancer complexes can be divided into three
categories based on the type of axial ligands:

— Complexes with non-bioactive axial ligands;

— Complexes with bioactive axial ligands;

— Photoactivatable complexes.

24



Chapter I: Cancer and Anticancer Drugs: General Principles

1.4.1 Platinum(IV) complexes with non-bioactive axial

ligands

The main platinum(IV) complexes that do not exhibit bioactive
axial ligands are Tetraplatin, iproplatin and satraplatin, formally

called IM-216 (Fig. 6).

W, © h, OH o)\o ]
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a) Tetraplatin b) Iproplatin ¢) Satraplatin

Fig. 6: Chemical structure of a) tetraplatin, b) iproplatin and c)

satraplatin

Clinically, tetraplatin and iproplatin have been abandoned
because the former exhibited a strong neurotoxicity, while the
latter was less active than cisplatin and carboplatin.

Satraplatin, instead, has been the first platinum(IV) complex to
be administered orally, because being inert and, therefore, stable,
accumulates in large quantities in the cancer cell and do not
exhibit cellular resistance.

From satraplatin, by reduction, a highly active platinum(II)
complex is formed, i.e. the amminedichlorido (cyclohexylamine)

platinum(Il) (JM-118). As it happens for the cis-, carbo- and
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oxaliplatin, inside the cancer cell JM118 undergoes hydrolysis
and, subsequently, interacts with DNA, generating the DNA-
JM118 adduct and inhibiting cell division (Scheme 3).
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Satraplatin (JM-216) IM-118

Schema 3: Satraplatin reduction

Although satraplatin is responsible for the regression of various
cancers, such as prostate cancer, it is not used as a
chemotherapeutic drug because it does not guarantee patient
survival. The satraplatin can be used in combination with other
drugs for the treatment of prostate cancer, lungs cancer and

small solid tumors [13].

1.4.2 Platinum(IV) complexes with bioactive axial ligands

The selectivity of platinum(IV) complexes towards the
cancerous tissues or intracellular targets depends heavily on the
axial ligands [13]. An example of a bioactive axial ligand is
estradiol. The platinum(IV) complex, shown in Figure 7, which
has estradiol in axial position, turns out to be highly cytotoxic

towards the breast and ovarian cancer cells, because the estrogen
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released after the intracellular reduction of the platinum(IV)
complex encourages HMGB1 protein expression [28].

Another complex belonging to this category is the platinum(IV)
prodrugs with ethacrynic acid in the axial position (Fig. 7),
developed to overcome the limitations related to cellular
resistance. In fact, the ethacrynic acid is an inhibitor of
glutathione-S-transferase [29].

Subsequently, Lippard and co-workes proposed as platinum(IV)
prodrug with bioactive axial ligands the Mitaplatin, a
platinum(Il) complex which has dichloroacetates in the axial
position (Fig. 7). The dichloroacetates, once released into the
cancer cells by reduction, change the mitochondrial membrane

potential, causing apoptosis of cancer cell [30].
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Fig. 7: Chemical structure of Platinum(IV) complexes with
bioactive axial ligands

1.4.3 Photoactivatable platinum(IV)

Platinum(IV) complexes activated directly into the tumor tissue

by irradiation are defined photoactivable complexes. These
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complexes are inert in the dark and do not show interaction with
the glutathione that is in the cancer cell. Furthermore, in the
active and cytotoxic form, they have azides and amines in trans
between them and the hydroxyl groups in axial position (Fig. 8).
Amines, that are in the equatorial position, may be replaced by
pyridine, which makes the complexes more cytotoxic and more
resistant to irradiation [31].

The MoA differs from that of platinum(IV) and platinum(II)
complexes. In this case, a drug photodecomposition takes place
through the transfer of one electron from each azido ligand to
platinum, generating N> and platinum(II) complex (Scheme 4).
The latter, then, by interacting with the DNA of the cancer cell,
generates the Pt-DNA adduct [13].

OH OH
HaN., N3 HaN., | N3
Pt Pt
™
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photoactivatable Pt(IV) complexes

Fig. 8: Chemical structure of Photoactivatable Platinum(IV)
complexes.
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Scheme 4: Possible mechanism for the photoreaction of a generic
photoactivatable platinum(IV) upon irradiation with
UVA.

1.4.4 Platinum(IV) complexes reduction

Since many years, the literature affirms that the antitumour
activity of platinum(IV) complexes is directly proportional to
their ability to reduce themselves in the cancer cell. So, to
understand the biological activity of these prodrugs it is
necessary to understand what are the factors that influence their
reduction. Generally, the reduction of the platinum(IV)
complexes involves the loss of the two axial ligands and the
release of the platinum(Il) drug, which, by binding to DNA,
stops cell replication and induces cellular apoptosis.

The reduction depends on the structure of the prodrug, therefore
on the nature of axial and equatorial ligands, and on the reducing
agents involved in the process. A measure of the platinum(IV)
complexes reduction can be obtained through cyclic
voltammetry experiments. Indeed, Choi et al. explained that the
reduction kinetics strongly depends on the reduction potentials

of the complexes submitted to voltammetric analysis [32].
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Furthermore, it is worth mentioning that the reduction Pt(IV)-
Pt(Il) is irreversible, therefore, to define the reduction potential
of platinum(IV) complexes all the rules of the irreversible cyclic
voltammetry must be observed [33,34].

Cyclic voltammetry studies have confirmed the relationship
between the nature of the ligands and the reduction degree.
According to these studies, the axial ligands have a greater
influence on the reduction kinetics than the equatorial ligands.
For example, platinum(IV) complexes, which have chlorides in
axial position and have reduction potential of about E=-4mV, are
reduced more easily than complexes that in axial position have
carboxylate groups (-250< E > -350 ) or hydroxides (E=-
664mV). Then, higher is the negativity of reduction potential,
lower is the reduction kinetic of the prodrugs. The variation of
the equatorial ligands has an influence next to nothing on the
reduction kinetics.

The main reducing agents, inside the cancer cell, are glutathione
and ascorbic acid, although the reduction mechanism of the
platinum(IV) to platinum(II) complexes is not clear. It is thought
that the reduction of the platinum(IV) complexes using
glutathione and/or ascorbic acid can occur with inner- or outer-
sphere electron-transfer mechanisms [35-37].

The inner-sphere electron-transfer mechanism proceeds through

the formation of a strong covalent bond between the oxidant and
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reductant species. This covalent bond is seen as an ideal bridge,
due to which the reductant species can transmit electrons to the
oxidant species. In a chemical reaction, the "bridge structure"
can be a very stable minimum, a reaction intermediate or a
transition state.

The outer-sphere electron-transfer mechanism does not require
for the formation of bridges between oxidizing and reductant
species, but consists in an electron transfer from the reaction
environment to the oxidizing species.

The reaction can also be catalyzed by Pt(II) [38].

1.4.4.1 Reduction by glutathione: mechanistic hypothesis

The reduction mechanism of the platinum(IV) complexes by
glutathione should proceed with the formation of a covalent
bond between the axial ligand of the complex and the
glutathione sulfur, favoring an electron transfer from the
reductant species to the axial ligand. In this way, the electronic
density of the axial ligand is shifted to the metal center, making
the Pt-axial ligand bond weaker and the release of the axial
ligand easier. For example, Ranford et al. suggested that the
reduction of the complex [PtCl2(OCOCH;3)2(NHs)2] by
glutathione, occurs via the formation of a bridge between the
sulfur of the reductant species and the acetate oxygen

coordinated to platinum (Fig. 9).
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After bridge formation, there is an electrical charge transfer
from glutathione, which is considered as a nucleophile, to the
axial ligand and, subsequently, to the platinum. This weakens
the acetate-Pt bond and facilitates the axial ligand release
[39,27].
H _.R
s
OCOCH,4

HsN— 5, _-Cl
HaN~ | —ClI

OCOCH,

Fig. 9: Transition state form in the case of the interaction
[PtCl,(OCOCH3)2(NH3)2] and Glutathione

Starting from the transition state, shown in Figure 9, two
hypothesis of mechanism have been proposed.

The first hypothesis proposes the formation of an intermediate,
following the release of the first axial ligand, in which the
platinum is pentacoordinated and it has an oxidation number
equal to +3. Then, from this minimum, by interaction with
another glutathione and release of the second axial ligand, the
platinum(Il) drug would be released (Scheme 5a).

The second hypothesis proposes a concerted mechanism, that is
the release of the first axial ligand, due to glutathione, and,
simultaneously, the release of the second axial ligand to form the

corresponding platinum(II) complex (Scheme 5b).
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Scheme 5b: Second hypothesis of platinum(IV) complexes

reduction

1.4.4.2 Reduction by ascorbate: mechanistic hypothesis

In the case of reduction by ascorbate, the hypothesis of
mechanism proposes an outer sphere electron transfer as result
of the interaction between the platinum(IV) complex and the
reductant agent. It is not clear how the electron transfer occurs,
but it has been hypothesized that the reductant species releases
two electrons to the reaction environment, and, subsequently,

these electrons are transferred from reaction environment to the

33



Chapter I: Cancer and Anticancer Drugs: General Principles

platinum(IV) complex, causing the release of the axial ligands

together with the drug (Scheme 6) [27,37].

H;N Cl e H3N Cl
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Scheme 6: Platinum(IV) complexes reduction by ascorbate

1.4.4.3 Basolo reduction

Basolo studied the reduction of some platinum(IV) complexes,
such as [Pt(en);]*" (en = ethylenediamine), by [Cr(bipy);]**
(bipy = 2,2'-bipyridine). Basolo affirmed that this reduction
occurs through an outer-sphere mechanism, in which there is an
electron transfer to generate a Pt(IIl) intermediate, without,
however, direct interaction with the reductant species. The
Pt(III) could react rapidly with another [Cr(bipy);]** to yield
Pt(IT) complex. When the platinum(IV) complex has chloride
ligands in the axial position, such as [Pt(NH3)sCI]**, it is
suggested an inner sphere mechanism where one axial chloride
is coordinated to the complex of Cr(Il), forming a bridge. He
also suggested a two electron reduction mechanism to yield
Pt(Il) and Cr(IV) complexes with the latter that is reduced
directly to Cr(II) [38].
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The Basolo reduction mechanism can also be applied when the

reductant species is a platinum(II) complex.

To date, only the Basolo reduction mechanism is supported by
experimental and theoretical data (Paper IV). Unfortunately,
this mechanism has limitations, because it can be used only
when the platinum(IV) complexes has certain types of axial
ligands.

As regards the reduction mechanisms by glutathione and
ascorbate only few experimental data are available that are not
supported by theoretical data. For this reason, future studies
should be devoted to the design of prodrugs inert to hydrolysis
(Paper 1V), the interaction of this complexes with proteins that
are in the blood and cancer cells and the understanding of their

reduction mechanism.

1.5 Non-platinum anticancer drugs

Currently, only the platinum-based drugs have been approved
for clinical practices. However, in the last years, research has
turned its attention to the study of new metal-containing
complexes. These non-platinum complexes have low toxicity
and high activity against tumors that appear to be resistant to

cisplatin. Inside the cancer cells, these drugs, which contain
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main group or transition metals, can act on different targets, such
as DNA, enzymatic functions, and/or the formation of ROS.

The metals most frequently used for this purpose are
ruthenium(Il) and ruthenium(Ill), gold(I) and gold(Ill),
copper(Il), and iridium(IIl) [40,41]. The iridium (III) seems to
be an excellent candidate for the development of new anticancer

drugs, due to its peculiar characteristics (Paper VI).

1.5.1 Ruthenium complexes as anticancer drugs

Ruthenium(Il) and Ruthenium(IIl) exhibit antitumor activity.
The ruthenium(II) forms penta- and hexa-coordinated complex,
while the ruthenium(Ill) forms only hexa-coordinated
complexes. Furthermore, ruthenium(III) is considered a prodrug,
because, as confirmed by in vivo experiments, before reaching
the final target, it is always reduced to ruthenium(II).

The most studied ruthenium(Il) complexes, due to their high
cytotoxic activity, are those having arene ligands. The cytotoxic
activity of ruthenium complexes should be based on their ability
to interact with the DNA of cancer cells or result from other
interaction types. The ruthenium(Il) complexes exhibit cytotoxic
activity similar to that of carboplatin and lower than that of
cisplatin.

In most cases, the ruthenium(II) complexes have, in addition to

arene ligands, a chloride ligand. It seems that the hydrolysis is
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the fundamental step for the activation of these complexes. In
fact, they may undergo rapid hydrolysis leading to the loss of the
chloride ligand and to the rapid interaction with aminoacids and
various nucleobases.

The more cytotoxic ruthenium(Ill) complexes, are those that
have indazole ligands, able to interact with the DNA of cancer
cells and to induce apoptosis via the intrinsic mitochondrial

pathways [40,41].

1.5.2 Gold complexes as anticancer drugs

Gold(I) complexes which have phosphine ligands are used as
anticancer drugs, because they are inhibitors of the enzyme
thioredoxin reductase (TR). This enzyme is present in high
concentrations in cancer cells and promotes the diseased cells
proliferation. The inhibition of TR enzyme by gold(I) complexes
causes cell apoptosis.

Gold(IlI) complexes have a chemical behavior very similar to
that of the platinum(II) complexes. In fact, gold(Ill) complexes
are isoelectronic with platinum(Il) complexes, although gold(III)
complexes in the physiological environment undergo rapid
hydrolysis and subsequent reduction to gold(I). For this reason,
over the years, gold(IIT) complexes more inert to hydrolysis and,

then, to reduction have been designed [40,41].
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1.5.3 Copper complexes as anticancer drugs

Many copper(Il) complexes, containing N-, S-, and/or O-
ligands, have a good cytotoxic activity. The action mechanism
of copper(Il) complexes is not yet clear, but it is assumed that
these complexes cause cellular apoptosis by interacting with the
DNA or by inhibiting the enzymes that are, in high amounts,
inside the cancer cell.

The use of copper(l) complexes as anticancer drugs is limited by

their low stability and by their tendency to be oxidized [40,41].

1.5.4 Iridium complexes as anticancer drugs

In the last years, a great deal of efforts has been devoted to the
study of new anticancer drugs containing iridium as a metal
center. In particular, iridium(IIl) complexes seem to be very
inert and less reactive. While ruthenium complexes are
stabilized by the presence of arene ligands, iridium(III)
complexes are stabilized by the presence of the
pentamethylcyclopentadienyl ligand (Cp*), which is negatively
charged.  Furthermore, half-sandwich  organoiridium(III)
cyclopentadienyl complexes of general formula [(n° -Cp*
Mr(ID)-  (XAY)Z]™, where Cp*=Cp*, Cp*®" (tetramethyl-
(phenyl)-cyclopentadienyl) or Cp*P" (tetramethyl(biphenyl)-
cyclopentadienyl), XAY=bidentate ligand with nitrogen, oxygen,
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and/or carbon donor atoms, and Z=Cl, H>O, or pyridine (py),
have high cytotoxicity.

These complexes can undergo hydrolysis, losing the Z ligand,
and, subsequently, can interact with the DNA of the cancer cell,
or to produce ROS, by interacting with other species that are in
the cancer cell, increasing the intracellular oxidative stress. In

both cases cellular apoptosis occurs (Paper VI).
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Introduction

The main goal of theoretical chemistry is to explore the
electronic structure and properties of more or less complex
systems.

Quantum mechanics emerged in the beginning of the twentieth
century as a new discipline because of the need to describe
phenomena, which could not be explained using Newtonian
mechanics or classical electromagnetic theory. These
phenomena include the photoelectric effect, blackbody radiation
and the rather complex radiation from an excited hydrogen gas.
These and other experimental observations led to the concepts of
quantization of light into photons, the particle-wave duality, the
de Broglie wavelength and the fundamental equation describing
quantum mechanics, namely the Schrodinger equation.

Particles defined as "quantum systems” are described by a wave
function (y) [1], that is a mathematical object that contains all
the information of the system under examination. A quantum
system can be described by the non-relativistic time-independent

Schrodinger equation [2]:
HY =Ey (2.1)

where H is the Hamiltonian operator for a system of nuclei and

electrons described by position vectors Ra and i, respectively.
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In atomic units, the Hamiltonian for N electrons and M nuclei is

z ZaZ,
H=-3L 12 v -2 12M - XL 2 A+Z{V1Z]>1 +ZA 12%»1;3 (2.2)
AB

In Eq. (2.2) the first term is the operator for the kinetic energy of
the electron; the second term is the operator for the kinetic
energy of nuclei; the third term is the coulomb attraction
between electrons and nuclei; the fourth and fifth terms are the
repulsion between electrons and nuclei, respectively.

Due to the Born-Oppenheimer approximation [3], in equation
(2.2), the second term can be neglected and the last term can be
considered constant. The remaining terms in (2.2) compose the
electronic Hamiltonian, that is the Hamiltonian describing the

motion of N electrons in the field of M point charges.
H glec = Zl 12 l {Vl f‘q/[ 1ZA +Z{V12]>1 (2.3)

Quantum chemistry tries to find approximate solutions to the
electronic Schrédinger equation, because it can be solved
exactly only for one- electron systems, such as hydrogen atom or

H," molecule.
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2.1 The Slater determinant

A single electron is described by the wave function (7,s), spin
orbital, that define both its spatial distribution,)(r), and its spin,

a(s) or B(s).

Y(r,s) = w(rgg © (2.4)

Y(r)B(s)

For a system of N electrons, the total electronic wave function is
equal to the product of the wave functions of each electron and it
is known as Hartree Product. The Hartree product doesn’t
respect the antisymmetry principle (a general statement of the
Pauli exclusion principle) that requires that electronic wave
functions be antisymmetric with respect to the interchange of the
space and spin coordinates of any two electrons [4]. So, the
Slater determinant has been introduced as the simplest

antisymmetric wave function which can describe the ground

state of an N-electron system:

Wi, s) W8 o (s |
1P1\SJD=\/% 1/’1'(7”}:51) wj(r?,sz) 1/’k(Tz:'Sz) (2.5)

Yilrvsy) W Tsw) o Yol sw)

The Slater determinant incorporated both exchange effects,
arising from the requirement that [|? be invariant to the

exchange of the space and spin coordinates of any two electrons,
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and correlation effect, which means that the motion of two
electrons with parallel spins is correlated while the motion of

electrons with opposite spins remains uncorrelated [5].

2.2 The Hartree-Fock approximation

To find and to describe approximate solutions to the electronic
Schrodinger equation results to be very difficult. To try to solve
this problem another approximation is used, that is the Hartree-
Fock (HF) approximation [6-9]. The simplest antisymmetric
wave function, which can be used to describe the ground state of
an N-electron system, is a single Slater determinant.

The variation principle states that the best wave function, of this
functional form, is the one which gives the lowest possible
energy and, in the Slater Determinant wave function, the
variational flexibility is in the choice of spin orbitals.

Minimizing the energy with respect to the choice of spin orbitals
lead to the HF equation, that is an eigenvalue equation of the

form:

fOYrs) = ep(ns;) (2.6)

where f(i) is the Fock operator that includes a one-electron
contribute for the kinetic energy of ith electron and for the

coulomb attraction between the ith electron and nucleus, and a
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two-electron contribute that measure the “field” seen by the ith
electron due to the presence of the other electrons on the other
spin orbitals.

Thus the Hartree-Fock equation depends on its eigenfunctions,
so it is a non-linear equation that must be solved iteratively,
using the self-consistent-field (SCF) method. However, with the
HF approach the motion of the electrons with opposite spins
remains not correlated.

Electron correlation can be included explicitly with well-known
extensions collectively called post-Hartree-Fock methods [10],
like Moller-Plesset perturbation theory (MP), the generalized
valence bond method (GVB), configuration interaction (CI),
multiconfigurational self-consistent field (MCSCF) and coupled
cluster theory (CC).

These approaches improve the level of accuracy but become
computationally much more demanding and thus are only
suitable for relatively small systems. To handle larger systems

an alternative approach has been developed.

2.3 Density functional theory (DFT)

Density Functional Theory (DFT) allows to deal with large
molecular systems, including the electron correlation, with a

computational demanding much lower than post-HF methods.
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These DFT vantages are due to the use of the electron density

p(r) as basic variable.

p(r) =N [ .. [I(xy, x5, .. xp)|?dx; dx, ... dxy (2.7)

In contrast to the wave function, @, that depends on 3N variable
excluding the spin variable, the electron density p(r) depends on
3 variables only, also for many-electron systems.

In 1964, Hohenberg-Kohn introduced the existence of an unique
relationship between p(r) and all fundamental properties of a

given system [11].

2.3.1 The Hohenberg-Kohn theorems

The first Hohenberg-Kohn theorem [11] affirms that every
observable of a quantum mechanical system can be calculated
exactly from the ground-state electron density p(7), so every
observable can be written as a functional of the ground-state
electron density p(7).

For a system defined by an external potential v(7), acting on the
electrons due to the nuclear charges, the energy E, can be written
as functional of the electron density.

Within the Born Oppenheimer approximation, E, can be splitted
into three terms, which are kinetic energy 7, electron-electron

repulsion E.. and the nuclei-electron attraction V-
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E,[p] = Tlpl + E.[p] + VIpl = Tlpl + Ecelpl + [ p(r)v(r)dr  (2.8)

Since the terms 7" and E.. depend exclusively on the coordinates
of the electrons and their forms are the same for all systems,
depending only on the number of electrons, they are grouped
together into the universal Hohenberg and Kohn functional

FHK [p] = Tlpl + E. [p] (2.9)

FHK contains the functional for the kinetic energy T/p] and that
for the electron-electron interaction E../p/. The explicit form of
both these functionals are unknown.

However from term E../p] can be extracted at least, analytically,
the classical part J/p/ that measures the coulomb electron-
electron interaction, whereas Vg/p] is a measure of the non-

classical electronic interaction:

E..[p] = JIpl + Vqlp] = ff” Var dr' +vqlp] (2.10)

The complete form of the ground state energy associated with

the density p(7), is the functional

Elpl = F#[p] + [ p(ryv()dr = Tlp] + 2 [[A22 ar ar' + vglp] +

+ [ p(r)v(r)dr (2.11)
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The second Hohenberg-Kohn theorem [11], affirms that for a
trial electron density p(r), the energy is higher or equal to the

real energy of system:
E, < E, [P] (2.12)

where Ejis the correct energy and E,[p] is the energy, written as
functional of trial electron density p(r), of a system with an
external potential v(r).

So, this theorem states the variational principle for the DFT
theory. The applicability of the variational principle is limited to
the ground state. Hence the strategy cannot be easily transferred
to the problem of excited states. According to the two theorems,
the energy can be known exactly when the electron density of

the system is exact.
2.3.2 The Kohn-Sham equations

The explicit form of the functional F#X[p] is the major
challenge of DFT. Since only the J/p/ term is known, the main
problem is to find the expression for 7/p/ and Vq/p].

In 1927 Thomas and Fermi provided the first example of density
functional theory. However the performance of their model had

a deficiency due to the poor approximation of the kinetic energy.
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To solve this problem Kohn and Sham proposed, in 1965, a new
approach [12].

They considered a reference system whit non-interacting
electrons, having the same density of the real, interacting one.
For the reference system, both the kinetic energy and ground-

state electron density can be written using one-electron orbital:

Tilpl = XL, <y
plr] =X, Xs [9:(r, )| (2.14)

12
_5\71,

Y, > (2.13)

The kinetic energy of the real system can be expressed as sum of
two contributes: the kinetic energy of the reference system T[p]

and the kinetic energy that measures the electron correlation

Tc[p]
Tlp] = Tslp] + Tcp] (2.15)

Consequently a new redefinition of the universal functional can

be introduced:

Flp] = Ti[p] + J[p] + Exclp] (2.16)

Where E,.[p] is the exchange and correlation functional that
represents the sum of the terms having an unknown analytically

form: 1) the difference between the exact kinetic energy and the
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kinetic energy of the reference system; ii) the non-classical
electron-electron interaction; iii) the self-interaction correction.

So the exchange and correlation functional can be defined as

Exc[p] = (T[p] - Ts[p]) + (Eee [,0] _][.DD (2°17)

Including all these considerations the expression of energy for

the real, interacting system is

E,[p] = T,[p] +J[p] + Exc[p] + [ p(r)v(r)dr (2.18)

The only term for which no explicit form can be given is Ex..
Applying the variational method, imposing the wave function
orthogonality condition and using the Lagrange multipliers

method, the Kohn-Sham equations have been obtained:
=172 + v, P = e (2.19)

Where vy is the local potential for the single particle that includes
the exchange and correlation potential, v., defined as the
functional derivative of E,. with respect to p(7). So vy depends on
the density and therefore the Kohn-Sham equations have to be
solved iteratively.

_ SExclp]
vy = Sl (2.20)
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Kohn-Sham equations led to a formalism that is exact and
computationally accessible. The only one lack is the fact that the
explicit form of the functional Exc is unknown. The major
challenge in DFT is to find e improve approximate model for
this unknown functional. Although there is no exact solution of
this functional, an approximate functional have been proposed.
One approach to calculate the functional Exc is the Local (Spin)
Density Approximation (L(S)DA). This approach is based on
assuming that the density p varies very slowly and locally with
position and can thus be treated as a homogeneous electron gas’.
In fact, the exchange energy of an electron gas with uniform
density can be calculated exactly. Unfortunately, the L(S)DA
approximation cannot be used for systems with no uniform
electronic distribution. In this case, to yield accurate chemical
description, Gradient Corrected or Generalized Gradient
Approximation (GGA) was introduced. This approximation
depend not only on the density p, but also on the gradient A,

The development of GGA methods is based on two different
approaches:

1. Semiempirical approach. This approach was proposed by
Becke [13-18]. The basic idea is to choose a flexible
mathematical functional form depending on one or more
parameters to molecular thermochemical data. Exchange

functionals of this category are for example Becke88 (B),
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Perdew-Wang (PW) and modified-Perdew-Wang (MPW)
[19-23];

2. Nomnempirical approach. This approach was proposed by
Perdew and it provides that the development of exchange-
correlation functionals should depend on principles
derived by quantum mechanics. Exchange functionals of
this category are for example Perdew 86 (P), Perdew-
Burke-Ernzerhof (PBE) and modified-Perdew-Burke-
Ernzerhof (mPBE) [24-26].

GGA functionals have been shown to give more accurate
predictions for thermochemistry than LSDA ones, but they still
underestimate barrier heights. LSDAs and GGAs are “local”
functionals because the electronic energy density at a single
spatial point depends only on the behaviour of the electronic
density and kinetic energy at and near that point [27].

Local functional can be mixed with non-local HF exchange
(calculated via Kohn-Sham orbitals) leading to the hybrid
functionals, that are often more accurate than local functional
especially for main group thermochemistry.

One popular group of hybrid methods is Becke 3 parameter
functional (B3), with the three empirical fitted parameters A,B
and C:

EE? = (1 — A)EDirac—slater . ApHF 4 BEBSS 4 FYWN 4 CAEECA  (2.21)
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where A indicates that Ap-dependent fractions of corresponding
functionals are included. B88 is a widely used gradient
correction to exchange by Becke.

LSDA exchange, EDirac=Slater is given by the Dirac-Slater
formula for a uniform electron gas, and LSA correlation energy
EYWN is the functional by Vosko, Wilk an Nusair (VWN) [28].
When AEE®4 gradient correction to correlation in eq. (2.21) is
Lee, Yang and Parr functional (LYP) [29], the approximate
functional is known as B3LYP. So A determines the extent of
replacement of the Slater local exchange ERiac=Slater by the
exact HF exchange Eff; B controls the addition of Becke’s
gradient-correction to the exchange functional EZ88; C defines
the weight of the LYP correlation E:'P and the VWN
correlation EY"Nfunctionals.

In recent years, new density functionals have been developed,
belonging to the MO05-class and MO06-class functionals
(including M05, M052X, MO0O6L, M06, M062X, MO6HF) [30].
In this thesis, the B3LYP and MO6L functionals are used to

investigate the various reaction mechanisms.
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2.4 Coupled cluster approximation

The coupled cluster (CC) is an ab initio post-Hartree-Fock
method used to describe small and medium-sized systems. This
method introduces a correction factor in the molecular orbital

that considers electron-electron repulsive forces. This factor is

represented by an exponential operator (eT).

The fundamental equation in the CC theory is:
wce) = el o, (2.21)

where (CC) is the exact non-relativistic ground-state molecular

electronic wave function, @, is the normalized ground-state

Hartree-Fock wave function, the operator e is defined by the

Taylor-series expansion:
Pl Ty
€ _1+1!+2g+3!+ _Zk=0k! (2.22)

and the cluster operator T is
T = Ty+T,+... 4T, (2.23)

where n is the number of electrons in the molecule and T is the
operator of all single excitations, T, is the operator of all double

excitations and so forth.
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If, in eq. (2.22) T = T,, the method considers only the single
excitations and it is indicated by the acronym (CCS). If, in eq.
(2.22) T = T,+T,, the method considers the single and doubles
excitations and it is indicated by the acronym (CCSD). Finally,
including also T3 the method considers the single, doubles and
triples excitations and it is indicated by the acronym (CCSD(T))
[31,32].
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Introduction

The dipeptide L-carnosine (f-alanyl-L-histidine) is present in
different body areas such as in skeletal and cardiac muscles, in
brain tissue, in olfactory bulb, in hippocampus and in the
stomach. It is also present in the cytosol of cells due to its water
solubility [1-6].

The different electron rich sites of carnosine dipeptide can act as
potential binding sites to various metal cations such as the
carboxylic, amino, and amide groups as well as the histidine
imidazole moiety. The pK. values of these groups are
approximately 2.6 for the carboxylic, 6.8 for the nitrogen of
imidazole and 9.4 for the amino group. Due to this pK. large
range, carnosine can exist in several different tautomeric forms
[7].

Carnosine plays many biological roles. It is known that
carnosine has an anti-glycating effect, which can help in
minimizing the effects of some diseases such as diabetes and
Alzheimer [8]. It can react with several highly reactive species,
such as hydroxyl, superoxide and molecular oxygen free
radicals, especially in the water-rich environment inside the
body, so it has an antioxidant activity [3, 9, 10] and it also has
significant anti-inflammatory, antihypertensive, anti-aging,
neurological and wound healing effects [11]. Carnosine is also

able to buffer the increase of acidity, generated by lactic acid
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formation, inside muscle tissue during muscle stress [12]. It is
also reported that carnosine can act as a metal ion chelator, such
as iron, calcium, and especially copper and zinc [13]. For that
reason, carnosine is used for the treatment of diseases such as
Wilsons disease[14] and Alzheimers.

Recently, it has been shown that carnosine may be involved in
complexation of platinum anti-cancer drugs. Different studies
have shown that carnosine may inhibit the cytotoxic action of
oxaliplatin and carboplatin through the formation of complexes,
defined fragmentation products, that are less cytotoxic than
oxaliplatin and carboplatin alone [15]. Furthermore, this
complexation reduces the efficacy of the Pt-drugs [7]. More
recently, it has been reported that some fragments originating
from carnosine can prevent cell proliferation in colon cancer
cells [16,17]. As a consequence it should be of interest to gain
information on the carnosine fragmentation mechanisms.
Various mass spectrometric techniques utilizing electrospray
ionization and chip nanospray have been previously employed to
study the interaction of oxaliplatin and carboplatin with
carnosine. In particular, the technique that provides information
about the fragmentation of carnosine, carnosine-oxaliplatin and
carnosine-carboplatin complexes is the collision induced
dissociation (CID). This technique involves the fragmentation of

gas phase ions. The ions are generally accelerated in a vacuum
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by an electric potential and made to collide with neutral
molecules in the gas phase (usually helium, nitrogen or argon).
In the collision the kinetic energy is converted into internal
energy and this causes the damage of one or more bonds and the

ion fragmentation.

3.1 Aim of the study

In this Chapter, the outcomes of a detailed theoretical
investigation of the protonated complexes of oxaliplatin and
carboplatin with carnosine as well as their collision induced
fragments will be presented together with the results of a
thorough computational analysis of the CID products of
protonated carnosine. Particularly, potential energy surfaces
(PESs) for the gas phase dissociation of the protonated
carnosine-oxaliplatin and carnosine-carboplatin complexes have
been described. Calculated potential energy surfaces of the
dissociation processes have been compared with the outcomes of
the energy resolved collision induced dissociation of the
protonated carnosine-oxaliplatin and carnosine-carboplatin
complexes (Paper II-III). Furthemore, the CID products of
protonated carnosine have been quantum-mechanically
scrutinized to elucidate the structures of these products and their
precursors as well as to provide an accurate description of the

energy profiles for these dissociation pathways (Paper I).
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3.2 Collisionally-Induced Dissociation Products of the
Protonated Dipeptide Carnosine: Structural elucidation,
Fragmentation Pathways and Potential energy surface

analysis (Paper I).

o] SR =R S

i m/z 156 % A m/z 210
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+CO) NH =]
-H,0 H o, o
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The use of the collision induced dissociation (CID) technique
involves the fragmentation of ions in gas phase. For this reason,
to analyze the carnosine fragmentation with this technique its
protonated form ([carnosinetH]") must be considered.
Carnosine has different protonation sites: carboxylic, amino,
amide groups and imidazole moiety of histidine.

Theoretical calculations show that the most stable structure of
the protonated carnosine is one in which the protonation site is

the imidazole moiety of histidine [18,7,19].
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This structure is that of the precursor fragment and it is labeled
as 227, which indicates the ratio between the mass and the
charge of the 1on. Collision-induced dissociation experiments are
shown to yield eleven different fragment ions. Therefore, the
formation mechanism of each fragment has been theoretically
examined, employing different levels of theory, that is B3LYP,
MO06, M06 single point and MP2 single point. Relative gas-
phase free energies of minima and transition states have been
calculated with respect to the most stable conformer of
[carnosine+H]", 227. In Paper I, only the fragmentation
mechanisms at lower energies are reported. The adopted
computational protocols give comparable energetic trends and
are all able to elucidate the fragmentation mechanisms, which
account for all experimental data. In the case of single point
MO06 and MP2 calculations on previously optimized B3LYP
structures, the description of the energy profiles in some regions

appear to be significantly different.
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3.3 Fragmentation Pathways Analysis for the Gas Phase
Dissociation of Protonated Carnosine-Oxaliplatin

Complexes (Paper II)
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The carnosine may be involved in complexation of platinum
anti-cancer drugs. In fact, recent studies have shown that
carnosine can inhibit the cytotoxic action of the third generation
chemotherapeutic drug oxaliplatin through the formation of
complexes that are less cytotoxic than oxaliplatin alone [15]
being the consequence of such complexation the fragmentation
of the drug.

Also in this case, in order to study the interactions between
oxaliplatin and the carnosine dipeptide collision induced

dissociation (CID) technique has been used [20,21]. Therefore,

72



Chapter IlI: Carnosine Role in the Inhibition of Platinum(I1l) Drugs

the protonated form of the carnosine-oxaliplatin complex,
[Carnosine+ OxPt+H]", called in Paper II precursor fragment
1A, has been considered. The fragmentation mechanism of the
1A complex has been theoretically examined at DFT level,
adopting the hybrid exchange-correlation B3LYP functional
and, for all the atoms, the LANL2DZ basis sets. In this paper
three fragmentation mechanisms of protonated carnosine-
oxaliplatin complex, [Carnosine+ OxPt+H]", have been reported
and investigated theoretically together with the formation
mechanisms of protonated oxaliplatin, [OxPt+H]", and
protonated carnosine, [Carnosinet+H]", from the same precurson
ion through loss of neutral carnosine and neutral oxaliplatin,
respectively. Furthermore, a comparison between the calculated
potential energy surfaces of the dissociation process and the
energy resolved collision induced dissociation of the protonated

carnosine-oxaliplatin complex has been also reported.
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3.4 Mass Spectometric and Computational Investigation of

the Protonated Carnosine-Carboplatin  Complex

Fragmentation (Paper III)

Carboplatin is a platinum anticancer drug used for the treatment
of many human cancers. Inside the cancer cell, the carboplatin-
DNA interaction has been widely investigated [22-25].

Carboplatin, likewise oxaliplatin, can generate undesired
interactions with polypeptides, such as carnosine. Also in this
case, the interaction between carnosine and carboplatin,
generating a carnosine-carboplatin complex, causes the loss and
deactivation of the drug, before it arrives at the ultimate target,
due to its fragmentation. Experimentally, in order to study the
interactions between carboplatin and carnosine dipeptide the
collision induced dissociation (CID) technique has been used.
The fragmentation pathways of the protonated carnosine-
carboplatin complex, [Carnosine+CarbPt+H]", 1A precursor,

have been investigated in Paper III. A detailed description of
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the fragmentation pathways for the gas phase dissociation of the
protonated carboplatin—carnosine complex and a comparison
between calculated potential energy surfaces for the dissociation
processes and collision-induced dissociation (CID) experiments
have been reported. Different fragmentation mechanisms have
been investigated and the free-energy fragmentation pathways
have been calculated by using DFT at the B3ALYP/LANL2DZ

level.
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Collision-induced dissociation (CID) experiments on protonated carnosine, [carnosine + HI*, with several
collision energies were shown to yield eleven different fragment ions with the generation of product ions
[carnosine—H,O + HI* and [carnosine—NH3z + HI* being the lowest energy processes. Energy-resolved
CID showed that at slightly higher collision energies the ions [histidine + HI* and [histidine-H,O-CO + HI*
are formed. At even higher energies four other product ions were observed, however, attained relatively
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Introduction

The dipeptide B-alanine-t-histidine, also known as carnosine, is
a naturally occurring substance synthesized by endogenous
carnosine synthetase discovered more than 100 years ago." It is
present at elevated levels in human skeletal and cardiac muscles
as well as in brain tissues®™ and is typically concentrated in the
cytosol of cells due to its water solubility.® Although not much
is known about its physiological function, several possible roles
have been considered since its first discovery””® such as pH-
buffering,” metal chelation'® or neurotransmitter function.'*
Carnosine is also reported to have antioxidant activity due to
its ability to react with several highly reactive species, such as
hydroxyl, super oxide and molecular oxygen free radicals,
especially in the water rich environment inside the body.>'*"?
More recently, carnosine was shown to play a role in the
detoxification of the anti-cancer drug oxaliplatin, one of the
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most commonly used Pt-anticancer chemotherapeutic agents.™*
Additionally, it was shown that complexes formed between
carnosine and oxaliplatin reduce the efficacy of the Pt-drug
causing increased viability in cancer cells.'*

The interaction of carnosine with metals of biological rele-
vance was the subject of several studies including the report on
metal binding energies to the peptide and providing structural
elucidation of the complexes and the resulting collision induced
dissociation (CID) products.'*>" Studies of the CID products of
protonated carnosine, on the other hand, have received con-
siderably less attention. In general, the observed fragmentation
patterns generated from protonated peptide ions typically depend
on several factors including the amino acid composition, the size
of the peptides, the excitation method used and the charge of
the ions.>” CID of protonated peptides employing soft ionization
techniques such as electrospray and matrix assisted laser desorp-
tion proved useful for determining amino acid sequences. This
in turn increased the interest in the fragmentation pathways
of protonated peptides and the mechanisms of product ion
formation which spurred several studies on protonated o-amino
acids,>**° while studies on B-amino acids or peptides that contain
them remain very sparse.*'*>

Relatively simple CID mass spectra are generated due to the
fragmentation of protonated aliphatic o-amino acids which
mainly show their respective iminium ions produced via the
concomitant loss of H,O and CO. Hydroxylic and acidic
a-amino acids lose H,O through the OH and COOH groups in
their side chains in addition to the concomitant loss of H,O

Phys. Chem. Chem. Phys., 2015, 17, 12673-12682 | 12673
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and CO. Basic a-amino acids such as arginine and lysine have a
nitrogen on the side chain as the favoured site of protonation®
thus one of the major fragmentation pathways in these amino
acids involves the loss of NH; and, in the case of protonated
arginine, guanidine.”®?* Facile elimination of NHj; is observed
in all aromatic a-amino acids, with the exception of protonated
histidine in addition to the concomitant elimination of H,O
and CO.>**3¢ At higher collision energies, subsequent to the
elimination of NH; the loss of H,0, CO, CO, and CH,CO is
observed, while the loss of HCN, HCNH,, and NH; occurs
subsequent to the concomitant loss of H,O and CO.*®

Protonated peptide fragmentation under low-energy colli-
sion conditions is believed to be charge induced, and electron
rearrangements involved in decomposition of an activated ion
into two or more fragments are assumed to be triggered by
localization of the charge on specific sites within the molecular
structure of the decomposing ions.”” Thus, the observation of a
large number of product ions typically implies that there is a
heterogeneous population of fragmenting precursor isomers.
This situation is likely since peptides contain multiple func-
tional groups and each of them can act as a protonation site. In
the case of carnosine these sites include the carboxylic, amino,
and amide groups as well as the imidazole moiety of histidine.
The average pK values of these groups are 2.64 for the carboxylic
group, 6.77 for the tele nitrogen of imidazole and 9.37 for the
amino group.'® This large range of values may explain the fact
that carnosine can exist in several different tautomeric forms.
In addition to possibly having a large population of fragmenting
precursor isomers it is also possible, however, for inter-conversions
between these protonated isomers to occur if low energy barriers
are required, which can also contribute to the formation of a large
number of collisionally-induced fragment ions.

In this paper, we report for the first time on a detailed
examination of the CID products of protonated carnosine and
employ quantum chemistry calculations to rationalize the
observed fragmentation patterns.

Instrumentation

An LTQ linear ion trap mass spectrometer (Thermo Electron,
San Jose, CA, USA) and an Acquity TQ tandem quadrupole mass
spectrometer (Waters, MA, USA), both equipped with electro-
spray ionisation interfaces, were used in this work. Carnosine,
HPLC-grade water and methanol were all purchased from Sigma-
Aldrich, UK. Deuterium exchange experiments were carried out
in solutions that contain deuterium oxide (99.9%) and CH;0D
(99.5%), both from Sigma-Aldrich. The LTQ resolving powers
achieved were in the order of 1500 while the upper instrumental
error limit in measurements was 0.2 m/z units. The LTQ auto-
tune routine was used to obtain the lens, quadrupole and
octupole voltages for the maximum transmission of the ions of
interest. Helium gas, admitted into the ion trap at a maintained
pressure of approximately 102 Torr, was used as the buffer gas
to improve the trapping efficiency and as the collision gas
for collision-induced dissociation experiments performed here.
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Experiments designed to elucidate ion structures or fragmenta-
tion pathways on the LTQ were performed as follows: the ion
of interest was selected then collisionally activated by setting
the activation amplitude to 25-35% of the maximum voltage
available (determined empirically), and the activation Q setting
(used to adjust the frequency of the RF excitation voltage) was set
to 0.25 units.

The Acquity TQ was operated in the positive ion mode, with
typical values of cone and extractor voltages set to 30 and
3 respectively. The capillary voltage was optimised day-to-day
for maximum signal transmission and spray stability, and the
optimised range was typically 2200-2500 volts. The de-solvation
gas was usually set to a flow of 250 L h™" and a temperature of
150 °C. Argon was used as the collision gas at a typical flow rate
of 0.15 ml min . lons sampled from the electrospray suffered
many collisions in an attempt to achieve effective thermaliza-
tion in the lens region, being from the orifice/skimmer to the
first r.f. only quadrupole. The bias potential in this lens region
was set up to strike a compromise between signal transmission
and minimal collisional heating. The precursor ions underwent
multiple collisions with argon to produce tandem mass spectra
at collision energies in the range 0-30 eV in the lab frame
having both Q1 and Q3 operated at unit resolution with a typical
dwell time of 25 milliseconds per transition. Both instruments
described here were previously successfully employed by us using
the exact setup described to elucidate structures of metal and
non-metal containing biological ligands.*”° While some of
our previous studies were conducted under single collision
conditions**™*? the experiments reported here were all performed
under multiple collision conditions.

Computational methods

All molecular orbital calculations were performed using
GAUSSIAN 09.”* The structures were fully optimized without
symmetry constraints by means of density functional theory
(DFT) using the hybrid Becke’s three-parameter exchange func-
tional and the correlation functional from Lee, Yang and Parr
(B3LYP)**™*® in conjunction with the standard Pople basis set
6-311++G(d,p).*”~*° All the stationary points reported here were
further characterized by harmonic frequency analysis to have
the appropriate number of imaginary frequencies, which are
none for local minima and one for first-order saddle points.
Intrinsic reaction coordinate calculations®® were run to connect
the transition state geometries with those of the corresponding
minima. All species considered in this work were in the singlet
state and thus all calculations performed were on closed shell
species. The spin has been conserved through all the reactions
described within the manuscript. Total energies, zero-point
energies, thermal corrections and entropies are given in the
ESI, T Tables S1-S4. Long and weak interactions such as hydrogen
bonds are often difficult to be accurately described by DFT theory.
However, studies employing DFT calculations with the B3LYP
functional accurately detail hydrogen bonding in small systems
such as hydrogen fluoride dimers, clusters of cyanoacetylene and
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hydrogen cyanide as well as in water dimers and complexes.”'™*
The B3LYP and 6-31++G(d,p) combination was successfully used
to model internal hydrogen bonding within a protonated triglycine
and to demonstrate the validity of the “mobile proton” model in the
tripeptide,”> while the B3LYP/6-311++G(2d,2p) level of theory was
shown to predict the existence of a hydrogen bonding stabilised
zwitterionic form of protonated carnosine in the gas phase.”* With
the aim of comparing, however, both single point MP2 (frozen
core)’® and M06>” calculations were carried out by using the same
6-311++G(d,p) basis set on optimized B3LYP/6-311++G(d,p) geo-
metries. The hybrid M06 exchange-correlation functional was
employed here as it is specifically designed to accurately describe
non-covalent interactions. Additionally, the M06 functional along
with the 6-311++G(d,p) basis set was employed to perform full
optimization followed by frequency calculations of geometrical
structures of minima and transition states and to map the frag-
mentation pathways on the corresponding PESs. For the sake of
clarity, from this point forward the used levels of theory B3LYP/
6-311++G(d,p), MO06/6-311++G(d,p), MO06/6-311++G(d,p)//B3LYP/
6-311++G(d,p) and MP2/6-311++G(d,p)//B3LYP/6-311++G(d,p) will
be indicated as B3LYP, M06, M06SP, and MP2SP, respectively.

Results and discussion

Electrospraying a 1 mM solution of carnosine on a 1:1 (v/v)
water-methanol solution generated the mass spectra shown
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and assigned in Fig. 1 (see panel A). The MS> spectra of
[carnosine + H]', for which the potential energy surfaces were
extensively studied and found to be relatively flat containing
several low energy structures,”’ are shown in Fig. 1 (see panel
B). Collision-induced dissociation experiments are shown to
yield eleven different fragment ions as shown in Fig. 1 (see
panel B) and Fig. 2. It is important to note that the results
shown in Fig. 1 and 2 were produced by two different mass
spectrometers operated with two different collision gases and
not under single collision conditions. Thus even at the same
values of Ej,, no direct comparison of ion intensities between
the two figures is possible. Although many pathways leading to
the formation of such fragments were examined, only those
at lower energies are reported here. Relative gas-phase free
energies of minima and transition states are calculated with
respect to the most stable conformer of [carnosine + H]", 227,
shown in Fig. 3 and 4, which has also been previously reported
as the lowest energy species of protonated carnosine'”?"®
obtained by protonation at the pros imidazole nitrogen of the
imidazole ring of the histidine residue and containing two
pseudo rings. The first is a pseudo eight membered ring due
to the formation of a hydrogen bond between the hydrogen
atom of the protonated pros imidazole nitrogen and the amide
carbonyl oxygen atom. The second of such pseudo rings is
formed by the formation of a hydrogen bond between the
hydrogen atom of the amide nitrogen and the nitrogen atom
of the amino group. The outcomes of all the employed levels
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Fig.1 Panel A, full scan MS spectrum of a 1 mM carnosine in a (1:1) (v/v) water/methanol solution without allowing for incubation time. Panel B,
MS? spectrum of the ion [carnosine + H]* generated at 25 eV in the lab frame. Both mass spectra were generated by an LTQ linear ion trap using helium

as a collision gas as described in the Instrumental section.

This journal is © the Owner Societies 2015

Phys. Chem. Chem. Phys., 2015, 17, 12673-12682 | 12675


http://dx.doi.org/10.1039/c5cp00958h

Published on 09 April 2015. Downloaded by University of Calabria on 15/02/2017 15:45:41.

Paper

100 4 .
[Camosine + H]

90 4
80

70 4

[Histidine - ,O - CQ +H]
60 -

Ton % Abundance

[Camosine - NH, +H]

[Carnosine - NH, +H]

[Histidine - 11,0 + H]

[Camosine - H,O - CO +H]
[Camosine - NH, - H,0 - CO+ H]'

Ton % Abundance

0 2 4 6 8 10 12 14 16 18 20 22 24 26 2 30

Energy (eV, Elab)

Fig. 2 Energy-resolved collision induced dissociation curves of
[carnosine + HI* as obtained on the Aquity TQ tandem mass spectrometer
employing argon as a collision gas as described in the Instrumental section.
Y-axis is (ion abundance)/(total ion abundance) expressed as a percentage.
Panel A shows the full curve, while panel B shows an expanded view for
clarity. Only ions attaining relative intensities above 2.5% are labelled.
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Fig. 3 B3LYP free energy profile for the fragmentation of [carnosine + H]*
to give the ion at m/z 180 and its precursor at m/z 198. Relative free
energies at 298 K are in kcal mol ™ and calculated with respect to the most
stable conformer, 227, of protonated carnosine. M06, MO6SP and MP2SP
values are reported in italics, brackets and square brackets, respectively.

of theory, that is B3LYP, M06, M06SP and MP2SP, are reported
and discussed.

Many of the fragment ions observed in the MS” spectra shown
in Fig. 1 (see panel B) were previously reported.””'® The MS>
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spectra of [carnosine-d; + D]" in which carnosine has all its
labile hydrogen atoms exchanged with deuterium atoms are
shown in Fig. S1 of the ESL{

[Carnosine-CH,NH + H]J"

The ion at m/z 198 shown in panel B of Fig. 1, which is labeled
[carnosine-CH,NH + H]', is shown to be formed from the most
stable conformer of [carnosine + H]', 227, through the transi-
tion state TS,,;_,19g With an associated barrier of 49.7, 52.3,
64.0 and 62.0 kcal mol™" calculated at the B3LYP, M06, M0O6SP
and MP2SP levels, respectively, as shown in Fig. 3. Schematic
representations and optimised structures at the B3LYP level of
all involved species are shown in Fig. 4 and Fig. S2 in the ESIL,{
respectively. This ion is shown to correspond to the signals
at m/z 203 and 204 at a ratio of 4:1 in the CID spectrum of
the deuterium-incorporated complex shown in Fig. S1 (ESIY).
This indicates that the loss of a single deuterium atom most
likely on the nitrogen atom of the eliminated CH,ND to be
the dominant pathway but that evidence of gas phase H/D
exchange prior to the elimination reaction is observed.

[Carnosine-CH,NH-H,0 + HJ"

The subsequent elimination of H,O from the ion [carnosine-
CH,NH + H]" to produce [carnosine-CH,NH-H,O0 + H]', which
is observed at m/z 180 in Fig. 1, corresponds to a signal cluster
at m/z 183, 184, 185 and 186 in the CID spectrum of the
deuterium-incorporated complex shown in Fig. S1 (ESIt). This
cluster indicates the loss of up to three deuterium atoms most
likely due to the elimination of CH,ND and D,O as consistent
with the proposed fragmentation pathway. The presence of
such a signal cluster is also an indication of a significant H/D
gas phase scrambling prior to the elimination reaction observed.
This partial H/D gas phase scrambling has been previously
reported in the CID of protonated and metal ion bound-aromatic
amino acids including histidine and tryptophan.>>**** Mechan-
isms rationalising this observed H/D scrambling were reported*>
in which it is assumed that the forward and reverse rates of each
of the steps are fast, an assumption that is reasonable as hydride
transfers typically have fast reaction rates.”® The proposed frag-
mentation pathway to produce [carnosine-CH,NH-H,O + H]J" is
shown in Fig. 3 to go through a transition state calculated to be at
51.0, 56.2, 65.7 and 55.4 kcal mol " at the B3LYP, M06, M0O6SP
and MP2SP levels relative to structure 227, respectively. It is
important to note that for three of the used computational proto-
cols, the second transition state shown in Fig. 3 is calculated to be
very slightly higher in energy than the first transition state shown
in the figure. This energy difference where TS;95_,150 iS sShown to
be higher than TS,,; ,1¢g is calculated to be at a maximum of
3.9 keal mol * at the M06SP level, while at the MP2SP level the order
is shown to be reversed with TS;05_, 150 being lower by 6.6 keal mol .
This may consequently explain the relatively low abundance
observed for the ion [carnosine-CH,NH + H]'.

[Carnosine-NH; + H]

The CID curve shown in Fig. 2 reveals that the loss of the NH;
pathway to produce the ion at m/z 210 from the precursor
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[carnosine + H]" at m/z 227 as shown in Fig. 1 is among the
lowest energy processes. The CID spectrum of the deuterium-
incorporated complex shown in Fig. S1 (ESIT) indicates the loss
of ND3;, NHD, and NH,D to be evident at an approximate ratio
of 5:4:1. This significant H/D scrambling prior to the elimina-
tion of NH; was previously reported in metal ion containing
and protonated amino acids.>>** The calculated energy profile
for this reaction is shown in Fig. 5, and the corresponding
schematic representations and optimised structures at the B3LYP
level of all involved species are shown in Fig. 6 and Fig. S3 in the
ESI, T respectively. The loss of NH; from [carnosine + H]" to form
[carnosine-NH; + H|" observed at m/z 210 in Fig. 1 is shown to go
through the transition state TS,,;_210 in which the hydrogen
bond between the hydrogen atom of the amide nitrogen and the
nitrogen atom of the neutral amino group of structure 227 is no
longer present and a 1,3-hydride shift to the terminal amino
nitrogen takes place. This transition state TS,,7_,210 leads to the
release of NH; and the formation of an ion molecule adduct as
shown in structure 210 in Fig. 6 and Fig. S3 (ESIt), in which the

This journal is © the Owner Societies 2015

remaining ion forms a hydrogen bond with the newly liberated
NH; molecule through the hydrogen of the amide atom. This
rather long and weak hydrogen bonding interactions, at 1.977 and
1.937 A as optimized at the B3LYP and MO06 levels, respectively,
are then very easily broken to produce the ion observed at m/z 210.
The production of this ion is shown to be among the lowest
processes calculated here, requiring an activation barrier of
47.1 keal mol ™', at the B3LYP level, calculated with respect to the
lowest energy form of protonated carnosine, as shown in Fig. 5.
This same energy barrier is calculated to be 44.8, 57.5 and
53.7 keal mol ™" at the M06, MO6SP and MP2SP levels respectively.

All efforts to locate a ‘loose’ transition state for the direct
removal of NH; from structure 227 in Fig. 6 and Fig. S3 (ESIf)
resulted in a concerted transition state for the simultaneous
shifting of two hydrogen atoms - the first from the amide
nitrogen to the terminal amino nitrogen, forming the NH;
group which is subsequently lost as a neutral fragment, while
the second being one of the two hydrogen atoms on the CH,
group adjacent to the CO shifting to the amide nitrogen atom.
This step was calculated at the B3LYP level of theory to have a
barrier of 72.1 kcal mol ™" relative to structure 227 of Fig. 6 and
Fig. S3 (ESIt). The second step in this pathway is the removal of
NH; involving a subsequent transition state which was calcu-
lated to have a barrier of 37.3 kcal mol ™! relative to structure
227 of Fig. 6 and Fig. S3 (ESIt). This process detailed here is
shown in Fig. S5 (ESIt) and is calculated to be less viable than
the one previously described in Fig. 5 and 6 for the loss of NH;.

[Carnosine-NH;-H,0 + H]"

The subsequent loss of H,O from the ion [carnosine-NH; + H]"
observed at m/z 210 in Fig. 1 is shown in Fig. 5 to occur by
overcoming the transition state TS;10- 192 SChematically shown
in Fig. 6 and Fig. S3 (ESIt), in which the backbone of the
dipeptide is rearranged to allow for the carbonyl oxygen atom of
the -COOH group to abstract the hydrogen atom from the pros
nitrogen of the imidazole ring which in turn allows for the
elimination of H,O and the formation of a bond between
the carbon atom of the remaining carbonyl group and the
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Fig. 6 Proposed mechanism for the collision induced fragmentation of [carnosine + H]* to produce the fragments observed at m/z 210, 192 and 164.

pros nitrogen of the imidazole ring resulting in the formation of
a five-member ring within the ion [carnosine-NH;-H,0 + H]"
which is observed at m/z 192. The corresponding signal cluster
for this ion in the CID spectrum of the deuterium-incorporated
complex shown in Fig. S1 (ESIt) indicates the loss of one, two,
three, four or five deuterium atoms at a ratio of 1:6:10:3:2
which is consistent with the mechanism proposed here. The
transition state TS,10_.192 for this process is calculated to be
only very slightly higher in energy than the transition state
TS5 210 Tesponsible for the generation of the ion [carnosine-
NH; + H]" at m/z 210.

[Carnosine-NH;-H,0-CO + H[

The subsequent loss of CO from the ion [carnosine-NH;-H,0 +
H]" produces the ion [carnosine-NH;-H,0-CO + H]" observed
at m/z 164 in Fig. 1. This process in which the CO moiety in the
five-member ring of the ion [carnosine-NH;-H,O + H]' is
eliminated, as it is shown in Fig. 5 and 6, to produce the
structure 164 going through the transition state TSi95_ 164 iS
calculated to be at 50.3 keal mol " at the B3LYP level relative to

12678 | Phys. Chem. Chem. Phys., 2015, 17, 12673-12682

structure 227, this value increases to 61.0, 70.0 and 59.5 at the
MO06, M06SP and MP2 levels respectively.

[Carnosine-H,0 + H]" and [carnosine-H,0-CO + H]"

The ion at m/z 209 shown in panel B of Fig. 1 is shown in Fig. 7
to be produced initially at relatively low collision energies;
however, it does not attain any significant relative abundance.
This ion was assigned to be due to the loss of H,O from
the precursor [carnosine + H|" at m/z 227 shown in Fig. 1, the
corresponding signal for this ion in the CID spectrum of the
deuterium-incorporated complex shown in Fig. S1 (ESIt) is
observed at m/z 213 and 214 indicating the loss of D,O and
HOD respectively. This ion is proposed to be formed by over-
coming the barrier relative to the transition state TS;z7_ 200
shown in Fig. 7 in which a very similar rearrangement to the
transition state TS,;¢_, 19 iS Observed where H,O is eliminated
from [carnosine-NH; + H]'. Here, however, the resulting ion
[carnosine-H,O + H]' is observed at m/z 209 as shown in Fig. 1
and the barrier for the corresponding transition state was
calculated to be 43.0, 42.0, 52.0 and 43.2 kcal mol™' at the
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Fig. 7 B3LYP free energy profile for the fragmentation of [carnosine + H]*
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stable conformer, 227, of protonated carnosine. M06, MO6SP and MP2SP
values are reported in italics, brackets and square brackets, respectively.

B3LYP, M06, M06SP and MP2 levels, respectively, which is in
line with our experimental observation of the formation of the
ion at m/z 209 being a relatively low energy process.

The subsequent neutral loss of CH,NH from the resulting
ion [carnosine-H,0 + H]" at m/z 209 is shown to proceed via
a C-C bond cleavage and a hydride transfer of one of the
hydrogens on the terminal amino nitrogen atom to a carbonyl
oxygen atom on the peptide to produce the observed ion
[carnosine-H,O-CH,NH + H]|" at m/z 180 and the neutral
fragment CH,NH as shown in Fig. 6 and Fig. S3 (ESI{). While
this process may be consistent with the signal cluster at around
m/z 184 in the CID spectrum of the deuterium-incorporated
complex shown in Fig. S1 (ESIt), this pathway proceeds through
the transition state TS99, 1808 Shown in Fig. 7, which is calcu-
lated to be 63.6, 70.5, 72.6 and 73.3 kcal mol™! as calculated at
the B3LYP, M06, MO6SP and MP2 levels, respectively with respect
to structure 227 to produce structure 180B shown in Fig. 6, Fig. S3
(ESIT) and Fig. 7. This is compared to the favoured production
route of structure 180 via the pathway shown in Fig. 3 which
proceeds through the transition state TS;e5_.1g0 calculated at
51.0, 56.2, 65.7 and 55.4 kcal mol ™" for the same levels of theory
respectively.

The loss of CO from the ion [carnosine-H,0 + H]" at m/z 209
produces the ion [carnosine-H,0-CO + H]" which is observed
at m/z 181 in Fig. 1, and the corresponding signals at m/z 185
and 186 in the CID spectrum of the deuterium-incorporated
complex shown in Fig. S1 (ESIt) are consistent with the loss of
D,O and HOD respectively. The barrier for this process was not
reported here, however, the barrier to the formation of the ion
[carnosine-H,0-CO + H]" directly from [carnosine + H]|" was
calculated to be 58.6 kcal mol " at the B3LYP level.

[Histidine + HJ", [histidine-H,O0 + H]" and [histidine-H,0-CO + H]"

The last three ions observed at m/z values of 156, 138 and 110
as shown in panel B of Fig. 1 are labeled [histidine + HJ',
[histidine-H,O0 + H]" and [histidine-H,0-CO + H]" respectively.
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The formation of [histidine + H]" observed at m/z 156 through
the loss of CH(O)CH,CHNH from [carnosine + H]" is consistent
with the ion cluster at around m/z 161 in the CID spectrum of
the deuterium-incorporated complex shown in Fig. S1 (ESIf)
corresponding to the loss of two, one or none of the deuterium
atoms from the precursor ion [carnosine-ds + D]" at a ratio of
2:6:1. This is consistent with the pathway for the formation of
this ion proposed here as shown in Fig. 8 and 9 as well as
Fig. S4 in the ESL,T to initially involve two rearrangement steps
of the precursor ion [carnosine + H]". The first of these rearrange-
ment steps goes through the transition state TS,;;. 2278
and is calculated to require 57.7 kcal mol~' when the B3LYP
protocol is used, relative to structure 227. This barrier is, in
fact, calculated to be significantly higher in energy than that
needed for the eventual formation of the ion [histidine + H]"
observed at m/z 156 in Fig. 1 panel B as shown in structure 156
in Fig. 8 and 9 from the rearranged form of the ion [carnosine +
H]" in structure 227C. The corresponding transition state for
this process TS,,7¢ - 156 i calculated at the B3LYP, M06, MO6SP
and MP2SP levels to be 36.0, 38.3, 37.9 and 36.6 kcal mol™*
relative to structure 227 respectively. In turn, the loss of H,O
from [histidine + H]" to produce [histidine-H,0 + H]" as
observed at m/z 138 in Fig. 1 panel B and at m/z 141 and 142
in the CID spectrum of the deuterium-incorporated complex
shown in Fig. S1 (ESIY) corresponding to the retention of 3 and
4 deuterium atoms, respectively, is observed to go through the
transition state TS;s6_.13s calculated at 64.9, 70.5, 81.6 and
72.8 kecal mol™", respectively, at the same levels of theory.
Finally, the subsequent loss of CO from [histidine-H,O + H]"
to produce the smallest observed ion [histidine-H,0-CO + H]"
at m/z 110 in Fig. 1 panel B and at m/z 113 and 114 in the CID
spectrum of the deuterium-incorporated complex shown in
Fig. S1 (ESIt) again corresponding to the retention of 3 and 4
deuterium atoms, respectively, is shown to involve a transition
state at 62.1, 72.4, 80.4 and 72.7 kcal mol™" for B3LYP, M06,
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MO6SP and MP2SP, respectively, relative to structure 227 which
is 19.3, 14.5, 23.1 and 17.9 kcal mol * lower than the barrier
needed to produce its precursor. This may explain the observa-
tions presented in the collision induced dissociation curve
of Fig. 2 in which the ion [histidine-H,O + H]" at m/z 138 is
shown not to attain any significant abundance, while the ions
[histidine + H]" and [histidine-H,0-CO + H]" at m/z values of 156
and 110, respectively, reach significant relative abundances.

The results of the computational analysis of the fragmenta-
tion pathways reported here show that all the adopted compu-
tational protocols are able to reproduce and rationalize the
experimental evidence and give comparable energetic trends.
However, the description of the calculated energy profiles in
terms of relative energies of the intercepted stationary points,
calculated with respect to the reference energy of structure 227,
appears to be significantly different when single point calcula-
tions are carried out on previously optimized geometries with
the risk that the main features of the fragmentation PESs might
not be captured.

12680 | Phys. Chem. Chem. Phys., 2015, 17, 12673-12682

Conclusions

Collision-induced dissociation experiments on protonated
carnosine, [carnosine + H]', with several collision energies were
shown to yield eleven different fragment ions with the product
ions [carnosine-H,0 + H]|" and [carnosine-NH; + H]" to be the
lowest energy processes. The MS> spectra of [carnosine-d; + D]"
in which carnosine has all its labile hydrogen atoms exchanged
with deuterium atoms provided some insights into the CID
mechanisms although a significant gas phase H/D scrambling
prior to fragmentation was evident. The outcomes of the present
combined theoretical and experimental investigation of the
fragmentation pathways show that the lowest energy species
for protonated carnosine found here is the same as that pre-
viously proposed.’”*'”® The adopted computational protocols
give comparable energetic trends and are all able to elucidate
the fragmentation mechanisms, which account for all experi-
mental data. However, when single point M06 and MP2 calcula-
tions on previously optimized B3LYP structures are carried out,
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the description of the energy profiles in some regions was
significantly different.
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Ida Ritacco,? Eslam M. Moustafa,® Emilia Sicilia,® Nino Russo? and Tamer Shoeib*®¢

Collision-induced dissociation (CID) experiments on the protonated carnosine-oxaliplatin complex,
[Carnosine + OxPt + H]™ using several collision energies were shown to yield nine different fragment ions.
Energy-resolved CID experiments on [Carnosine + OxPt + H]" showed that the generation of the product
ion [Carnosine — H + Pt(dach)* (where dach is 1,2-diaminocyclohexane) is the lowest energy process. At
slightly higher collision energies, the loss of neutral carnosine from [Carnosine + OxPt + HI* to produce
[OxPt + HI* was observed, followed by the loss of oxaliplatin from the same precursor ion to produce
[Carnosine + HI*. At significantly higher energies, the ion [OxPt — CO, + HI]™ was shown to be
formed, while the last two investigated ions [Carnosine + OxPt — CO, + H]* and [Carnosine — NHz — H +
Pt(dach)]* did not attain any significant relative abundance. Density functional calculations at the B3LYP/
LANL2DZ level were employed to probe the fragmentation mechanisms that account for all experimental
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data. The lowest free energy barriers for the generation of each of the ions [Carnosine — H + Pt(dach)]*,
[OxPt + H]*, [Carnosine + HI*, [Carnosine + OxPt — CO, + H]* and [Carnosine — NHz — H + Pt(dach)]*
from [Carnosine + OxPt + H]* according to the fragmentation mechanisms offered here were calculated
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Introduction

The endogenous dipeptide 1-carnosine (p-alanyl-i-histidine)' ™
is found in different organs such as the stomach and kidney,
and also at elevated levels in skeletal and cardiac muscles as
well as in brain tissue in the olfactory bulb and hippo-
campus.”® Owing to its water solubility, carnosine levels are
found to be particularly elevated in the cytosolic cellular frac-
tions.® Since its discovery, there have been many investigations
on its biological functions. It is presently known, for example,
that carnosine is able to interact with aldehydes generated
inside the body as a result of glycation reactions, which occur
between reducing sugar and different body proteins.”” This
helps in protecting body proteins, giving carnosine its anti-
glycating effect,””® which in turn can help in minimizing the
effects of some diseases such as diabetes and Alzheimer’s."
Carnosine also has significant anti-inflammatory, antihyper-
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to be 31.9, 38.8, 49.3, 75.2, and 85.6 kcal mol™, respectively.

tensive, anti-aging, neurological and wound healing effects,"*
in addition to possessing unique antioxidant properties, due
to its ability to interact with highly reactive species such as
hydroxyl, super oxide and molecular oxygen free radicals,
especially in the water rich environment inside the body.
These antioxidant properties are prominent in the ability of
carnosine to hinder lipid peroxidation, which helps in preser-
ving the integrity of body membranes. Carnosine is also
known for its buffering capability, being able to buffer the
increased acidity generated by lactic acid formation inside
muscle tissue during muscle stress.'” It is also reported that
carnosine can act as an effective heavy metal ion chelator and
is able to interact with the circulating metals ions within the
body such as iron, calcium, metal containing enzymes and
especially copper and zinc.'® These metal chelating properties
make carnosine an effective agent in the prevention and
partial reversal of cataracts'* and in the treatment of Wilson’s
disease'® and Alzheimer’s disease. The ability of carnosine to
bind Zn>* has been found to help modulate neuronal excit-
ability by preventing the Zn>" inhibition of neurotransmitter
receptors.’® In fact, polaprezinc, a commercially available
carnosine-zinc(n) drug complex is marketed for its effective anti-
ulcer properties and the ability to improve gastric health.'”™*°
Additionally, it has been shown that carnosine acts as a
neuroprotector’>?*' and can retard tumour growth in mouse
models.*> More recently, it has been reported that carnosine
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can prevent cell proliferation in colon cancer cells.”***
However, it has also been shown that carnosine may be
involved in complexation with and sequestering of platinum
anti-cancer drugs. Specifically, in vitro studies on hepatocellu-
lar carcinoma HepG2 cells have shown that carnosine may
inhibit the cytotoxic action of the third generation chemothera-
peutic drug, oxaliplatin, most likely through the formation of
complexes that are less cytotoxic than oxaliplatin alone.>?

Mass spectrometry has proven to be an invaluable tech-
nique in studying the interactions between anticancer plati-
num containing metallodrugs and biomolecules, including
DNA, proteins and peptides on a molecular level (for recent
reviews, see ref. 26 and 27). This is especially important as an
understanding of these interactions allows for a better
informed design of future drugs. Studies of anticancer plati-
num metallodrugs interactions with DNA have been most
prevalent as DNA is considered to be the ultimate pharmaco-
logical target for such drugs.”®° However, recently other
targets such as proteins and peptides that often play a role in
the toxicological profile of platinum anticancer drugs have
been considered. Recent examples include the successful use
of Fourier transform ion cyclotron resonance mass spectro-
metry (FT-ICR-MS) with electron capture detection (ECD) to
identify the binding sites of cisplatin to several proteins and
peptides.’” In this study, side chain losses from the charge-
reduced platinum species provided characteristic indicators
for the localization of the Pt-binding sites to certain amino
acid residues.’” In other studies, inductively coupled plasma
mass spectrometry (ICP-MS) was employed in the study of cis-
platin binding to the model protein cytochrome C which is a
relatively small and well-characterized protein®* as well as to
plasma proteins being among the major metabolic pathways
of this metallodrug.>® Coupling capillary electrophoresis to
ICP-MS, on the other hand, allowed for the examination of the
interactions of different candidate platinum anticancer drugs
with human serum albumin (HSA), including measurements
of the kinetics of binding and the determination of the
number of drug molecules attached to HSA.*>* A similar study
where the identification of products formed upon the binding
of cisplatin, carboplatin and oxaliplatin with proteins like
B-lactoglobulin, HSA and haemoglobin was examined by
employing liquid chromatography electrospray ionization time
of flight mass spectrometry (LC-ESI-TOF-MS).>® Finally, electro-
spray ionization with tandem mass spectrometry (ESI-MS/MS)
was employed to provide structural information and examine
the dissociation pathways for the main reaction products of
cisplatin with several sulphur containing peptides.*®

Specifically, a study on the interactions of oxaliplatin with
carnosine as well as two of its derivatives, f-alanyl-N-methyl-
histidine (anserine) and N-acetylcarnosine (NAC) was recently
reported, which employed various mass spectrometric tech-
niques utilizing electrospray ionization and chip nanospray.>®
In this study, a detailed characterization of the protonated
complexes of oxaliplatin with each of the three dipeptide
ligands as well as their collision induced fragments was pre-
sented.”® In the present paper, an analysis of the potential
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energy surfaces (PESs) for the gas phase dissociation of the
protonated carnosine-oxaliplatin complex is presented. A com-
parison between the calculated potential energy surfaces of the
dissociation process and the energy resolved collision induced
dissociation of the protonated carnosine-oxaliplatin complex is
also reported.

Instrumentation

A tandem quadrupole mass spectrometer, an Acquity TQ
(Waters, MA, USA) equipped with an electrospray ionisation
interface was used in this work. The instrument was operated
in the positive ion mode, with the typical values of the
cone and extractor voltages set to 30 and 3 respectively. The
capillary voltage was optimised day to day for maximum signal
transmission and spray stability, the optimised range was typi-
cally 2200-2500 volts. The de-solvation gas was usually set at a
flow of 250 L h™" and a temperature of 150 °C. Argon was used
as the collision gas at a typical flow rate of 0.15 mL min™".
TIons sampled from the electrospray suffered many collisions
in an attempt to achieve effective thermalization in the lens
region, which were from the orifice/skimmer to the first r.f.
only quadrupole. The bias potential in this lens region was set
up to strike a compromise between signal transmission and
minimal collisional heating. The precursor ions underwent mul-
tiple collisions with argon to produce the tandem mass spectra
obtained at collision energies in the range of 0-25 eV in the lab
frame, which has both Q1 and Q3 operating at unit resolution
with a typical dwell time of 25 milliseconds per transition.

Reagents

Carnosine, HPLC-grade water and methanol were all pur-
chased from Sigma-Aldrich, UK while oxaliplatin was obtained
from Sanofi-Synthelabo Limited, UK.

Computational methods

Geometry optimizations without symmetry constraints as well
as frequency calculations for all the reactants, intermediates,
products and transition states were performed at the Density
Functional level of theory by using the hybrid exchange-corre-
lation B3LYP functional’’° as implemented in the GAUS-
SIAN03*! code. For all the atoms, the LANL2DZ**™** basis sets
were employed. The recent successful use of the LANL2DZ
basis set has been proven by the calculation of both the struc-
tural details of gold based drug complexes with cysteine and
selenocysteine® and the geometrical features and thermo-
dynamic properties of Cd>* complexes with GSH.*® The same
basis set was used to gain insight into the decomposition
pathways of the photo-activated Pt containing anticancer com-
plexes?” and to obtain excellent agreement with the experi-
mental Raman and IR data of Pt-carboplatin complexes.*® The
use of the B3LYP/LANL2DZ computational protocol in investi-
gating transition metals containing compounds is well
established.”>®" In fact, it was recently used to successfully
investigate the structures of the anti-arthritic drug, auranofin
and its complexes with cysteine;*® to model CO adsorption on
Pt nanoclusters;°> to obtain structural information and

This journal is © The Royal Society of Chemistry 2015
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binding energies for the complexation of cis- and trans-
Pt(NH,),Cl" to guanine;®” to investigate monomeric complexes
between cisplatin and glutathione;** to obtain excellent agree-
ment with the X-ray data for cisplatin analogues® and oxali-
platin analogues;®® as well as to examine the mechanism of the
Pt and Pd catalysed coupling and cyclopropanation reactions
between olefins.®® Most recently, this level of theory was used
to study the interactions of the anti-cancer Pt containing drug
oxaliplatin with each of the cytoplasmic thiol containing tri-
peptide ligands y-1-glutamyl-i-cysteinyl-glycine (GSH)®” as well
as the biologically active $-alanine-i-histidine dipeptide carno-
sine.?® In another recent study, this level of theory has been
employed to study the binding modes and binding energies of
carnosine to various biologically relevant metal cations as well
as to some Pt based anticancer drugs. The Pt binding energy
to carnosine was calculated in that study via seven different
levels of theory being B3P86/LANL2DZ, B3PW91/LANL2DZ,
B3LYP/SDD, B3P86/SDD, B3PW91/SDD, B3LYP/LANL2DZ//
6-31G(d) and M06/SDD//6-311G(d,p). It was determined that
all the values obtained for the Pt binding energies with the
exception of those obtained using B3P86/SDD exhibited rela-
tively small deviation.®® In addition, the bond dissociation
energy of the Pt'-CH, bond was also calculated at five
different levels of theory, and the results were shown to exhibit

View Article Online
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very small variations.®® Importantly, all the results were, with
the exception of the value calculated at the B3P86/LANL2DZ
level of theory, shown to be within 2.3 kcal mol™" of the experi-
mentally determined value.®®®°

For each optimized stationary point, vibrational analysis
was performed to establish its nature either as a minimum (no
imaginary frequencies) or a first order saddle point (one ima-
ginary frequency). The vibrational mode associated to the ima-
ginary frequency of each intercepted transition state was shown
to correspond to the correct movement of the involved atoms.
In addition, the intrinsic reaction coordinate (IRC)’*’* method
was used to show that each located transition state is properly
connected to its respective reactants and products along the
imaginary mode of vibration. The calculated total electronic
energies, zero-point energies, thermal corrections and entropies
for all the stationary points are given in ESI Tables S1-S4.F

Results and discussion

The electrospraying of a 2:1 mM solution mixture of carno-
sine with oxaliplatin in 1:1 (v/v) water-methanol solvent
system generated the mass spectra shown and assigned in
the top panel of Fig. 1. The mass selection and subsequent
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Fig. 1 Top panel, full scan MS spectrum of a (2 : 1) molar mixture of Carnosine and OxPt in a (1:1) (v/v) water—methanol solution without allowing
for incubation time. The signals assigned as [OxPt + H]* and [Carnosine + OxPt + H]* are each expanded and normalized to 100% in inserts A and B
respectively for clarity. Bottom panel, MS? spectrum of the ion [Carnosine + OxPt + H]* generated at 25 eV in the lab frame. Sub-panels C, D and E

show the CID patterns obtained due to the isotopes **Pt, 1°>Pt and 1°°pt
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collision induced dissociation (CID) of the ion [Carnosine +
OxPt + HJ resulted in the MS? spectra shown in the bottom panel
of Fig. 1. Performing the CID experiments on the [Carnosine +
OxPt + H]" containing the three most abundant isotopes of
platinum *°*Pt, *°°Pt and '°°Pt confirms that there is no differ-
ence in the fragmentation pathways among the three platinum
isotopes, but significantly allows for a quick identification of
the product ions that contain the platinum metal. The product
ions labelled in Fig. 1 and their precursor ions [Carnosine +

View Article Online
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OxPt + H]" were all previously reported and identified.>> The
energy-resolved CID spectra shown in Fig. 2 reveals that [Car-
nosine + OxPt + H]" initially loses the elements of HOC,0,0H
to produce the ion [Carnosine — H + Pt(dach)]" as the lowest
energy process. The neutral species lost in this case, which
constitutes the elements of HOC,0,0H, may be lost as one
molecule or as a combination of CO, and HCOOH or CO,, H,O
and CO. At slightly higher collision energies, the loss of
neutral carnosine from [Carnosine + OxPt + H]" to produce
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Fig. 2 Energy-resolved collision induced dissociation curves of [Carnosine + OxPt + HI*. Y-axes are (ion abundance)/(total ion abundance)
expressed as a percentage, m/z values refer to the complexes containing *°°Pt. panel A shows the full curve, while panel B shows an expanded view

for clarity.
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[OxPt + H]' can be observed followed by the loss of oxaliplatin
from the same precursor ion to produce [Carnosine + H]'. It is
interesting to note that even at the highest collision energies
employed here, no evidence of declining relative abundances
of these three fragment ions were observed, and in fact in all
three cases, no clear maximum was reached. This indicates
that subsequent fragmentation reactions of these three
product ions, due to tertiary collisions, may be considered to
have a minimum contribution to the observed overall fragmen-
tation pattern. At significantly higher energies, however, the
ion [OxPt — CO, + H]" is shown to be initially formed, reaching
a modest 9% relative abundance while its most likely precursor
[Carnosine + OxPt — CO, + H]" as well as the last ion observed
[Carnosine — NH; — H + Pt(dach)]" were shown to not attain
any significant relative abundance.

Fragmentation mechanism 1

Two mechanisms are presented for the loss of CO, from [car-
nosine + OxPt + H|" (see Fig. 3 and 4 as well as Scheme 1). In

Fragmentation Mechanism 1
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Fig. 3 Potential energy surface for the fragmentation of the protonated
carnosine-oxaliplatin complex, ion 1A. Structure labels are in bold, top
numbers are in kcal mol™ while bottom numbers in parentheses are in
kJ mol™.
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Fig. 4 Potential energy surface for the fragmentation of the protonated
carnosine-oxaliplatin complex, ion 1A. Structure labels are in bold, top
numbers are in kcal mol™ while bottom numbers in parentheses are in
kJ mol™.
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both the mechanisms, the initial starting point is the precur-
sor ion [carnosine + OxPt + H]" in its lowest gas phase confor-
mation, structure 1A as shown in Fig. 7-9 and Schemes 1-3.
This conformer of the protonated carnosine-oxaliplatin
complex was previously shown to be the global minimum on
this potential energy surface.>® Structure 1A involves Pt coordi-
nation to the pros nitrogen atom of the histidine ring of carno-
sine and formal protonation of one of the carbonyl oxygen
atoms of the oxalate moiety of oxaliplatin. This protonation
arrangement results in a strong hydrogen bond with the term-
inal amino nitrogen of carnosine as demonstrated by a 1.315 A
bond length, see Fig. 7-9. The Pt coordination on the pros
nitrogen atom of the histidine ring of carnosine is consistent
with an earlier study examining the silver ion binding energies
of all 20 a-amino acids, which showed that histidine had the
third highest silver ion binding energy being lower than that
of arginine and only slightly lower than that of lysine.®® The
lowest energy conformer of the Ag'-histidine complex in that
study also showed Pt-coordination to the pros nitrogen atoms
of the histidine ring.*° Structure 1A, as shown in Fig. 7-9 and
Schemes 1-3, is stabilised by three strong hydrogen bonds, in
addition to the one to the terminal amino nitrogen of the car-
nosine dipeptides. The number and, more importantly, the
strength of these hydrogen bonds, with the longest being
1.886 A, make structure 1A a relatively rigid conformer. This is
evident from the fact that structure 1A was calculated to have
the lowest entropy value of all the conformers of [carnosine +
OxPt + H]|" (see Tables S1-S47). This is in line with a previous
study that showed that structure 1A had the second lowest
calculated entropy value of twenty five conformers of this
complex.”

The initial step in the first path proposed for the loss of
CO, to produce the ion [Carnosine + OxPt — CO, + H]" is
shown in Fig. 3 and 7 as well as Scheme 1, involving the break-
ing of the hydrogen bond to the terminal amino nitrogen
atom of the carnosine dipeptide and migration of the proton
from its initial position on one of the carbonyl oxygen atoms
to the other carbonyl atom, both of the oxalate moiety of oxali-
platin (see TS(a—1p) in Fig. 7 and Scheme 1). The concerted
hydrogen bond breaking and hydrogen migration result in the
corresponding transition state TS;;5—1g) to be 48.3 kcal mol™*
higher in free energy relative to 1A. This transition state leads
to the formation of the minimum structure 1B (see Fig. 7 and
Scheme 1), which is 8.7 kcal mol™" higher in free energy rela-
tive to 1A, and shows the retention of three of the hydrogen
bonds shown in 1A while no evidence of hydrogen bonding to
the terminal amino nitrogen atom is observed. The hydrogen
atom is now, in fact, fully migrated to the other carbonyl
oxygen atom of the oxalate moiety. A simple rearrangement via
the rotation of the resulting OH group produces the transition
state TS(;g—1c) shown in Fig. 7 and Scheme 1, which is calcu-
lated to be 20 kcal mol™" higher in energy with respect to 1A.
This transition state in turn leads to the minimum structure
1C (see Fig. 3 and 7 as well as Scheme 1) in which the OH
group is rotated. The highest barrier to CO, elimination in this
mechanism results from the subsequent transition state
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Scheme 1 Proposed mechanism 1 for the collision induced fragmentation of [Carnosine + Oxaliplatin + H]*.

TS(1c—24) (See Fig. 3 and 7 as well as Scheme 1), which involves
the breakage of the C-C bond of the oxalate moiety and the
migration of the “inside” proton of the OH group of the
oxalate from the oxygen atom to the carbon atom of the newly
formed HCOO group. This transition state which involves the
simultaneous breaking of two bonds and the formation of a
new one is not surprisingly high in energy, and presents a

4460 | Dalton Trans., 2015, 44, 4455-4467

barrier of 71.2 keal mol™" relative to its associated starting
minimum structure 1C. This transition state leads to the
minimum structure 2A, Fig. 7, in which the newly formed
HCOO group is attached to the Pt centre through a carbonyl
oxygen atom, and the CO, molecule is now formally elimi-
nated. The released CO, molecule is shown in Fig. 7 and
Scheme 1 to be held to the amidic hydrogen atom of structure

This journal is © The Royal Society of Chemistry 2015
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2A by a relatively weak hydrogen bond, with a bond length of
1.967 A. Removing the eliminated CO, molecule and allowing
simple rotations about the single bonds produces conformer
2B of the ion [Carnosine + OxPt — CO, + H|", which in combi-
nation with CO, is 8.2 kcal mol™ lower in free energy relative
to 2A. Structure 2B is shown to be connected to the transition
state TSz_3a) in which the Pt-carbonyl oxygen atom bond is
broken. This carbonyl oxygen atom simultaneously abstracts
the hydrogen atom of the OH group of carnosine, causing the
elimination of a HCOOH group and the formation of structure
3A, which corresponds to the ion [Carnosine — H + Pt(dach)]".
The highest barrier calculated in this mechanism is for the
process of NH; elimination from structure 3A through
TS(3a—4a), Which involves two concomitant 1,2-hydrogen shifts
and results in the formation of structure 4A, which corres-
ponds to the ion [Carnosine — NH; — H + Pt(dach)]" as shown
in Fig. 3 and 7 as well as Scheme 1. This transition state is
shown to be 85.6 kcal mol™" higher in energy than the 1A
global minimum on the PES.

Fragmentation mechanism 2

The initial step in the second path proposed for the loss of
CO, from [Carnosine + OxPt + H]" is shown in Fig. 4 and 8 as
well as Scheme 2. In analogy with the proposed first mechan-
ism, the initial step here also involves breaking of the hydro-
gen bond with the terminal amino nitrogen atom of the
carnosine dipeptide. However, unlike in mechanism 1, the
proton retained by the carbonyl oxygen atom does not move
from its initial position, as shown in structure TSgs—1p) in
Fig. 8 and Scheme 2. This transition state is only 11.1 kcal
mol " higher in free energy relative to the starting structure 1A
and leads, as shown in Fig. 8, to the formation of structure 1D,
which is internally stabilised by four hydrogen bonds and is
higher in free energy relative to structure 1A by only 3.1 kcal
mol ™. Two simple rotations about the H-O and C-C bonds in
the oxalate moiety convert structure 1D into 1E through the
transition state TS(;p_.1g), whose structure is shown in Fig. 8
and Scheme 2, overcoming a free energy barrier of 8.2 kcal
mol™" as shown in Fig. 4. The elimination of CO, from the 1E
conformer of the ion [carnosine + OxPt + H]" by means of
breaking the C-C bond of the oxalate moiety and the
migration of the “inside” proton of the OH group of the
oxalate from the oxygen atom to the carbon atom of the newly
formed HCOO group takes place via the transition state
TSr—2c) in Fig. 8 and Scheme 2. This transition state for the
elimination of CO, involves a free energy barrier of 74.1 kcal
mol ™" relative to the starting point structure 1E. This barrier
for the elimination of CO, is 2.9 kcal mol™" higher in energy
than that shown in Fig. 3, which is detailed in mechanism
1. However, it involves the transition state TS(;g—2c), shown in
Fig. 8 and Scheme 2, which is 6.4 kcal mol™" lower in energy
relative to the reference energy of the starting structure 1A on
the free energy scale. Similar to mechanism 1, here, the tran-
sition state TS g_c) leads to the minimum structure 2C for
the ion [Carnosine + OxPt — CO, + H]" in which the newly
formed HCOO group is attached to the Pt centre through a

This journal is © The Royal Society of Chemistry 2015
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carbonyl oxygen atom, and the CO, molecule is formally elimi-
nated. The eliminated CO, molecule is shown in structure 2C
in Fig. 8 and Scheme 2 to be held by a very weak hydrogen
bond at a distance of 2.289 A to the hydrogen atom retained by
the HCOO group. Removing the eliminated CO, molecule and
allowing simple rotations about the single bonds produces the
same conformer 2B as in mechanism 1 (see Fig. 8 and
Scheme 2), which together with CO, is 2.1 kcal mol™" lower in
free energy relative to 2C. The remainder of the path of mech-
anism 2, involving the elimination of HCOOH and NH; groups
is identical to that described previously in mechanism 1. The
formation of structure 4A, corresponding to the ion [Carnosine
— NH; — H + Pt(dach)]" as seen in mechanisms 1 and 2, is
shown to involve the highest barriers in these mechanisms.
These barriers, in fact, are 85.6 kcal mol™' higher in free
energy relative to the 1A global minimum on either of these
surfaces. This agrees with the energy-resolved CID data that
shows the ion [Carnosine — NH; — H + Pt(dach)]" to be pro-
duced at significantly high energies and not attaining any sig-
nificant relative abundance.

Fragmentation mechanism 3

Both the mechanisms 1 and 2 show that the formation of the
ion [Carnosine — H + Pt(dach)]” via the sequential elimin-
ations of CO, and HCOOH from [carnosine + OxPt + HJ'
entails high free energy barriers of 81.6 and 75.2 kecal mol™,
respectively above the 1A global minimum. This is, however,
not consistent with the energy-resolved CID data shown in
Fig. 2, which indicate that the ion [Carnosine — H + Pt(dach)]"
is easily produced at low collision energies. This inconsistency
led us to investigate a mechanism in which the starting struc-
ture 1A is interconverted to 1D through the transition state
labelled TS(1s—1p) in the same fashion as previously described
in mechanism 2. However, the structure 1D shown in Fig. 9
and Scheme 3 in this case undergoes a transformation in
which the Pt-O bond connecting the Pt metal to the oxalate
moiety is broken and replaced by a Pt bond to the carbonyl
oxygen atom of the carnosine dipeptide, as shown in structure
1F in Fig. 9 and Scheme 3. This leaves the oxalate moiety to
form a 1.572 A hydrogen bond, through one of its carbonyl
oxygen atoms, to one of the hydrogen atoms of the amino
groups of the dach ligand and another 1.540 A hydrogen bond,
through the oxygen atom of its OH group, to the hydrogen
atom of the OH group of the carnosine peptide. This trans-
formation to produce structure 1F is shown to pass through
the transition state TSup_ir), which is calculated to be
31.9 kcal mol™" in free energy higher than structure 1A, as
shown in Fig. 5. Structure 1F undergoes a simple rotation
about a single bond involving a free energy barrier of only
6 keal mol ™" in order to produce structure 1G in which the OH
hydrogen of the oxalate moiety is on the “inside”, while both
hydrogen bonds to the oxalate moiety are retained. The result-
ing structure 1G (see Fig. 9 and Scheme 3) is shown to
undergo a further transformation by which the “inside” hydro-
gen atom of the oxalate moiety is transferred to the opposing
carboxylic oxygen atom of the oxalate while leaving the now
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Fig. 6 Potential energy surface for the fragmentation of the protonated
carnosine-oxaliplatin complex, ion 1A. Structure labels are in bold, top
numbers are in kcal mol™ while bottom numbers in parentheses are
in kJ mol™.

formally deprotonated oxygen atom to abstract the hydrogen
atom of the OH group of the carnosine peptide. This trans-
formation is shown to take place via the transition state
TSug-3p) shown in Fig. 9 and Scheme 3 with an associated
free energy barrier of only 1.2 kcal mol™ to produce structure
3B in which the resulting HOC,0,0H fragment appears to be
attached to the rest of the molecule through a single hydrogen
bond formed by one of its hydrogen atoms with a carbonyl
oxygen of the carnosine dipeptide. This hydrogen bond is
easily broken to eliminate the HOC,0,0H group in order to
produce the ion [carnosine + OxPt + H]". The highest free
energy barrier to the formation of this ion, by following this
fragmentation path, is calculated to be 31.9 kcal mol ™" relative
to the global minimum structure 1A, as shown in Fig. 5. This
is a significantly lower barrier than those previously described
in mechanisms 1 and 2 for the production of [Carnosine — H +
Pt(dach)]" and is in agreement with the energy-resolved CID
data that shows this ion to be easily produced at low collision

4462 | Dalton Trans., 2015, 44, 4455-4467
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Fig. 7 Structures corresponding to the fragmentation mechanism
described in Fig. 4. All structures are calculated at the B3LYP/LANL2DZ
level of theory. Bond lengths are in Angstroms, relative free energies are
indicated in parenthesis. Gray, red, blue and white spheres represent
carbon, oxygen, nitrogen and hydrogen atoms, respectively.
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Fig. 8 Structures corresponding to the fragmentation mechanism
described in Fig. 5. All structures are calculated at the B3LYP/LANL2DZ
level of theory. Bond lengths are in Angstroms, relative free energies are
indicated in parenthesis. Gray, red, blue and white spheres represent
carbon, oxygen, nitrogen and hydrogen atoms, respectively.
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D
4A + HC,0,0H (21.4)

Fig. 9 Structures corresponding to the fragmentation mechanism
described in Fig. 6. All structures are calculated at the B3LYP/LANL2DZ
level of theory. Bond lengths are in Angstroms, relative free energies are
indicated in parenthesis. Gray, red, blue and white spheres represent
carbon, oxygen, nitrogen and hydrogen atoms, respectively.
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energies. The subsequent elimination of NH; from this ion to  Production of [OxPt + H]" and [Carnosine + H]"

produce the ion [Carnosine — NH; — H + Pt(dach)]" is shown The energy-resolved CID data shown in Fig. 2 clearly indicates
to go through the transition state TS;p_.4a) that possesses a that the ion [Carnosine — H + Pt(dach)]" is the first ion that is
relatively high free energy barrier of 99.8 kcal mol ™. produced from the precursor [Carnosine + OxPt + H|" ion at

4464 | Dalton Trans., 2015, 44, 4455-4467 This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c4dt02217c

Published on 26 September 2014. Downloaded by University of Calabriaon 15/02/2017 15:44:52.

Dalton Transactions

\

x

View Article Online

Paper

—
R\

L.
N\ /
e /Pt\.

----- H H N
~
H/ N N o iN
Y i
Q
° Q
1G 3B M N
\, .
o
Hoy > o
i B Z
H//,,,,,N/ \ ,7 ﬁ\\\\" \ N ;«4‘““
W7 \Pt/ \Pt/
H ~— ~—
N N N
N S / E \ < ; / ) \
H w H woH
o 0
5 + HC,0,0H + HC,0,0H

" e

H

TS 3B->4A

Scheme 3 Proposed mechanism 3 for the collision induced fragmentation of [Carnosine + Oxaliplatin + H]*.

the lowest dissociation energies. Two other ions are shown to
be produced in significant abundances, but at slightly higher
dissociation energies. These ions are [OxPt + H|" and [Carno-
sine + H]", which are experimentally generated from the frag-
mentation of the precursor ion [Carnosine + OxPt + H|". The
pathways to produce [OxPt + H|" and [Carnosine + H]" from
[Carnosine + OxPt + H|" were investigated and are shown in

This journal is © The Royal Society of Chemistry 2015

Fig. 6, where the conformer structure 1A of the ion [Carnosine
+ OxPt + HJ" is interconverted into structure 1D through the
transition state TSa—1p) previously described in mechanisms
2 and 3. Here, however, structure 1D is shown to dissociate to
produce the combinations Carnosine and [OxPt + H]" or OxPt
and [Carnosine + H]" via transition states TSup—oxpar) and
TS(ip—carr), calculated to be 42.0 and 52.5 kcal mol™! higher
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in free energy than structure 1A, respectively. These relatively
low barriers are consistent with the relative ease of production
of these two ions experimentally. The relative free energies of
the barriers of TS1p_.oxptry anNd TS(ap_carery Shown in Fig. 6
also predict the production of [OxPt + H]" to be more favoured
at lower energies, which is corroborated by the energy-resolved
CID data shown in Fig. 2.

Conclusions

In this paper, collision-induced dissociation experiments on
the protonated carnosine-oxaliplatin complex, [Carnosine +
OxPt + H]' using several collision energies were shown to yield
nine different fragment ions. The generation of the product,
[Carnosine — H + Pt(dach)]" ion from [Carnosine + OxPt + H]|"
is shown to be the lowest energy process. This agrees well with
our calculations shown in mechanism 3, where the generation
of the [Carnosine — H + Pt(dach)]" ion via the direct loss of
HOC,0,0H from [Carnosine + OxPt + H]" involves the smallest
energy barrier calculated here, which is 31.9 keal mol™. Two
other pathways were calculated for the generation of [Carno-
sine — H + Pt(dach)]" through the sequential loss of CO, and
HCOOH from [Carnosine + OxPt + H]" and were shown to
involve significantly higher barriers of 81.6 and 75.2 kcal
mol™, respectively, as shown in mechanisms 1 and 2. At
slightly higher collision energies, the loss of neutral carnosine
from [Carnosine + OxPt + H]|" to produce [OxPt + H]" was
experimentally observed, followed by the loss of oxaliplatin
from the same precursor ion to produce [Carnosine + H|". This
corresponds well with the two calculated pathways for the
generation of the observed ions, where the barriers for the pro-
duction of [OxPt + H]" and [Carnosine + H]" were shown to be
42.0 and 52.5 kcal mol™", respectively. At significantly higher
energies, the ion [OxPt — CO, + H]' was shown to be initially
formed, while the last two investigated ions [Carnosine + OxPt
— CO, + H]" and [Carnosine — NH; — H + Pt(dach)]" did not
attain any significant relative abundance. The calculated bar-
riers for the generation of these two latter ions were shown to
be 75.2 and 85.6 keal mol ™", respectively.
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ABSTRACT: Platinum(II)-based anticancer drugs are square-
planar d* complexes that, activated by hydrolysis, cause cancer
cell death by binding to nuclear DNA and distorting its
structure. For that reason, interactions of platinum anticancer
drugs with DNA have been extensively investigated, aiming at
disentangling the mechanism of action and toxicity. Less
attention, however, has been devoted to the formation of
adducts between platinum drugs with biological ligands other
than DNA. These adducts can cause the loss and deactivation
of the drug before it arrives at the ultimate target and are also thought to contribute to the drug’s toxicity. Here are reported the
outcomes of electrospray ionization mass spectrometry experiments and density functional theory (DFT) computations carried
out to investigate the fragmentation pathways of the protonated carnosine—carboplatin complex, [Carnosine + CarbPt + H]".
DFT calculations at the BALYP/LANL2DZ level employed to probe fragmentation mechanisms account for all experimental
data. Because of the relative rigidity of the structure of the most stable 1A conformer, stabilized by three strong hydrogen bonds,
the first step of all of the examined fragmentation pathways is the interconversion of the 1A conformer into the less stable
structure 1B. Formation of the [Carnosine + H]* fragment from the precursor ion, [Carnosine + CarbPt + H]", is calculated to
be the lowest-energy process. At slightly higher energies, the loss of two amino groups is observed to produce the [Carnosine +
(CarbPt — NH,) + H]* and [Carnosine + (CarbPt — 2NH,) + H]" ions. At significantly higher energies, the loss of CO, occurs,
yielding the final [Carnosine + (CarbPt — NH;) — CO, + H]* and [Carnosine + (CarbPt — 2NH;) — CO, + H]* products.
Formation of the [CarbPt + H]" fragment from [Carnosine + CarbPt + H]", even if not hampered by a high activation barrier, is

calculated to be very unfavorable from a thermodynamic point of view.

1. INTRODUCTION

Cisplatin [cis-diamminedichloroplatinum(II)] is the first
inorganic compound introduced in clinical use for the
treatment of cancer.'* It is a prototype of several platinum”~*
and other metal”™'* coordination compounds synthesized and
tested in the search for novel cytostatic agents with improved
therapeutic characteristics with respect to the parent com-
pound. Today, the most common platinum(II)-based anti-
cancer drugs used worldwide are cisplatin, carboplatin, and
oxaliplatin. These are square-planar d® platinum(II) complexes
causing cancer cell death b%r binding to nuclear DNA and
distorting its structure.'”'* Carboplatin [cis-diammine-
(cyclobutane-1,1-dicarboxylato)platinum(II)] is a platinum
anticancer drug used for the treatment of many types of
human cancer. Carboplatin was developed by Rosenberg and
colleagues in the early 1970s to improve the clinical
performance of the first-generation platinum anticancer drug
cisplatin'>'® Carboplatin has been found to be much less oto-,
neuro-, and nephrotoxic than cisplatin.'”'® Carboplatin
contains a structural feature that makes the compound much
less chemically reactive than cisplatin, that is a bidentate
dicarboxylate chelate leaving ligand.'® The range of measured

-4 ACS Publications  © 2015 American Chemical Society
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values of the pseudo-first-order rate constant for the first
hydrolysis reaction of carboplatin, a reaction involving the
displacement of one “arm” of the cyclobutane-1,1-dicarboxylate
(CBDCA) chelate ring from the Pt*" ion by a water molecule, is
unusually wide.'”™' There is also an analogous discrepancy in
the reported rate constant for the displacement of one of the
chloro ligands of cisplatin by water.”"”** Despite this, however,
the fact that the rate constant for the hydrolysis of carboplatin
is about 2 orders of magnitude smaller than the corresponding
hydrolysis rate for cisplatin has encouraged investigations
focused on possible activation mechanisms of carboplatin in
chemotherapy. Interactions of platinum anticancer drugs with
DNA to understand the mechanism of action and toxicity have
been extensively investigated,17’23_25 whereas less attention has
been devoted to the undesirable interactions of platinum drugs
with biological ligands other than DNA that can cause the loss
and deactivation of the drug before it arrives at the ultimate
target.
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Figure 1. Full-Scan MS spectrum of a 2:1 molar ratio mixture of camosine and carboplatin in a 1:1 (v/v) water—methanol solution as obtained on
the LTQ without allowing for the incubation time. The sections of the spectrum shown under “X10” signify the magnification of the signal by 10-
fold for clarity. This magnification means that, for example, the intensity of the ion at m/z 453.0 is about 2% of the base peak. The signals assigned to
[Camosine + H]*, [Carboplatin — H]*, [(Camosine), + H]*, and [Camosine + Carboplatin + H]" are each expanded and normalized to 100% in

insets A—D, respectively, for clarity.

The dipeptide f-alanine-L-histidine, commonly known as
carnosine, is a naturally occurring substance synthesized by
endogenous carnosine synthetase. It is present at elevated levels
in human skeletal and cardiac muscles as well as in brain
tissue” " and is typically concentrated in the cytosol of cells
due to its water solubility.”’ Several possible physiological
function roles have been considered since its first discovery”>*>
such as pH buifering,34 metal chelation,® or neurotransmitter
function.®® Carnosine is also reported to have antioxidant
activity because of its ability to react with several highly reactive
species, such as hydroxyl, super oxide, and molecular oxygen
free radicals, especially in the water-rich environment inside the
body.”” More recently, it has also been shown that carnosine
can play a role in complexation with and sequestering of
platinum anticancer drugs.”® In vitro studies on hepatocellular
carcinoma HepG?2 cells have shown that carnosine may inhibit
the cytotoxic action of oxaliplatin, most likely through the
formation of complexes that are less cytotoxic than oxaliplatin
alone.”® The interaction between oxaliplatin and carnosine has
been the subject of a recent study.”” In this study, we offer the
results of a joint theoretical and experimental study of the
interactions between carboplatin and carnosine including a
detailed description of the fragmentation pathways for the gas-
phase dissociation of the protonated carboplatin—carnosine
complex. Calculated potential energy surfaces (PESs) for the
dissociation processes are compared with collision-induced
dissociation (CID) experiments. Such studies are important not
only to better understand the mechanism of action and toxicity
of platinum anticancer drugs but also for the optimization and
design of new and improved platinum-based antineoplastic
agents.
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2. EXPERIMENTAL SECTION

Instrumentation. An LTQ linear-ion-trap mass spectrometer with
an electrospray source and a high-resolution Q-Exactive Fourier
transform mass spectrometer (Thermo Electron, San Jose, CA) were
used. Both instruments were calibrated using Ultramark 1621, caffeine,
and Met-Arg-Phe-Ala in accordance with the manufacturer’s
recommendations. The Q-Exactive was equipped with a Tri-Versa
NanoMate ESI chip nanospray (Advion, New York, NY). Typical
resolving powers obtained from the Q-Exactive for the mass range
under study were on the order of 60000. For the LTQ, resolving
powers achieved were on the order of 1500, while the upper
instrumental error limit in measurements was 0.2 m/z units. The LTQ_
autotune routine was used to obtain lens, quadrupole, and octapole
voltages for maximum transmission of the ions of interest. Helium gas,
admitted into the ion trap at a maintained pressure of approximately
107 torr, was used as the buffer gas to improve the trapping efficiency
and as the collision gas for CID experiments performed here.
Experiments designed to elucidate ion structures or fragmentation
pathways on the LTQ were performed as follows: the entire isotopic
envelope of the ion of interest was selected by having an isolation
width set to S m/z units and then collisionally activated by setting the
activation amplitude at 25—35% of the maximum voltage available
(determined empirically), and the activation Q setting (used to adjust
the frequency of the radio-frequency excitation voltage) was set at 0.25
units. Sample solutions were continuously infused at a flow rate of $
#L min~" into the pneumatically assisted electrospray probe using dry
nitrogen as the nebulizing gas. Auxiliary and sheath gases were tuned
daily for maximum signal transmission. The experiments reported here
were all performed under multiple-collision conditions.

Reagents. Carnosine, carboplatin, HPLC-grade water, and
methanol were all purchased from Sigma-Aldrich, UK.

Computational Methods. All molecular geometries have been
optimized without any geometrical constraint in the framework of the
density functional theory (DFT) that is based upon a strategy of
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Figure 2. Full-scan MS spectrum of a 2:1 molar ratio mixture of camosine and carboplatin in a 1:1 (v/v) water—methanol solution as obtained on
the Q-Exactive FT-MS without allowing for the incubation time. The experimental signals assigned to [Carboplatin + H]* and [Camosine +
Carboplatin + H]" are each expanded and normalized to 100% in insets A and C, respectively, and insets B and D show the theoretically modeled
spectra for [Carboplatin + H]* and [Camosine + Carboplatin + H]*, respectively, using the Thermo Xcalibur software. Errors (in ppm) are listed next

to each experimental isotopic peak observed.

modeling electron correlation via the proper functionals of the
electron density. The B3LYP Becke’s three-parameter exchange-
correlation hybrid functional with nonlocal correlation corrections,
provided by Lee, Yang, and Parr, has been used in the
calculations.*™** The LANL2DZ basis sets of Hay and Wadt have
been employed for all atoms.**™* The successful use of the B3LYP/
LANL2DZ computational protocol for the investigation of both the
electronic properties and reaction pathways of transition-metal-
containing compounds, including anticancer drugs, is well estab-
lished.**™>" The same protocol has been proven, recently, to give
reliable results in the investigation of the fragmentation pathways of
the oxaliplatin—carnosine complex.”® Frequency calculations at the
same level of theory have also been performed to identify all stationary
points as minima (zero imaginary frequencies) or transition states
(one imaginary frequency). The vibrational mode associated with the
imaginary frequency of each intercepted transition state has been
shown to correspond to the correct movement of the involved atoms.
Moreover, the involved transition states have been checked by
intrinsic-reaction-coordinate analysis to show the proper connection to
the corresponding minima.’” All of the calculations have been
performed with the Gaussian 09 software package."

3. RESULTS AND DISCUSSION

Figure 1 shows the electrospray ionization mass spectrometry
(ESI-MS) full-scan spectrum of a 2:1 mM solution in each of
carnosine and carboplatin dissolved in a 1:1 (v/v) deionized
water—methanol mixture. This figure shows a base peak at m/z
227 corresponding to protonated carnosine, [Carnosine + H]*.
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The peak at m/z 453 and the two clusters around m/z 372 and
598 are assigned to the protonated carnosine dimer,
[(Carnosine), + H]+, protonated carboplatin, [CarbPt + H]*,
and protonated carnosine—carboplatin complex, [Car + CarbPt
+ HJ*, respectively.

The assignments of these ions have been confirmed by
comparing the observed isotopic patterns to those theoretically
modeled for each of the proposed species. For further
confirmation, the isotopic patterns for the proposed [Carbo-
platin + H]* and [Carnosine + Carboplatin + H]" species,
where the latter is the focus of this study, have been obtained
on the Q-Exactive FT-MS at a resolving power of about 60000
and compared to their theoretical isotopic patterns at an
equivalent resolution. The average errors obtained over all of
the isotopic peaks observed were 1.72 and 1.60 ppm for
[Carboplatin + H]* and [Carnosine + Carboplatin + H]*,
respectively. This mass accuracy, being below the commonly
accepted 2 ppm limit and obtained without the use of lock
masses, provided unequivocal identifications, as seen in Figure
2.

The mass selection and subsequent CID of the entire
isotopic envelope of the ion [Carnosine + CarbPt + H]*
resulted in the MS” spectrum shown in Figure 3. As was
previously reported in the fragmentation of other platinum
drug complexes to carnosine,”’® here there is also no
difference in the fragmentation pathway of the [Carnosine +
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Figure 3. (A) Full scan MS” spectrum of the entire isotopic envelope of the ion [ Camosine + Carboplatin + H]* generated at 15 eV in the laboratory
frame and isolated from a (2:1) molar mixture of Camosine and Caboplatin in a (1:1) (v/v) water—methanol solution as obtained on the LTQ
without allowing for the incubation time. (B and C) m/z S15—585 and 365—460 regions that are each expanded and normalized to 100%,

respectively, for clarity.
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Figure 4. Geometrical structures of stationary points for the starting rearrangement of the most stable conformer 1A into the less stable 1B one
through the TS(;4_,1p) transition state. Bond lengths are in angstroms. Gray, red, blue, and white spheres represent carbon, oxygen, nitrogen, and
hydrogen atoms, respectively.

CarbPt + H]* complex among the different platinum isotopes. All of the reported pathways start with the structural
The generated product ion clusters centered around m/z 581, rearrangement of the most stable conformer, labeled 1A, of
564, 537, 520, 454, 437, 420, and 372 have been assigned as the precursor ion [Carnosine + CarbPt + H]" observed as the
[Carnosine + CarbPt — NH; + H]*, [Carnosine + CarbPt — ion cluster around m/z 598, into conformer 1B, being 14.0 kcal
2NH; + H]J*, [Carnosine + CarbPt — NH, — CO, + H], mol ™" higher in energy. The structures of these two minima and
[Carnosine + CarbPt — 2NH; — CO, + H]*, [Carnosine — H transition state TS(;5_,;p) allowing their interconversion are
+ Pt(NH,),]*, [Carnosine — H + Pt(NH;)]*, [Carnosine — H shown in Figure 4. Cartesian coordinates can be found (see
+ Pt]*, and [Carb + HJ", respectively. Fragmentation pathways Table S1) in the Supporting Information (SI).
for the [Carnosine + CarbPt + H]" complex, leading to the It has been previously shown®® that 46 conformers of the
experimentally determined product ions, have been theoret- [Carnosine + CarbPt + H]* complex have been found to exist
ically investigated. in a range of about 25 kcal mol™". These calculated structures
7888 DOI: 10.1021/acs.inorgchem.5b00959
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Figure S. PES for fragmentation of the protonated carnosine—carboplatin complex: ion 1A along pathways 1 (dashed line) and 2 (solid line).

Structure labels are in bold; relative free energies are in kcal mol~..

involved either direct platinum bonding to carnosine or
electrostatic interactions between protonated carnosine and
CarbPt. In this figure, structure 1A shows one of the Pt—O
bonds of the CBDCA ligand to be substituted by a formal
platinum coordination to the electron-rich pros imidazole
nitrogen on the carnosine substrate. This structure is further
stabilized by three hydrogen bonds. One of these is between
one of the hydrogen atoms of the NH; group on platinum and
the oxygen atom of one carboxylic group of the CBDCA
moiety, forming a pseudo six-membered ring, another is
between the hydrogen atom of the amide group and the oxygen
atom of the other carboxyl group of CBDCA, and the third is
between the nitrogen atom of the terminal amino group and
the hydrogen atom of one of the carboxylic groups of CBDCA
at 1.650, 1.781, and 1.357 A, respectively. The number and
strength of such hydrogen bonds make structure 1A a relatively
rigid conformer, and the rearrangement to 1B is therefore
required to allow for further fragmentation. The interconver-
sion of structure 1A into 1B slightly shortens the length of the
hydrogen bond between the amino group and the carboxyl
group of CBDCA at 1.630 A, whereas the hydrogen bond
between the nitrogen atom of the terminal amino group and
the OH group is no longer present. On the other hand, the
bond between the nitrogen atom of the amide moiety and the
other carboxyl group of CBDCA is substituted by a new
hydrogen bond, at 1.956 A, between the amide nitrogen atom
and the terminal amino group. The rearrangement occurs, as
shown in Figures 4 and S, by overcoming a free-energy barrier
of 16 kcal mol™ for the transition state TS(1a-1p) and leads to
formation of the 1B minimum lying 14 kcal mol™' above the
reference energy of 1A. The breaking of one hydrogen bond
and formation of a new weaker one are partially responsible for
the calculated destabilization. The fragmentation of [Carnosine
+ CarbPt + H]* proceeds by the loss of neutral ammonia from
structure 1B to give the fragment ion [Carnosine + (CarbPt —
NH,) + H]* observed as the ion cluster centered around m/z
581. Either the NH; molecules in the trans position to the
CBDCA moiety of carboplatin or those in the cis position can
be eliminated. Following elimination of the first NH; molecule,
either the fragmentation continues with elimination of the
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second carboplatin NH; molecule preceding elimination of
CO, from the COOH unit of the CBDCA moiety or
elimination of the CO, molecule may take place before
elimination of the second NH; molecule. The peak at m/z 372
indicates that the fragment [CarbPt + H]" is formed from the
precursor ion [Carnosine + CarbPt + H]* due to the loss of
neutral carnosine.

Fragmentation Pathways 1 and 2: Elimination of the
NH; Molecule Cis to the CBDCA Ligand. After rearrange-
ment of the 1A conformer to 1B, elimination of the NHj;
molecule cis to the CBDCA moiety of carboplatin leads to
formation of the fragment ion [Carnosine + (CarbPt — NH;) +
H]" observed as the ion cluster centered around m/z S81.
Calculated free-energy profiles starting with elimination of the
NH; molecule cis to the CBDCA moiety are depicted in Figure
S. Structure 2A shows the initial step in the release of the NH;
molecule cis to the CBDC moiety of carboplatin, with all other
minima resulting from its subsequent dissociation, and the
transition states leading to their formation are sketched in
Figure 6. More detailed information on the geometrical
parameters and Cartesian coordinates is reported in the SI
(Figure S1). Elimination of the NH; molecule cis to the
CBDCA moiety goes through the transition state TS(;5_,54) in
which the bond between the platinum center and the cis-NHj is
breaking and a new bond between the carbonyl oxygen atom
and the platinum center is forming.

As a consequence of this rearrangement, some hydrogen
bonds are broken and new ones are formed. Structure 2A
shows the released NH; molecule weakly interacting, at 1.696
A, with the other NH; group of carboplatin. The transition
state TS(;p_4) and the minimum 2A are calculated to be 40.8
and 26.7 kcal mol™" higher in free energy relative to structure
1A, respectively.

Along pathway 1, the reaction proceeds by a rearrangement
of structure 2A, through the transition state TS(,4_,,p), into the
minimum structure 2B, where the protonated COOH unit of
the CBDCA moiety reorients, allowing CO, elimination in the
subsequent step. The transition state TS(,5_,,p) and the 2B
minimum corresponding to the fragment ion [Carnosine +
(CarbPt — NH;) + HJ*, observed as the ion cluster centered
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4A

Figure 6. Schematic representation of the structures of stationary points intercepted along the fragmentation Pathways 1 and 2 for the elimination of

the NH; molecule cis to the CBDCA ligand.

around m/z 581, are calculated to be higher in energy than the
reference 1A minimum by 39.2 and 33.8 kcal mol™},
respectively. In the next step, from the protonated COOH
unit of the CBDCA ligand, a CO, molecule is eliminated to
yield the minimum 3A corresponding to the fragment ion
[Carnosine + (CarbPt — NH;) — CO, + H]" observed as the
ion cluster centered around m/z 537. The CO, loss occurs by
overcoming the free-energy barrier for the transition TS(,p_34)
of 101.3 kcal mol™" relative to structure 1A. In the transition
TS(35-34) the C—C bond between the COOH unit and the
quaternary carbon atom of the CBDCA moiety is broken and
the proton migrates from the oxygen atom of the OH group to
that carbon atom, leading to the minimum structure 3A, whose
formation is endoergic by 15.0 kcal mol™ relative to the
starting structure 1A. The released CO, appears to be bonded
to the carnosine COOH group by a relatively weak hydrogen
bond with a bond length of 1.797 A. The final step of this
pathway involves further elimination of the second NH; from
the carboplatin moiety of structure 3A to produce the fragment
ion [Carnosine + (CarbPt—2NH;) — CO, + H]* observed as
the ion cluster centered around m/z 520, indicated as 4A in
Figures S and 6.
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Similar to the first NH; elimination, the reaction here
involves the rupture of the Pt—N bond, as shown in the
transition TS(35_,44) With a barrier of 46.4 kcal mol™ calculated
with respect to the initial structure 1A. This transition state
describes the concerted breaking of two hydrogen bonds: the
first is between the NH; molecule of carboplatin and the C=0
moiety of the carnosine COOH group, while the second is
between the OH group of COOH and the amide nitrogen
atom of carnosine. The removal of these hydrogen bonds is
followed by the subsequent rotation, and formation of a new
bond between the carbonyl oxygen atom of the carnosine
COOH and the platinum center gives the minimum structure
4A having the released NH; molecule weakly attached to the
remaining CBDCA carboxylate via a hydrogen bond of 2.194 A.
Structure 4A is calculated to be 35.1 kcal mol™" higher in
energy relative to the zero reference energy of 1A.

It is worth mentioning that the CO, molecule can be,
alternatively, released from the carnosine moiety. The
corresponding path, together with the structures of the
intercepted stationary points, is displayed in the SI (Figure
S2). After formation of the 2A minimum, the reaction proceeds
by rotation of the hydrogen atom of the OH group of the
carnosine ligand to form, by overcoming a low barrier of 12.9
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Figure 7. Schematic representation of the structures of stationary points intercepted along the fragmentation pathways 3 and 4 for elimination of the

NH; molecule trans to the CBDCA ligand.

kcal mol™" calculated with respect to the previous minimum,
the intermediate labeled 2E lying 29.8 kcal mol ™" above the 1A
global minimum. The transition state TS _,3c) allows OH
group hydrogen transfer to the carbon atom that releases the
CO, molecule. This rearrangement has a high energetic cost
that corresponds to an activation barrier of 112.1 kcal mol™
calculated with respect to the 1A reference energy. That is, the
CO, loss from the COOH group of the CBDC ligand appears
to be more favorable and has been examined along all of the
described pathways reported below.

In contrast to pathway 1, in which elimination of the cis NH;
molecule is followed by CO, loss and subsequent elimination of
the second NH;, along pathway 2, elimination of the cis-NHj
molecule continues with elimination of the second carboplatin
NH;, followed by the loss of CO, from the CBDC COOH
group. Elimination of the second ammonia from structure 2A
results in the formation of structure SA for the fragment ion
[Carnosine + (CarbPt — 2NH;) + H]* observed as the ion
cluster centered around m/z 564. This involves breaking of the
Pt—N bond, as shown in transition state TS(,5_sa), being at a
free-energy barrier of 71.4 kcal mol™" relative to the starting
structure 1A. The formation of a bond between the carbonyl
oxygen atom of the carnosine COOH group and the platinum
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center yields the minimum structure SA. The released NH;
weakly interacts, at a distance of 1.912 A, with the terminal
amino group of carnosine. Relative to 1A, structure SA is
calculated to be 63.9 kcal mol™" higher in energy.

Similar to the rearrangement of structure 2A into structure
2B, here structure SA internally rearranges through the
transition state TS(s4_,sp) to form the minimum structure SB
prior the elimination of CO, in the subsequent step. The
stationary points TS(s,_,s5) and SB are calculated to be higher
in free energy than structure 1A by 76.6 and 70.9 kcal mol ™/,
respectively. In analogy with the same mechanism of CO, loss
described above for pathway 1, structure 4A is formed upon
going through the transition state TS(sp_44), Where the C—C
bond between the quaternary carbon atom and protonated
COOH group of carboplatin is broken followed by proton
transfer from the hydroxyl of the COOH group to the carbon
atom, leading to the minimum structure 4A corresponding to
the fragment ion [Carnosine + (CarbPt — 2NH;) — CO, + H]*
observed as the ion cluster centered around m/z 520. This final
transition state on this path, TS(sp_44), is calculated to be
higher in free energy relative to 1A by 121.9 kcal mol ™.

Fragmentation Pathways 3 and 4: Elimination of the
NH; Molecule Trans to the CBDCA Ligand. Structures of

DOI: 10.1021/acs.inorgchem.5b00959
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Figure 8. PES for fragmentation of the protonated carnosine—carboplatin complex, ion 1A, along pathways 3 (solid line) and 4 (dashed line).

Structure labels are in bold, and relative free energies are in kcal mol ™.

all stationary points intercepted along both pathways 3 and 4
and the corresponding free-energy profiles are drawn in Figures
7 and 8. Cartesian coordinates and most relevant geometrical
parameter values (Figure S3) can be found in the SI. Starting
from structure 1B, fragmentation reactions along pathways 3
and 4 involve the same initial step, which is elimination of the
NH; molecule trans to the CBDCA moiety of carboplatin,
resulting in the formation of structure 2C corresponding to the
ion [Carnosine + (CarbPt — NH;) + H]* observed as the ion
cluster centered around m/z S581. The transition state
TS(1p-2c) associated with elimination of the NH; molecule
trans to the CBDCA moiety of carboplatin involves the loss of a
Pt—N bond and the formation of a new bond between the
carbonyl oxygen atom of the carnosine COOH group and the
platinum center. The free-energy barrier of this transition state
is calculated to be 41.6 kcal mol™' relative to minimum 1A.
Structure 2C formed by release of the trans NH; molecule is
calculated to be higher than either precursor structure 1A or 1B
in free energy by 17.6 and 3.2 kcal mol™', respectively.
Structure 2C may undergo rearrangement by rotation, so that
the proton of the CBDCA COOH group is oriented toward the
quaternary carbon atom of CBDCA for the CO, loss to occur
in the next step.

This rearrangement goes through transition state TS(,c_,,p)
as shown in pathway 3 in Figure 8, to give the minimum
structure 2D. Despite of this minor change in the structure, the
transition state TS(,c_,,p) and the minimum 2D are found to
be 28.4 and 19.4 kcal mol™" higher in free energy, respectively,
relative to 1A. Following the same mechanism of CO,
elimination described in pathway 1, structure 2D goes through
transition state TS(,p_,3p), where the C—C bond is broken and
the proton of the COOH group of CBDCA is transferred to
the quaternary carbon atom in order to give the minimum
structure 3B corresponding to the fragment ion [Carnosine +
(CarbPt — NH;) — CO, + H]* observed as the ion cluster
centered around m/z 537. In analogy to the other pathways
previously described, CO, elimination here requires a high
energy barrier, in this case 90.2 kcal mol™! for the transition
state TS(;p_3p) relative to 1A, to be overcome.

The resulting minimum structure 3B is, however, highly
stabilized and is calculated to be only 3.8 kcal mol™" above
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structure 1A. Finally, from structure 3B, the remaining NH;
molecule is released, following the same elimination mechanism
in order to give structure 4A corresponding to the fragment ion
[Carnosine + (CarbPt — 2NH;) — CO, + H]* observed as the
ion cluster centered around m/z 520. The bond between the
NH; nitrogen atom and the platinum center in structure 3B is
broken along with the formation of a new bond between the
C=0 group of the CBDCA moiety and the platinum atom in
the transition state TS(;5_44) with a corresponding free-energy
barrier of 39.4 kcal mol ™! relative to structure 1A, leading to the
formation of structure 4A, which is 35.1 kcal mol™ higher in
free energy relative to 1A.

Along pathway 4 shown in Figure 8, elimination of the first
NH; molecule trans to CBDCA is followed by elimination of
the other NH; molecule in order to give the minimum
structure SC corresponding to the fragment ion [Carnosine +
(CarbPt — 2NH;) + H]* observed as the ion cluster centered
around m/z 564. Elimination of the second NH; molecule
occurs by surmounting a free-energy barrier of 55.2 kcal mol™
for the transition state TS(,c_sc) leading to structure 5C,
which is 48.1 kcal mol™" higher in energy relative to the initial
structure 1A. That is, the minimum structure SC is stabilized by
7.1 keal mol™" with respect to the transition state, leading to it.
Structure 5C, in turn, rearranges so that the protonated COOH
moiety of CBDCA rotates to be in a suitable orientation for
CO, release. This is described in transition state TS(sc_sp),
which allows for such rearrangement and the formation of
structure SD. These two structures are calculated to be 60.6
and 56.5 kcal mol™' higher in energy with respect to 1A,
respectively. The CO, elimination mechanism, previously
described, can then take place in which the C—C bond
between the COOH group and the quaternary carbon atom of
the CBDCA moiety is broken and the proton is transferred
from the OH group to that carbon atom. As expected, the
transition state TS(sp_,44) for this transformation to finally give
the minimum structure 4A corresponding to the fragment ion
[Carnosine + (CarbPt — 2NH;) — CO, + H]* observed as the
ion cluster centered around m/z 520 has a high energy barrier.
The TS (sp_.4a) stationary point is calculated to be higher in free
energy relative to the precursor structure 1A by 119.1 kcal
mol ™.
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Figure 9. PES for the fragmentation of the protonated carnosine—carboplatin complex, ion 1A, along the pathways leading to the formation of the
ions [Car + H]* (solid line) and [CarbPt + H]* (dashed line). Structure labels are in bold, and relative free energies are in kcal mol™".

Production of [CarbPt + H]* and [Carnosine + HI".
From the fragmentation of precursor ion [Carnosine + CarbPt
+ HJ, it is possible to generate both [Carnosine + H]" and
[CarbPt + H]* ions. The calculated pathways to produce such
ions are shown in Figure 9. The structures of intercepted
stationary points are depicted in the same Figure 9, whereas
their Cartesian coordinates are reported in the SI. Conversion
of the conformer 1A into 1B is followed by dissociation of the
latter to produce the combinations [Carnosine + H]" and
CarbPt or [CarbPt + H]" and carnosine through the transition
states TS(1p—.com) and TS(yp_,cabpa’y, Which present barriers
of 35.6 and 49.6 kcal mol™, respectively, relative to the
minimum structure 1A reference energy. Calculated energy
barriers are consistent with the experimental findings. Over-
coming the concerted transition state TS(jp_com*)y in which
the Pt—N bond with the imidazole ring is broken, the Pt—O
bond with the carbonyl oxygen atom of the CBDCA COOH
group is reestablished, and the hydrogen atom is transferred to
the carnosine imidazole group, leads to formation of the
combination Carnosine + H* and neutral carboplatin, which is
calculated to be exergonic by 1.7 kcal mol™ relative to structure
1A. The final separated products, that is, the protonated
carnosine fragment ion [(Carnosine + H]* observed as the ion
cluster centered around m/z 227 and the neutral carboplatin
complex, are, instead, less stable than the 1A minimum by 15.9
kcal mol™". The outcomes of our computational analysis show
that the fragment ion [(Carnosine + H]* production is the
lowest-energy process, involving the lowest activation energy
barrier calculated here. Overcoming the barrier relative to the
transition state TS(;p_,cappaay Calculated to be 49.6 kcal mol™
higher in energy than structure 1A, neutral carnosine is
eliminated by breaking the Pt—N bond with the imidazole ring.
The most relevant feature of the formed adduct, which is
destabilized by 35.6 mol™' with respect to the 1A minimum
energy, is the interaction between the T-shaped protonated
carboplatin complex and the lost carnosine ligand. Indeed, the
final separated products, protonated carboplatin and neutral
carnosine, because of the lack of any stabilizing interaction, lie
66.8 kcal mol™" above the reference energy of 1A. A lot of
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attempts aimed at intercepting a different transition state and a
tetracoordinated minimum have systematically failed.

4. CONCLUSIONS

DFT calculations at the B3LYP/LANL2DZ level have been
carried out to describe the free-energy pathways, leading to the
formation of the observed fragmentation products due to the
CID of the protonated carnosine—carboplatin complex,
[Carnosine + CarbPt + H]*. Structural information and relative
free energies for all intercepted stationary points, which account
for all of the experimental findings, are reported. The most
stable conformer 1A of the [Carnosine + CarbPt + H]*
complex is relatively rigid because of the presence of three
internal hydrogen bonds. Consequently, the first step of all of
the examined pathways is the interconversion of 1A into a less
stable and more flexible conformer 1B. From such a precursor
ion, the two combinations CarbPt and [Carnosine + H]* or
Carnosine and [CarbPt + H]* can be directly produced via
transition states that are calculated to be 35.5 and 49.6 kcal
mol ™, respectively, higher in free energy than structure 1A.
Formation of the [Carnosine + H]" ion from [Carnosine +
CarbPt + H]* appears to be the lowest-energy process, as
confirmed by calculations that show generation of the
protonated carnosine ion and neutral carboplatin to involve
the lowest energy barrier calculated here. Although not
hindered by a high activation barrier, the [CarbPt + H]* ion
generation is calculated to be very unfavorable from a
thermodynamic point of view.

At slightly higher collision energies, the fragmentation can
proceed via the loss of neutral ammonia from 1B to give the
fragment ion [Carnosine + (CarbPt — NH;) + H]*
corresponding to the observed ion cluster centered around
m/z 581. Both NH; molecules in the cis and trans positions to
the CBDCA moiety of carboplatin can be eliminated. Once
elimination of the first NH; molecule takes place, the
fragmentation process can continue with either elimination of
the remaining second carboplatin NH; molecule, followed by
the elimination of CO, from the COOH unit of the CBDCA
moiety, or the elimination of a CO, molecule, followed by
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elimination of the second remaining NH; molecule of
carboplatin.
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Introduction

Cisplatin, carboplatin and oxaliplatin are platinum-based drugs
used for the treatment of various human cancers. They are
square-planar @® Pt(IT) complexes triggering cancer cell death by
binding to nuclear DNA and distorting its structure [1]. Such
complexes are administered intravenously, and remain in their
neutral form in the bloodstream and extracellular medium. The
cellular uptake occurs by passive diffusion across the membrane
or actively by membrane transport proteins. Inside the cell, the
sudden decrease in the chloride concentration from ~100mM to
~4mM causes hydrolysis and chloride dissociation to form the
activated corresponding aquated complexes. Such positively
charged complexes interact with the negatively charged DNA
and form stable adducts at the N7 positions of purine bases, in
particular guanine. Because platinum(Il) anticancer drugs
contain two labile ligands, they can form bifunctional adducts.
These adducts distort DNA such that polymerases are stalled at
the site of platination, resulting in an interruption of replication
and transcription that ultimately triggers the cascade of events
involved in apoptosis or cell-death [2-4]. Computational studies
have complemented experimental efforts to understand almost
every step of the mode of action of platinum(Il) drugs, from

hydrolysis needed to activate the drug to the binding of repair
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proteins with the final adducts. In particular, many theoretical
studies, mostly using DFT methods, have been devoted to the
elucidation of the various aspects of the cisplatin activation
process by aquation [5]. Much information on the structure of
transition states for the substitution of chloride ligands with
water, and on the structure of intermediates formed after
hydrolysis have been supplied by these studies. However, on a
quantitative level, the computed relative free energies for the
transition states and products in these reactions have been, very
often, only in modest agreement with experiment. In order to
understand what should be the cause of such poor agreement, we
have undertaken a systematic investigation of the cisplatin drug
hydrolysis step to explore the agreement between experiment
and theory for the reactivity and the equilibrium between the
starting species and the products, in comparison also with
previous theoretical studies. The results are reported in
paragraph 4.2 (manuscript in preparation).

Despite the widespread use of these drugs, the Pt(Il)-based
anticancer drugs present many disadvantages. For example, they
can generate undesirable reactions with thiol group on proteins
present in the plasma causing the deactivation of the drugs and
making them toxic. Furthermore, the oral administration is
limited because a large amount of Pt(I) prodrugs is lost in

bloodstream before arriving at the ultimate target [6]. To
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overcome these drawbacks a number of new methods are being
investigated including the use of prodrugs with platinum in IV
oxidation state [7-12].

These compounds are obtained by adding the axial ligands to
the platinum(Il) complexes through oxidative addition. Pt(IV)
has a low-spin d° electronic configuration and exhibits
octahedral geometry. This configuration makes the platinum(IV)
complexes more inert than platinum(Il) complexes, so they
result to be more stable in biological fluids. Consequently, the
reactions with biomolecules are reduced and undesired side-
effects are minimized. For these reasons, the platinum(IV)
complexes may reach the cellular target without prior
transformation and are considered to be less toxic than
platinum(I) complexes. Due to these characteristics, the
platinum(IV) complexes may be administered orally.

Inside cancer cells, the Pt(IV) prodrugs can be activated
selectively by reduction, releasing the axial ligands and the real
drugs, that is the platinum(Il) complexes. The axial ligands are
also designed to increase the pharmacological properties of the
prodrugs. The axial ligands mainly present in platinum(IV)
prodrugs are chlorido, hydroxido or carboxylato groups [13,14].
For example, the most successful orally active Pt(IV) antitumor

drug, satraplatin (JM216) has two axial acetato ligands [15].
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A recent study carried out by Gibson’s group [16], however, has
demonstrated that Pt(IV) derivatives of cisplatin, carboplatin and
oxaliplatin with acetato and haloacetato ligands, considered
inert, are not very stable in biologically conditions (37 °C and
neutral pH) and can undergo rapid hydrolysis. Furthermore,
additional studies confirm that the platinum(IV) complexes
hydrolysis could be facilitated by acidic or basic conditions. In
this case, the hydrolysis could be considered as a possible
prodrug activation step that precedes the reduction step [15-

17,18].

4.1 Aim of the study

In this Chapter, a detailed DFT computational analysis of the
first hydrolysis mechanism of cisplatin has been carried out
along with implicit and hybrid explicit/implicit treatment of
solvation, as well as highly accurate coupled-cluster methods to
provide benchmark energetics. Outcomes have been compared
with previous theoretical works performed employing several
computational strategies (paragraph 4.2). The hydrolysis
reaction for a series of Pt(IV) derivatives of cisplatin,
carboplatin and oxaliplatin with acetato and haloacetato ligands
has been carried out as well together with the description of the
corresponding energy profiles aiming at probing their stability in

biological fluids. The obtained results have been compared with
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the experimental data by Gibson and coworkers (Paper 1V). In
the Paper 1V, for the Pt(IV) derivative of cisplatin having two
axial chlorido ligands the energy profiles for the hydrolysis in
axial and equatorial positions and the hydrolysis mechanism
assisted by Pt(II), as proposed by Basolo and coworkers [19,20]
have been investigated.

Furthermore, the influence that the acidity of the biological
environment can have on the activity of platinum(IV) prodrugs
complexes having two carboxylates as axial ligands, in
particular satraplatin, has been theoretically investigated by
means of DFT (Paper V). In this paper, the fragmentation
mechanisms of protonated satraplatin have been also
investigated. The theoretical results have been compared with
the experimental ones obtained by electrospray ionization mass

spectrometry.

4.2 Hydrolysis of Platinum Compounds: Insights into
Reactivity from Accurate Ab Initio Calculations

(Manuscript in preparation).

For many anticancer drugs, in particular for cisplatin and its
derivatives, the activation step coincides with the hydrolysis
step. In the past, several theoretical studies about the hydrolysis
mechanism have been carried out using DFT methods [5].

However, due to the modest agreement with experiment of the
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computed relative free energies for the transition states and
products in these reactions, in order to obtain more accurate
energetics several strategies have been adopted. In some cases,
for example, activation free energies have been calculated
relative to incorrect reference points such as the hydrogen-
bonded addition complex between the platinum drug and a water
molecule [21]. In other cases, to take into account the entropy
change in going from the gas to the condensed phase, somewhat
arbitrary correction schemes of the entropy of the reacting
species have applied.[22] For these reasons, it is not possible to
establish whether the modest agreement between experiment and
theory is due to the incorrect description of the solute entropy
terms, the solvation free energy, the reference point in the
reaction, or the level of electronic structure theory used.

With the purpose to give a contribution to the understanding of
the reasons that do not allow a better agreement between
measured an calculated energy values, in this study, the cisplatin
hydrolysis step has been theoretically investigated by employing
CCSD(T) and DFT methods. Furthermore, explicit water
molecules in the optimization of the various species have been
included, in order to consider all the possible weak interactions
between the platinum drug and water molecules, and statistical
computing techniques to minimize errors resulting from

solvation have been used. The hydrolysis reaction of cisplatin
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Pt(NH3).Cl, + H2O 2 Pt(NH3).CI(OH2)" + CI~

can be written as:

A+Ba2C+D

Solvation of the two species A and B with n=(I+m) water
molecules (W), can be realized in different ways depending on
the number of used water molecules, as it is shown in the next

scheme:

A-WI+B-Wm
A-Wm+B-Wl
A-W(m+1)+B
A+B-Wm+l-W

The same scheme could be applied to the C and D species.

If the continuum model works correctly, then all the possible
forms should have the same free energy and the calculation of
the C+D relative energy should be independent on the n+l
values. As it is well known that the continuum model does not
work properly, it is needed to apply correction schemes
following some rules to minimize the error. The rules adopted
by us are listed below:

a) n=(l+m) must be small;
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b) the most strongly charged sites have to be solvated;

c) where possible, only free energies differences between
species with the same total number of microsolvates have to
be considered;

d) for a given state and a given n, the lowest free energy
situation should be selected because the continuum model
underestimates free energy of solvation for some strongly
solvated species. Then, a lower free energy state with
microsolvation should be somehow better.

DFT calculations have been performed employing the B3LYP

and dispersion corrected [23] B3LYP-D3BJ functionals and 6-

31+G* and 6-311+G** basis sets, respectively for all the atoms

along with the relativistic compact Stuttgart/Dresden effective
core potential in conjunction with the split valence for Pt. Such
levels of theory will be indicated as B3LYP/6-31+G* and

B3LYP-D3BJ/6-311+G**. Subsequently, to provide benchmark

energetics CCSD(T)//B3LYP/6-31+G* calculations have been

performed. The impact of solvation effects on the energy
profiles has been estimated by using the Solvation Model based

on Density (SMD) [24]. The results obtained adding a number n

of explicit molecules from 1 to 4 are collected in Table 1. As

explained above, among all the possible states for both reactants
and product that at lower free energy has been selected. This

approach allows identifying the proper reference state for the
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calculation of relative energies. As can be inferred from the data
in Table 1, both the reactants’ reference state and the most stable
products’ state change as a function of the adopted
computational protocol and the number of explicit water
molecules.

The hydrolysis reaction proceeds by one step Sx2 mechanism
and the relevant TS for the displacement of the chloride ligand
by a water molecule adopts the shape of a substantially distorted
trigonal bipyramid with significantly elongated bonds with the
leaving and entering ligands. Activation free energy and reaction
free energy for the first Pt-Cl bond hydrolysis calculated
adopting the different computational approaches illustrated
above and choosing the lower energy state for both reactants and
products are collected in Table 2 and compared with the results
obtained by previous theoretical investigations [21,22,25] and

experimental values [26,27].
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Table 1. Relative energies (in kcal mol™') with respect to the reactants’
lowest free energy state for all the microsolvated states of reactants and

products.
B3LYP/ | CCSD(T)/B3LYP- | B3LYP-D3BJ/
6-31+G* 6-31+G* 6-311+G*

SMD SMD SMD
cisPt+H,O 0.0 0.0 0.0
cisPt-H,O 2.1 -4.8 -2.1
TS-CI+H,O 26.0 23.2 22.7
cisPt(OH,)-CI- 72 34 3.9
cisPt(OH»)+ClI 7.0 15.3 112.8
cisPt(OH,)+(H20-CI) 32 74 2.4
cisPt+2H,O -2.1 4.8 2.1
cisPt-H,O +H,O 0.0 0.0 0.0
cisPt-2H,O 3,1 -5.7 -2.3
TS-CI+H,O-H,O 25,1 23.0 21.9
cisPt(OH,) H,O-CI 8.0 5.0 3.7
cisPt(OH,) H,O+CI 6.1 14.6 14.9
cisPt(OH,)-H,O+(H20-CI) 53 2.6 45
CisPt(OH,)+H,O+CI 4.9 20.1 114.9
cisPt+3H,0 -5.1 10.5 4.5
cisPt-H,O+2H,0 -3.1 5.7 2.3
cisPt-2H,O+H,0 0.0 0.0 0.0
cisPt-3H,0 -1.1 -6.2 -4.7
TS-Cl+H,0-H,0 23.9 23.7 21.3
cisPt(OH,)-2H,0-CI- 53 4.9 32
cisPt(OH,)-2H,O+Cl- 54 16.7 15.9
cisPi(OH,) 2H,0+(H20-CI") 83 3.0 6.8
CisPt(OH,)-2H,0+CI 1.9 25.8 117.2
cisPt+4H,0 -4.0 16.7 9.1
cisPt-H,O+3H,0 -1.9 11.9 7.0
cisPt-2H,O+2H,0 1.1 6.2 4.7
cisPt-3H,O+H,O 0.0 0.0 0.0
cisPt-4H,O 4.3 -4.0 -0.8
TS-Cl+H,0-H,0 26.7 23.1 23.0
cisPt(OH,)-3H,0-CI 13.9 9.5 3.8
cisPt(OHy)-3H,O+CI 6.6 15.8 17.7
cisPi(OH,) - 3H,0+(H20-CI") 72 93 115
cisPt(OH»)+3H,O+ClI 3.0 32.0 121.9
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An inspection of Table 2 shows that the better agreement
between theoretical values and experiment is obtained when the
structures are optimized using the B3LYP-D3BJ/6-311+G**
approach, whereas the inclusion into the model of two water
molecules 1s enough for a good reproduction of the experimental
values. The agreement with experiment is, instead, poor when
CCSD(T) single point calculations are carried out on B3LYP
optimized geometries.

The cisplatin-water complex may be viewed as a model system
that can be treated by using accurate ab initio methods and a
comparative study can provide a guide for theoretical
investigations on larger transition metal containing drugs, where
due to the required computational effort more modest theoretical

approaches have to be used.
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Table 2. Activation and reaction free energies (in kcal mol™) calculated
selecting the lowest free energy state for both reactants and products
compared with previous theoretical and experimental values

CCSD(T)// B3LYP-6-31+G*(SMD)

29.9 (cisPt+3H,0)
27.1 (cisPt+4H,0)

AE, (kcal/mol) AG: (kcal/mol)
23.9 (cisPtHH,0) | -3.2 (cisPt+H:0)
22.0 (cisPt+2H,0) | -5.3 (cisPt+2H,0)
B3LYP/6-31+G*(SMD) 25.0 (cisP3H,0) | -8.3 (cisPt+3H:0)
22.4 (cisPt+4H,0) | -7.2 (cisPt+4H,0)
28.0 (cisPLHHL,0) | -7.4(cisPtrH:0)
28.7 (cisPt+2H,0) | -2.6 (cisPt+2H,0)

3.0 (cisPt+3H,0)
9.3 (cisPt+4H,0)

B3LYP-D3/6-311+G*(SMD)

24.8 (cisPt+H,0)
24.2 (cisPt+2H,0)

3.9 (cisPt+H,0)
3.7 (cisPt+2H,0)

26.0 (cisPt+3H:0) | 3.2 (cisPt+3H,0)
23.8 (cisPt+4H,0) | 3.8 (cisPt+4H,0)
"B3LYP/6-31G**(PB) 24.9 0.1
5CCSD(T)//B3LYP-
6-314++G**(COSMO) 227 6.7
°SCIPCM//B3P86-6-31G* 21.3 1.5
d°Experimental data 23.8; 24.1 4.2:3.6

aRef.22
bRef.25
‘Ref.21
dRef.26
‘Ref.27
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4.3 Investigation of the inertness to hydrolysis of

platinum(IV) prodrugs (Paper 1V).
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Platinum(IV) complexes are an important class of compounds
that can act as pro-drugs. If correctly designed, they are more
inert and consequently less toxic than platinum(Il) complexes.
Recently, it has been demonstrated [16] that the inertness of the
platinum(IV) complexes depends on the electron withdrawing
power of axial ligands. So, the presence of axial ligands strongly
electron-withdrawing should make the platinum(IV) complexes
less stable in biological fluids and consequently less prone to
undergo chemical transformations before reaching the final
target, that is the cancer cell.

The hydrolysis reaction of some platinum(IV) complexes,
derivatives of cisplatin, carboplatin and oxaliplatin containing

acetato (Ac), monochloroacetato (MCA), dichloroacetato (DCA)
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and trifluoroacetato (TFA) ligands in axial positions has been
studied aiming at probing their stability in biological fluids. For
each Pt(IV) derivate having two axial carboxylato ligands, two
hydrolysis mechanisms in axial position have been investigated,
that is direct substitution of the axial ligand by water and attack
to the carbonyl accompanied by deprotonation that can be or not
assisted by the coordinated amine. Results show that the direct
attack on the Pt center is the preferred mechanism. For these
complexes also hydrolysis of equatorial chlorido ligands has
been examined.

Furthermore, in the case of cisplatin with two chlorido ligands in
axial position, axial and equatorial hydrolysis has been
investigated. For this complex, Hambley and coworkers [28]
have also reported that the addition of small amounts of the
Pt(I) complex increases the rate of the reaction. So, the
hydrolysis reaction of the cis-Pt(Cl) complex has been
theoretically investigated using the mechanism proposed by
Basolo and Pearson [19,20].

From the potential energy surfaces (PES) reported in the Paper
IV it is evident that the axial and equatorial hydrolysis of the
Pt(IV) derivates takes place by means of an associative
mechanism and that these complexes are, in general, more inert

than the corresponding Pt(II) drugs even if inertness is lower
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than expected. Furthermore, the hydrolysis reactions are
influenced by both the axial and equatorial ligands.

In order to elucidate the hydrolysis reaction for platinum(IV)
complexes Density Functional Theory (DFT) calculations have
been performed employing the B3LYP functional. For Pt the
relativistic compact Stuttgart/Dresden effective core potential
has been used in conjunction with the split valence basis set. The
standard 6-311+G** basis sets of Pople and co-workers have
been employed for all atoms. The impact of solvation effects on
the energy profiles has been estimated by using the Tomasi’s
implicit Polarizable Continuum Model (PCM) and the UFF set

of radii has been used to build-up the cavity.

4.4 Hydrolysis in acidic environment and degradation of
satraplatin: a joint experimental and theoretical

investigation (Paper V)
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Satraplatin was the first platinum prodrug to be administered
orally [29,15a]. This platinum(IV) complex is highly lipophilic
and stable in biological fluids. These features favor cellular
accumulation of the drug [30] and increase its oral
bioavailability. Like all platinum(IV) complexes, inside cancer
cells satraplatin is reduced to platinum(Il) by loss of the two
acetate ligands in axial position.

Generally, the prodrugs administered orally pass through the
acidic environment (1< pH < 3) of the stomach before being
absorbed into the bloodstream. So, it is interesting to explore
what should be the fate of these prodrugs in a very acidic
environment. It is worth mentioning, however, that the study
of platinum(IV) complexes hydrolysis in presence of the
H30" ion is an idealization of the acidic environment of the
stomach simulating a situation of very low pH.

In the Paper V DFT calculations have been carried out to
understand if and how the acidic environment can influence the
Pt(IV) prodrugs hydrolysis compared to neutral environment.
Both a cisplatin derivative with axial acetato ligands and
satraplatin have been examined. The results reported in this
paper prove that the acidic hydrolysis of the above-mentioned
prodrugs occurs faster than neutral hydrolysis. Work is in
progress to examine how the presence of electron-withdrawing

groups on axial carboxylato ligands and the introduction of
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aliphatic carboxylato ligands with an increasing carbon atoms
number in the chain can change the hydrolysis energy profile at
different pH conditions.

Furthermore, the fragmentation mechanisms of the protonated
satraplatin complex have been investigated through DFT
calculations to rationalize the results of collision-induced
dissociation experiments that prove how the first fragmentation
step is the [Sat + H — CH;COOH]" ion (445 m/z) formation by
loss of protonated acetate ligand (CH3COOH) in axial position.
Subsequently, from this all the other fragments are generated.
Experimental data are confirmed by theoretical investigations.
Anyway, the fragmentation profiles are useful for interpreting
the protonation mechanisms and evolution of chemical species,
but they are ideal pathways that concern charged molecules and
which require high energy values.

Also in this case, for all calculations the Density Functional
Theory (DFT) has been used, employing B3LYP functional. The
relativistic compact Stuttgart/Dresden effective core potential for
platinum and the standard 6-311+G** basis have been employed
for all atoms. Solvation effects on the hydrolysis energy profiles
has been estimated by using the Tomasi’s implicit Polarizable
Continuum Model (PCM) and the UFF set of radii has been used
to build-up the cavity.
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ABSTRACT: Platinum(IV) complexes are an important class of
compounds that can act as prodrugs, and due to their inertness, if
correctly designed, they could have low toxicity outside the cancer cell
and improve the pharmacological properties of the platinum(II)
anticancer agents that are currently used in the clinic. Because of the
efforts that are concentrated on the use of axial ligands able to control
the reduction potentials, lipophilicity, charge, selectivity, targeting, and
cell uptake of the Pt(IV) complexes, we considered to be of interest to
probe the inertness of such complexes that is assumed to be a fulfilled
prerequisite. To this aim, a density functional theory computational
analysis of the hydrolysis mechanism and the corresponding energy
profiles for a series of Pt(IV) derivatives of cisplatin, carboplatin, and

oxaliplatin with acetato, haloacetato, and chlorido ligands was performed to probe their stability in biological fluids. The heights
of the barriers calculated along the hydrolysis pathways for the associative displacement of ligands both in axial and equatorial
positions confirm that Pt(IV) complexes are, in general, more inert than the corresponding Pt(II) drugs even if inertness is lower
than expected. Some exceptions exist, such as derivatives of oxaliplatin for the hydrolysis in equatorial position. The nature of the
axial ligands influences the course of the hydrolysis reaction even if a decisive role is played by the ligands in equatorial positions.
The mechanism of the aquation in axial position of cisplatin Pt(IV) derivative with two chlorido axial ligands assisted by Pt(II)
cisplatin was elucidated, and the calculated activation energy confirms the catalytic role played by the Pt(II) complex.

B INTRODUCTION

Cisplatin, cis-diamminedichloroplatinum(II), was the first Pt-
based drug used as an anti-proliferative agent and is well-known
for its high level and broad spectrum of anticancer activity.'
Since the discovery of the anticancer activity of cisplatin by
Rosenberg in the 1960s,” a large number of anticancer Pt(II)
drugs have been found,” but only a few of them are used in
clinical therapy.* Three Pt(II)-based anticancer drugs are today
used worldwide: cisplatin, carboplatin, and oxaliplatin, which
are square-planar d® Pt(II) complexes triggering cancer cell
death by binding to nuclear DNA and distorting its structure.’
However, like for many cytotoxic agents, side effects of cisplatin
and related Pt(II) complexes limit their clinical usefulness.
Nephrotoxicity and ototoxicity represent some of the adverse
side effects ascribed to undesirable interactions with thiol
groups on proteins in plasma causing deactivation of the drugs.
As a large amount of Pt(II) prodrugs is lost in bloodstream
before arriving at the ultimate target the bioavailability is
limited, and oral administration is precluded.®

To overcome such drawbacks a number of new methods are
being investigated including the use of prodrugs with platinum
in the more inert +IV oxidation state.””'* The administration of
nontoxic Pt(IV) prodrugs that can be activated selectively by
reduction at the tumor sites might reduce unwanted reactions
with biomolecules and consequently minimize undesired side
effects. Even oral administration becomes feasible, since in
contrast to the quite reactive Pt(II), Pt(IV) compounds are
more stable in biological fluids. Degradation in the gastro-

-4 ACS Publications  © 2016 American Chemical Society
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intestinal tract is thus less likely, and the Pt(IV) prodrugs may
reach the cellular target without prior transformation. Pt(IV)
has a low-spin d° electron configuration and exhibits octahedral
geometry. This configuration is relatively inert to substitution;
reactions with biological nucleophiles are thus disfavored
compared to Pt(II) complexes, and the lifetime in biological
fluids is expected to increase. It is not yet established, however,
that Pt(IV) complexes survive long enough in vivo to be
delivered to the tumor sites. As intracellular activation occurs
by reductive elimination, the breaking of the bond with the
ligands in axial position to yield the corresponding cytotoxic
square-planar Pt(II) complexes is involved. Therefore, axial
ligands can be designed to favorably influence pharmacological
properties of the prodrug such as solubility in biological media,
redox potential, targeting functionalities, and inhibition of
reactions related to resistance to the drug. Many of the axial
ligands proposed to tune Pt complexes pharmacological
properties are tethered to the Pt(IV) center through
carboxylates."”'* For example, the most successful orally active
Pt(IV) antitumor drug to date, satraplatin (trans,cis,cis-
bis(acetato)ammine-(cyclohexylamine) dichloridoplatinum-
(IV), JM216) has two axial acetato Iigands.15 Reduction
potential has been demonstrated to depend on the electron-
withdrawing power of axial ligands, and this is assumed to be
the reason why Pt(IV) complexes with axial trifluoroacetato
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hgands are more potent than their analogues with acetato
ones.'® More recently several reports have appeared in the
literature dealing with the anticancer activity of cis,trans,cis-
[Pt(NH,),(OCOCHCL,),Cl,], mitaplatin, a Pt(IV) derivative
of cisplatin with two dichloroacetato moieties in the axial
positions.17

Because of the great deal of attention devoted to the design
of novel anti-neoplastic agents based on Pt(IV) prodrugs and
the recent reports'® that seem to contradict the consolidated
knowledge on Pt(IV) chemistry, in the present paper a density
functional theory (DFT) computational analysis of the
hydrolysis mechanism and the corresponding energy profiles
for a series of Pt(IV) derivatives of cisplatin, carboplatin, and
oxaliplatin with acetato and haloacetato ligands was performed
aiming at probing their stability in biological fluids. In
particular, the results presented here can be compared with
the experimental findings by Gibson and co-workers,"*** who
demonstrated that Pt(IV) complexes considered inert, having
two axial haloacetato ligands, are not very stable in biologically
relevant conditions (37 °C and neutral pH) and can undergo
rapid hydrolysis. Furthermore, the same authors have
demonstrated that Pt(IV) derivatives of oxaliplatin that contain
one hydroxido ligand, obtained by hydrolysis, and one
carboxylato ligand in the axial positions, are reduced by
ascorbate much more rapidly than the Pt(IV) derivatives of
oxaliplatin that possess two carboxylato axial ligands, despite
having more negative reduction potentials. Thus, the rapid loss
of the ligands alters the physicochemical properties of such
complexes. Furthermore, the stationary points along the
potential energy surfaces for the replacement of ligands in
equatorial position by water have been intercepted. Finally, for
the Pt(IV) derivative of cisplatin having two axial chlorido
ligands the energy profiles for the hydrolysis in axial and
equatorial positions and the hydrolysis mechanism assisted by
Pt(Il), as proposed by Basolo and co-workers,'”*’ were
investigated. Indeed, it has been suggested that residual
amounts of Pt(II) complexes, acting as catalysts, facilitate
ligand exchange on octahedral Pt(IV) complexes.'’

B RESULTS AND DISCUSSION

A systematic examination of the hydrolysis reaction for all the
Pt(IV) complexes, shown in Scheme 1, was undertaken. The

Scheme 1
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complexes are derivatives of cisplatin, carboplatin, and
oxaliplatin containing acetato (Ac), monochloroacetato
(MCA), dichloroacetato (DCA), and trifluoroacetato (TFA)
ligands in axial positions. In addition, for cisplatin also the
Pt(IV) derivative with two chlorido axial ligands was studled
Calculations were performed employing the hybrid B3LYP*
exchange-correlation functional for a reliable comparison with
the outcomes of previous investigations dealing with cisplatin
hydrolysis reactions.”

Nevertheless, the dispersion-corrected functional B3LYP-
D3”* was used to perform additional calculations to prove
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whether weak interactions could influence the energetics of the
studied process. Since the examined barrier heights changed
only slightly and the trends remained unchanged results are not
reported here. Two alternative suggested mechanisms ' for the
hydrolysis of Pt(IV) derivatives having two axial carboxylato
ligands have been explored as shown in Scheme 2, that is (a)
direct substitution of the axial ligand by water and attack to the
carbonyl accompanied by deprotonation that can be or not
assisted by the coordinated amine. These two last alternatives
are labeled (b) in the latter case and (b’) in the former. B3LYP
free-energy profiles, calculated by including water solvent
effects, for the hydrolysis of Pt(IV) derivative of cisplatin with
two TFA axial ligands are drawn in Figure 1. The sum of
complex and water reactants free energies is set to zero for the
calculation of relative free energies that are expressed in
kilocalories per mole. Hydrolysis of both axial TFA and
equatorial chlorido ligands is reported, and for the hydrolysis in
axial position all the mechanistic alternatives shown in Scheme
2 were investigated. Fully optimized structures of minima and
transition states intercepted along the reported pathways are
shown in Figure 1.

Complete geometries can be found in the Supporting
Information (Table S1). The interaction of the entering
water molecule with the Pt(IV) complex, named cisPt(TFA),
+ H,0, leads to the formation of the first cisPt(TFA), H,O
intermediate, which is more stable than reactants by 9.5 kcal
mol~". A hydrogen bond is formed by the water molecule with
an amine H atom (1.836 A). The direct coordination to the Pt
center takes place overcoming a free-energy barrier of 34.2 kcal
mol ™' corresponding to the transition state TS1spe(Tra), for the

associative displacement of the ligand. The imaginary frequency
that confirms the nature of this stationary point is calculated to
be 155.3i cm™ and corresponds to the concerted Pt—Oqgy
bond breaking, Pt—Oy o bond forming, and proton transfer

from water to trifluoroacetato. All the attempts to intercept
minima and transition states corresponding to a dissociative
mechanism were unsuccessful. Analogous results were obtained
for all the Pt(IV) complexes under investigation. It is worth
underlining that additional calculations including explicit water
solvent molecules were executed to check the influence of their
presence on the mechanism. The outcomes of such calculations
clearly showed that, although hydrogen bonds are established
among the explicit water molecules, the mechanism continues
to be the same. One of the included water molecules attacks the
Pt center displacing the ligand in an associative way. Also the
energetics of the process is only a little altered by the inclusion
of additional solvent molecules.

Formation of the cisPt(TFA) (OH) hydrolysis product
together with the elimination of the acid is calculated to be
exothermic by 7.4 kcal mol ™. When the water molecule attacks
on the carbonyl carbon, the calculated free-energy barrier that is
necessary to surmount lies 38.4 kcal mol™ above the energy of
the minimum leading to it.

In the case under investigation the coordinated amine in
equatorial position catalyzes the process acting as a proton
shuttle. Indeed, the normal mode associated with the imaginary
frequency of 482.9i cm™" identifying the intercepted transition
state TS2py(tra), corresponds to the concerted H transfer
from the amine to the oxygen atom of H,O and from the water
molecule to the oxygen atom of TFA. Simultaneously, the
formed OH™ moiety bonds to the carbonyl C atom, and the
final product is formed.
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Q 5+ found in Table S2 of the Supporting Information. It is
important to underline that for all the examined complexes the
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Scheme 2) only in the case of cisplatin derivatives.
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Figure 1. Calculated B3LYP free-energy profiles in water for TFA axial
ligand hydrolysis of the cisplatin Pt(IV) derivative with two TFA axial
ligands. Results for mechanisms (a; solid line) and (b’; dashed line)
are shown. Energies are in kilocalories per mole and relative to
separated reactants.

From the reported data it clearly appears that the direct
attack on the Pt metal center is the preferred mechanism, and
analogous calculations for cisplatin derivatives containing Ac,

1582

obtained by Gibson and co-workers'®*® is that, even if the
hydrolysis behavior of all the examined Pt(IV) complexes
containing two haloacetato ligands in axial position is not
straightforward to rationalize, it seems that strong electron-
withdrawing groups on acetato ligands cause a destabilization of
these compounds, which can undergo fast hydrolysis.
Furthermore, the nature of the ligands in the whole
coordination sphere plays also an important role in influencing
the behavior of the complexes. Indeed, the authors recognized
that different complexes with the same ligands in axial position
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Table 1. The Hydrolysis in Axial Position for Mechanism
Labeled (a) for All the Pt(IV) Derivatives under
Investigation®

Cispt(X),+H,0  Cispt(X), H,0” TS° (AE%)  hydrolysis product”
X = Ac -7.9 33.5 —=7.0
X = Mca -9.5 312 —-12.6
X = Dca -9.3 32.3 -9.3
X =Tfa -9.5 34.2 —-7.4
CarboPt(X),+H,0 carboPt(X), H,O
X =Ac -9.3 38.5 —2.8
X = MCA —10.5 40.1 =37
X = DCA —-8.5 39.2 -1.0
X =TFA —8.5 35.8 2.7
oxaPt(X),+H,0 oxaPt(X), H,O
X = Ac —-9.6 3583 —-6.0
X = MCA —8.6 339 -8.1
X =DCA =72 31.8 —6.4
X = TFA —-6.7 31.8 —-6.7

“All the values are in kilocalories per mole. bRelative free energies of
formation of the first adduct. “Activation energies. 9Free energies of
reaction.

showed different hydrolysis rates. The rationalization of the
calculated values is difficult also from a theoretical point of
view. Indeed, from the data collected in Table 1 it appears that
for the cisplatin derivatives significant differences between the
energy barriers do not exist. MCA and DCA barriers are even
lower than those for Ac and TFA. The barriers calculated for
the carboplatin derivatives are higher than those for both
cisplatin and oxaliplatin Pt(IV) derivatives. In this case, the
similar barriers for the Ac and TFA complexes are lower than
those for MCA and DCA ligands. Finally, for the oxaliplatin
derivatives the presence of more withdrawing substituents on
axial acetato ligands causes a lowering of the corresponding
energy barriers. This trend is that expected on the basis of the
conclusions of Gibson and co-workers'**® on the nature of
axial ligands and the influence they have on the hydrolysis
behavior. The reported values confirm that the identity of the
ligands in equatorial position plays a critical role in determining
the energetics of the process.

The energy profile for the hydrolysis in equatorial position
that leads to the substitution of one CI~ ligand in cisPt(TFA),
derivative is reported in Figure 2. The approach of the water
molecule to the complex from the side of the chlorido ligands
causes a stabilization of 8.9 kcal mol™". The intercepted
transition state TS3pytra), Whose structure is shown in

Figure 2, has a free energy of 27.1 kcal mol~!. Therefore, from
the previous minimum a barrier of 36.0 kcal mol™' must be
overcome for the concerted breaking of the Pt—Cl bond and
formation of a new bond between the Pt center and the oxygen
atom of the entering water molecule to occur.

In the formed product the chlorido ligand is completely
substituted by the H,O molecule and interacts with the
hydrogens of amine and coordinated water at distances of 1.961
and 1.742 A, respectively. The whole process is exothermic by
0.3 kcal mol™ and, then, less favored, from a thermodynamic
point of view than the hydrolysis in axial position. The
outcomes of analogous calculations performed to intercept
minima and transition states along the aquation reaction in
equatorial position for cisPt(X),, carboPt(X),, and oxaPt(X),,
where X = Ac, MCA, DCA, and TFA, are gathered in Table 2.
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Figure 2. Calculated B3LYP free-energy profiles in water for CI~
equatorial ligand hydrolysis of the cisplatin Pt(IV) derivative with two
axial TFA ligands. Energies are in kcal-mol ™ and relative to separated
reactants.

Table 2. The Hydrolysis in Equatorial Position®

cisPt(X),+H,0 cisPt(X), H,0” TS° (AE) hydrolysis product”
X = CH3COO™ -7.0 315 -19
X = MCA -89 33.1 -2.8
X =DCA —8.7 35.6 0.2
X = TFA -89 36.0 —-0.3
carboPt(X),+H,0O carboPt(X), H,O
X = CH3COO™ —8.8 36.1 =57
X = MCA 9.5 38.7 =5.1
X =DCA —8.1 39.8 —4.7
X = TFA —8.5 40.2 =50
oxaPt(X),+H,0 oxaPt(X), H,O
X = CH3COO~ -9.6 28.0 1.2
X = MCA —8.6 28.3 32
X =DCA =72 27.9 4.1
X = TFA —6.7 27.2 5.0

“All the values are in kilocalories per mole. “Relative free energies of
formation of the first adduct. “Activation energies. “Free energies of
reaction.

It is worth mentioning that, for carboPt(X), and oxaPt(X),
complexes, aquation in equatorial position involves the opening
of the ring formed by malonate and oxalate ligands,
respectively, with the metal center. The reported energy barrier
values do not follow any specific trend as a function of the
ligands in axial position. For the cisplatin and oxaliplatin
derivatives, Ac and MCA ligands make the hydrolysis process
more viable than DCA and TFA ligands. Furthermore, such
barriers are either comparable or only slightly different with
respect to the barriers for hydrolysis in axial position. The
barriers for the oxaliplatin derivatives are similar among them
and the lowest, even lower than those for the hydrolysis in axial
position. A comparison with the available experimental and
theoretical values of the activation barriers for the hydrolysis in
equatorial position of the corresponding Pt(II) complexes can
be helpful in rationalizing the obtained results. Many quantum
chemical studies in the past have been devoted to the
investigation of the hydrolysis reaction of one Pt—CI bond of
cisplatin drug.”® The theoretical value of the activation barrier
for the first hydrolysis closest to the experimentally estimated
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ones (23.8*° and 24.1°° kcal mol™") has been calculated by Lau
and Deubel™ and is 25 kcal mol™. For oxaliplatin an activation
barrier of 27.95 kcal mol™ has been calculated”’ that agrees
with the value of 26.50 kcal mol™' extracted from the
experimental reaction rate.”® The ring opening process for
the carboplatin drug involves the overcoming of an energy
barrier calculated to be 30.1 kcal mol™,* which is in excellent
agreement with the experimentally estimated value of ~30 kcal-
mol™.*° As a consequence, our calculations confirm that
Pt(IV) octahedral derivatives of cisplatin and carboplatin are
sensibly more inert than the corresponding square-planar Pt(II)
complexes regardless of the identity of the axial ligands and the
site, axial or equatorial, of hydrolysis. For oxaliplatin Pt(IV)
derivatives, instead, the heights of the calculated barriers for
both axial and equatorial hydrolysis are all comparable, except
for the Ac ligand, and even lower than the values suggested for
the aquation in equatorial position of the corresponding Pt(II)
complex. Furthermore, only for oxaliplatin derivatives the trend
in barrier heights confirms the behavior that can be predicted
on the basis of the withdrawing power of the axial ligands.lgd’e

Finally, in the case of cisplatin also the hydrolysis of the
Pt(IV) derivative with two chlorido ligands in axial position,
cisPt(Cl),, was investigated. Free-energy profiles for the first
hydrolysis of both axial and equatorial chlorido ligands are
reported in Figure 3 together with optimized structures of

. ?
TScisPH(Cl).-€l 290 .
2 eq @
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20 | TScisPr(Cl)z-Clm A 4 ®
o
£
< 104
2
3 5] X
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-5.6 N/
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\

cisPH(CI),+H,0 cisPH(Cl), H,0 Iy

Figure 3. Calculated B3LYP free energy profiles in water for the CI™
equatorial (solid line) and axial (dashed line) ligand hydrolysis of the
Pt(IV) derivative of cisplatin with two chorido axial ligands. Energies
are in kilocalories per mole and relative to separated reactants.

equatorial chlorido ligand for the formation of cisPt(Cl)(H,O)
and cisPt(Cl),(H,O) products, respectively. The calculated
trend of barrier heights for the aquation of cisPt(Cl), agrees
with experimental findings that show the substitution in axial
position to occur before substitution in equatorial one.”' The
barriers calculated for the hydrolysis in axial and equatorial
positions are lower than and comparable with, respectively,
those for cisplatin derivatives having two axial carboxylato
ligands. This result is a further confirmation that Pt(IV)
complexes are, in general, more inert than the corresponding
Pt(II) drugs. Some exceptions exist, such as derivatives of
oxaliplatin for the aquation in equatorial position, and overall,
inertness is lower than expected. The nature of the axial ligands
can influence the course of the hydrolysis reaction, as it appears
from the behaviors of cisplatin derivatives with carboxylato and
chlorido axial ligands even if a decisive role is played by the
ligands in equatorial positions.

Hambley and co-workers’' have also reported that the
addition of small amounts of the Pt(I) complex increases the
rate of the reaction. The computed energy profile for the
hydrolysis reaction of the cisPt(Cl), complex assisted by
cisplatin is depicted in Figure 4 together with the structures of
located stationary points, whose Cartesian coordinates can be
found in the Supporting Information.

AG (kealmol™)
o
1

-10 4

-13.3

cisPH(CI)(H,0) °

cisPt+cisPt(Cl)2+ cisPt_cisPt(Cl)Z_H:d
HO
2

Figure 4. Calculated B3LYP free-energy profile in water for the axial
aquation of the Pt(IV) cisplatin derivative with two chlorido axial
ligands assisted by the Pt(II) cisplatin complex. Energies are in
kilocalories per mole and relative to separated reactants.

intercepted stationary points, whose Cartesian coordinates can
be found in the Supporting Information. The reaction proceeds
with the formation of the first adduct cisPt(Cl), H,O that is
stabilized with respect to the reactants’ zero energy by 5.6 kcal
mol™". The water molecule can attack the Pt atom to substitute
a chlorido ligand either in axial or equatorial positions. In the
former case, the barrier that must be overcome for the
TScisPt(Cl),-Cl,, is 28.2 kcal mol™ for the associative
substitution of the ligand. The lengths of the breaking Pt—Cl
and forming Pt—O bonds are 3.008 and 2.898 A, respectively.
In the latter case, the transition state TScisPt(Cl)z—Cleq barrier
is 34.6 kcal mol™. The distance between the Pt center and the
oxygen of the entering water molecule is 2.627 A, and that
between Pt and the leaving chlorido is 3.062 A. Substitution
reaction is calculated to be exothermic by 2.0 kcal mol™ in axial
position and is thermoneutral for the displacement of an
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The mechanism hypothesized by Basolo and Pearson'”*’

involves coordination of the water molecule to the Pt(II)
complex to form a pentacoordinate intermediate that binds to
the Pt(IV) complex through a chlorido ligand that acts as a
bridge between the two Pt centers. From an inspection of the
energy profile shown in Figure 4 it appears that the results of
our theoretical investigation are not superimposable with the
hypothesized reaction steps. Indeed, the only formed
intermediate is an adduct between the water molecule and
the Pt(II) and Pt(IV) complexes, which lies 13.3 kcal mol™
below the energy of the entrance channel. The reaction
proceeds in one step by overcoming an energy barrier of 21.9
kcal mol™" for the concerted transition state TSpe(rv)—peqin)
characterized by an imaginary frequency of 57.41i cm™".

The intercepted transition state was carefully checked by IRC
calculations®" to assess its proper connection with the
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corresponding minima. The normal mode associated with the
imaginary frequency corresponds to the simultaneous coordi-
nation of the water molecule to the platinum center of cisplatin,
detachment of one axial Cl” ligands of the Pt(IV) complex, and
its coordination to the Pt(II) center and release of the second
axial chlorido ligand. The whole process leading to the
formation of the desired hydrolysis product, the restored
cisplatin complex, and the displaced CI™ ligand is calculated to
be exothermic by 6.6 kcal mol™. All the computational
strategies employed to locate the stationary points correspond-
ing to the mechanistic hypothesis formulated by Basolo and
Pearson were unsuccessful. On this subject, it is worthwhile to
underline that the results presented here agree with previous
calculations that do not support the involvement of five-
coordinate platinum complexes as reaction intermediates.*”
The attack on the Pt(II) center is assisted and occurs thanks to
the contemporary coordination of another ligand from the
opposite side to give a six-coordinate species. The barrier that is
necessary to overcome for the assisted aquation in axial position
is lower than that calculated when the process is not assisted,
confirming the catalytic role played by residual amounts of the
Pt(II) complex (21.9 vs 28.2 kcal mol™).

B CONCLUSIONS

In the present paper we have undertaken a systematic
examination of the hydrolysis reaction energy profiles of Pt(IV)
derivatives of cisplatin, carboplatin, and oxaliplatin containing
acetato, monochloroacetato, dichloroacetato, trifluoroacetato,
and chlorido ligands in axial positions. For the attack to axial
carboxylato ligands position, two alternatives have been
explored; that is, (a) direct displacement of the axial ligand
by water that simultaneously deprotonates and (b) attack to the
carbonyl carbon accompanied by deprotonation that can be or
not assisted by coordinated amines. Results show that the direct
attack on the Pt center is the preferred mechanism. The trend
of barrier heights calculated along the displacement, calculated
to be associative, pathways is difficult to rationalize as a
function of the nature of the axial ligands. The Pt(IV)
derivatives, in general, result to be more inert than the
corresponding Pt(II) complexes, even if some exception exists
such as the aquation in equatorial position of Pt(IV) oxaliplatin
derivatives. However, inertness is lower than expected, and the
possibility that Pt(IV) prodrugs can undergo hydrolysis in
biologically relevant conditions cannot be excluded. The
identity of the axial ligands influences the rate of the hydrolysis
reaction, but a decisive role is played by the nature of the
ligands in equatorial positions. For the cisplatin derivative
having two chlorido ligands in axial position the hypothesis that
the cisplatin could act as catalyst has been explored, and the
mechanism has been elucidated. The reaction occurs in one
step, and the height of the only intercepted transition state
confirms that the presence of residual amounts of the Pt(II)
complex causes an enhancement of the reaction rate.
Octahedral Pt(IV) complexes act as prodrugs that are
believed to be activated in the cancer cell by reductive
elimination to yield the corresponding active Pt(I) congeners.
Several mechanistic hypotheses have been formulated for the
reductive elimination such as outer sphere reactions, inner
sphere mechanisms, and Pt(II)-catalyzed reaction schemes
analogous to that investigated here involving the formation of a
dimer where a bridging ligand mediates the electron transfer
between the Pt(II) and Pt(IV). Work is in progress to
theoretically investigate for the complexes examined here what
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mechanism should be responsible of the reduction of Pt(IV)
prodrugs inside the cells. Moreover, once it is accepted that
Pt(IV) derivatives can be hydrolyzed before entering the cancer
cell, we intend to probe how the substitution of the ligands and,
hence, the presence of hydroxide ligands in the coordination
sphere influences the reduction process.

B COMPUTATIONAL DETAILS

Geometry optimizations as well as frequency calculations for all
reactants, intermediates, products, and transition states were
performed at the density functional level of theory by using the
B3LYP** functional as implemented by the Gaussian 09> code. For Pt
the relativistic compact Stuttgart/Dresden effective core potential®*
was used in conjunction with the split valence basis set. The standard
6-311+G** basis sets of Pople and co-workers were employed for the
rest of the atoms. The involved transition states were checked by
intrinsic reaction coordinate (IRC) analysis.”’ For each optimized
stationary point, vibrational analysis was performed to determine the
character (minimum or saddle point), and zero-point vibrational
energy (ZPVE) corrections were included in all relative energies. For
transition states, it was carefully checked that the vibrational mode
associated with the imaginary frequency corresponds to the correct
movement of the involved atoms. Furthermore, the IRC*' method was
used to asses that the localized TSs correctly connect to the
corresponding minima along the imaginary mode of vibration. The
impact of solvation effects on the energy profiles was estimated by
using the Tomasi’s implicit Polarizable Continuum Model (PCM)** as
implemented in Gaussian09. The UFF set of radii was used to build
the cavity. The solvation Gibbs free energies were calculated in implicit
water (& = 78.4) at the same level performing single-point calculations
on all stationary points structures obtained from vacuum calculations.
Enthalpies and Gibbs free energies were obtained at 298 K and 1 atm
from total energies, including zero-point, thermal, and solvent
corrections, using standard statistical procedures.j"S However, such
approach does not reflect the real entropic change that occurs when
the solute goes from the gas to the condensed phase, and the effects
are more relevant when association and dissociation are involved.
Therefore, following the procedure proposed by Wertz’ and
successfully adopted formerly® to properly handle the change of
translational and rotational entropy occurring when a solute is
transferred from the gas phase into the solution phase, Gibbs free
energies in solution for each species were calculated as

Gaogk = Eaec + G

solv

+ ZPE + H,y + 6kT — T(S,3,)
— T[0.54 X (S, + S

rot

— 14.3) + 8.0] (1)

where T = 298 K and the term 6 kT accounts for the potential and
kinetic energies of the translational and rotational modes.

trans
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ABSTRACT: In the effort to synthesize and select active platinum-based anticancer drugs
performing better than cisplatin and its analogues, six-coordinate octahedral Pt(IV) complexes
appear to be promising candidates as, being kinetically more inert and more resistant to ligand
substitution than four-coordinate Pt(II) centers, are able to minimize unwanted side reactions
with biomolecules prior to DNA binding. Due to their kinetic inertness Pt(IV) complexes have
been also exploited to bypass inconvenient intravenous administration. The most prominent
example is satraplatin that is the first platinum antineoplastic agent reported to have oral activity.
The present paper deals with a theoretical DFT investigation of the influence that the acidity of
the biological environment can have on the activity of satraplatin and analogous octahedral
Pt(IV) complexes having two carboxylates as axial ligands. Moreover, here the outcomes of a
joint electrospray ionization mass spectrometry and DFT investigation of the fragmentation
pathways of the protonated satraplatin are reported. Calculations show that the simulated acidic
environment has an important impact on the satraplatin reactivity causing a significant lowering
of the barrier that is necessary to overcome for the hydrolysis of the first acetate ligand to occur.
Electrospray ionization experiments confirm that the loss of CH3COOH from the protonated
satraplatin ion [Sat + H]" takes place almost immediately upon dissolution of satraplatin in the

used methanol-water solution at room temperature.



1. INTRODUCTION

Platinum-based drugs are used widely in chemotherapy. The clinically approved platinum
complexes cis-diamminedichloridoplatinum(II), cisplatin, and its direct analogues cis-diammine-
[1,1-cyclobutanedicarboxylato|platinum(Il), carboplatin, and 1R,2R-diaminocyclohexane
oxalatoplatinum(II), oxaliplatin, are the majorly used chemotherapeutic agents. Application of
such three worldwide approved platinum(Il)-based cytostatics, however, is limited by their
severe side effects, intrinsic and/or acquired therapy resistance and the inconvenient way of
intravenous administration.! To overcome these drawbacks a great deal of efforts has been
concentrated on the search for improved metal-based anticancer agents including prodrugs in the
more inert +IV oxidation state.*!' Since Pt(IV) complexes are kinetically more inert, they have

been exploited for oral
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Scheme 1. Chemical structures of satraplatin and JM118
administration. The most prominent example is satraplatin, frans,cis,cis-bis(acetato)ammine-
cyclohexylaminedichloroplatinum(IV) (Scheme 1), the first platinum agent reported to have oral
activity.!>!* It has been rationally designed for its lipophilicity and stability to be suitable for

oral administration. The lipophilic character of satraplatin favors cellular accumulation of the



drug'* and increases its oral bioavailability. Satraplatin complex exerts its antitumor activity by a
generally accepted intracellular mechanism that entails: cellular entry and activation typically
involving reduction of Pt(IV) to Pt(Il) and, in analogy to cisplatin, aquation by substitution of
chloride ligands. Six distinct platinum(Il) species can be formed, where cis-
ammine(cyclohexylamine)-dichloroplatinum(Il) (JM118, Scheme 1) derived from the loss of the
two acetate ligands is the major metabolite. Consequent DNA binding and initial cellular
responses to the DNA damage ultimately lead to cellular death.'>!7 Satraplatin and its JM118
metabolite have shown antitumor effects in vitro, in vivo, and in clinical trials.* Advantages of
using satraplatin as an alternative platinum antitumor agent, besides convenience of oral
administration, include milder toxicity profile, lack of cross-resistance with cisplatin, and activity
in cancers that are nonresponsive to conventional platinum drugs used in the clinic. Despite these
advantages and the positive outcome of Phase III clinical trials, satraplatin has not been approved
by the FDA as it did not show a convincing benefit in terms of overall survival.!® As a
consequence, clinical studies with satraplatin are still ongoing.'

In the framework of a more extended project aimed at investigating one aspect that is
triggering increasing attention,'®?? that is how the pH, both in acidic and basic conditions, of the
biological environment can influence the activity of anticancer drugs, in the present paper we
report the outcomes of a theoretical density functional theory (DFT) study of the acidic
environmental conditions influence on the cytotoxicity of satraplatin and analogous octahedral
Pt(IV) complexes having two carboxylates as axial ligands. Furthermore, electrospray ionization
mass spectrometry experiments and DFT computations have been carried out to investigate the
fragmentation pathways of the protonated satraplatin to allow identification and structural

characterization of metabolites.



2. COMPUTATIONAL AND EXPERIMENTAL DETAILS

2.1 Computational methods.

The geometry optimization of all the compounds located along the calculated energy profiles
have been carried out by means of the Gaussian09 software package®® in the framework of the
density functional theory employing the hybrid three-parameters B3LYP?** functional. To
describe Pt the relativistic compact Stuttgart/Dresden effective core potential*> has been used in
conjunction with its split valence basis set. Standard 6-311+G** basis set of Pople has been
employed for the rest of the atoms, except C and H atoms of the cyclohexylamine ligand in order
to reduce the computational effort. To describe such atoms the smaller 6-31G basis set has been
employed. Vibrational analysis for each optimized stationary point has been performed to
determine its minimum or saddle point nature and to calculate zero-point vibrational energy
corrections included in all relative energies. For the intercepted transition states, it has been
carefully checked that the vibrational mode associated with the imaginary frequency corresponds
to the correct movement of the involved atoms. Furthermore, the IRC?® method has been used to
asses that the localized TSs correctly connect to the corresponding minima along the imaginary
mode of vibration. The influence of the aqueous environment has been taken into account by
means of the implicit Polarizable Continuum Model (PCM)?’ as implemented in Gaussian09
with €=78.35. To build up the cavities, which solvent molecules are accommodated in, the UFF
radii have been used. The solvation Gibbs free energies have been calculated in implicit water at
the same level performing single-point calculations on structures obtained from gas-phase
optimizations. Enthalpies and Gibbs free energies have been obtained at 298 K and 1 atm from

total energies, including zero-point, thermal and solvent corrections, using standard statistical



procedures.?® Gas-phase reaction free energy (AGgs) and a solvation-reaction free-energy terms
calculated with the continuum approach (AGs) have been summed up to calculate reaction
Gibbs free energies in solution (AGs,1). However, the real entropic change that occurs when the
solute goes from the gas- to the condensed-phase is not properly handled, and the effects are
more prominent when dissociation and association reactions are involved. Therefore, to
appropriately take into account the translational and rotational entropy change occurring when a
solute is transferred from the gas phase into the solution phase, the procedure proposed by
Wertz?® and successfully employed formerly,*® has been adopted and Gibbs free energies in
solution for each species, have been calculated as:

G298k = Eelec + Ggolv + ZPE + Hyip + 6 kT -T(Sviv) - T[0.54%(Srot + Strans — 14.3) + 8.0] (1)
where the potential and kinetic energies of the translational and rotational modes are taken into

consideration by the 64T term and T=298K.

2.2 Mass Spectrometry.

A triple quadrupole mass spectrometer, (Acquity TQ, Waters, MA, USA) equipped with an
electrospray ionisation source was used here. The instrument was operated in the positive ion
mode, with typical values of cone and extractor voltages set to 35, and 3 respectively. The
capillary voltage was optimised each day for maximum signal transmission and spray stability,
the optimised range was typically 2200-2500 volts. The de-solvation gas was usually set at a
flow 0of 200-250 L h™! at a temperature of 150 °C. Argon was used as the collision gas at a flow
rate of about 0.15 ml min™'. Ions sampled from the electrospray suffered many collisions in an
attempt to achieve effective thermalization in the lens region, being from the orifice/skimmer to

the first r.f. only quadrupole. The bias potential in this lens region was set up to strike a



compromise between signal transmission and minimal collisional heating. The precursor ions
underwent multiple collisions with argon to produce product ion spectra obtained at collision
energies in the range 0-25 eV in the lab frame having both Q1 and Q3 operated at unit resolution

with typical a dwell time of 25 millisecond per transition.

2.3 Reagents
Satraplatin was obtained from Sanofi-Synthelabo Ltd, and Shandong Boyuan Pharmaceutical Co.

Ltd., HPLC-grade water and methanol were all purchased from Sigma-Aldrich.

3. RESULTS AND DISCUSSION

3.1 Hydrolysis in water and acidic media of Pt(IV) complexes with carboxylato axial
ligands.

The increased stability and bioavailability of platinum(IV) complexes, which allow oral
application and reduce significantly side effects, is assumed also to aid the survival of such
compounds in the acidic environment of the stomach before being absorbed into the blood
stream. In particular, for satraplatin, the only orally administered platinum complex with
documented efficacy, it is important to gain information concerning the fate of the drug after its
oral assumption and the influence the low pH can have on its activity. On the other hand, the
belief is increasing that the acidic environment can induce resistance to chemotherapeutic drugs
that could be overcome using proton pump inhibitors in combination to conventional anticancer
agents.’'*> Furthermore, since in vivo activation by reduction inside the tumor cell to the
corresponding platinum(II) analogs is essential for the anticancer activity of Pt(IV) compounds,

it is speculated that when the axial ligands are carboxylates the acidity of the tumor



microenvironment favors the reduction process by ligands loss.** By performing a systematic
exploration of the hydrolysis energy profiles of Pt(IV) derivatives of cisplatin, carboplatin, and
oxaliplatin containing acetate (Ac) and haloacetato ligands in axial positions, we have already
demonstrated that inertness is lower than expected, and the possibility that Pt(IV) prodrugs can
undergo hydrolysis of axial ligands in biologically relevant conditions cannot be excluded.** The
aquation in equatorial position is calculated to be, as expected, an unfavorable process.>** In the
present paper DFT calculations have been performed to investigate how the hydrolysis energy
profiles of Pt(IV) complexes change in going from neutral to acidic environments. Both cisplatin
derivative with axial acetato ligands and satraplatin have been examined. Free energy profiles for
the hydrolysis by reaction with water and H3O", mimicking the acidic environment, of the axial
Ac ligands of the Pt(IV) cisplatin derivative, named cisPt(Ac)> are drawn in Figure 1. The sum of
reactants free energies, that is complex and water or complex and H3O", is set to zero for the
calculation of relative free energies that are expressed in kcal mol’'. Relative gas-phase zero-
point corrected energies are also reported in parentheses. Fully optimized structures of minima
and transition states intercepted along the reported pathways are shown in the same Figure 1,
whereas complete geometries can be found in Table S1 of the Supporting Information (SI). The
suggested alternative mechanisms for the hydrolysis of carboxylates in axial position, that is:
direct water substitution of axial ligands or attack to the carbonyl accompanied by deprotonation
have been already investigated by us.** The former is the preferred mechanism, which involves
water attack on the Pt center and displacement of the ligand in an associative way. The
interaction of the entering water molecule with the cisPt(Ac), complex leads to the formation of
the first cisPt(Ac), H>O intermediate, that is more stable than reactants by 7.9 kcal mol™. The

direct coordination to the Pt center takes place overcoming a free energy barrier of 33.5 kcal mol



! corresponding to the transition state TS1 ispe(ac), for the associative displacement of the ligand.

The imaginary frequency that confirms the nature of this stationary point corresponds to the

concerted Pt — O, bond breaking, Pt — Oy, bond forming and proton transfer from water to

the acetate ligand.
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Figure 1. Calculated B3LYP energy profiles for the hydrolysis of Ac ligand in axial position of the
Pt(IV) derivative of cisplatin in a) neutral and b) and c) acidic environments. Relative ZPE-corrected
electronic energies (in parentheses) and Gibbs free energies at 298.15 K in water solvent are in
kilocalories per mole.

When the interaction with the H3O" ion, mimicking the acidic environment, is examined the
barrier lowers notably. First of all, the energy of the adduct formed by the complex and the H;O"
ion cannot be calculated because during the optimization the proton is transferred to the Ac
ligand. As the transfer of the proton can occur to both oxygen atoms, labeled Ol and O2 in
Figure 1, of the Ac ligand, the hydrolysis pathways have been examined for both complexes.
When the proton is transferred to the O1 atom coordinated to the metal center, the formation of
the first cisPt(AcAcO1H) H,O adduct is exothermic by 26.7 kcal mol™. The barrier for the
transition state TSlcspiacoin that allows the displacement of the protonated Ac ligand and
coordination of water is 21.1 kcal mol!. The products, hydrolyzed complex and AcH, are
calculated to be more stable by 26.3 kcal mol! than the reactants’ energy. The process is
calculated to be less kinetically, even if more thermodynamically, favorable if the proton is
transferred to the O2 atom, as the height of the barrier for the transition state TS1cispiacozn 1s 23.5
kcal mol™!. The first adduct lies 29.9 kcal mol! below the entrance channel and the overall
process for the elimination of an acetic acid molecule is exothermic by 30.3 kcal mol™.
Analogous calculations have been carried out for satraplatin. The energy profiles describing the
hydrolysis process in presence of water and H3O™" are depicted in Figure 2 together with the fully
optimized structures of intercepted stationary points. More information on the geometry of such
species can be found in the SI (Table S2). The hydrolysis of both axial ligands has been
examined, whereas, according to the results for the Pt(IV) cisplatin derivative, only the pathway
involving proton transfer to the O1 oxygen atom of the Ac ligand, which has been calculated to

be more favorable from a kinetic point of view, is described. In the neutral environment, after the
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slightly endothermic formation (2.1 kcal mol™) of the first complex/water adduct the barrier that
is necessary to overcome for the associative displacement of the Ac ligand is calculated to be
38.0 kcal mol!. The formed complex from which an acetic acid molecule is released is
destabilized with respect to reactants by 7.2 kcal mol™. The displacement of the second Ac axial
ligand by water requires 32.8 kcal mol™! to occur leading to the formation of the corresponding

di-hydroxo complex, which lies 10.4 kcal mol™ above the reference reactants’ energy.
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Figure 2. Calculated B3LYP energy profiles for the hydrolysis of Ac ligand in axial position of
satraplatin in a) neutral and b) acidic environments. Relative ZPE-corrected electronic energies (in
parentheses) and Gibbs free energies at 298.15 K in water solvent are in kilocalories per mole.

Comparison with the reaction profile describing the reaction with H3O" shows a drastic change
of the energetics of the process. As reported above for the cisplatin derivative, during the
optimization a proton is transferred to the Ac ligand to form the first adduct, Sat(H)" H,O,
which is more stable than reactants by 28.1 kcal mol . The associative substitution of the AcH
ligand requires 21.7 kcal mol™! to occur and leads to the formation of the hydrolyzed product that
together with the AcH ligand lies 23.8 kcal mol" below the energy of the entrance channel. The

addition of a second H3O" ion further stabilizes the system by 13.7 kcal mol™. One of the protons
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of the oxonium ion forms a hydrogen bond with O1 atom and is definitively transferred in the
transition state together with the substitution of the second axial ligand in frans to the water
molecule. For such concerted rearrangement to occur it is necessary to surmount a high energy
barrier of 35.0 kcal mol!. The di-hydrated complex together with released AcH molecules lies
38.3 kcal mol! below the reactants’ reference energy.

For both cisplatin derivative and satraplatin the outcomes of our calculations show that the
simulated acidic environment has a remarkable impact on the height of the barrier that is
necessary to surmount for the hydrolysis of the first acetate ligand to occur. Indeed, the barrier
lowers by 12.4 kcal mol! and by 14.6 kcal mol” for the model cisplatin derivative system and
satraplatin, respectively with respect to the barriers calculated in neutral environment. As a
consequence, more attention should be devoted to the transformations that the orally
administered drug undergoes in the acidic environment of the stomach. Moreover, the acidic
environment existing in tumors,*® that favors the reduction process of the prodrugs,* could have
an effect on the ligand elimination step by changing the nature of the ligands in the coordination
sphere of the metal. Such results could be useful in understanding the observed differences

between in vitro and in vivo anticancer activity of Pt(IV)-based cytostatics.?’

3.2 Fragmentation pathways of protonated satraplatin

In this section the outcomes are reported of a detailed analysis of the collision induced
dissociation (CID) products of protonated satraplatin and a quantum mechanical investigation of
the fragmentation pathways leading to the experimentally determined product ions.

Electrospraying a 1mM solution of satraplatin in a 1:1 (v/v) methanol-water in the positive ion

mode without allowing for any incubation time generated the mass spectrum shown in Figure 3.
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The signal for the protonated satraplatin [Sat + H]" being the most dominant species appears as
the cluster of peaks centered around m/z 501 (m/z 499-505). Complexes of satraplatin with both
sodium and potassium ions being ubiquitous in water can be clearly observed as the cluster of

peaks centered around m/z 523 (m/z 521-527) in the case of [Sat + Na]" and the cluster of peaks

1UO~‘ 501.4

[Satraplatin + H]*
500.4
[Satraplatin + H — CH;COOH]* 499.4
441.3 503.4
|
ae_.
4403
4393
4433
[Satraplatin + Na]*
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‘ ‘ 523.4
| 4=2 il 5224 539.3
Il {10 )| 5253 s
& ‘ ' ot 00t g VW ) W,

m/z
380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540

Figure 3. Full MS spectrum of a 1 mM satraplatin solution in (1:1) (v/v) water-methanol
without allowing for incubation time.

centered around m/z 539 (m/z 537-543) in the case of [Sat + K]". The only other major species
observed in Figure 3 appears as the cluster of peaks centered around m/z 441 (m/z 439-445) as is
assigned to be due to the loss of CH3;COOH from protonated satraplatin, [Sat + H —
CH3COOH]". The presence of this species in some significant abundance in the MS spectrum
shown in Figure 3 suggests that the species [Sat + H — CH;COOH]" may be present in an

appreciable concentration in the initial satraplatin methanol-water solution. This in turn implies
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that the loss of CH;COOH from [Sat + H]" takes place almost immediately upon dissolving
satraplatin in the methanol-water solution at room temperature as used here, making it a low
barrier, kinetically favored process. The observation of [Sat + H — CH3COOH]" in Figure 3 may
also indicate that the CH3COOH is lost from the precursor ion [Sat + H]" due to collisions in the
lens region. This possibility might suggest that the gas phase process of CH3COOH loss from
the ion [Sat + H]" involves a low energy barrier that would be accessible due the multiple
collisions suffered by the precursor species in an attempt to achieve effective thermalization in
the lens region. It is worth noting that all species observed in Figure 3 have isotopic patterns
consistent with the presence of a single platinum atom with its three most abundant isotopes
(being "*Pt (32.9%), %Pt (33.8%) and '"°Pt (25.3%)) as well as two chloride atoms with their
two most abundant isotopes *Cl1 (75.7%) and 3’Cl (24.2%). This indicates that the loss of either
of the chloride ions from the precursor [Sat + H]" is a process that involves a larger energy
barrier than the loss of CH3COOH from the same precursor. The mass selection and subsequent
collision induced dissociation (CID) of the ion [Sat + H]" as represented by the m/z 505 isotope
resulted in the MS? spectra shown in Figure 4.

Performing the CID experiments on any of the isotopic peaks of the [Sat + H]" (m/z 499-505)
resulted in same fragmentation pattern with only shifts in the m/z values of some product ions
accounting for the m/z of the ion used as a precursor which confirms that there is no difference in
the fragmentation pathways among the three platinum and two chlorine isotopes. The MS?
spectra of the ion [Sat + H]" as represented by the m/z 505 isotope presented in Figure 4 shows a
signal at m/z 445 assigned as [Sat + H — CH3COOH]". This ion was also observed in the full
scan MS shown in Figure 3 and assumed to involve a low energy process as discussed earlier. It

is also interesting to note that energy resolved CID curve shown in Figure 5 clearly indicates that
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Figure 4. MS? spectrum of the ion [Satraplatin + H]" generated at 20 eV in the lab frame.
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15



the product ion [Sat + H — CH;COOH]" at m/z 441 resulting from the CH;COOH loss from the
precursor ion [Sat + H]" at m/z 501 involves the lowest energy process of any of the product ions
observed in the MS? of [Sat + H]" shown in Figure 4. It is also clear from Figure 5 that the ion
[Sat + H — CH;COOH]" at m/z 441 initially increases in abundance as the energy employed
increases reaching its maximum intensity at around 12 eV and then decreases in abundance at
even higher energies. This indicates that the ion [Sat + H — CH3COOH]" at m/z 441 is most
likely involved in the production of ions of smaller m/z values observed in the MS? spectra of the
ion [Sat + H]" presented in Figure 4. This is further confirmed in the MS? spectra and the energy

resolved CID curve of [Sat + H — CH3COOH]" shown in Figures 6 and 7 respectively. The
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Figure 6: MS? spectrum of the ion [Satraplatin + H — CH3COOH]" generated
at 15 eV in the lab frame.

intensity of the ion [Sat + H — CH3COOH]" in Figure 7 was initially maximized through

significantly increasing the bias potential in the lens region to allow for the dissociation of [Sat +
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H]" thus in effect each point in the curve presented in Figure 7 is due to a pseudo MS? and thus

only information pertaining to ion lineage may be ascertained while no significant energetic

information may be obtained from the figure as the initial ion entering the reaction is not

thermalized.

The MS? spectra of the ion [Sat + H]" shown in Figure 4 shows a signal at m/z 390 observed at

about 10% relative abundance and assigned as [Sat + H — CH3COOH — NH3 — HCI]" most likely

due to the simultaneous losses of NH3 and HC1 from the ion [Sat + H — CH;COOH]" at m/z 445.

The losses of CH3COOCI in one instant and the combination of CH3COOH and HCI in the other
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Figure 7: Energy—resolved collision-induced dissociation of [Satraplatin + H —
CH3COOH]" curve. Main figure shows the full curve while the insert in the top right
hand corner shows an expanded view for clarity.

from the ion [Sat + H — CH3COOH]" at m/z 445 are most likely the processes involved in the

production of the ions observed at m/z 349 and 347 being assigned as [Sat + H — CH;COOH —
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CH3;COOCI]" and [Sat + H — (CH3COOH), — HCI]", respectively. The two signals with the
largest relative abundances observed at m/z 311 and 309 are most likely due to the subsequent
losses of HCI from the ions [Sat + H — CH3COOH — CH3COOCI]" and [Sat + H — (CH3COOH);

— HCI]" at m/z 349 and 347 respectively.

3.2.1 Low energy generation of the [Sat + H — CH;COOH]" ion

The fragmentation pathways leading to the formation of the observed product ions have been
theoretically explored. The Cartesian coordinates of all the intercepted stationary points are
available in Table S3 of the SI. All of the reported pathways start with the structural
rearrangement of the most stable isomer 1A of the precursor ion [Sat + H]" obtained by
protonation of the O2 oxygen atom non bonded to the Pt center into the isomer, protonated on
the O1 atom, labeled 1B lying 8.6 kcal mol™! higher in energy. In the former minimum the H
atom bonded to the O2 atom favorably interacts with the chlorine atoms in equatorial position,
whereas in the latter such interaction is lost due to an upward rotation of the H atom. The
interconversion between these two minima occurs going through the TSia-i transition state
overcoming an energy barrier of 16.4 kcal mol™'. A further rearrangement leads to formation of
the 1C isomer in which the CH;COOH ligand is coordinated to the Pt center through the Ol
oxygen atom. The imaginary frequency that characterizes the TSip-1c transition state allowing
this rearrangement corresponds to the concerted Pt-O2 bond breaking and Pt-O1 bond forming.
The structures of the minima and transition states are depicted in Figure 8 along the energy
profile that describes the fragmentation process that after the formation of the 1C isomer

proceeds with the release of the protonated Ac ligand. For the loss of a CH;COOH molecule to
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occur it is necessary to overcome a barrier of 22.9 kcal mol™! calculated with respect to the
energy of the most stable isomer, which is clearly accessible according to the experimental
findings. The formed penta-coordinated intermediate, labeled 445 from the corresponding m/z
value in Figure 4, lies 21.6 kcal mol™! above the energy of the entrance channel and all the other
fragments are released starting from such intermediate confirming that CH3COOH release occurs
directly from the [Sat + H]" precursor and involves the lowest energy process of any of the

observed product ions.

[
(=]
1

AG (kealmol )

Figure 8. Calculated free energy profile for fragmentation of the protonated satraplatin complex, ion 1A,
to give the fragment [Sat + H — CH3COOH]" observed at m/z=445 in Figure 4. Relative Gibbs free
energies at 298.15 K are in kilocalories per mole.
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For further fragmentations the outcomes obtained following the indications coming from
experiments are illustrated in the next sections. It is worth mentioning that minima and transition
states leading to the formation of the 445 fragment have been intercepted along a higher energy
fragmentation pathway reported in Figure S1 of the SI. From the precursor ion [Sat + H]" a new
isomer, named 1D, is formed in which the favorable interaction of the H atom of the CH3;COOH
ligand with equatorial chlorine ligands is broken due to an upward rotation of the molecule. The
energetic cost for this rearrangement is low as only 10.9 kcal mol"! are required and the formed
isomer is less stable by 6.4 kcal mol™ than the reference 1A compound. The hydrogen shift from
the oxygen atom labeled O2 to the Ol atom takes place surmounting an energy barrier of 43.5
kcal mol! and leads to formation of a very unstable isomer in which once again the CH;COOH
ligand is coordinated to the metal center through the protonated Ol atom. From this isomer,
indicated as 1E, lying 22.3 kcal mol™! above the entrance channel energy the CH;COOH ligand
can be released to yield the key 445 fragment going through the corresponding TSig-445 at 32.5
kcal mol™!. Furthermore, an alternative viable pathway has been explored involving, after the
formation of the 1B isomer, the coordination of the acetate ligand in an n? fashion that causes the
concerted elimination of the acetic acid unit and the displacement of the NH3 ligand from the
equatorial to the axial position. As shown in Figure S2 of SI, the transition state TS1B-44s° through
which such rearrangement occurs is higher by 40.3 kcal mol™ than the reference energy of the
1A isomer. The 445’ fragment formed by loss of the acetic acid ligand, lying only 4.3 kcal mol!
above the entrance channel energy, is noticeably more stable than the 445 isomer. The higher
calculated barrier for the TSip-445 transition state and the stabilization of the 445’ minimum that
hampers the next fragmentation steps, as probed by the very numerous attempts carried out to

generate the experimentally observed product ions, confirm the 445 isomer to be the key species
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for the following fragmentation pathways that we are going to describe. A superimposable
description is obtained when, as a result of the n? coordination of the acetate ligand and acetic
acid elimination, displacement of the cyclohexylamine ligand from the equatorial to the axial
position occurs. Finally, it is worth of mention that the analogous possibility for the chloride
ligand to transfer from the equatorial to the axial position, as a consequence of the acetate

ligand n? coordination, has been unsuccessfully explored.
3.2.2 [Sat + H - CH;COOH - NH; - HCIJ*

After the formation of the 445 penta-coordinated intermediate, the subsequent elimination of
NH; and HCI produces the [Sat + H — CH3COOH — NH3; — HCI]" ion observed at m/z 390. As
the fragmentation can proceed by either elimination of NH3 followed by HCI release or in
reversed order, that is elimination of HCI followed by NHj loss, both alternatives have been
examined. The calculated pathways are reported in Figure 9 together with optimized structures of
intercepted stationary points. The ammonia elimination directly from the 445 intermediate occurs
(see Figure 9a) going through the TS445.428 transition state with an associated barrier of 47.3 kcal
mol!'. The imaginary frequency confirming the nature of this transition state corresponds to the
concerted formation of a new Pt-O bond with the Ac ligand that coordinates to the metal center
in a chelating fashion and breaking of the Pt-N bond. The new formed intermediate 428 is more
stable than the transition state leading to it by 4.3 kcal mol”!. The next elimination of a HCI
molecule takes place by a hydrogen atom shift from the NH> group to one of the chlorine atoms
and occurs surmounting an energy barrier for the TSs2s-300 transition state of 74.5 kcal mol

above the reference energy of the most stable isomer of the protonated satraplatin.

a) -NH; -HCI "
Cl my,, W N O/h o N2
CI/ \N O/ \CI

b) -HCI -NH;
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Figure 9. Calculated free energy profiles for fragmentation process that from the ion at m/z 445 leads to
the fragment [Sat + H — CH3COOH- NH3 — HCI]" at m/z=390. Both sequential a) NH; and HC1 and b)
HCI and NHs release are reported. Relative Gibbs free energies at 298.15 K are in kilocalories per mole
and calculated with respect the precursor ion 1A.

The final product ion at m/z 390, is destabilized by 49.4 kcal mol"' with respect to the entrance

channel energy and its geometry is square planar with the acetate ligand coordinated to the metal

center in a > fashion.

The loss of HCI and NH3 in reversed order, as shown in Figure 9b, proceeds by the preparatory
H shift from the NH> group to a chlorine atom in equatorial position that requires overcoming an
energy barrier of 51.1 keal mol™ for the TSass.44sp transition state and leads to the formation of
the 445b intermediate that is more stable by only 1.8 kcal mol™! than the previous transition state.
The formed HCI moiety is released going through the TSaaspb407 transition state destabilized by
only 0.9 kcal mol” than the 445b minimum. The fragmentation product at m/z 390, is obtained

by release of a NH3 molecule with an energetic cost of 51.2 kcal mol™”! corresponding to height of
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the barrier for the TS407-300 calculated with respect to zero energy of the scale and a whole
destabilization, as described above, of 49.4 kcal mol™!. From the outcomes of this computational
analysis of the fragmentation mechanisms can be deduced that the sequential release of HCI and

NHs is less energetically demanding than the NH3z and HCI loss in inverted order.

3.2.3 [Sat + H - 2(CH3COOH) — HCI|" and [Sat + H — 2(CH3COOH) - 2HCI]"

Starting from the same penta-coordinated fragment at m/z 445 the observed ion [Sat + H —
(CH3COOH), — HCI]" with m/z 347 can be obtained by sequential loss of both CH3COOH and
HCI and viceversa of HCl and CH3COOH. From such ion the further loss of a second HCI
molecule generates the fragment corresponding to the peak observed at m/z 309. The energy
profiles describing both alternatives can be compared in Figure 10. The former alternative,
reported in Figure 10a, involves the transfer of a hydrogen atom from the NH3 ligand to the
uncoordinated oxygen atom of the Ac ligand. This rearrangement leads to the formation of a new
isomer, 445c¢, less stable by 4.1 kcal mol'of the 445 fragment and requires 48.7 kcal mol”! to
occur. The reaction proceeds with the interconversion between the two intermediates 445¢ and
445d, differing for their coordination to the metal center by the O2 atom in the former and O1 in
the latter. The height of the barrier that separates these two isomers is 41.3 kcal mol™!. From the
445d isomer the acetic acid molecule is lost going through the TS44s4-385 transition state that lies
46.8 kcal mol™! above the global 1A minimum. With respect to 1A, the structure labeled 385 is
destabilized by 33.2 kcal mol'. The subsequent loss of the first HCl molecule requires that an H
atom is transferred from the NH> group to one of the chlorine atoms. This transfer occurs in two

steps: from N to Pt and from Pt to Cl.
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Figure 10. Calculated free energy profiles for fragmentation process that from the ion at m/z 445 leads to
the fragment [Sat + H — (CH3COOH), — HCI]"at m/z=347. Both sequential a) AcH and HCI and b)
HCI and AcH release are reported. Relative Gibbs free energies at 298.15 K are in kilocalories per mole
and calculated with respect the precursor ion 1A.

The subsequent loss of the first HCI molecule requires that an H atom is transferred from the
NH: group to one of the chlorine atoms. This transfer occurs in two steps: from N to Pt and from

Pt to ClL The first shift takes place going through the TSs3ss-3ssp with a barrier of 72.9 kcal mol™!

24



and yields the minimum at 61.9 kcal mol™!, whereas the shift from Pt to Cl causes the detachment
of the HCIl molecule requiring 66.7 kcal mol! to occur and leads to the formation of the
corresponding ion [Sat + H — (CH3COOH), — HCI]" at m/z 347. In order to eliminate an HCI
unit first, as illustrated in Figure 10b, the pathway follows the same steps described in Figure 9b
leading to the formation of the ion [Sat + H — CH3COOH — HCI]". The successive loss of the
second CH3;COOH molecule goes through a series of steps that allow the hydrogen atom shift
from the NH3 ligand to the acetate: upward rotation of such H atom to avoid stabilizing hydrogen
bond interactions, decoordination of the non-protonated O1 atom and coordination of the
coordinated O2 one and finally the release of the acetic acid molecule. The calculated heights of
the barriers are 35.7, 43.6, 47.9 and 58.1 kcal mol™!, respectively for each of the described steps,
whereas the corresponding minima lie 31.3, 33.2, 43.3 and 48.9 kcal mol! above the zero energy
of the global 1A minimum. The fragmentation process terminates, along both pathways reported
in figure 10, with the elimination of the second HCI molecule and generation of the [Sat + H —
(CH3COOH), — 2HCI]" ion at m/z 309. The reaction proceeds by the concerted shift of the
remaining H atom on the nitrogen atom of the NH> group and the elimination of the formed HCI
unit. The barrier to overcome for this rearrangement to occur is 84.2 kcal mol™! and the formation
of the [Sat + H — (CH;COOH), — HCI]" ion is calculated to be endothermic by 65.0 kcal mol™.
From a comparison between the two free energy profiles shown in Figure 10 it appears that the
sequential HCI and CH3COOH elimination is energetically more amenable than the elimination

in reversed order of CH3;COOH and HCL

3.2.4 [Sat + H — CH3COOH - CH3COOCI]*, [Sat + H— CH;COOH - CH3COOCI - HCI|*

and [Sat + H — CH3COOH - CH3COOCI - HCI — NH;]*
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From the fragment ion [Sat + H — CH3COOH]" at m/z 445, a CH3COOC] unit can be eliminated
following the fragmentation path, illustrated in Figure 11, that entails several steps to achieve the
final aim. First of all, an internal rearrangement of the penta-coordinated 445 fragment is
required, which occurs going through the transition state TS44s-44se located 31.9 kcal mol™! above
the zero energy of the scale. Such rearrangement causes the movement of one of the CI ligands
from the cis position to the ¢trans one with respect to the Ac ligand. The new formed intermediate
445e is less stable by 4.9 kcal mol! than the most stable 445 isomer. In the next step the CI atom
is transferred to the Ac ligand to form the AcCl unit overcoming a barrier of 38.2 kcal mol™'. The
produced intermediate 445f is slightly more stable, by 2.3 kcal mol™!, than the previous 445e one.
From this intermediate the AcCl species is released, being 37.1 kcal mol™! the height of the
barrier for the corresponding TSuast349 transition state. The formed fragment, that is the [Sat + H
— CH3COOH — CH3COOCI]" ion at m/z 349, is more stable than the previous transition state by
only 3.00 kcal mol™!. The further fragmentation, as illustrated in Figure 11, involves the loss of
an HCI molecule that generates the peak observed at m/z 311. The required steps to obtain the
311 fragment are three: transfer of a hydrogen atom from the amino group to the metal centre, H
transfer from the Pt centre to the ClI ligand and release of the formed HCI species. The barriers
for such isomerizations to occur are calculated to be 88.4, 84.3 and 76.6 kcal mol™!, respectively
with respect to the 1A global minimum. The two isomeric forms of the 349 intermediate, named
349a and 349b, and the 311 fragment lie at 72.7, 73.9 and 72.2 kcal mol above the reference

Zero energy.
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Figure 11. Calculated free energy profile for the degradation process that from the ion at m/z 445 leads to
the [Sat + H — CH3;COOH — CH3COOCI]" fragment ion at m/z 349 and by sequential release of HCI
and NH; to the fragment [Sat + H — CH;COOH — CH3COOCI — HCI — NH3] at m/z=294. Relative
Gibbs free energies at 298.15 K are in kilocalories per mole and calculated with respect the precursor ion
1A.

To account for the peak observed at m/z 294 many attempts to eliminate a NH3 unit have been
carried out. In the same Figure 11b is reported the barrierless step that leads to the stationary
point located at 121.0 kcal mol! above the entrance channel, which corresponds to the cleavage

of the Pt-N bond and the formation of the 294 ion.

3.4 CONCLUSIONS

The theoretical DFT investigation presented here of the influence that acidic environments can

have on the activity of octahedral six-coordinate Pt(IV) complexes having carboxylate ligands in
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axial positions working as anticancer prodrugs, prove how the hydrolysis barriers of the first
axial carboxylate ligand significantly lower in going from neutral to acidic solutions. Collision-
induced dissociation experiments on the protonated satraplatin complex [Sat + H]" show to yield
several different fragment ions, whose fragmentation pathways have been investigated and
rationalized by quantum mechanical calculations. The generation of the [Sat + H — CH;COOH]"
ion at m/z 445 is shown to be the lowest energy process that takes place almost immediately after
dissolution of satraplatin in the methanol-water solution at room temperature and all the other
detected fragments may be generated starting from such ion. The corresponding degradation
pathways have been quantum mechanically explored and for the generation of the ion at m/z 445
by loss of a protonated Ac ligand calculations confirm that the lowest energy barriers calculated
here are involved. Work is in progress to analyze how the presence of electron-withdrawing
groups on axial carboxylato ligands as well as the introduction of aliphatic carboxylato ligands
with an increasing carbon atoms number in the chain can change the hydrolysis energy profile at

different pH conditions.

Supporting Information. Cartesian coordinates (A) of all optimized structures and additional
computational and experimental results. This material is available free of charge via the Internet

at http://pubs.acs.org.
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A joint theoretical and experimental
investigation of the influence that acidic
environments can have on the reactivity of the
anticancer prodrug satrapaltin and of analogous
octahedral Pt(IV) complexes having two
carboxylates as axial ligands has been carried
out. Such study sheds some light on the fate of
the drugs, synthetized to be orally
administered, after their assumption.
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Chapter V: A New Class of Anticancer Drugs: Organoiridium(Ill) Complexes

Introduction

After the discovery of the anticancer activity of cisplatin by
Rosenberg in the 1960s [1], a large number of platinum
anticancer drugs have been synthesized and tested for their
biological activity. However, the remarkable versatility and the
side-effects of cisplatin and its derivatives have motivated the
exploration of non platinum metal antitumor agents. These new
anticancer drugs show reduced side effects and resistance,
greater efficacy towards a wider range of human cancers and
they can have various mechanisms of action [2]. In fact, their
mechanism of action may involve both an attack on DNA and a
perturbation of the redox status of cancer cells. Generally,
cancer cells exhibit high oxidative stress with an increased
production of reactive oxygen species (ROS). Oxidative stress,
so the ROS production, causes the diseased cells to undergo
apoptosis. Aim of these non-platinum metal antitumor agents is
to catalyze the formation of ROS in order to increase oxidative
stress and promote the cancer cells death. In this respect iridium
complexes appear to be excellent candidates. Initially, attention
was focused on d? Ir(I) square-planar complexes with square-
planar geometry similar to cisplatin [3,4]. More recently,
iridium(IIl) complexes have shown promising antiproliferative
activity toward cancer cells [5]. Ir(IIl) is often considered to be

one of the most inert low-spin d® metal ions. Generally,
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iridium(IIl) complexes are very inert, so they possess a low
reactivity. Introducing proper ligands is possible to increase the
reactivity of these complexes and improve their anticancer
properties [6,7]. Iridium(II) complexes of general formula [(1°-
CpIr(IIN)(X"Y)Z]%"* appear to be potent anticancer agents [8].
Commonly, these complexes are called half-sandwich
organoiridium(IIl) complexes.

A recent study carried out by Sadler’s group has confirmed the
high reactivity of the organoiridium(Ill) complexes
[(n*-Cp***")Ir-(phpy)(CD] (1-Cl) and [n’-Cp***")Ir-(phpy)(py)]
(1-py) which contain the C'N-chelated phenylpyridine (phpy)
and m-bonded biphenyltetramethylcyclopentadienyl (Cp*®Ph)
ligands. This complex should cause an increase of the oxidative

stress through reactive oxygen species (ROS) production.
5.1 Aim of the study

In this Chapter for the two complexes 1-Cl and 1-py, with the
aid of the DFT calculations, the mechanisms of the hydrolysis
reaction, H2O2 ROS production by assisted hydride transfer from
NADH to molecular oxygen, interaction with adenine, guanine
and very abundant in cells glutathione have been theoretically
investigated. Furthermore, the reaction mechanism for the

oxidation of the formed sulfur-coordinated thiolate to the
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corresponding sulfenato complex has been investigated. Then, a
comparison between the calculated potential energy surfaces
(PESs) for all the involved processes and the experimental

observations will be reported (Paper VI).

5.2 DFT investigation of the mechanism of action of

organoiridium(IIl) complexes as anticancer agents

(Paper VI).

Experimental data show that inside the human body the
organoiridium complex [(n>-Cp*®P")Ir-(phpy)(Cl)] (1-Cl) can
undergo rapid hydrolysis and consequent deactivation. The
organoiridium complex [(n>-Cp®P")Ir-(phpy)(py)] (1-py),
instead, hydrolyzes slowly and exhibits high anticancer activity.
For this reason, Sadler and his coworkers thought to protect the
complex 1-Cl from deactivation by replacing the chlorido ligand

with pyridine ligand [9]. Therefore, aiming at confirming the
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experimental data, the ability to undergo hydrolysis of the two
complexes 1-Cl and 1-py has been theoretically investigated.
According to Sadler’s group studies, in the cancer cells 1-Cl e 1-
Py can react with glutathione and affect their anticancer activity.
To wunderstand the role of glutathione in differentiating
anticancer activity of 1-Cl and 1-py complexes the interaction
between the tripeptide and the two half-sandwich Ir complexes,
through the use of computational techniques has been
investigated. From this interaction, by substitution of the
chlorido and pyridine ligands in the anticancer complexes 1-Cl
and 1-py with  glutathione, the complex [(n’-
Cp*™®P)Ir(phpy)(SG)]~, 1-SG, is formed. The theoretical data, in
agreement with experimental data, confirm that the reaction with
the glutathione (GSH) is very rapid for the 1-Cl complex, but
very slow for the 1-py complex.

Furthermore, to prove that these iridium(Ill) complexes are
oxidant drugs, the reaction between 1-py and 1-Cl complexes
with the coenzyme nicotinamide adenine dinucleotide, NADH,
which leads to the HoO, ROS formation has been examined. In
addition to this mechanism, called primary mechanism, a
secondary mechanism, according to which the two complexes 1-
Cl and 1-py interact with the DNA of the cancer cells has been

also explored.
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Finally, the oxidation potential energy surface (PES) of the
complex 1-SG to 1-S(O)G, through interaction with H>O;
produced via hydride transfer from coenzyme NADH to iridium
and then to O; has been reported [10]. According to Liu and
Sadler, this new adduct can play a role in the anticancer activity
of such iridium complexes.

In order to elucidate the MoA of 1-Cl and 1-py iridium
complexes DFT calculations have been performed employing
MO6-L  functional. For Ir the relativistic compact
Stuttgart/Dresden effective core potential has been used in
conjunction with the split valence basis set, while the standard
triple-C quality basis sets 6-311+G** have been used for the
atoms directly participating in the process. For peripheral C and
H atoms the smaller 6-31G basis sets have been used. The
impact of solvation effects on the energy profiles has been
estimated by using the Tomasi’s implicit Polarizable Continuum
Model (PCM) and the UFF set of radii has been used to build-up
the cavity.
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ABSTRACT: The potential use of synthetic metal complexes
able to catalyze chemical transformations in living organisms is
currently attracting a great deal of attention. Recently,
organometallic ruthenium and iridium complexes have revealed
an unexpected ability to modulate the redox status of cancer
cells. In particular, half-sandwich organoiridium(IIl) cyclo-
pentadienyl complexes of general formula [(7°-Cp*)Ir(III)-
(X"Y)Z]"*, where Cp* = Cp*, Cp*" (tetramethyl-(phenyl)-
cyclopentadienyl) or Cp™*" (tetramethyl(biphenyl)-cyclopen-
tadienyl), X"Y = bidentate ligand with nitrogen, oxygen, and/or
carbon donor atoms, and Z = Cl, H,0, or pyridine (py) have
shown promising antiproliferative activity toward cancer cells,
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higher potency than cisplatin, and a different mechanism of action due to the increase of the oxidative stress in cells. As such,
complexes can belong to the class of DNA interacting compounds and attack on DNA can represent a secondary mechanism of
action. We have explored here by means of density functional calculations (M06-L) and with the support of experimental
observations for both [(17°-Cp™"")Ir-(phpy) (Cl)], 1-Cl, and [(7°-Cp™®®™)Ir-(phpy) (py)], 1-py, complexes the mechanistic
aspects of the hydrolysis reaction, H,O, ROS production by assisted hydride transfer from NADH to molecular oxygen,
interaction with purine nucleobases adenine and guanine as well as gluthatione, that is highly abundant in cells, alongside the
reaction mechanism for the oxidation of the formed sulfur-coordinated thiolate to the corresponding sulfenato complex. The
comparison between kinetic and thermodynamic parameters calculated for all the involved processes shows that, according to the
hypothesis based on experimental findings, the interaction with the tripeptide glutathione causes deactivation of 1-Cl, whereas 1-
py, in both its aquated and nonaquated form, can induce cell apoptosis in a dual manner: DNA damage and H,0, ROS

production to increase oxidative stress.

B INTRODUCTION

Cisplatin, cis-diamminedichloroplatinum(II), was the first Pt-
based complex used as an antiproliferative agent and is well-
known for its high level and broad spectrum of anticancer
activity." Since the serendipitous discovery of the anticancer
activity of cisplatin by Rosenberg in the 1960s,'* a large number
of anticancer Pt(II) drugs have been synthesized and tested for
their biological activity,” but only a few of them, like carboplatin
and oxaliplatin, are used in clinical therapy for applying to
various types of cancers.””” Pt(II)-based anticancer drugs are
square-planar d° complexes that activated by hydrolysis trigger
cancer cell death by binding to nuclear DNA and distorting its
structure.” However, in spite of their remarkable versatility, side
effects of cisplatin and related Pt(II) complexes limit their
clinical usefulness and represent a continuing challenge.” Both
clinical success and drawbacks of Pt antineoplastic compounds
have motivated the exploration of non-platinum metal
antitumor agents having reduced side effects, lower resistance,
and efficacy toward a wider range of cancers and different
mechanisms of action (MoA).° Over the past decade, increased
efforts have been devoted toward targeting redox alterations in
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cancer’ because tumors frequently exhibit high oxidative stress
with an increased production of reactive oxygen species (ROS).
The consequential increased vulnerability of cancer cells to
modulations of the ROS homeostasis has therefore been
exploited with oxidative stress promoting redox catalysts.
Iridium complexes are particularly promising in this respect
even if initial efforts have been concentrated on d® Ir(I)
square—planar complexes in analogy with cisplatin.” More
recently, encouraging antiproliferative activity toward cancer
cells of organometallic complexes of the Ir(III) low-spin d° ion
have been investigated.” Iridium(III) complexes are generally
thought to be too inert to possess high reactivity, and even
hundreds of years can be required to exchange ligands."’
However, the introduction of proper ligands can significantly
increase the ligands exchange rate and modulate inertness and
stability that might also be suitable properties for anticancer
drugs."" A series of half-sandwich cyclopentadienyl anticancer
complexes of general formula [(17°-Cp*)Ir(III)(X"Y)Z]%",
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where the Cp* ligand can be a pentamethylcyclopentadienyl
(Cp*), phenyltetramethylcyclopentadienyl (Cp™"), or biphe-
nyltetramethylcyclopentadienyl (Cp™*") moiety, XY is a
chelating ligand, and Z is Cl or pyridine (py), has been
synthesized and characterized as potential anticancer agents.

The general structure of such complexes is shown in Scheme 1.

Scheme 1. General Structure of Ir(III) Cyclopentadienyl
Complexes
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The extended arene in the functionalized Cp* ligand may play
a role in interactions with a target. The chelating ligand XY
affords additional stability to the complex and contributes to
tuning the electronic properties of the iridium center. The
monodentate ligand Z, such as chloride, can provide a labile site
for substitution reactions with target sites.

Very recently, Sadler’s group'” has reported an investigation
of the organoiridium(III) complex [(n>-Cp™®*™)Ir-(phpy)
(C1)], containing the C"N-chelated phenylpyridine (phpy)
and 7z-bonded biphenyltetramethylcyclopentadienyl (Cp™®")
ligands, as a model of a new generation of anticancer drugs,
which should cause an increase of the oxidative stress owing to
both production of reactive oxygen species (ROS) and
diminished ability to scavenge ROS.

On the basis of the results of such investigation, Sadler and
co-workers have demonstrated that the organoiridium complex
[(17>-Cp®PM)Ir-(phpy) (Cl1)], for which we adopt the same label
used in the reference paper, 1-Cl, undergoes rapid hydrolysis of
the chlorido ligand. The pyridine analogue [(17°-Cp™#")Ir-
(phpy) (py)], synthesized starting from 1-Cl, instead, hydro-
lyzes slowly. As a consequence, the authors have hypothesized
that replacement of the chlorido ligand with pyridine (py)
protects the complex from deactivation. Also, the reaction with

the abundant intracellular thiol glutathione (GSH), that is very
rapid for the 1-Cl complex, becomes very slow for the pyridine
complex, 1-py. Evaluation tests of the antiproliferative activity
suggest that, even if 1-py is more potent than 1-Cl, the MoA of
both complexes is different from that of cisplatin and other
platinum complexes. Aiming at proving that the anticancer
activity of such complexes should be that expected for oxidant
drugs, the authors have investigated whether the reaction of 1-
py and 1-Cl complexes with the coenzyme nicotinamide
adenine dinucleotide, NADH, can lead to the production of
ROS. The ability of both 1-py and 1-Cl to catalytically transfer
a hydride from NADH to molecular oxygen forming H,O, has
been demonstrated. Such results suggest the primary
mechanism of action of this class of iridium complexes to be
perturbation of the redox status of cells, whereas attack on
DNA and its damage should represent the secondary
mechanism. Indeed, the investigationlzc’oI of adduct formation
with both 9-ethylguanine (9-EtG) and 9-methyladenine (9-
MeA) has shown that the monodentate ligand, such as chloride
and py, can provide a labile site for substitution reactions with
the potential DNA target site. Finally, very recently, Liu and
Sadler have shown that the iridium glutathione adduct,
indicated from now on as 1-SG, formed by substitution of
the chlorido or pyridine ligands in 1-Cl and 1-py, respectively,
by S-bound glutathione can be readily oxidized to the sulfenato
complex 1-S(0)G by H,0, produced via hydride transfer from
coenzyme NADH to iridium and then to O,.'* The authors
suggest that the new adduct can play a role in the anticancer
activity of such iridium complexes.

With the aim to elucidate the MoA of 1-Cl and 1-py iridium
complexes and to rationalize a great deal of experimental data,
we have performed density functional theory (DFT)
calculations, which can provide valuable information exploitable
in optimizing the design of this class of anticancer complexes.
For both the 1-Cl complex and 1-py analogue, the mechanistic
routes of the hydrolysis reaction and H,O, ROS production by
hydride transfer from NADH to molecular oxygen have been
theoretically explored. Interactions with GSH as well as purine
nucleobases adenine (A) and guanine (G) have been also
investigated alongside the reaction mechanism for the formed
1-SG oxidation to 1-S(O)G. Our study shows that the primary
MoA of both 1-Cl and 1-py complexes should be the increase
of the oxidative stress. According to the hypothesis formulated
on the basis of the experimental findings, "~ it seems to be the
interaction with the tripeptide glutathione that plays a crucial
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N
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Ir-C1= 2.140 {2.151{3))
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Ir-Ck=2.438 {2.388{6))
Ir-N3=2.122 {2.080{3))

Figure 1. Fully optimized structure of 1-Cl and cationic portion of 1-py complexes. Selected bond lengths (in A) are compared with available

experimental values (in parentheses).
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role in influencing both the fate and the potency of the two
complexes, causing deactivation of the 1-Cl in comparison to
the less reactive 1-py.

B RESULTS AND DISCUSSION

MO6-L fully optimized structure of the 1-Cl and 1-py
complexes are shown in Figure 1, where the experimental
and theoretical values of the most significant geometrical
parameters are compared. Calculated geometrical parameters
agree with those extracted from the crystallographic character-
ization'”"> of the complexes, indicating a good modeling of the
investigated systems. Supporting Information (SI) gives atomic
coordinates for the complexes (Table S1).

1. Hydrolysis of Chloride, 1-Cl, and Pyridine, 1-py,
Complexes. Given that metal aqua complexes are often more
reactive than their equivalent nonaqua complexes and
hydrolysis can represent an activation step for transition
metal anticancer compunds'*“'® as for Pt drugs,"” the ability to
undergo hydrolysis of the M—Z bond has been investigated also
for half-sandwich cyclopentadienyl anticancer complexes.'>"
Such studies have shown as the presence of the strongly bound
pyridine ligand slows down the hydrolysis reaction by several
orders of magnitude compared to that of its chlorido analogue
1-CL

MOG6-L free energy profiles in solvent for the aquation
reaction of the chloride complex 1-Cl and the corresponding
pyridine complex 1-py are compared in Figure 2. Fully
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Figure 2. Calculated MO6-L free energy profiles in water for the
hydrolysis of 1-py (solid line) and 1-Cl (dashed line). Energies are in

kcal'mol™ and relative to separated reactants.

optimized geometrical structures of all intercepted stationary
points are sketched in the same figure. Minima and transition
states Cartesian coordinates can be found in the SI. According
to the previous theoretical investigations,'® several water attack
modes have been explored and only one of them, the lowest
energy one, has been reported. For both complexes, the
reaction proceeds by formation of a first adduct in which the
water molecule interacts with the chlorine atom of 1-Cl
complex and nitrogen atom of the py ligand in 1-py complex.
Adducts are more stable than separated reactants by 10.4 kcal
mol™" in the former case and 7.0 kcal mol™" in the latter. The
reaction proceeds by second-order nucleophilic substitution
(SN2), that is an exchange of two ligands, the chlorine anion
and py, with the water molecule. The transition state structures

for the associative displacement of chlorine and py ligands lie
4.2 and 11.2 kcal mol™! above the reactants reference energy,
respectively, that is, the barrier that is necessary to overcome is
14.6 kcal mol™" for the displacement of the CI~ and 18.2 kcal
mol ™" for the py ligand. The substitution reaction is calculated
to be exothermic by 7.9 kcal mol™" for the displacement of
chorine anion and almost thermoneutral for the displacement
of the py ligand. The hydrolysis reaction of the 1-Cl complex is
calculated to be more favored from both kinetic and
thermodynamic points of view according to experimental
findings that show how the substitution of the CI~ ligand with
pyridine slows down the rate of the hydrolysis reaction.

Because the methyl groups of the Cp®" ligand have been
substituted with hydrogen atoms with the purpose to reduce
the computational cost, the effects of such substitution have
been preliminarily checked. In the SI (Figure S1) is reported a
comparison between the energy profiles for chloride and py
ligands substitution by water when both biphenyltetramethyl-
cyclopentadienyl (1*-Cl and 1*-py) and biphenylcyclopenta-
dienyl (1-Cl and 1-py) ligands are used. Such comparison
shows that the presence of methyl groups on the Cp** ligand
has little effect on the course of the reaction. The more
electrodonating CH; groups on the Cp ring increase the lability
of the monodentate Z ligand with a consequent lowering of the
barriers by about 2 kcal mol™. However, as can be deduced by
both NBO charge analysis (Table S2 in the SI) and molecular
electrostatic potential (MEP) calculations (Figure S2) for the
four complexes 1*-Cl, 1*-py, 1-Cl, and 1-py, methyl groups on
the Cp ligand mainly increase the electron density on both
biphenyl substituent and C"N-chelated phenylpyridine ligand.
This effect is more evident for the 1-py complex. As expected,
in the region of the Z ligand, the surface of chlorido complexes
is much more negative than their pyridine analogues.

2. Interactions with Nucleobases. DNA is usually a
potential target for transition metal anticancer drugs, as
platinum-based drugs that have chiefly contributed to cancer
chemotherapy in the last 30 years.” Although it has been proved
that the underlying biological effects of 1-Cl, 1-py, and
analogous half-sandwich Ir(III) complexes do not correlate
with that of cisplatin,'**™"* interactions with DNA have been
equally well investigated,'>'* as they should represent one of
the factors involved in their mechanism of action.

Because, in analogy with Pt-based anticancer drugs, aqua
complexes appear to react more readily with nucleobases,'* the
interaction of the aqua complex 1-H,O with a purine base site
of DNA has been studied computationally using adenine and
guanine as model reactants. Calculated free energy profiles for
the interaction with the 1-H,O complex are depicted in Figure
3a for guanine and Figure 3b for adenine. Optimized structures
of intermediates and transition states intercepted along the
guanine and adenine coordination pathways are shown in the
same figures, whereas Cartesian coordinates can be found in
Table S1 of the SL Previous investigations'*! have shown that
Ir metal center reacts with guanine via N7 and forms adenine
adducts via both N1 and N7, with the N1 interaction adduct
being the major product. In addition, investigated Ir complexes
showed a higher affinity for guanine in comparison with
adenine. The free energy profiles in Figure 3a show that the
interaction with guanine stabilizes the formed adduct by 19.2
kcal mol™. The transition state for the associative displacement
of the water molecule and coordination of guanine through the
N7 binding site lies 7.6 kcal mol™" above, whereas the whole
process leading to the final N7-coordinated guanine complex
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Figure 3. Calculated MO6-L free energy profiles in water for the
coordination of guanine (a, upper) and adenine (b, lower) to the aqua
complex 1-H,0. For adenine both N7 (solid line) and N1 (dashed
line), coordination sites have been considered. Energies are in kcal-
mol™ and relative to separated reactants.

formation is calculated to be exothermic by 27.7 kcal mol ™.
Along the analogous pathways for the coordination of adenine,
the interaction between the 1-H,0 complex and adenine leads
to the formation of the first intermediate that is stabilized by
17.8 kcal mol™ with respect to reactants’ reference energy.
Displacement of the water ligand by adenine takes place by
following two different mechanisms for binding to N1 and N7
sites: a one-step associative in the former case and a two-step
dissociative mechanism in the latter. For the associative
displacement of the water molecule and coordination of the
N1 site the intercepted transition lies 7.0 kcal mol™" below the
entrance channel and then 10.8 kcal mol™ above the first
adduct. Product formation is exothermic by 21.3 kcal mol™.
For the dissociative mechanism allowing coordination of the
N7 site, the first transition state for the release of H,O is
formed overcoming an energy barrier of 9.9 kcal mol™ and the
formed intermediate is calculated more stable by only 2.2 kcal
mol™". The height of the free energy barrier for the next
transition state, which allows the N7 site adenine coordination,
is only 1.5 kcal mol™". The process occurs in a stepwise manner
even if this region of the surface is very flat. The overall
substitution process is exothermic by 22.5 kcal mol™". The
results of our computational analysis do not clearly discriminate
between the N1 and N7 modes of coordination neither from a
kinetic nor thermodynamic point of view, whereas the
preferential binding with guanine in respect to adenine is
confirmed.

To check whether the direct interaction of 1-Cl and 1-py
complexes with nucleobases is less favorable than the
interaction of their corresponding aquated complexes, potential
energy surfaces (PESs) for the displacement of CI~ and py
ligands and coordination of guanine have been calculated (see
Figure 4).
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Figure 4. Calculated MO6-L free energy profiles in water for guanine
coordination to 1-py (solid line) and 1-Cl (dashed line). Energies are
in kcal'mol™ and relative to separated reactants.

The first formed adduct along the pathway for chloride anion
substitution is stabilized by 19.4 kcal mol™" with respect the
reference energy of separated reactants, whereas the transition
state for the associative guanine substitution lies 11.8 kcal
mol labove. That is, an activation barrier of 31.2 kcal mol™!
hampers the displacement process that is calculated to be
exothermic by 5.2 kcal mol™". The relative energies of the first
adduct and the transition state for the associative mechanism of
displacement with respect to separated reactants along the
analogous pathway for the 1-py complex are —8.7 and 11.7 kcal
mol ™', respectively. Therefore, the py ligand substitution takes
place overcoming an activation barrier of 20.4 kcal mol™" and
leads to the formation of the 1-G complex that is more stable
by 5.8 kcal mol ™" than separated reactants. Calculations confirm
that, in analogy with other metal anticancer drugs, hydrolysis
represents the activation step for DNA binding when the 1-Cl
complex is the cytotoxic agent as the formed 1-H,O complex
reacts more readily with nucleobases than 1-Cl. In the case of
1-py, instead, it is more difficult to select the preferred
mechanism. Indeed, the height of the calculated barrier for the
activation of 1-py by hydrolysis, 18.2 kcal mol™’, is only by
about 2 kcal mol™ lower than that, of 20.4 kcal mol™’, for the
direct guanine coordination by displacement of the py ligand.

3. Reaction with Glutathione Tripeptide. The tripeptide
c-L-glutamyl-L-cysteinyl-glycine (glutathione or GSH) is the
most abundant low-molecular-weight thiol containing molecule
in human cells and it is believed to form with cisplatin
complexes that are a significant cellular sink of the Pt drug,
causing its inactivation by forming stable adducts, thus
preventing the drug from reaching and binding to DNA."
Moreover, reactions of metal complexes with GSH can affect
the redox state of cells’’ due to its antioxidant properties, which
prevent damage to cellular components caused by reactive
oxygen species.”’ Thus, the possible role that could be played
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Figure S. Calculated M06-L free energy profiles in water for the coordination of GSH to the 1-Cl (a, left) and 1-py (b, right) complexes. Energies

are in kcal'mol™ and relative to separated reactants.

by both GSH in differentiating anticancer activity of 1-Cl and
1-py complexes'’ and thiol-mediated redox reactions in the
MoA of half-sandwich Ir complexes'” has been investigated. By
substitution of the chlorido and pyridine ligands in the
anticancer complexes 1-Cl and 1-py with glutathione, the
complex [(i7°-Cp™™)Ir(phpy) (SG)], 1-SG, is formed. With
respect to the reaction of 1-Cl with GSH, the presence of the
py ligand in 1-py slows down the rate of the substitution
reaction by several orders of magnitude.

The outcomes of our exploration of the interaction
mechanism of GSH with both 1-Cl and 1-py are displayed in
Figure S for both free energy profiles and stationary point
optimized geometries. At physiological pH, the GSH tripeptide
assumes zwitterionic form at the glutamyl residue, the cysteine
moiety has neutral thiol (SH) side chain and the carboxyl group
of the glycine fragment is deprotonated. The computational
requirements have been reduced cutting the glutamyl residue.
The interaction between 1-Cl and GSH leads to the formation
of an adduct that is more stable than separated reactants by 8.3
kcal mol™". The favored coordinating mode of GSH to the
metal center is through the thiol group that is still protonated.
The transition state structure leading to the formation of the
HS-bound thiol complex, 1-SGH, characterized by an
imaginary frequency describing the formation of the Ir—S
bond and the breaking of the Ir—Cl bond, lies only 2.4 kcal
mol ™" above the reference energy of dissociated reactants. That
means that the free energy barrier for the formation of the
substitution product is 10.7 kcal mol™". The formed product is
stabilized by 15.0 kcal mol™" with respect to reactants. Along
the analogous pathways for the displacement of the py ligand,
the first intermediate is calculated to lie 9.3 kcal mol™" below
the entrance channel of the reaction, whereas the substitution
of py with GSH proceeds following a dissociative mechanism
involving two transition states and a minimum separating them.
The height of the barrier to overcome for the first transition
state, TS1; ,y1.5m is 31.5 keal mol™" for the release of the py
ligand. The next minimum lies only 2.0 kcal mol™" below the
energy of the transition state, leading to it and the barrier of the
second transition state, TS2,,, ., sgn, for the coordination of
glutathione is only 1.6 kcal mol™. As it clearly appears from
Figure 5b, this region of the potential energy profile is very flat
and the geometry of the TS1,,,_,;.gu transition state is very
close to that of the next intermediate. Therefore, as the ligand
displacement does not take place in a concerted manner,
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decoordination of the py ligand represents the slow step that
slows down the GSH coordination reaction. The final product
lies 1.9 kcal mol™" above the reactants’ reference energy. The
outcomes of our computations confirm that the energetic cost
for the displacement of the py ligand by GSH is remarkably
higher than that required to substitute the chloride ligand.
Formation of 1-SGH product complex from 1-Cl is also
favored from a thermodynamic point of view. It is worth
empbhasizing that, from a comparison of such barriers with the
corresponding barriers for the aquation reactions, the
glutathione interaction with the 1-Cl complex involves the
lowest energy barrier. Hydrolysis of 1-py, on the contrary, is
more favorable than py ligand displacement by GSH and,
mainly, interaction with GSH, much more than aquation,
differentiates the behaviors of 1-Cl and 1-py complexes.

The final complex 1-SG is formed by cysteine thiol group SH
deprotonation that should be facilitated by coordination to the
iridium center also in a nonalkaline medium, as we are going to
prove. The equation GSH ) = GS™ (i) + H' (o) for the
isolated glutathione and 1-SGH gy — 1-SG (o) + H' (g1 for
the HS-bound glutathione complex have been employed
together with the experimental value of —269.0 kcal mol™
for the aqueous solvation free energy of the proton, including
conversion of the AG,,, reference state (2446 L at 298.15 K)
from 1 atm to 1 M.”* The calculated values of the reaction free
energy for the equations reported above measuring the
deprotonating ability of isolated and Ir-coordinated cysteine
thiol — SH group are 14.2 and —3.4 kcal mol™, respectively,
that means about 11 pk, units.

4. Oxidation of NADH to NAD" and Generation of
ROS. The studies carried out recently by Sadler’s group
demonstrate that Ir anticancer complexes such those under
investigation are able to accept hydride from NADH in aqueous
solution and the hydride in turn can be transferred to oxygen to
generate H,0,."””" The use of organometallic complexes and
intracellular antioxidants allows generating ROS in cancer cells
that causing oxidative stress can provide an effective strategy for
curing cancer. Experiments have demonstrated that both 1-Cl
and 1-py are able to accept a hydride from NADH and
successively generate the H,O, ROS even if the reaction of 1-
py appears to be slower. The authors have suggested that this
difference in behavior maybe due to the difference in hydrolysis
rate of the two complexes.
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Scheme 2. Proposed Mechanisms for Hydride Transfer from MNH to 1-Z Complexes
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To simulate the hydride transfer reaction from NADH to the
1-Z complexes (Z = H,0, Cl, py), two likely mechanisms have
been explored (see Scheme 2). Mechanism labeled I involves
direct transfer of the hydride from NADH to the metal center
concomitant to the displacement of the Z ligand. Mechanism
labeled II occurs in two steps: displacement of the Z ligand and
coordination of the carbonyl oxygen of NADH followed by
hydride transfer to form the 1-H complex and the NADH
oxidized form NAD". Potential energy surfaces calculated at
MO06-L level for the hydride transfer from NADH to the
hydrolyzed complex 1-H,O following I and II mechanisms are
shown Figure 6. To reduce the computational cost, the model
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Figure 6. Calculated MOG6-L free energy profiles in water for the
coordination of MNH to the 1-H,O along I (solid line) and II
(dashed line) pathways. Energies are in kcal'‘mol™ and relative to
separated reactants.

N-methyl-1,4-dihydronicotinamide, MNH, has been used for
mimicking NADH. Analogous calculations carried out for
hydride transfer to 1-Cl and 1-py are reported and commented
below.

Along both I and II pathways, in the first step, the interaction
between 1-H,0 complex and MNH leads to the formation of
the corresponding adduct stabilized by 13.8 kcal mol™" with
respect to separated reactants. The next step should be
displacement of H,O and coordination of either the hydride
along the path I or MNH through the carbonyl oxygen along
the path II. The substitution occurs following a dissociative
mechanism that entails first the elimination of the water
molecule overcoming an energy barrier of 12.8 kcal mol™" and
formation of a coordinatively unsaturated intermediate that is
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more stable by only 0.4 kcal mol ™" than the previous minimum.
Conversion of MNH into its corresponding oxidized form MN*
through direct hydride transfer to the metal center to form the
Ir hydride complex 1-H requires to occur the overcoming of a
very low, only 0.7 kcal mol™!, free energy barrier. The
imaginary frequency, calculated to be 282i cm™', corresponds
to the movement of the hydrogen atom detaching from carbon
and bonding to Ir.

The overall process is calculated to be exothermic by 23.6
kcal mol™". Along the path II for the coordination of the
carbonyl oxygen of MNH to the metal center to occur, it is
necessary to surmount a very low energy barrier of 1.7 kcal
mol™". The calculated imaginary frequency of S0i cm™
describes the movement for the formation of a new Ir—O
bond. The formed intermediate is stabilized by 18.6 kcal mol™
with respect to the reference energy and by 4.4 kcal mol™" than
the previous minimum. The final step leading to formation of
the 1-H complex takes place with the hydride transfer from the
CH, moiety of MNH at an energetic cost of 6.7 kcal mol™" for
the transition state TS3, y;0_1.4- From such exploration of the
probable mechanisms results that the hydride transfer reaction
from NADH to Ir center and formation of NAD", very likely,
occurs by initial dissociative displacement of the H,O ligand
and direct hydride transfer from the CH, group of NADH.

For the sake of completeness, we have carried out analogous
calculations for the oxidation of MNH to MN" in the presence
of 1-Cl and 1-py to confirm that, as it is reported in the
literature,*>**** the 1-H,O aqua complex is the oxidizing agent
that accepts the hydride from MNH. Both mechanisms named
I and II in Scheme 2 have been explored. Calculated free
energy profiles for the II mechanism are depicted in Figure 7,
whereas the mechanism I appears to be not viable because
water competes for coordination and substitution of CI™ and py
ligands with a water molecule occurs in state of the hydride
transfer. Along path II the first step is adduct formation that
occurs with an energy gain of 28.2 kcal mol™ for 1-Cl and 17.3
kcal mol™' for 1-py. Next, the second-order nucleophilic
substitution of chloride and pyridine ligands and formation of a
new Ir—O bond with the carbonyl oxygen of MNH takes place.
The activation energies are calculated to be 14.8 and 15.1 kcal
mol™! for the 1-Cl and 1-py complexes, respectively. The
formed intermediates lye 22.4 and 10.7 kcal mol™ below the
entrance channel for Cl™ and py substitution, respectively. The
subsequent decoordination of MNH and hydride transfer from
the CH, group to the metal center to form MN" requires 5.9
and 8.2 kcal mol™ along the pathways starting from the 1-Cl
and 1-py complexes, respectively. The product of the process,
the iridium hydride complex 1-H, lies 25.6 and 23.4 kcal mol™
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Figure 7. . Calculated M06-L free energy profiles in water for the coordination of MNH to the 1-ClI (a left) and 1-py (b right) along the pathway

named II. Energies are in kcal'mol™" and relative to separated reactants.

below the reference energy of separated 1-Cl and 1-py
reactants, respectively.

To summarize, the 1-H,O aqua complex interacts with
NADH, modeled by MNH, for the hydride transfer and
formation of the corresponding hydride complex more
favorably than 1-Cl and 1-py complexes. The difference in
the activation energies for aquation is therefore responsible for
the observed difference in the rates of NADH oxidation
reaction for the two complexes. If the direct interaction of 1-Cl
and 1-py complexes with NADH is taken into consideration,
the stepwise oxidation described in Figure 7 is calculated to be,
in any case, more favorable for 1-Cl.

Once the 1-H complex is formed in the presence of
molecular oxygen, the ROS H,0, can be produced. Both
singlet and triplet M06-L PESs for the oxygenation process of
1-H are drawn in Figure 8. For the triplet multiplicity, only

1
J1-H+ Oz

AG (keal mol™)

-50

Figure 8. Singlet and triplet calculated MO6-L PESs in water solvent
for the oxygenation process of 1-H to produce the H,0, ROS.
Energies are in kcal'mol™ and relative to 1-H + 30, ground state
reactants.

stationary points involved in the surface crossing are displayed.
Cartesian coordinates can be found in the SI (see Table S1).
Relative free energies in solution have been calculated with
respect to the ground-state reactants asymptote 1-H + 302.
The addition of triplet molecular oxygen yields the adduct 1-
H-0,(3), whose formation is exothermic by 12.6 kcal mol™".

The optimized structure of the corresponding complex in a
singlet state 1-H-O,(1) lies at 6.6 kcal mol™" above the entrance
channel of separated reactants. The next step of the process
involves the abstraction of the hydrogen atom from the iridium
center by O,. Along the triplet pathway, the activation barrier of
8.0 kcal mol™ corresponds to the formation of the TS1(3)
transition state. The imaginary frequency, calculated to be
1207i cm™, corresponds to the movement of the hydrogen
atom detaching from Ir and bonding to the next oxygen. As a
result, an intermediate is formed, 1:(HOO), that lies 1.4 kcal
mol ™" below the TS1(3), in which the peroxyl HOO radical is
coordinating with the metal center of the complex through a
weak interaction between Ir and hydrogen atoms. On the other
hand, along the singlet pathway, a transition state, TS1(1), is
intercepted and characterized where the distance between the
hydrogen atom and the closest oxygen is 1.361 A. This
transition state lies 12.2 kcal mol™' above the reactants’
reference energy and is characterized by an imaginary frequency
of 773i cm™". The reaction proceeds with the formation of the
intermediate 1-(OHO), whose formation is exothermic by 12.5
kcal mol™. The most important feature of this intermediate, in
analogy with our previous theoretical investigations,” is that
the hydrogen atom is bonded to the proximal oxygen, whereas
the distal oxygen atom is rotated upward. Because the singlet
structure of the 1-(OHO) complex is more stable than the 1-
(OOH) triplet intermediate, in this region of the PES, a spin
inversion has to occur after the passage of the TS1(3)
transition state. However, such a kind of spin crossing occurring
after formation of the transition state does not play a critical
role in influencing the rate of the reaction.”®

After the crossing, the reaction proceeds along the singlet
path with the formation of the final Ir—hydroperoxo complex
and the overall process is calculated to be exothermic by 29.2
kcal mol™". The reaction evolves through the breaking of the
bond between the proximal oxygen and the Ir center that
makes a new bond with the distal oxygen. The corresponding
transition state TS2(1), lying 5.6 kcal/mol below the reactants
dissociation limit, has been intercepted and confirmed by IRC
analysis.

The last step of the process leads to the release of H,O, from
the hydroperoxide complex. Generation and release of
hydrogen peroxide is simulated by considering the interaction
with an additional explicit water molecule that interacts with
the complex causing a destabilization of 3.3 kcal mol™". The
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water oxygen atom coordinates to the metal center and
simultaneously transfers one of the H atoms to the OOH
group. The height of the barrier for this rearrangement is 6.9
kcal mol™" with respect to the energy of the H,O and
hydroperoxide adduct leading to it. The imaginary frequency
that confirms the nature of this stationary point is 199i cm™
and corresponds to the simultaneous shift of one of the water
hydrogen atoms to oxygen to yield a H,0, molecule and form a
new bond between the Ir center and the OH™ moiety. The
overall process that leads to the production of the H,O, ROS
together with formation of a hydroxide complex is exothermic
by 37.1 kcal mol ™. As suggested by the authors, in the presence
of acidic species a water molecule should be released and the
initial Ir complex regenerated.

5. Oxidation of the Ir-SG Complex to the Sulfenato
Ir—S(0)G Complex. Very recently, Sadler and co-workers have
reported that the formation of the complex Ir-SG by
substitution of the chlorido and pyridine ligands in the
anticancer complexes Ir-Cl and Ir-py with glutathione can
explain the observed differences in potency.'* The addition of
NADH to a solution containing 95% Ir-SG and 5% Ir-py
causes the oxidation of NADH to NAD" and subsequent
oxidation of the 1-SG complex to the corresponding sulfenato
[(17°-Cp™®*)Ir-(phpy)S(0)G]~, 1-S(0)G, complex.

Here are illustrated the outcomes of the calculation of the
PES, reported in Figure 9, describing the oxidation of the 1-SG
complex by the produced H,0, ROS.

8 3

AG (keal mol'l)
8

1-s6 +H202 l_se'Hzoz Tsx-ss——x_s(o)s
Figure 9. MO6-L PES for the oxidation of the 1-SG complex by the
H,0, ROS. Energies are in kcal'mol™' and relative to separated
reactants.

The interaction of the sulfur-coordinated thiolate 1-SG
complex with H,O, leads to a stabilization of the corresponding
adduct, 1-SG-H,0,, by 20.4 kcal mol™" with respect to the
entrance channel. The next step is the conversion of the
thiolate adduct to the sulfenato complex 1-S(O)G, occurring by
transfer of one of the oxygen atoms of H,O, to the sulfur atom
concomitant to formation of H,O. The height of the barrier for
such rearrangement is 16.3 kcal mol™', whereas the sulfenato
product is formed with an energy gain of 55.7 kcal mol™". The
outcomes of our computations corroborate the hypothesis that
the gluthatione complex formed by substitution of the chloride
or pyridine ligands in half-sandwich 1-Cl and 1-py complexes,
respectively by S-bound gluthatione might be not a dead-end

product. Owing to driving force of the process, that is, the large
calculated exothermicity, the 1-SG complex can be quite rapidly
oxidized and the formed hydrogen peroxide, which should be
responsible of the increased ROS oxidative stress in cancer cells
as a new strategy for curing cancer, consumed.

6. MoA of Half-Sandwich Cyclopentadienyl 1-Cl and
1-py Anticancer Complexes. All the outcomes of our
computational analysis of the water reactivity of the two 1-Cl
and 1-py complexes illustrated in the previous sections can
serve to draw some general conclusions about their MoA as
anticancer drugs and to rationalize the observed differences in
behavior, mainly the higher potency of 1-py with respect 1-CL

First, the hydrolysis, that is very often the necessary
activation step for metal-based anticancer drugs preluding to
the interaction with biological targets, has been examined. Both
1-Cl and 1-py complexes undergo hydrolysis even if the
substitution of Cl™ in 1-Cl by water proceeds more rapidly and
is more exothermic. The interaction of the formed aqua
complex 1-H,O with a purine base site of DNA has been
studied computationally using adenine and guanine as model
reactants. Calculations confirm that the aqua complex readily
binds to both purines. As direct interaction of 1-Cl with
guanine is hampered by a very high energy barrier, hydrolysis
represents the activation step for DNA binding when the 1-Cl
complex is the cytotoxic agent. The barriers, instead, that are
necessary to overcome for the displacement of py ligand in 1-
py by water, is by only 2 kcal mol™" lower than that for guanine.

The process that really differentiates the behaviors of the two
complexes and can influence their fate and potency is the
interaction with gluthatione. Indeed, the energetic cost for the
displacement of the py ligand by gluthatione is remarkably
higher (31.5 kcal mol™) than that required to substitute the
chloride ligand (10.7 kcal mol™) and formation of the
corresponding 1-SG product complex from 1-Cl is also favored
from a thermodynamic point of view. Deactivation of 1-Cl by
gluthatione appears, therefore, to be very likely.

The 1-H,O aqua complex as well as 1-Cl and 1-py are able
to accept a hydride from NADH, causing its conversion into its
oxidized form NAD". The activation by water and subsequent
hydride transfer from the aqua complex is the preferred
reaction pathway. The formed hydride complex reacts with
triplet molecular oxygen to form the corresponding hyroper-
oxide complex and after that to release hydrogen peroxide by
surmounting low energy barriers. The process involves a surface
crossing that does not represent a bottleneck for the reaction.

At last, the oxidation reaction of the formed 1-SG complex
by H,O, has been calculated to occur easily enough consuming
the produced ROS hydrogen peroxide that should be the
species responsible of the increased oxidative stress in cells.

In summary, it is very likely deactivation of 1-Cl to occur by
interaction with gluthatione, whereas the 1-py complex does
not undergo analogous deactivation and can, both in its aquated
and nonaquated form, induce apoptosis in dual manner: by
both DNA damage and H,0, ROS production to increase
oxidative stress.

B CONCLUSIONS

On the basis of the experimental observations and formulated
hypotheses on the mechanism of action, we have theoretically
investigated with the aid of the density functional theory
calculations the aqueous chemistry of the two half-sandwich
organoiridium(III) cyclopentadienyl complexes 1-Cl and 1-py.
The mechanism of the hydrolysis reaction, H,0, ROS
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production by hydride transfer from NADH to molecular
oxygen, interaction with gluthatione and purine nucleobases
adenine and guanine alongside the reaction mechanism for the
oxidation of the formed sulfur-coordinated thiolate to the
corresponding sulfenato complex, have been studied in detail.
From the outcomes of our computational analysis, we can
assume that the process clearly differentiating the behaviors of
the two complexes is the interaction with gluthatione
tripeptide. Coordination of gluthatione that occurs very rapidly
for the 1-Cl complex causes its deactivation, whereas a very
high energy barrier hampers the process in the case of 1-py.
Both complexes can undergo hydrolysis that leads to the
formation of the corresponding aqua complex. For the 1-Cl
complex, in analogy with other metal-based anticancer agents,
aquation represents the necessary activation step allowing
coordination of purine guanine and adenine bases, whereas for
1-py, the barrier for the aquation is lower than that for guanine
coordination by only 2 kcal mol™". Interaction with NADH to
form the corresponding hydride complex occurs preferentially
with the aqua complex even if direct interaction with 1-Cl and
1-py cannot be excluded. Reaction of the formed hydride with
molecular oxygen leads to the production of H,O, ROS, that
should be the real cytotoxic agent but that could be consumed
to oxidize the formed gluthatione adduct into the correspond-
ing sulfenato complex. Deactivation of 1-Cl appears to be very
likely. The 1-py action, instead, is not disturbed by gluthatione
interaction and can induce cell apoptosis by both DNA damage
and H,0, ROS production.

B COMPUTATIONAL DETAILS

All molecular geometries were optimized using Truhlar’s meta-GGA
functional M06-L*” that was desi§ned to be as good as possible for the
study of organometallic systems.”” Frequency calculations at the same
level of theory were also performed to identify all stationary points as
minima (zero imaginary frequencies) or transition states (one
imaginary frequency). The involved transition states were checked
by IRC (intrinsic reaction coordinate) analysis.”* " For Ir, the
relativistic compact Stuttgart/Dresden effective core potential®’ was
used in conjunction with the split valence basis set, while the standard
triple-{ quality basis sets 6-311+G** basis sets of Pople and co-
workers were used for the atoms directly participating in the process.
For peripheral C and H atoms of both xbiph and phpy, the smaller 6-
31G basis sets were used. All the calculations have been carried out
employing the Gaussian09 software package.”

To reduce the computational cost, the methyl groups of the Cp
ligand were substituted with hydrogen atoms. Therefore, because
preliminary calculations have clearly shown that the replacement of
methyl groups with hydrogen atoms does not introduce any significant
change in energetics, simplified models were adopted for all the
studied complexes. Along the pathway for the hydride transfer from
NADH to triplet molecular oxygen assisted by iridium complexes,
both triplet and singlet multiplicities were examined for all the
involved species. (S*) values were checked to assess whether spin
contamination can influence the quality of the results. The method
proposed by Ovchinnikov and Labanowski*> was used for correcting
the mixed spin energies and removing the foreign spin components for
singlet structures that appeared to be contaminated. For molecular
oxygen, for example, the adoption of the mentioned correction
scheme, allowed correction of the contaminated singlet wave function
and calculate a triplet-singlet energy gap of O, of 20.0 kcal mol™,
which is in good agreement with the experimental value.**

The impact of solvation effects on the energy profiles was estimated
by using the Tomasi’s implicit polarizable continuum model (PCM)>*
as implemented in Gaussian09. The UFF set of radii was used to build
up the cavity. The solvation Gibbs free energies were calculated in
implicit water (¢ = 78.4) at the same level by performing single-point

xbiph

calculations on all stationary points structures obtained from vacuum
calculations. Enthalpies and Gibbs free energies were obtained at 298
K at 1 atm from total energies, including zero-point, thermal, and
solvent corrections, using standard statistical procedures.36 However,
such an approach does not reflect the real entropic change that occurs
when the solute goes from the gas to the condensed phase, and the
effects are more relevant when association and dissociation are
involved. Therefore, following the procedure proposed by Wertz*” and
successfully adopted formerly® to properly handle the change of
translational and rotational entropy occurring when a solute is
transferred from the gas phase into the solution phase, Gibbs free
energies in solution for each species, have been calculated as

G298K = Eelec + G,

solv

+ ZPE + H, + 6kT — T(S,3)
— T[0.54 X (S,o; + Syans — 14.3) + 8.0] (1)

where T = 298 K and the term 6kT accounts for the potential and
kinetic energies of the translational and rotational modes. More details
can be found in the Supporting Information.

NBO charge analysis™ and electrostatic potential calculation were
carried out on the structures of some intercepted stationary points.
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