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ABSTRACT

Previous results obtained by our research group demonstrated that rhodamine-labelled 3-
hydroxy-4-pyridinone (3,4-HPO) chelators exhibit antimycobacterial activity, related but not
limited to their iron binding capacity. The results suggested that the inhibition of bacterial
growth is dependent on the fluorophore, namely on the substituents of the amino groups of
the xanthene ring, and on the type of linkage between rhodamine and the chelating unit,
thus pointing out the importance of the hydrophilic/lipophilic balance of the fluorescent

chelator’s structure.

In the present thesis we evaluate the antimycobacterial activity of new chelators (MRB2,
MRB4, MRB20, MRH10 and MRB9) expressly designed to allow: (a) the direct comparison
of the influence of the functional groups per se on the antimycobacterial effect; (b) the
establishing of the best conjunction of fluorophore substituents and type of linkage; (c) the
identification of the finest combination of rhodamine 3,4-HPO chelators with other antibiotics
to achieve a higher biological activity. The activity of the chelators was assessed by
measuring their effect against M. avium. In this study we also report the antimycobacterial
effect of MRH7, which proved to be the best performer of the set of chelators under study,
in combination with ethambutol, which is one of the antibiotics currently in use to treat
mycobacterial infections. The results are indicative that a combination of 3,4-HPO iron

chelators with an antibiotic is a promising strategy to fight M. avium infections.

As the antibacterial activity seems to be associated with the differential interaction of the
chelators with biological membranes we investigate the interaction of the compounds with
membrane by using spectroscopic methods such as Fluorescence, Nuclear Magnetic
Resonance and Electron Paramagnetic Resonance. The results show that the more active
compounds strongly interact with the lipid phase while the less-active do not. Fluorescence
confocal microscopy experiments were also performed to get insight on the cellular
distribution of the fluorescent chelators inside bone marrow derived macrophages and
peripheral blood mononuclear cells. The results show that both in macrophages and in
PBMC’s the uptake of the more active compounds seems to be facilitated and a higher
gquantity reaches the cytosol. Co-localization studies showed that once inside the cell the

rhodamine labelled chelators have access to their targets, namely the phagosome.
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The in vitro toxicity of the rhodamine derived 3,4-HPO chelators was investigated by the
evaluation of the viability of HepG2 cells by performing MTT reduction and LDH leakage
assays. The results achieved by both methodologies were compared and the data obtained
provides evidence that hexadentate chelators seem to be more toxic than the bidentate

related chelators.

As a final goal, experiments concerning the development of modified 3,4-HPO with
improved water solubility were performed and a 3,4-HPO functionalized with a PEGylated
chain was synthesized. The analytical application of this molecule was compared with the
previously used 3,4-HPO ligands and the results show that the new chelator provides better

sensitivity and a lower LOD for iron determination in aqueous samples.

In conclusion, the current results are relevant for the selection of the chelator with best
antimycobacterial effect and also for the design of novel molecular architectures intended
for application in the different fields of research.

KEYWORDS: 3-hydroxy-4-pyridinone; Iron(lll) chelators; fluorescent ligands; rhodamine;

spectroscopy; biological membranes; infection; Mycobacterium avium; bacteria; antibiotics.
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RESUMO

O grupo de investigacdo onde se insere a presente dissertacdo tem vindo a desenvolver
moléculas quelantes capazes de remover ferro e assim controlar o crescimento de
bactérias patogénicas. Estudos anteriores mostraram que quelantes do tipo 3-hidroxi-4-
piridinonas (3,4-HPO) funcionalizados com diferentes rodaminas séo eficazes na inibigdo
do crescimento bacteriano de Mycobacterium avium. Os resultados obtidos demonstraram
ainda que este efeito € dependente da natureza do fluor6foro, em particular dos
substituintes ligados ao atomo de azoto dos anéis xanteno bem como do grupo funcional
presente na ligacao entre o fluoréforo e a unidade quelante. Estes resultados evidenciam

a importancia do balanco hidro/lipofilico do quelante para o seu efeito antimicobacteriano.

Neste trabalho, um conjunto de novos quelantes estruturalmente relacionados, MRB2,
MRB4, MRB20, MRH10 e MRB9, foram desenhados de modo a (a) avaliar a influéncia de
diferentes grupos funcionais no efeito antimicobacteriano; (b) estabelecer a melhor
conjugacdo entre 0s substituintes dos anéis xanteno e o grupo funcional da ligacédo
fluoroforo-unidade quelante; e (c) estabelecer a combinacdo mais vantajosa de co-
administracdo de quelantes concomitantemente com antibioticos de uso classico no
tratamento deste tipo de infecdes.

O efeito destes quelantes no controlo da infecdo causada por M. avium foi avaliado e o
guelante que se mostrou mais eficaz, MRH7, foi testado em combina¢ao com um antibiético
habitualmente utilizado no controlo de infe¢Bes causadas por micobactérias, o Etambutol.
Os resultados mostraram que a co-administacdo deste tipo de quelantes com antibi6ticos
utilizados na clinica € uma estratégia vantajosa no combate a infe¢cdes provocadas por

estes patogénios.

A atividade antibacteriana dos quelantes funcionalizados com rodaminas parece estar
relacionada com a diferente capacidade dos ligandos em interagir com membranas
biol6gicas. Desta forma, diferentes técnicas espectroscopicas, Fluorescéncia,
Ressonancia Magnética Nuclear e Ressonancia Paramagnética Eletronica, foram
utilizadas para estudar a interacdo destes quelantes com modelos membranares de
lipossomas.

Os resultados mostraram que os compostos com maior efeito no controlo do crescimento

de M. avium sdo 0s que possuem maior capacidade para interagir com membranas,
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enguanto que 0s gue apresentaram menor atividade antimicobacteriana sao os que tém

menor afinidade para membranas.

De modo a avaliar a distribuicdo dos quelantes em macré6fagos derivados da medula éssea
de ratinho e em células mononucleares do sangue periférico de humanos realizaram-se
estudos de Microscopia Confocal de Fluorescéncia. Os resultados mostraram que todos
gquelantes testados sao capazes de atingir o citoplasma das células embora os ligandos
com maior atividade antimicobacteriana tenham mais facilidade em atravessar a membrana
celular. Nos estudos de co-localizagdo com diferentes organelos celulares foi possivel
concluir que estes quelates, uma vez no interior das células, conseguem atingir potenciais

alvos celulares, nomeadamente o fagossoma, onde reside a bactéria.

O estudo in vitro da toxicidade dos quelantes funcionalizados com rodamina foi avaliada
numa linha celular de figado, células HepG2, com recurso a diferentes métodos,
nomeadamente estudos de reducédo de “MTT” e de libertagdo da enzima citoplasmatica
“LDH”. Os resultados obtidos em ambos os testes foram comparados e estes sugerem que
0s quelantes hexadentados parecem induzir maior toxicidade do que os ligandos
bidentados.

Por ultimo, considerou-se o desenho de 3,4-HPO modificadas de modo a aumentar a
solubilidade destes quelantes em solugdo aquosa, tendo-se sintetizado um ligando
funcionalizado com uma cauda derivada de uma molécula de polietilenoglicol (PEG).

A aplicagéo deste quelante em testes analiticos para a determinagdo da concentracdo de
ferro em amostras de aguas foi avaliada e comparada com os resultados obtidos
anteriormente pelo grupo de investigacdo, com a utilizagéo de outros ligandos do tipo 3,4-
HPO. O novo ligando mostrou maior sensibilidade e menor limite de detecdo na

determinacéo de ferro em aguas.

Em suma, os resultados descritos no presente trabalho contribuem com informagé&o
relevante para a escolha de quelantes que possam apresentar um maior efeito no combate
a infecdes causadas por M. avium bem como no desenho de novas arquiteturas

moleculares para diferentes aplicacdes, nas mais diversas areas de interesse cientifico.

PALAVRAS-CHAVE: 3-hidroxi-4-piridinona; quelantes de ferro(lll); ligandos fluorescentes;
rodamina; espectroscopia; membranas biologicas; infecdo; Mycobacterium avium;

bactéria; antibioticos.
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AIMS AND SCOPE

In face of an urgent need to develop novel therapies to fight mycobacterial infections, our
research group has been particularly interested in the development of iron(lll) chelators,
based on 3-hydroxy-4-pyridinone (3,4-HPOs) units that may be used to deprive M. avium
of iron.

The research started in 2007 and the inhibitory effect of several bidentate and hexadentate
3,4-HPO chelators on the growth of M. avium inside bone marrow derived macrophages
(BMM) has been investigated [1]. The present PhD thesis follows the latter studies which

include the work developed under the author’'s Master thesis investigation project [2].
From the previous studies it is known that:

¢ Amongst all the ligands tested, the most active chelator includes a hexadentate
chelating unit labelled with a rhodamine B isothiocyanate moiety. Its
antimycobacterial activity is associated with the iron chelating capacity of the ligand
but this property is not sufficient per se, since the non-functionalized chelating units

were not effective [1];

e The partition and distribution of chelators functionalized with either rhodamine or
fluorescein fragments on model membranes and cells are distinctive.
The most biologically active compounds were those which interact more strongly

with lipid phases and most easily cross cell membranes [3];

o Fluorescent chelators, with different denticity and functionalized with diverse
rhodamine frameworks, have been synthesized. All the chelators were capable of
restricting the intramacrophagic growth of M. avium and their activity is dependent
on the structural differences on the molecular framework of the rhodamine. The most
significant inhibitory effect was obtained with rhodamine B isothiocyanate labelled
compounds. The effect is superior to that observed for other two chelators

functionalized with carboxyrhodamine [2, 4].

3
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The aim of the present PhD project is to answer the following questions:
Q1 - Is the biological effect dependent on the functional groups of the rhodamine

moiety present in the chelator structure, namely the isothiocyanate group?

Q2 - Are the substituents linked to the nitrogen of the xanthene ring important for

the biological effect?

Q3 - Are the structural characteristics on the rhodamine framework determinant for
the interaction of the chelators with biological membranes?

Q4 - Is the biological effect related with interaction of the chelators with biological

membranes?

In the figure below (Figure AS.1) the connection of the raised questions is represented

graphically.

Structural
Modifications

Qa3 Q1+0Q2
Membrane Q4 Antibacterial
Interactions Effect

Figure AS.1. Schematic representation of the questions aimed to be answered in the present work.

To answer the above questions, we chose to design parent chelators in which different
structural groups are introduced in order to establish structure/activity relationships and to
increase biological activity. We finally expect to identify key molecular structures that may
be relevant for the development of novel therapeutic tools to treat infection through iron

deprivation.
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The antimicrobial activity of the new compounds was assessed in M. avium infection model.
Partition properties of the most active compounds were investigated in liposomes and their
distribution within the cells was monitored by confocal microscopy. In vitro safety studies

for the tested chelators were also carried out.
The particular objectives of the present work are:

e The synthesis and characterization of 3,4-HPO labelled with different fluorophores,

global charge and hydro-lipophilic balance (HLB) (Chapter 2);

e The evaluation of in vitro activity of the new chelators in the control of M. avium
growth and the investigation of the effect of the most active chelator, alone and in
combination with a classic antibiotic, Ethambutol (ETH) (Chapter 3);

e The study of the partition and distribution properties of the most active chelators in
lipid bilayers using fluorescence, NMR and EPR spectroscopies (Chapter 4);

e The investigation of the interaction of most active chelators and their distribution

within cells by fluorescence confocal microscopy (Chapter 4);

e In vitro safety studies for the synthesized chelators; in hepatocytes (HepG2)
(Chapter 5).

e The design of iron(lll) chelators with increased hydrophilicity for further application
in agueous systems, namely in analytical processes of iron(lll) determination and

guantification in water samples (Chapter 6).

As a final goal we aim to get molecular architectures that combine all the features required
to target the sites where infectious processes take place and consequently exert a higher

antimicrobial activity.
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1. GENERAL INTRODUCTION

1.1 Iron, an essential element for life

1.1.1 Biochemistry of iron

Iron is the 26" element of the Periodic Table, one of the most abundant elements in the
earth crust and an essential micronutrient for the growth of almost all living organisms, with
few exceptions such as Lactobacilli and Borrelia burgorferi [5]. Iron is involved in a large
number of biological functions, as a cofactor of many metalloproteins [6]. Due to the
exceptional capacity of the element to act as an electron donor and acceptor, more than
100 enzymes require iron for their function and iron is as a component of iron-sulfur clusters,
[Fe-S], or haem groups [7]. Among others, iron is crucial for haemoproteins, such as
haemoglobin, responsible for the oxygen transport, for oxidases, peroxidases or catalases
involved in oxygen metabolism and electron transfer performed by cytochromes. Iron is also
essential for non-haem proteins, including those that require [Fe-S] clusters in mitochondrial
electron transport chain and for ribonucleotide reductase required in the DNA biosynthesis.
In biological systems, iron is most commonly found in three oxidation states: Fe(ll), Fe(lll),
and in a much lower amount Fe(IV). In an aqueous environment, Fe(ll) is oxidized to Fe(lll)
to precipitate in the form of ferric hydroxide [8] and at physiological pH, Fe(ll) is more soluble
than Fe(lll) (Ksp of Fe (OH); < 10°%) (as reviewed in [9-13]).

Although essential for life, iron is also toxic due to its ability to participate in Fenton/Haber—
Weiss type reactions. These reactions lead to the generation of free radicals, reactive
oxygen species (ROS), which damage cells, tissues and organs by reacting with several
biomolecules, resulting in protein oxidation, DNA oxidation, mitochondrial damage and
peroxidation of membrane lipids, through the production of alkoxyl and peroxyl radicals by
reaction with unsaturated lipids [14-16].

In the Haber-Weiss cycle, the Fe(ll) cation reacts with hydrogen peroxide (H.02) and
oxygen (O) to yield free radicals such as superoxide (O2) and hydroxyl ((OH) [14, 16-20].
At the physiological pH value, superoxide dismutates to form hydrogen peroxide which in
turn may be decomposed by the enzyme catalase into water and oxygen [21]. These

reactions are illustrated in Figure 1.1.
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The formation of ROS may contribute to the development of several diseases such as

hepatitis, haemochromatosis, liver cirrhosis, cancer, and neurodegeneration [21, 22].

'OH + OH~ Fe(IIT) 0,

H,0, Fe(Il) 0,

Global Reaction H,0, + O, ——— 'OH + OH + O,

Figurel.1 — Chemical reactions involved in the formation of ROS in the presence of iron. Adapted from [2, 18].

1.1.2 Body iron homeostasis

The amount of iron in the body of a healthy adult human being is around 3-5 g (45 and 55
mg/kg of body weight in adult women and men, respectively). The greater part, ca 2 g, is
incorporated in haemoglobin and the remaining amount of iron is distributed between
macrophages (~600 mg) or stored in hepatocytes (~1 g) incorporated in ferritin.
Approximately 8 mg of the total iron is found in muscle myoglobin and a smaller amount is
present in other cells and tissues as a constituent of haem- and non-haem proteins (~350

mg). Very low levels of iron remain in intracellular labile iron pools [6, 15, 23, 24].

Nearly 20 to 25 mg of iron are in daily circulation in the human body although only a small
amount, about 1-2 mg, is normally absorbed from the diet, in order to re-establish regular
losses caused by desquamation of the skin and intestine cells, and by menstruation in
women. The highest amount of circulating iron comes from the spleen, resulting from the
degradation of senescent red blood cells (RBCs) by macrophages. This iron is efficiently

recycled, returning to the bone marrow via the transporter protein, transferrin (Tf) [6, 25].

The regulation of absorption, transport and storage processes required to maintain the
basal iron level in the body is crucial to prevent iron deficiency and iron excess derived
disorders. The metal homeostasis is regulated with high precision and requires several

molecular mechanisms and proteins [26], summarized in Figure 1.2.
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Figure 1.2 — Iron transport along the enterocyte. Iron absorbed from the diet in converted to Fe(ll) by DCYTB and further
transported via DMT1. In the cytosol, iron can be stored in ferritin or exported to the plasma by ferroportin to be transported

bounded to transferrin, after conversion to Fe(lll) by Hephaestin. Adapted from [2, 27].

Iron obtained from haem and non-haem sources is absorbed at the duodenum by distinct
mechanisms. The intestinal haem iron absorption seems to require a specialized haem
carrier, although this has not been definitely identified. Haem carrier protein 1, HCP1, is a
strong candidate, but evidence has been accumulated that this protein has a predominant
role as a folate rather than haem transporter [24].

Non-haem iron predominates in the oxidized form, Fe(lll), and therefore to cross the apical
membrane it has to be reduced to Fe(ll) by ferrireductases, namely duodenal cytochrome
b (DCYTB), and subsequently transported by the proton-coupled divalent metal transporter
1, DMTL, (also known as SLC11A2, NRAMP2 and DCT1) [24, 28, 29]. Mutation of the
murine DMT1 gene (Slcl1la2-/- mice) has put in evidence the functions for DMT1 in

intestinal iron absorption and erythroid iron uptake [30].

In order to enter the circulation, the absorbed iron is exported by enterocytes through the
only known iron efflux transmembrane transporter: ferroportin (FPN1, also known as Ireg1,
MTP1 or SLC40A1). FPNL1 is located in the basolateral membrane in association with
transmembrane ferroxidase hephaestin and performs the oxidation of Fe(ll) to Fe(lll), the
form incorporated in transferrin [31]. Ferroportin is mainly expressed in enterocytes and is

also present in macrophages and placenta [5].
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The iron absorbed may be stored or kept in circulation bound to the serum protein transferrin
(Tf), for further delivery to other cells and organs by receptor-mediated endocytosis via
transferrin receptor-1 (TfR1). This transmembrane glycoprotein forms a homodimer linked
by a disulphide bridge, binding one Tf molecule at each of its subunits.

After endocytosis of the complex Tf/TfR1, the endosome is acidified by the action of a proton
pump ATPase to reach pH 5.5 and a conformational change occurs conducing to release
of iron in the oxidized form Fe(lll). This is subsequently reduced to Fe(ll) to allow the
transport by DMTL1 to the cytosol of the cells. After iron release, the apo-Tf/TfR1 complex
returns to the membrane and apo-Tf is recycled to bind more iron [24, 26, 28, 29].

In healthy adults, only approximately 30% Tf binding sites are saturated with iron. Levels of
saturation below 15% are associated to iron deficiency and conversely levels above 45%
indicate iron overload. This excessive Tf saturation is associated to the existence of non-
bound and highly reactive iron, called as non-transferrin bound iron (NTBI). NTBI is
predominantly deposited in the liver and can also accumulate in other organs, such as heart
and pancreas, leading to organ damage [24].

Inside cells, iron which is not immediately required for cellular function is stored inside
ferritin. One ferritin molecule contains 24 subunits organized in a spherical shell-like moiety
with the ability to capture more than 4000 iron cations [14, 24, 26, 32]. While in most tissues
ferritin is present as a cytosolic protein, composed of variable proportions of H- and L- ferritin
chains, some tissues also have a mitochondrial ferritin [33].

In addition to cytosolic and mitochondrial ferritin incorporation, iron can also be stored in the
lysosomes, in the form of haemosiderin, representing a small fraction of body iron stocks
[23].

1.1.3 Regulation of cellular and systemic iron homeostasis

The regulation of the mechanisms to maintain iron balance in the organism occurs both at
cellular and systemic levels and these two distinct systems are complementary and function

in a coordinated manner [34].

In cellular processes, the regulation is primarily obtained by the sequestration of iron by
ferritin, keeping the excess of iron protected from the development and formation of ROS
and allowing this micronutrient to be mobilized when needed. The second level of cellular
regulation comprises the iron regulatory proteins (IRPs). IRPs respond to different iron
conditions and in a scenario of iron deficiency, they bind to iron regulatory elements (IRES)

present in the untranslated regions of MRNAs and regulate the expression of iron transport
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and storage proteins at a post-transcriptional level, leading ultimately to an increase of TfR1
expression and decreased ferritin expression, in order to facilitate an increase of
intracellular iron levels. IRE-containing mMRNASs encode several proteins involved in the iron
metabolism, such as ferritin, DMT1, FPN and others [24, 28, 31, 35].

The systemic regulation of iron levels is mainly governed by the hormone hepcidin, which
was firstly described as an antimicrobial peptide [28]. Biologically active hepcidin is a 25-
amino-acid peptide (part of an 84-amino-acid entire precursor) and is essentially produced
in the liver by hepatocytes but can also be produced by the heart, pancreas, and
hematopoietic cells.

Hepcidin is involved in iron metabolism and the disruption of the respective gene
(Hampl-/- mice) resulted in an iron overload profile [36]. Hepcidin acts as a negative
regulator of iron metabolism and its expression changes according to the body iron
requirements.

The expression of hepcidin decreases, in conditions of increased need of iron, causing an
increase in the levels of FPN and consequently in iron levels. In opposition, when the levels
of iron are high, the production of hepcidin increases leading to a decrease in FPN
expression and thus reducing the amount of iron in circulation [6, 35, 37].

Hepcidin binds directly to FPN, the only known cellular iron export protein. It induces Janus
kinase 2 (Jak2)-dependent phosphorylation, internalization and lysosomal degradation of
FPN, thereby decreasing cellular iron efflux from these cells [35].

Under basal conditions, the expression of hepcidin is regulated by mechanisms requiring
the bone morphogenetic protein (BMP)/SMAD pathway signalling mechanisms. In a
scenario of inflammation, there is an induction of hepcidin expression mainly dependent on
interleukin-6 (IL-6) and the activation of STAT3 (signal transducer and activator of
transcription 3) [24, 38, 39].

Another important contributor for the systemic regulation of iron levels is the protein HFE,
expressed in hepatocytes. It is encoded by the gene hfe, a homologue of the major
histocompatibility complex (MHC) class 1 antigen and interacts with TfR1 and TfR2. TfR2
is a homolog of TfR1 and is expressed in hepatocytes and in erythroid precursor cells.
TfR2 acts mainly as an iron sensor and when serum iron levels are high, the binding of Tf-
Fe to TfR1 displaces HFE, which in turns binds TfR2. The HFE-TfR2 complex interacts with
signals induced by the binding of bone morphogenetic protein 6 (BMP6) to increase the
expression of hepcidin [26, 28, 29]. This process also requires other co-factors, namely
hemojuvelin (HJV) to amplify the BMP6 signal [31, 35, 40].
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Moreover, under conditions of low levels of iron, such as hypoxia and aneamia, other
mechanisms are initiated in order to decrease hepcidin levels, namely the induction of the

transcription factor hypoxia-inducible factor (HIF)-1a and cleavage of membrane HJV [35].

The described cellular and systemic mechanisms performed by the well regulated control
systems, IRE/IRP and hepcidin/FPN, have a high degree of coordination and the
intercommunication of the overall proteins involved efficiently contribute to maintain the iron

homeostasis and prevent the scenarios of iron deficiency or iron overload.

1.1.4 Deregulation of iron levels

When one of the players in the regulation of iron homeostasis does not work properly, the
levels of iron in the body become deregulated which can induce the development of several
diseases.

Although iron is essential for life, if present in forms susceptible to generate ROS, it can
induce cell and tissues damage and compromise the normal functions of organs. As
reviewed in the literature [6], free radicals are associated with the development of several
diseases such as cancer, diabetes, cardiovascular, neurodegenerative and ophthalmologic
diseases, and aging [41]. Iron deposition is highly associated to the development of diverse
neurodegenerative diseases, such as Parkinson and Alzheimer [28]. There are numerous

reports of iron overload derived diseases [6, 31].

Iron overload diseases can be categorized into primary or secondary disorders. The first
are associated to hereditary deficiency in the mechanism of iron regulation and the second
are related to acquired alterations [6].

The most prevalent iron overload disorder is hereditary haemochromatosis (HH). HH is an
autosomal recessive disease characterized by an excessive absorption of dietary iron,
which accumulates mainly in liver, heart, and pancreas. The disease is associated to the
mutation in genes that encode proteins involved in iron homeostasis and the most frequent
form of hereditary haemochromatosis (classified as type 1) (~90%) is associated with

mutations, a C282Y substitution, in hfe gene [6, 31].

Several other haemochromatosis forms can occur, such as juvenile haemochromatosis,
TfR2 haemochromatosis, ferroportin haemochromatosis, derived from mutations in genes
that encode for HIJV, TfR2, FPN, respectively. Other hereditary disorders of systemic iron
overload unrelated to the hepcidin/ferroportin axis are described, such as DMT1 deficiency,

HO-1 (Haem oxygenase 1) deficiency, aceruloplasminemia and atransferrinemia, and occur
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in consequence of mutations in genes that codify for DMT1, HO-1, ceruloplasmin and Tf.
Hereditary disorders of mitochondria are also related with iron overload and patients suffer
from local mitochondrial accumulation of iron in specific tissues. The disease is associated

with mutations in proteins required for haem and iron—sulfur cluster biosynthesis [31].

High levels of iron in the central nervous system (CNS) are relevant for the development of
several diseases. Along the aging process, iron tends to deposit in the brain and oxidative
stress increases, as reported in Friedreich ataxia and Parkinson and Alzheimer diseases.
This deposition is also reported for less common diseases such as multiple sclerosis,
amyotrophic lateral sclerosis, Huntington disease, ischemic stroke, cerebral haemorrhage
and cerebral contusion (reviewed in [10, 31, 42]).

Secondary iron overload is derived from several pathologies, such as deficient
erythropoiesis, ingestion of iron in excessive amounts and chronic liver diseases (hepatitis,
alcoholic liver disease, etc.) in which iron overload acts as a stimulus for the progression of
the diseases. The most common example of secondary iron overload disorders is
thalassemia. The disease is characterized by a chronic anaemia due to the non-efficient
erythropoiesis as a result of defects in the synthesis of globin chains of haemoglobin. The
iron overload scenario in this disease is a consequence of the clinical treatment used, which

consists in blood transfusions to correct the anaemia in the patients (reviewed in [31]).

The excess of iron causes several complications to the organism, an iron deficiency is also
problematic, and may result from excessive loss and / or lower absorption of iron.
Anaemia, characterized by low levels of circulating haemoglobin, is caused by impaired
RBC destruction or production or blood loss. Due to the fact that iron is crucial for
haemoglobin synthesis, deficiency of iron is the most common cause of anaemia [43].
Several consequences of iron deficiency anaemia (IDA) are reported, such as defects in
development (cognitive and motor), reduced work capacity, delay in the growth of body and
organs, defective bone mineralization and less effective immune response [6].

Another type of anaemia has been described, the so-called anaemia of inflammation (Al)
or anaemia of chronic disease (ACD). ACD occurs in response to several conditions such
as extended inflammatory scenarios, resultant from autoimmune disorders or cancer, and
mainly during infections, due to the importance of iron for the growth of pathogens (as
discussed later in this chapter). ACD is characterized by hypoferremia, increased levels of

ferritin and impaired erythropoiesis, decreasing the iron levels in circulation [43, 44].
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1.2 Iron and bacterial infection

1.2.1 Bacterial iron acquisition

As iron is an essential metal for bacterial growth, these microorganisms developed diverse
strategies to efficiently scavenge iron from the environment and also mechanisms to

regulate the levels of iron for their needs and to prevent an eventual toxic effect [5, 6, 45].

Some bacterial strains can remove iron from haem proteins, namely haemoglobin. These
microorganisms are able to take out the haem from haemoglobin, transport it into the
cytoplasm and promote iron release by means of haem oxygenases [46].

Some bacteria can also acquire iron from proteins involved in iron storage, namely
lactoferrin, ferritin and Tf [18]. These organisms express transferrin receptors such as ThpA
and while the host organism develops mutations in transferrin to alter the binding of Tf to
this receptor, bacteria counteract by performing other mutations in the receptor to re-
establish the specificity of the binding [47].

Alternatively, in response to iron needs, bacteria produce specialized low molecular weight
molecules, called siderophores, which are high affinity iron(lll) ligands (logB from ~12 - 49).
Fungi and plants also synthesize siderophores to obtain the amount of this nutrient essential
for their biological functions.

More than 500 siderophores have been described and the chemical structure of
approximately 260 siderophores is known [48, 49].

The synthesis of bacterial siderophores is of remarkable importance. The fact that the
enzymatic inhibition of their biosynthesis helps controlling bacterial growth provides
evidence for its importance. Thus, the development of chemical inhibitors for the enzymes
involved in siderophore synthesis has been suggested as a strategy for the control of
infection [50].

1.2.1.1 Siderophores: physicochemical properties, biosynthesis and transport

Most siderophores are hexadentate ligands possessing six oxygen donor atoms that
coordinate iron and the most common geometry for siderophore-iron complex is octahedral
or pseudo- octahedral, favoring the formation of thermodynamically stable high-spin iron(lII)
complexes. Less frequently, iron complex geometry can also be a distorted octahedron,

with nitrogen or sulfur donor atoms [49].
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The most common bidentate chelating units in siderophores are catecholate, hydroxamate
and a-hydroxycarboxylate. [51] (Figure 1.3). Enterobactin, desferoxamine and citrate are
examples of siderophores that represent these classes of chelating units [52] (Figure 1.4).
The existence of mixed-ligand siderophores, such as yersiniabactin, in which more than
one type of chelating units are present in the ligand structure, has also been reported
(reviewed in [7, 52]) (Figure 1.4).

1 \ O N RYO O o\
R P JFe (1) N Fe (ll1) R:li Fe (1)
o) el o’

H,;C R
3 3 3

Figure 1.3 - The most common chelating units of siderophores: catechol (left), hydroxamate (centre) and o-

hydroxycarboxylate (right) (Adapted from [2]).
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Figure 1.4 - Representative structures of siderophores possessing catecholate, hydoxamate, a-hydroxyacid units or mixed

type siderophores: enterobactin, desferrioxamine, citrate and yersiniabactin. Adapted from [52].

Siderophores can also be bidentate ligands although this type is less frequent in natural
siderophores, mainly due to the fact that bidentate chelators form less stable iron
complexes. Thermodynamically, the formation constant, K of the complex with a
hexadentate ligand is higher than for bidentate chelators due to the entropy changes in the

formation of complexes with hexadentate ligands which are higher than those observed with
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bidentate ligands. Moreover, from a kinetic point of view, complexes formed by bidentate
chelators are much more labile than those formed by hexadentate ligands and consequently
ligands are more easily released from the complex [3, 49].

Natural siderophores are selective towards iron(lll) over iron(ll) and the higher the affinity
for iron(lll), the more negative the redox potential of the complex. The standard redox
potential of the Fe(lll)/Fe(ll) pair in water is +0.77 V but iron chelation usually decreases
this value and consequently guarantees the redox stability of the complex, which means
that iron will not easly participate in the generation of free radicals. Coordination of iron with
some siderophores can significantly decrease the redox potential, such as for the iron
complex with the siderophore ferrioxamine B (to -0.45 V), and consequently renders iron
inaccessible to reduction by biological agents, namely NAD(P)H (-0,32 V) [7, 49].
Moreover, the cyclization of the ligand is advantageous for the siderophore structure
because it contributes to a higher stability of the complex and also improves the diffusion
across cellular membranes and protects the ligand from the action of degrading enzymes.
According to these facts, cyclic hexadentate ligands seem to show advantage in
siderophore evolution [51].

The biosynthesis of siderophores is performed by nonribosomal peptide synthetases, which
sense the levels of iron. The mechanism of bacterial iron acquisition is controlled by different
regulators, namely ferric uptake regulator (Fur), the diphtheria toxin repressor (DtxR) and
small RNAs [46].

After iron sequestration by siderophores, the ferri-siderophore complexes have to cross the
membrane by active transport through siderophore receptors. The biosynthesis of these
receptors is co-regulated with siderophore biosynthesis in response to low iron levels [53].
In the next step, the iron is released in the cytoplasm after reduction to Fe(ll), due to less
affinity than for Fe(lll). The reduction is catalyzed by ferri-siderophore reductases [7].

The transport mechanism differs in Gram-positive and Gram-negative bacteria as the first
only possess a single membrane, whereas Gram-negative bacteria possess outer and inner
membranes. In Gram-positive bacteria, the receptors are associated to the cell wall while
in Gram-negative organisms the receptors are located in the outer membrane and ferri-
siderophore complex are translocated into the periplasmic space by interaction with the
TonB system [46, 52]. Then, periplasmic binding proteins transport ferri-siderophore
complexes to a cytoplasmic membrane protein belonging to the ATP-binding cassette

transporter (ABC-transporter) superfamily, which hydrolyses ATP to drive iron to the
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bacterial cytosol, while the iron-free siderophore is degraded or recycled by excretion

through an efflux pump system [52].
1.2.1.2 Siderophore-based antibiotics

Several antibacterial molecules have been developed which act by inhibiting iron uptake.
Numerous iron chelators have been synthesized, inspired in the structure of natural
siderophores. These antibacterial molecules may sequester the iron available for bacterial
growth, as discussed later (chapter 1.3). Otherwise, ferri-siderophore receptors can be
inhibited by a non-functional structural analogue or by giving siderophores coordinated to
other metal ions with lower toxicity to the host organism [cited in 12, 54].

A related therapeutic approach is the use of siderophore-drug conjugates, which consists
in coupling antibiotics to natural siderophores or their synthetic analogues. These
conjugates are recognized by bacteria due to the similarities with their natural ligands, thus
acting like “Trojan horses” [55, 56]. Miller co-workers have been developing this field and
designed a new antimycobacterial that combines mycobactin and artemisinin molecule. The
idea was the use of the siderophore ability to drive this conjugate to the mycobacterial cell
and at the same time taking advantage of artemisinin function of generating ROS producing
warhead [57].

Another examples are sideromycins, such as albomycin and salmycin, which are naturally
occuring antibiotics covalently attached to siderophores with increased antibacterial activity
[49].

1.2.2 Iron deprivation as immune response

The relevance of iron for the growth of several pathogens has been extensively
investigated. It is well documented that an increase in iron levels may be disadvantageous
for the control of the infection by the host [45]. Iron overload is associated to an increase in

the susceptibility to infection and several examples have been reported [37, 58, 59].

Due to high levels of iron available in a scenario of Haemochromatosis, the disease has
been associated with an increased susceptibility to infection by several bacteria [46] such
as Yersinia enterocolitica [60] and Vibrio vulnificus [61].

Patients with low levels of iron are less susceptible to malaria [62] and iron availability
increases the growth of enteric pathogenic bacteria such as Salmonella typhimurium [63].
The importance of iron for intracellular bacteria such as Listeria monocytogenes [64] and

Mycobacterium [44] has also been described.
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Recently, it has been described that apo-Tf inhibits the growth of bacteria, such as
Staphylococcus aureus and Acinetobacter baumannii, and fungi Candida albicans by iron
sequestration [65]. Conversely, for other pathogens such as Leishmania, iron may have an
opposite effect, generating toxicity for the microorganisms, protecting the host from the

infection (reviewed in [44, 66]).

In response to infections, the infected organisms developed several strategies to regulate
the absorption, transport and storage of iron in order to achieve an overall decrease in the
amount of iron available for bacterial (or even protozoal and fungal) growth, thus controlling
the infection [29]. This adaptive approach of hosts to defend themselves from the invaders
by restricting access to essential transition metals, namely iron, is referred in the literature
as “nutritional immunity” [46].

Taking advantage of the knowledge on the iron-related interplay between host and the
pathogen for iron and the evidence of a nutritional immunity, the development of
antibacterial approaches based on the destabilisation of iron concentrations accessible for
bacteria has been reported [10, 29, 52, 67, 68].

The withholding of iron from pathogens can be achieved namely by the regulation of the
expression of proteins required for iron homeostasis (described in section 1.1.3) and by the

participation of several other proteins involved in the immune response.

NRAMPL1, natural resistance-associated macrophage protein 1, participates in the host iron
related innate immunity. This protein is localized in the phagosomal membrane and exports
Fe (and Mn) from the phagosome into the cytosol, to consequently reduce iron
bioavailability for intracellular pathogens harboured in phagosomes [45]. Some authors
have conversely suggested that NRAMP1 can import iron into phagosome to generate the
ROS to combat the pathogens [5, 18]. NO production by INOS is modulated by NRAMP1

and contributes to the host defence against bacteria [69].

Lactoferrin (Lf), an iron containing protein that is present inside neutrophil granules at sites
of inflammation and bioavailable in saliva, breast milk and tears, participates in the
regulation of the proliferation and activation of immune cells such as lymphocytes,
monocytes, and natural killer cells. Lf is considered a bacteriostatic agent due to its function

as an inhibitor of pathogens growth by iron deprivation [39, 46].

Lipocalin-2 (also known as siderocalin, Scn) is expressed in hepatocytes, neutrophils and

infected macrophages and binds ferri-siderophore complexes, thus recovering the iron
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sequestered by siderophores for bacterial utilization. Lipocalin-2 complements the activity

of Lf because lipocalin-2 binds the iron already earmarked for bacterial use [39, 70, 71].

Hepcidin has crucial functions in the regulation of iron levels during inflammatory processes.
Interleukin 6, IL-6, induces hepcidin expression via JAK-STAT signalling pathway and
hepcidin is produced in response to toll-like receptor 4 (TLR4) activation by bacterial
pathogens. Increased production of this hormone leads to the downregulation of Fpnl
MRNA expression in macrophages, in order to decrease the amount of iron available for
bacterial growth [5, 66, 72].

A recent work, in which the authors demonstrate that hepcidin participates in host defence
against V. vulnificus by reducing iron levels during infection provides evidence of the
involvement of hepcidin in the iron metabolism and infection. They also have shown that
treatment of susceptible mice to this infection with hepcidin agonists decreases the mortality
of the host caused by the bacteria [73].

Ferritin expression is also increased during infection in order to sequester iron in

macrophages and protect from bacterial utilization [5].

Several other hepcidin-independent defence pathways are reported, modulated by
cytokines such as TNF-a, and also IFNy, interleukin-1 (IL-1), IL-6 and IL-10, that regulate
iron levels to combat bacterial infections. These pro- and anti-inflammatory cytokines

regulate the expression of DMT1, TfR1, Fpnl and Ft in macrophages (reviewed in [43, 74]).

The cytokine IFNy conduces to the reduction of the expression of TfR1 during bacterial
infection to inhibit iron uptake by macrophages and potentiate a hypoferremia status [58,
75]. IFNy stimulates the synthesis of NO by iNOS (reviewed in [74]) and in vivo studies have
shown that an iron enriched diet leads to a decrease of IFNy expression (reviewed in [29]).
In vitro studies also referred that IFNy increases the synthesis of hepcidin in M. tuberculosis
infected macrophages, thus reinforcing the relation between iron and host response to

infections (reviewed in [76]).

In summary, while bacteria require iron and have developed strategies to acquire this
nutrient, host organisms have also established several approaches to regulate iron levels
and prevent bacteria from gaining access to iron. Such mechanism of iron regulation

constitute an efficient strategy of the hosts to control infections.
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1.2.3 Iron and mycobacterial infection

Since one of the aims of the present PhD work is the design of iron(lll) chelators to be used
as potential antibacterial agents to control M. avium infection, the characteristics of this
pathogen and the relationship between iron and mycobacterial infection will be discussed
in more detail in this chapter.

M. avium is the causative agent of avian tuberculosis and disease in immunocompromised
patients. Due to the emergence of several diseases, such as chronic obstructive pulmonary
disease, AIDS (Acquired Immune Deficiency Syndrome) and cancer, their associated
immunodeficiency condition increases the prevalence of M. avium infections worldwide

justifying the relevance of studying the infection caused by this pathogen [18, 77-79].
1.2.3.1 Mycobacteria

Mycobacterium is a genus of bacteria that comprises several species, namely the
pathogens Mycobacterium tuberculosis and Mycobacterium leprae, responsible for
tuberculosis and leprosy, respectively. Other mycobacteria are responsible for opportunistic
infections in humans and other animals, such as Mycobacterium avium.

M. avium complex (MAC) includes M. avium and also the non-tuberculous mycobacteria,
such as Mycobacterium intracellulare. M. avium is the second most important group of
opportunistic pathogens responsible for pulmonary disease, leading to respiratory failure
[80-82].

Mycobacterium species can be classified in different groups, according to their growth rate,
as slow growers and fast growers. The first group requires longer proliferation times and is
associated with the development of pulmonary and lymphonodal diseases while the second
group forms visible colonies in solid media within 7 days and usually affect cutis, bones and
joints. Both M. tuberculosis and M. avium are slowly growing mycobacteria while other
mycobacteria such as Mycobacterium smegmatis comprises the fast growers group [83].

Mycobacteria can also be classified according to their morphotypes as smooth or rough,
transparent or opaque. The smooth transparent morphotype is usually related with virulence

in mouse while the rough opaque morphotypes was found in AIDS patients [84].

The lipidic composition and the architecture of the complex and unique structure of the
mycobacterial cell envelope contribute to the pathogenicity of these microorganisms [85].
Mycobacteria’s cell envelope is composed by the plasma membrane, the cell wall and the

capsule (Figure 1.5) [86].
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Figure 1.5 - Schematic representation of the cell envelope of pathogenic mycobacteria. (Adapted from [86]).

The lipidic composition of the plasma membrane includes different phospholipids, namely
phosphatidylglycerol (PG), phosphatidylethanolamine (PE) and phosphatidylinositol
mannosides (PIM). Other glycolipids are also embedded in the plasma membrane, such as
lipoarabinomannan (LAM) and lipomannan (LM), and also some proteins and glycoproteins.
Mycobacteria are unusual Gram-positive bacteria in which the cell wall contains
peptidoglycan covalently bound to arabinogalactan (AG) esterified with long chain mycolic
acids.

The more external layer of the mycobacterial cell envelope, the capsule, is predominantly
composed by glycoproteins, arabinomannan and mannan derived polysaccharides [86, 87].

The particular characteristics, mainly the hydrophobicity and impermeability of the cell
envelope of mycobacteria, contribute to the virulence of these pathogens as the complex
cell envelope constitutes a barrier that compromises the uptake of many antibiotics and the

treatment of mycobacterial infections.

The saccharides present in the cell envelope of mycobacteria are involved in the recognition
and uptake by host cell phagocytic receptors. The complement receptor 3 (CR3) recognizes
M. tuberculosis by PIM present in the mycobacterial membrane while mannose receptors
(MR) detect the mannose residues. Other receptors such as the human DC-SIGN of
dendritic cells and macrophages recognize LAM. TLRs of macrophages and dendritic cells
recognized cell envelope constituents, such as LAM, and activate signalling pathways in
the cells [86, 87].

Both M. tuberculosis and M. avium are facultative intracellular pathogens that reside
primarily inside mononuclear phagocytes, namely macrophages and monocytes. These
pathogens grow inside vacuoles, the phagosomes, and developed several strategies to

survive and resist to host defences [88-90].
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Upon formation of the phagosome, the vacuole undergoes a stepwise maturation process,
which consists of acidification and several fusion events. The last step is the fusion with
lysosomes leading to the formation of a phagolysosome that contains enzymes conducting
to the establishment of an acidic environment (~pH = 5) by intervention of the hydrolases
required to degrade the pathogens [91, 92].

To ensure survival and replication inside the phagosome in infected macrophages,
mycobacteria developed strategies to retard phagosome maturation, namely by
manipulating the host cell endocytic pathways in order to prevent the fusion of the
phagosome with late endosomes and lysosomes [88, 91]. Thus, the mycobacteria-
containing phagosomes remain with characteristics of an early endosome. The levels of
ATPase are low and the vacuole is not acidified (the neutral pH value is maintained) which
may be due to the exclusion of the enzyme from the membrane. Moreover, the phagosome
infected with mycobacteria, namely M. avium, does not follow the normal course of
maturation, modulating GTPase expression, excluding Rab7 and maintaining Rab5. Rab5
and Rab7 are involved in early and late endosome fusion, respectively [84, 91-94].
Consequently and due to these mechanisms of subversion, mycobacteria can survive inside

phagosomes for longer periods of time without being delivered to lysosomes.
1.2.3.2 Treatment of mycobacterial infections

As a result of the highly impermeable cell wall of mycobacteria, the infections caused by
these pathogens are difficult to treat. Additionally, mycobacteria have developed different
mechanisms of antibiotic resistance conducting to an urgent need to develop new

chemotherapeutic agents to control the multidrug-resistant mycobacteria [80, 95].

The classic approach to treat lung disease caused by MAC infections usually includes a
multidrug combination of isoniazid, rifampicin (also known as rifampin) and ethambutol.
Several other drugs, such as pyrazinamide, streptomycin (and other aminoglycosides),
cycloserine, fluoroquinolones and ethionamide, are also used [96].

In addition to the need of combining several drugs to treat mycobacterial infections, the
therapies require long treatment durations of at least 6 months and consequently the

development of more efficient drugs to reduce the treatment period remains crucial [97].

More recently, macrolides, such as clarithromycin or azithromycin, have been proposed as
antibiotics against mycobacterial infections [80] and the combination of clarithromycin or
azithromycin, ethambutol and a rifamycin (rifampicin or rifabutin) has already been

suggested, despite the treatment still needs an optimization process [81].
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Although rifampicin is known to affect the metabolism of the newer macrolides, the
combination of these drugs is still used [81].

Several other compounds have been investigated to treat mycobacterial infections. The
nitroimidazoles are one of the most recent advances in the design of new drugs that have

revealed success in the control of these infections [98, 99].

The impairment of the biosynthetic siderophore production is also a target to the
development of new antimycobacterial drugs. P-aminosalicylic acid (PAS) is one of the
oldest described drugs that has an inhibitory effect in the synthesis of mycobactin [100,
101]. The effect of new compounds that act by inhibiting the enzymes required for synthesis
of mycobactin has also been reported [50, 102].

The mycobacterial fatty acid biosynthesis pathway is also a clinically validated target in drug
discovery. Recently, the activity of 4-hydroxy-2-pyridones against Mycobacterium
tuberculosis infection has been reported. This class of compounds inhibits the enzyme InhA,
the enoyl reductase required for this biological process. In this study, those HPO chelators
showed potent bactericidal effect against common isoniazid-resistant TB clinical isolates
[103].

The mechanism of action and drug targets of the most used drugs (referred above) for

treatment of mycobacterial infection are summarized in Table 1.1.
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Table 1.1 — Drugs used for treatment of mycobacterial infections and their mechanisms of action.

Target Mechanism of Action Drug Reference
DNA damage Nitroimidazole [104, 105]
Inhibition of.ba(?terlal DNA Fluoroguinolones [106]
replication
Nucleic acids
Rifamycins
Inhibition of bacterial RNA
. . - [107]
synthesis (eg.: rifampicin,
rifabutin)
Aminoglycosides
Binding to 30S ribosomal subunit [108, 109]
(eg.: treptomycin)
Inhibition of protein
synthesis Macrolides
Binding to 50S ribosomal subunit (eg.: [110]
clarithromycin or
azithromycin)
Inhibition of arabinofuranosyl Ethambutol [111-113]
transferases
Isoniazid [114, 115]
Inhibition of mycolic acid
biosynthesis
Cell envelope Ethionamide [116]
Inhibition gf bacterlgl fatty acid Pyrazinamide [117]
biosynthesis
Inh|b|t|op of pepthloglycan Cycloserine [118]
biosynthesis
I . . P_ami licvii
Siderophore biosynthesis Inhibition of biosynthesis of aminosalicylic [100, 101]

mycobactin

acid
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1.2.3.3 Iron status and mycobacterial infections

As described above, iron has an impact in the growth of all organisms and in particular
mycobacteria, namely, M. tuberculosis and M. avium. Several reviews reporting the relation
between the bioavailability of this metal and the progress of infection have been published
(see reference [44] as an example). However, other elements may also be important for
mycobacterial infections. Other metals such as Zn, Mn or Cu are also relevant, either as an

essential nutrient or due to a toxic effect for the bacteria [46, 119, 120].

The seminal reports of an iron deprivation effect in mycobacterial growth dates from 1960’s
[121, 122], but several studies have followed and reinforced this evidence.

It has been reported that an iron deficient diet leads to a decrease in M. avium growth in
mice [123] and iron limitation in vitro has been shown to restrict the growth of mycobacteria,
including M. tuberculosis [124]. Conversely, a supplementation with iron-dextran [125, 126],
or polymaltose ferric hydroxide [127] or also with iron citrate was shown to increase the
growth of the pathogen in treated mice [128]. High levels of iron acquired from the diet lead

to an exacerbation of M. tuberculosis infection symptoms in humans and mice [129].

Moreover, it has been shown that iron overloaded haemochromatosis protein (HFE) -
deficient mice are more susceptible to M. avium infection [130]. These findings were

reproduced in macrophages isolated from mice and infected with M. avium [126].

Several studies correlate the iron status in AIDS patients and the susceptibility to
mycobacterial infections and experiments have shown that iron overload increases
mycobacterial growth in immunodeficient mice [78, 126]. Iron redistribution towards
macrophages in AIDS patients favored the progress of tuberculosis [131], thus

corroborating this relation between iron and mycobacterial infection.

According to these results, the influence of iron in the development of mycobacterial
infections is clear and it seems plausible that iron metabolism is considered a target to

develop new drugs to fight infections.
1.2.3.4 Iron acquisition by mycobacteria

Mycobacteria, like other pathogens, developed systems for sensing and regulating iron
levels in the intracellular medium. They produce siderophores for iron acquisition and
transport and synthesize proteins to store the iron recruited from the host and the

environment [132].
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Concerning the synthesis of siderophores, mycobacteria, differ from other bacteria because
they are able to produce intracellular and extracellular siderophores, with the exception of

M. leprae which only produces the extracellular ligands [132].

Mycobactins are lipophilic and salicylate-containing siderophores that remain associated to
the bacterial membrane. The extracellular siderophores are exochelins, which are
hydrophilic and have a peptide-based structure, and/or carboxymycobactins, in which the
long alkyl chain of mycobactin is substituted with a short acyl (Figure 1.6). Mycobacterial
siderophores are hexadentate ligands possessing chelating units based on the
phenyloxazolidine ring, ornithine- derived hydroxamates and salycilates [3, 133].
Non-pathogenic species, such as Mycobacterium smegmatis and Mycobacterium
neoaurum, produce exochelins while pathogenic mycobacteria  synthesize
carboxymycobactins [101, 133]. Salicylic and citric acid are also produced by mycobacteria
and also have a role in mycobacterial iron acquisition [124].

The different structural characteristics and lipophilicity of mycobactins and exochelins/
carboxymycobactins influence the localization of these molecules. The intracellular
siderophores chelate iron in the cell envelope while the extracellular are able to coordinate

iron in aqueous environment, such as the cytosol of host cells.
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Figure 1.6 — Structure of mycobacterial siderophores. Mycobactin T produced by M. tuberculosis (MB T); Carboxymycobactin
synthetized for M. avium, M tuberculosis e M. bovis (n=2-9); Exochelin MS produced for M. smegmatis. (Adapted from [2, 12,
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The biosynthesis of mycobacterial siderophores is performed by non-ribosomal peptide
synthetases in response to iron needs of the bacteria [135]. In the case of the biosynthesis
of mycobactin, several enzymes are required, such as MbtA, MbtB, MbtC, MbtD, MbtE,
MbtF and Mbtl. The incorporation of salicylic acid into the mycobactin framework is
mediated by MbtA [18, 50].

The regulation of iron metabolism in bacteria is performed at a transcriptional level and is
mediated by iron-dependent regulatory proteins, namely the Fur and DtxR families. Fur
proteins regulate iron concentration but also several other biological processes such as the
oxidative stress response, general metabolism and the synthesis of bacterial virulence
factors [135]. DtxR is described as the iron-dependent toxin regulator and mycobacteria
produce two proteins of this family, SirR and IdeR, which work as a repressor for the
synthesis of siderophores and as activator for the production of storage proteins,

respectively, when iron is available in the environment for bacterial use [136, 137].

After production of siderophores and efficient binding of iron, mycobacteria uptake this
element for usage or storage and the mechanism of transport differs according to the type

of siderophore and its localization.

Mycobactins, located in the membrane, bind Fe(lll) which is subsequently transferred
through the membrane into the bacterial cell and reduced to Fe(ll), by ferri-reductases, to
promote metal ion release [18, 133].

Mycobactins provide high stability constants for the formation of iron complex (log 8 ~ 31)
[3] and these siderophores may be able to remove iron from host proteins, such as
transferrin and ferritin. However, due to the localization of mycobactins, the access to these
proteins is difficult which compromises acquisition of such iron sources. Thus, mycobactins
may act in collaboration with extracellular siderophores: mycobactins bind iron previously
bound by carboxymycobactins and then transfer it through the bacterial membrane [18,
101].

Often, other mechanisms to acquire and transport iron bound to mycobactins are also
suggested [132, 138]. The authors suggest that mycobactins may diffuse into the host
macrophage and then mobilize iron available in the intracellular pools of the macrophage.
The ferri-mycobactins are then associated to lipid droplets and return to the phagosomes
(Figure 1.7).
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Figure 1.7 — Mechanism suggested for iron transport by mycobactins. The lipophilic siderophores diffuse into the host

macrophage and then mobilize iron available in the intracellular pools in the macrophage. The ferri-mycobactins are then

associated to lipid droplets and return to the phagosomes. (Adapted from [2, 138]).

In the case of exochelins, these ligands are able to transport iron through the cell membrane
[79, 133]. Exochelins, similarly to carboxymycobactins, may also transfer iron to
mycobactins. Moreover, it is also described in the literature that exochelins are taken up by
active transport and access iron from ferritin, Tf and Lf [18, 139].

Several proteins are required for the transport of ferri-exochelin. The complex is recognized
by specific receptors, FxuD, in the cell envelope and is transferred through the cytoplasm
with the participation of other proteins such as FxuA, FxuB and FxuC. Finally, iron is
released in the cytoplasm after reduction of Fe(lll) to Fe(ll) by a reductase, namely the ferri-
mycobactin reductase. The free siderophore is recycled and transferred back to the
extracellular medium by active transport involving a specific protein, ExiT [101, 140].

The transport of iron mediated by carboxymycobactins may require a specific system of
transporters for the uptake of ferri- carboxymycobactins, the ATP binding cassette (ABC)
transporters. However, due to the size of carboxymycobactins, it is also suggested the
uptake of the iron complex may occur by passive or facilitated diffusion. In the interior of the
bacterial cell, iron is released by action of reductases, in a similar manner to that described
for exochelins and mycobactins. Similarly to exochelins, carboxymycobactins can also

access iron from host proteins, such as ferritin and Tf [18, 88, 101, 137].

After recruitment of iron from the host to mycobacteria, the metal is stored in order to prevent
undesirable toxic effects to the pathogens. Mycobacteria, as other Gram-positive and Gram-
negative bacteria, synthesize an iron storage protein, bacterioferritin, which has several
similarities with the human storage protein, ferritin. Bacterioferritin, is located in the
cytoplasm of mycobacteria and the protein provides iron for mycobacterial needs such as
their metabolic processes [101, 132, 140].
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In addition to the mechanisms described above to regulate iron levels in mycobacteria,
these pathogens have developed other strategies to maintain optimal iron concentrations
and prevent toxic effects and the protein MRAMP is suggested to be involved in this
process. MRAMP is a homologue to the host protein NRAMP and its expression increases
when iron is in excess in the environment. MRAMP is a transporter of divalent metal ions,
such as iron and zinc although the direction of the flux is not yet clearly established. MRAMP
may act as importer for mycobacterial iron acquisition or as an iron exporter to prevent
oxidative stress associated with high iron levels [74, 132]. Moreover, these microorganisms,
namely M. tuberculosis, developed metal efflux systems, such as P-type ATPases and
oxidases in order to resist metal intoxication [88].

The combination of the different strategies developed by mycobacteria to sense, acquire
and regulate iron levels allowed these microorganisms to grow, survive and resist to the

host defences.
1.2.3.5 Host defence mechanisms against mycobacteria

Iron homeostasis and macrophages are closely interconnected as the phagocytosis and
degradation of senescent erythrocytes is performed by macrophages and the iron is
recycled to guarantee the normal iron levels in the organism. These cells also express
several proteins involved in iron regulation, where production is regulated by iron levels and

inflammatory signals, as previously described [74].

This interaction is particularly relevant for mycobacteria, as these pathogens are
phagocytized by macrophages and reside inside these cells.

Macrophages recognise mycobacterial components by TLR2 or TLR4 [85, 141] and these
cells represent one of the innate immune defences against bacterial invaders, namely
against M. avium and M. tuberculosis.

Macrophages also produce pro-inflammatory cytokines, such as TNFa, IL-1, IL-6, IL-12, IL-
18, and IL-23, that lead to the activation of T-cells and therefore contribute to the combat of
the infection [91, 142].

In addition to the iron depriving strategies, host cells have also developed several other
mechanisms of defence as the formation of toxic species, namely nitric oxide (NO) and
ROS. The cytokine IFNy induces the phagocyte NADPH oxidase and the iNOS2 to produce
ROS [88, 91, 141].

Although the ROS produced by NADPH oxidase are relevant to control some bacterial

infections caused by species such as Staphylococus aureus and Salmonella typhimurium
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[143, 144], it has been demonstrated that the production of toxic species by NADPH oxidase

was not effective in the decrease of M. avium growth inside BMM [145].

The importance of NO in the control of M. tuberculosis infection has also been demonstrated
[141, 146]. M. tuberculosis infected mice treated with iNOS inhibitors showed increased
mortality associated to an increased bacterial growth [147]. Similar results were obtained
with INOS gene-disrupted mice that have shown increased susceptibility to M. tuberculosis
infection [148]. Conversely, INOS knock-out mice are not more susceptible to M. avium
infection [84, 149] and even though, the in vitro growth of M. avium inside macrophages is
not inhibited by NO [126, 146].

As described for other bacterial infections, NRAMPL1, participates in the host response
against mycobacteria although the function of this protein is not well established. Mutation
in the gene that encodes for this proteins, in humans, increase the susceptibility to M.
tuberculosis infections [142]. Moreover, mice mutant for this gene are also more susceptible
to M. avium infection [126, 150]. However, other studies have shown that mice in which this

gene was deleted are equally resistant to M. tuberculosis infection [151].

The expression of several other proteins is regulated in response to mycobacterial infection,
in order to deprive mycobacteria from iron and it has been demonstrated that: (a) the levels
of ferritin inside macrophages increase upon M. avium infection [74, 152]; (b) in vitro,
hepcidin also has a crucial function in iron deprivation during mycobacterial infections as
demonstrated in a study in which the levels of hepcidin increase in M. avium and M.
tuberculosis infected macrophages [153]; (c) overexpression of ferroportin inhibits
intramacrophagic growth of M. tuberculosis [154]; (d) upon macrophages infection with M.
avium, the expression of DMT-1 is induced and the expression of TfR-1 is repressed [74,
155]; (e) lipocalin-2 may also plays a critical function in iron depriving strategies as it binds
carboxymycobactins produced by mycobacteria [156], as it has also been described that
lipocalin-2 can inhibit the axenic growth of M. tuberculosis and M. bovis BCG. Other
evidence of the involvement of lipocalin-2 in the control of mycobacterial infection is the fact

that mice deficient in this protein are highly susceptible to M. tuberculosis infection [157].

Taken together, all of these mechanisms may contribute to the ability of a host to control

the infection caused by mycobacteria.
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1.3 Iron chelators

Iron is usually bound to different atoms or molecules, namely to chelators that act as entities
to which metal ions are bound to avoid its toxicity.

To maintain optimal metal ion levels in animals, chelators or their complexes can be
administered in order to remove the excess of ions [158] or to deliver ions to the organisms
[159-161].

The administration of chelating agents has proved to be advantageous for the treatment of
several diseases associated with elevated levels of metal ions, namely for iron associated
disorders and infection, therefore pointing out the importance of the development of new
chelators for therapeutic application. The therapeutic methodologies in which chelators are
administered to regulate metal ion concentrations are usually designated as “chelation
therapy” [158].

According to IUPAC nomenclature, “chelation” is defined as “The formation or presence of
bonds (or other attractive interactions) between two or more separate binding sites within
the same ligand and a single central atom” and the term “chelator” (or “chelate”)
corresponds to the “molecular entity in which there is chelation”. Chelators are classified
accordingly to the number of coordinating atoms in the chelator structure involved in metal
ion coordination. Chelators can be multidentate: bidentate, tridentate, tetradentate,
hexadentate, etc., if in their structure two, three, four or six coordinating atoms are present
[162].

In the design iron chelators, several aspects to be taken into consideration.

The properties of the metal ion are relevant in order to develop ligands with high affinity and
selectivity for this metal ion. As iron(lll) is classified a hard Lewis acid, this metal ion forms
high-stable complexes with hard ligands, such as oxygen, and therefore ligands with oxygen

as coordinating atoms are preferred over other atoms such as nitrogen [48, 163].

The thermodynamic stability of an iron(lll) complex which is formed with a certain ligand is
also a relevant property to be taken in consideration. High spin iron(lll) prefers an octahedral
arrangement composed by six donor atoms and generally hexadentate chelators form
complexes with higher thermodynamic stability than those with tridentate or bidentate

ligands.

From a kinetic point of view, bidentate and tridentate ligands are more labile and the iron(llI)

complexes tend to dissociate at low ligand concentrations [48].
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Inspired in the naturally occurring siderophore chelating units, the majority of the synthetic
chelators are based on catechol and hydroxamate chelating units.

Hydroxypyridinones (HPOs), which are ligands that embrace characteristics of both
hydroxamate and catechol groups, have also been reported [164] and a detailed description
of this type of compounds will be discussed later, in section 1.3.1.

Although HPOs have lower values of affinity constant, the corresponding pFe(lll) values are
higher when compared with those of catechol ligands, thus increasing the interest on this
type of ligands. The concept of pFe(lll) value was introduced by Kenneth Raymond and is
used to compare the Fe(lll) chelating properties of chelators at physiological conditions (pH
7.4 with a total ligand concentration of 10° M and a total Fe(lll) concentration of 10 M)
[165] in opposition to the standard conditions considered for the determination of the affinity
constant [48, 166].

Other ligand types are also described, namely hydroxyquinolines, aminocarboxylates and
hydroxycarboxylates. Aminocarboxylates chelators, namely ethylenediaminetetraacetic
acid (EDTA), efficiently bind iron(lll) but these ligands have low iron(lll) selectivity.
Hydroxycarboxylates are more selective for iron(lll) than aminocarboxylates as a
consequence of the nature of the coordinating atoms, as these ligands have oxygen donor
ligands [48, 164, 167].

The hydro-lipophilic balance (HLB), charge and molecular weight of chelating agents are
also important properties to be considered in the design of chelators. These properties are
particularly relevant if the ligand is expected to be administered orally as chelators have to
be absorbed from the gastrointestinal tract and cross biological membranes until they are
able to reach their targets.

Ligands must possess a HLB that allows their cross through membranes and
simultaneously be soluble in aqueous biological environments. Due to the ion trapping
effect, uncharged ligands diffuse easily in biological membranes and smaller molecules
(molecular weights <200) cross membranes by non-facilitated diffusion [48, 167].

Smaller ligands, as bidentate and tridentate, have good oral bioavailability due to their
facility to cross biological membranes, although this property can also be disadvantageous
because these molecules can be toxic if they are able to cross the blood/brain barrier (BBB)

and remove the iron needed for biological processes in the brain.
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1.3.1 3-hydroxy-4-pyridinones as iron chelators

Hydroxypyridinones (HPOs) are N-heterocyclic compounds in which the metal ion is
coordinated by two oxygen atoms of the carbonyl and hydroxyl groups in the ligand
structure. Among other HPOs, namely 1-hydroxypyridin-2-one and 3-hydroxypyridin-2-one,
the 3-hydroxy-4-pyridinone class is the most studied type of ligands [168, 169].

3,4-HPOs have low toxicity and good biocompatibility and are versatile molecules that can
be functionalized in order to confer specific physicochemical or biological characteristics,
without changing their chelating capacity.

These ligands form high stable complexes (high affinity constant) with trivalent hard metal
ions, such as Fe(lll), Al(lll), Ga(lll) as well with divalent metal ions, namely Zn(ll), Cu(ll) e
VO(Il).

The 3,4-HPO chelating units possess two dissociable protons whose characteristic pKa
values are centred at 3.2 and 9.6 as previously described by our research group [170]
(Figure A.2 in Appendix). Accordingly, depending on pH value, 3,4-HPO may be present in
enol or keto forms. In aqueous solution, and in particular at pH=7.4, characteristic of
biological fluids, the ligands are present in the keto form. Consequently, at the refered pH
value, 3,4-HPOs form neutral 1:3 complexes with M(lll) ions [168, 169, 171, 172].

Our research group has been working on the design of 3,4-HPOs ligands with different
denticity to be used in several applications [159, 173-176].

Fluorescent chelators have been prepared by conjugating 3,4-HPO chelating units with
fluorophores derived from different families of molecules such as naphthalene [170], 1,8-
naphtalimide [177], fluorescein [3] and rhodamine [3, 4, 178, 179], in order to provide final
fluorescent chelators with different physicochemical properties, namely the fluorescence
emission spectrum, charge at physiological pH and distinct HLB due to the different nature

of the fluorescent substituents linked to the chelating unit.

3,4-HPO chelators are obtained by reaction of 3-hydroxy-4-pyrones with primary amines
(Figure 1.8) and the metal ion complexes formed by 3,4-HPO ligands exhibit higher values
of stability constants than those determined for the respective 3-hydroxy-4-pyrones used as

precursors [2, 168].
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Figure 1.8 — Reaction scheme for synthesis of 3,4-HPOs by reaction of 3-hydroxy-4-pyrones with primary amines. (Adapted

from [2]).

3,4-HPOs are characterized by their high affinity for iron(lll) associated to extensive
delocalisation of the lone pair of electrons of nitrogen atom in the 3,4-HPO ring (Figure 1.9).
Moreover, the hydroxyl group is situated in ortho position in relation with the carbonyl group

of the ring, thus leading to ideal geometry for iron(lll) binding [180].

o) o)

o) el
| Y — [
N~ "R N~ “R?
R2 R2

Figure 1.9 - Electronic delocalization in the 3,4-HPO ring. (Adapted from [2]).

Although HPOs are used to chelate and remove metals in excess in the organisms,
metallodrugs based on these ligands are also described in the literature and metal ion
complexes of HPOs are referred as potential pharmaceutical agents. These structures may
be useful in many medical areas such as nuclear magnetic resonance probes [181] for
diagnosis, or as active compounds for the treatment of diabetes [159] and cancer (see [168]

for a review).

Several examples of applications of 3,4-HPOs for chelation therapy are described, namely
in the treatment of infections caused by different pathogens and in disorders associated
with oxidative stress, such as neurodegenerative diseases, in particular Alzheimer’'s
disease (AD) and Parkinson’s disease (PD). This topic will be discussed in the next sections
(2.3.2 and 1.3.3).

1.3.2 Examples of chelators used in clinics for iron removal

Iron(ll) chelators, either naturally occurring or synthetic, are clinically used for the treatment
of iron overload associated with several diseases and also to control infections caused by

diverse pathogens.

The first iron chelator approved by FDA (U.S. Food and Drug Administration) was

Desferrioxamine B (DFO, also known as Desferal), a naturally occurring siderophore
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produced by Streptomyces pilosus. DFO is a hexadentate ligand that includes three
hydroxamate groups for iron(lll) coordination [163] (Figure 1.10). DFO is one of the
chelators currently used in the treatment of B-thalassaemia major [182].

This molecule has several disadvantages, namely low bioavailability and short half-life time
in plasma and therefore the therapeutic includes subcutaneous infusions administered twice

a day, three to seven times a week, which causes discomfort to the patients [54, 183].

In 1982, Deferiprone (DFP, also known as 1,2- dimethyl-3-hydroxy-4-pyridinone, L1,
Hdmpp, CP20 or Ferriprox) was discovered and in 1999 this ligand was approved for use
in the treatment of B-thalassemia patients [182] (Figure 1.10). DFP is a bidentate 3,4-HPO
that forms highly stable complexes with iron(lll) (pFe(lll) value of ~19) but some side-effects
have been reported, namely the occurrence of neutropenia and agranulocytosis events [48,
158, 168, 184]. Recently, the oral administration of DFP to hepcidin-knockout mice has
shown protective effect against retinal degeneration caused by chronic systemic iron
overload [185].

In order to overcome these drawbacks, several ligands have been proposed. Deferasirox
(DFX, commercialized as Exjade, by Novartis) was approved in 2005 by the FDA as the
first iron chelator for orally administration [15] (Figure 1.10). DFX has also shown positive
effects in the treatment of patients with myelodysplastic syndrome, in which iron overload
is a frequent consequence of the blood transfusions needed in the treatment of this disorder
[186]. However, this drug has shown toxicity, namely affecting renal function and

gastrointestinal disturbances in patients with B-thalassemia major [187].

- o, A
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Desferrioxamine B (DFO)
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Deferasirox (DFX) Deferiprone (DFP)

Figure 1.10 — Most clinically used iron chelators: Desferrioxamine B (DFO), Deferasirox (DFX) and Deferiprone (DFP) [15].
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Recently, a new 3,4-HPO candidate has also been reported, 1-(N-acetyl-6-aminohexyl)-3-
hydroxy-2-methylpyridin-4-one (CM1), with high affinity and selectivity for iron(lll). The
results obtained revealed that CM1 is orally active, nontoxic and has higher efficacy to

remove iron than DFP, in rats [188].

Hexadentate chelators based on 3,4-HPO chelating units have been also proposed for iron
removal [189-191] (reviewed in [10]). The structure of hexadentate ligands includes three
bidentate 3,4-HPO chelating units linked by a tripodal anchor. These ligands have high
affinity for iron(lll) although their size and HLB may compromise in vivo applications.
Several other chelators designed by “Raymond’s laboratory” have been investigated and
these molecules include HPOs as well as hydroxamate and catecholate derived ligands.
Among others, Pr(Me-3,2-HOPQO) and TREN-(Me-3,2-HOPOQ), have been investigated as
active compounds in the treatment of iron overload disorders [192].

The design of hexadentate HPOs including the three chelating units attached by a tripodal
anchor arrangement may favour iron(lll) binding. The complex formed adopts a cyclic
structure and these tripodal hexadentate ligands exhibite higher chelating capacity in
comparison with linear analogues [168, 193].

To enhance iron chelating capacities, Santos and co-workers developed a series of
hexadentate tris-(3,4-HP) [169, 181, 194].

Other tripodal hexadentate chelators, namely a CP254 [195], CP262 [180] and CP256 [3]
have been described in the work performed by Hider and co-workers.

Other examples of the HPO iron(lll) chelators have been described. The 3,4-HPO,
maltosine, is derived from the aminoacid lysine and is suggested as an alternative to DFP
[196]. Copolymers composed by hexadentate 3,4-HPO monomers, namely CP254, have
been synthesized and the macromolecule has shown high affinity and selectivity for iron(lll),
thus favoring its utilization for decrease iron absorption in the gastrointestinal tract [195].
Recently, in order to improve the permeation capacity of DFP, namely the ability to cross
the BBB, other modified 3,4-HPOs have been described. These molecules are fluoro- and
amido-disubstituted 3,4-HPOs in order to vary the HLB of the ligands [197].

The combined use of HPOs with other chelators has also been described, in particular for
DFO and DFP, in order to improve the metal mobilization, namely in transfused iron-
overload patients (reviewed in [10]). Furthermore, the utilization of different HPOs

concomitantly is also described [172].
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As reviewed in [15], numerous other iron chelators have shown an effect in treatment of
iron overload associated disorders. Amongst others, pyridoxal isonicotinoyl hydrazone
(PIH) possesses affinity for iron(lll) in the same magnitude of the determined for DFO. Other
ligands, such as 2-pyridinecarbaldehyde isonicotinoyl hydrazone (HPCIH), curcumin (a
polyphenol) and other polyphenol compounds present in green tea (e.g. ECGg) have been
also investigated for potential use in chelation therapy [15, 198].

HBED is another chelator described in the literature, although its selectivity towards iron(lll)

is limited and the ligand also has high affinity for zinc(Il) [199].

EDTA and DTPA have been used in patients who are intolerant of DFO, although these
chelators are not orally active and also they have low selectivity towards iron(lll), namely by

competition with zinc(ll) ions [200].

Desferrithiocin (DFT), a tridentate bacterial siderophore, has also been reported as a
potential orally effective iron(lll) chelator, however the ligand has shown nephrotoxicity. An
analogue chelator, Deferitrin, was proposed as a more effective and nontoxic alternative for

the treatment for B-thalassemia by oral administration [201].

The tridentate chelator Deferitazole (formerly FBS0701) is a new orally active chelator
possessing high affinity for iron(lll). The ligand has shown efficacy in the treatment of
patients suffering of transfusional iron overload and phase 2 trials revealed that the safety
and tolerability profiles at therapeutic doses are comparable favorably to other oral chelators
[202-204]. This molecule is an alternative candidate to overcome the drawbacks of the two
other parent ligands, desferrithiocin and deferitrin, a natural siderophore and its synthetic

analogue, respectively, which have demonstrated to induce toxicity in the kidneys [205].

Due to the relevance of increased iron levels in the development of neurodegenerative
diseases, as previously discussed in this chapter, a plausible therapeutic approach may

consist in decreasing the toxic levels of iron by administration of chelators.

Several studies describe the use of iron(lll) chelators in the treatment of neurodegenerative
diseases as reviewed in [42]. DFO was the first compound used in the treatment of AD to
remove the excess of iron in the central nervous system [206]. Another chelator derived
from a neuroprotective peptide has also been suggested as a potential active drug for the
treatment of PD and AD [207]. Other iron ligands, such as M30 and HLA20, have shown
efficacy in in the treatment of AD [208].
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As discussed in the previous section, iron overload is also associated to the development
and the progression of cancer (see [209] for a review). As high cell division rate is a
characteristic of cancer, the relationship between iron and cancer is mainly due to the
requirement of this metal for the activity of the enzyme ribonucleotide reductase, involved

in DNA synthesis, as this metabolic process is exacerbated in cancer [10].

According to this fact, chelation therapy is also considered for cancer treatment. Natural
siderophores, as amamistatins A and B or carboxymycobactins, isolated from different
microorganisms have been tested and the results have shown anticancer activity [100].

Thiosemicarbazone (Dp44mT) is an iron chelator that has demonstrated positive results in
the treatment of cancer [210]. DFO has also been effective as iron chelator agent in

neuroblastoma cells [211].

Recently, HPO chelators conjugated with 5-aminolaevulinic acid have been synthesized
and tested as potential agents for photodynamic therapy [212].

In addition to the described applications of iron chelators, these ligands can also be utilized
for disorders related with the generation of ROS, as iron potentiates these reactions.
Therefore, the administration of chelators may lead to the formation of iron complexes,

sequestering the metal ion and thus preventing ROS production in cells.

Several chelators have been synthesized and tested in the treatment of ROS associated
diseases. The PIH structural related ligand, salicylaldehyde isonicotinoyl hydrazone (SIH)
has shown capacity to prevent iron-mediated hydroxyl radical formation [198, 213].

HPOs have also been described as iron chelators that have a protective effect against
oxidative stress [214], namely CP94 and CP20 [215].

In summary, several efforts have been done in order to develop hew molecules capable to
remove iron(lll) in excess in the organisms and the administration of these ligands led to

the development of relevant therapies to control iron overload associated diseases.

1.3.3 Iron deprivation as a tool in the treatment of microbial infections

Bacterial resistance to traditional antibiotics has increased enormously [216, 217] and thus
the development of new antimicrobial agents, with novel modes of action and/or different
cellular targets becomes imperative.

Innumerous reports of the use of iron chelators to control infections [48] caused by different

pathogens have been described and several representative examples will be reviewed in



FCUP
Design of novel 3-hydroxy-4-pyridinone iron chelators to fight mycobacterium infection

this section, with particular highlight for the use of iron chelation therapy to control

mycobacterial infections.

Removal of iron by chelation showed to improve the clinical outcome in a number of
infectious diseases, namely malaria [218-220].

The iron chelator DFO has been reported to be effective in the elimination of the malaria
causative pathogen, Plasmodium falciparum, in humans [221]. A catechol iron chelator,
FR160, has shown in vitro activity against the same protozoa [222]. The chelator
Deferitazole (FBS0701) was also effective in controlling Plasmodium falciparum infection in

a murine malaria model [223].

The anti-malaria activity of the 3,4-HPO ligand, DFP, has been proved [224] and the
antiplasmodial activity of HPO - chloroquine conjugates has also been investigated [225,
226].

Iron chelators have also been used in the treatment of infections caused by other parasites,
namely Trypanosoma cruzi, the causative agent of Chagas disease. DFO has been
administered to mice infected with this pathogen and results have shown that the level of
parasitemia was reduced in the presence of the chelator [227-229]. DFP - chloroquine
conjugates have shown activity against two trypanosome species Trypanosoma brucei and
Trypanosoma cruzi [220].

The effect of iron chelators was also investigated against infections caused by leishmania.
DFO showed activity in the control of the growth of Leishmania chagasi in infected mice
[230]. However, the relevance of iron in leishmanial infections is not well stablished. Several
studies described that iron may be toxic for leismania and therefore a possible strategy to
combat these infection may include iron supplementation in spite of deprivation of the
pathogens from this metal ion (see [44] for a review).

The administration of iron chelators in the treatment of viral infections such as hepatitis C
[231] and AIDS [232] is also reported in the literature. Different HPOs have shown relevant
anti-influenza virus [233] and anti-herpes simplex viruses activity (HSV-1 and -2) [234, 235].

Several investigations have been reported concerning the use of iron chelators to treat
infections caused by fungal pathogens, such as Aspergillus fumigatus and Fusarium
oxysporum [236]. DFX showed antifungal activity, namely in treating experimental

mucormycosis and aspergillosis [67, 237, 238].

The effect of iron chelators in the treatment of bacterial infections has been extensively

investigated and the first molecules studied were 8-Hydroxyquinoline and its related ligands
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[239]. Some chelators as EDHPA, EDTA and DTPA have shown activity against Gram-
positive and Gram-negative bacteria (reviewed in [240, 241].

The antibacterial effect of iron chelators to control the growth of Pseudomonas aeruginosa
has been reported [242, 243] and the conjugation of those molecules with the antibiotic

aminopenicillin has also shown positive effects [244].

The effect of iron chelators against bacterial biofilms has also been shown, for instance in
the biofilms produced by Pseudomonas aeruginosa [243, 245-247] or Staphylococcus
aureus [248].

The extensively used DFO and DFX iron chelators have demonstrated antibacterial effect
in a numerous range of bacterial pathogens [249-252]. However, these ligands offer some
drawbacks. DFX is a tridentate ligand and consequently has lower iron affinity than
hexadentate ligands. DFO is a hexadentate natural siderophore, but bacteria possess
specific receptors for capturing the iron loaded chelator and use the metal ion for their own
growth [251, 253, 254].

Thus, in the rational design of antimicrobial chelators, this aspect must be taken into
consideration. The structure of antimicrobial agent must be differs from that of common
siderophores in order to prevent the recognition of the iron—chelator complex by the
pathogens and the subsequent use of the metal ion.

To overcome these disadvantages, the antimicrobial activity of chelator types, which are
not present in natural siderophores, such as 3,4-HPOs and namely DFP, has been
evaluated. This chelator has shown efficacy against several bacteria, such as S. aureus
and P. aeruginosa [251, 254-256].

Other 3,4-HPO, have shown in vitro inhibitory activity against several Gram-positive and
Gram-negative bacterial species, including S. aureus, P. aeruginosa and Escherichia coli
[68, 257-262].

1.3.3.1 Iron chelators and mycobacterial infections

The development of new drugs to combat the infections caused by mycobacteria remains
crucial. As iron is essential for mycobacterial growth and survival [44] the use of iron
chelators to remove the iron available for mycobacteria, as a strategy to control
mycobacterial infection, is worth considering and several ligands have already been tested
(reviewed in [123, 263)]).
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DFO has been used to inhibit Mycobacterium aurum growth [264] and another study
suggested that DFO in combination with silybin, an iron-chelating agent from plants,
reduced the extracellular growth of M. tuberculosis. Although both of these chelators
induced slightly effects on the reduction of in intracellular growth of the pathogen [150].
DFO also inhibited biofilm formation by M. smegmatis and M. bovis BCG [265].

Other ligands, namely spiro pyridopyrrolizines, pyrrolidines [266] and 4H-pyrano[3,2-
c]pyridine derivatives [267], have been tested and the results have shown that the
compounds are effective to inhibit the in vitro growth of M. tuberculosis. Spiro-piperidin-4-
ones derivatives also inhibited the growth of M. tuberculosis, both in vitro and in vivo [268].
2-hydrazino-pyrimidin-4(3H)-one derivatives, have been tested against M. tuberculosis and

several molecules have shown antimycobacterial activity [269].

Gomes et al. investigated the antimycobacterial activity of different chelators, namely DFO,
HBED, dDFT and VUF-8514. The authors verified that DFO, HBED e VUF8514 inhibit
mycobacterial growth in axenic conditions and HBED and DFO also inhibit M. avium
intramacrophagic growth [123]. In vivo, the administration of DFO or HBED had small effect
on the growth of the pathogen. Later studies performed by the authors have also
demonstrated that the use of iron chelators in M. avium infected mice decreases the growth
of the pathogen [126].

Douvas et al. studied the effect of DFP and other 3,4-HPOs, namely L1Net, LINPr and
LINAII In vitro studies revealed that the influence of the chelators in the replication of M.
avium may depend on the tested concentration. Chelators enhanced intracellular and
extracellular growth of M. avium at low concentrations. However, at high concentrations,

they are effective in the control of M. avium infections [270].

Functionalized tetrahydro-4(1H)-pyridinones have been synthesized and tested revealing

in vitro activity against M. tuberculosis [271].

Our research group has developed several functionalized 3,4-HPO with lipophilic
fluorescent moieties attached to the HPO chelating unit and their activity against M. avium
infection has been evaluated [1, 3, 4].

In the first study, several non-fluorescent bidentate chelators have been tested and none of
the ligands significantly inhibited the growth of M. avium inside bone marrow derived
macrophages (BMM). Different hexadentate ligands bearing different anchors linking the
bidentate units (CP262, CP252, CP256 and MRH7) (referred as CP777 in [1] and as

chelator 4 in [3]) have been synthesized and tested against M. avium infection, in axenic
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medium and inside BMM. The most active chelator includes in its structure the tripoidal
anchor and a rhodamine B isothiocyanate fragment (MRH7).

The antimicrobial activity is associated with the chelating properties of MRH7 but this
property per se is not sufficient since the non-functionalized chelating unit (CP256) is not
effective.

Among the fluorescent chelators functionalized with different fluorophores such as
fluorescein or rhodamine, the rhodamine B isothiocyanate labelled chelator exhibited the

strongest inhibitory activity and was identified as a lead compound [1].

In addition, comparative studies of the partition and distribution of fluorescein or rhodamine
derived chelators have been performed in liposomes and macrophages and the more
biologically active compounds are those that interact strongly with lipid phases and cross

cell membranes [3].

In the subsequent studies, various rhodamine derived fluorescent chelators have been
synthesized and their antimycobacterial activity has been evaluated. All rhodamine derived
fluorescent chelators tested were capable of restricting the intramacrophagic growth of M.
avium and their activity was strongly dependent on the type of fluorophore on the molecular
framework. In particular, the most relevant inhibitory effect was obtained with the rhodamine
B isothiocyanate labelled compounds, MRH7 and MRB7, whose activity is superior to that
observed for the other two chelators (MRH8 and MRB8) [4] (Figure 1.11).

Recently, our group performed NMR and MD simulation studies (Chapter 4) [272] and the
results obtained have shown that a strong affinity for lipid bilayers is crucial for the biological
activity and that chelators interact with the lipid phases at different levels of the bilayer. The
interaction seems to be strengthened for the rhodamine B isothiocyanate labelled
compounds, which are those exhibiting the highest biological activity [4]. For a complete
understanding of the mechanism of action and the importance of the different functional
groups in the diverse rhodamine frameworks tested, further studies are crucial to get insight

on the structure-activity relationships of these molecules.
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MRB8

Figure 1.11 — Formulae and numbering of fluorescent bidentate (MRB7 and MRB8) and hexadentate (MRH7 and MRH8)
chelators used in this study. In previous works the compound MRH7 was abbreviated as CP777 [1] and 4 [3].

Despite of the advantageous use of iron chelators in the treatment of infections caused by
several pathogens, the use of chelation therapies also have drawbacks. In particular, the
use of iron chelators as antimicrobial drugs may remove the iron required for the generation
of ROS, compromising one of the innate defence mechanisms performed by phagocytes
[259].

In conclusion, iron metabolism appears to be a plausible target for development of new
drugs to treat infections, due to the ability of iron chelators to remove the available metal
ion and consequently decrease microbial growth. The knowledge of the structure of natural
siderophores produced by bacteria and other organisms may contribute to a better rational
design of new iron chelators, thus conducing to the production of chelators with high affinity
and selectivity for iron(lll) and therefore improving the biological activity of the ligands

against the infection.
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2. SYNTHESIS AND CHARACTERIZATION OF 3,4-HPO
CHELATORS

2.1 Introduction

As iron is a key factor for the growth of all bacteria, fungi and protozoa [59] and taking into
account the concept of iron deprivation as a means to fight infection, systematic work has
been performed by our group in order to design and synthesize 3,4-HPO iron (lll) chelators
that (may) have application in the development of new strategies to reduce iron sources
and fight infection [1, 3, 4]. Examples of the use of iron chelation therapies and improvement
in infection susceptibility of several microorganisms upon administration of chelators have
been reported in the literature and summarized in Chapter 1 [18, 59, 75, 164, 251, 258-261,
273].

The work developed by our research group on the design of 3,4-HPO ligands to be used in
several applications is illustrated in references [159, 173, 174, 176, 274]. Bidentate 3,4-
HPOs were used as chelating units to obtained ligands with different denticity, by combining
one or more of these bidentate frameworks in the structure of the ligand. For the synthesis
of hexadentate chelators, the bidentate units were linked by a tripodal anchor which
includes a tetrahedral carbon atom. The use of this type of anchor is advantageous in the
design of these ligands as it allows further functionalization of the chelator’s structure with
different functional groups or molecular frameworks, such as fluorophores [3].

Several chelators have been synthesized by our research groups comprising ligands with
different denticity, such as bidentate, tetradentate and hexadentate molecules, and the
chelating units have also been functionalizing the with several fluorophores [3, 170, 177],
namely rhodamine [3, 4, 178, 179]. Several types of linkers between the fluorophore may
also be considered in the design of fluorescent chelators. The different components in the

structure of the fluorescent chelators are depicted in Figure 2.1.
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Figure 2.1 —Graphical representation of the structure of fluorescent 3,4-HPO chelators. The fluorophore is represent by a

circle, the linker by a rectangle and the bidentate 3,4-HPO chelating unit by a hexagon.

Our results are indicative that all the prepared rhodamine derived fluorescent chelators were
capable of restricting the intramacrophagic growth of M. avium and their activity is strongly
dependent on the presence of the fluorophore on the molecular framework. Both bidentate
and hexadentate chelators have been tested and their antimycobacterial activity are similar
for the chelators with the same fluorophore in their structure, if the appropriate amount of
bidentate and hexadentate ligands are given, thus reinforcing the importance of the
fluorophore.

In order to get insight about the relevance of the fluorophore’s structure we designed a new

set of chelators to evaluate (Appendix, Figure A.1):

a) The importance of Sulphur either as an element per se or as a thiourea group: the
rhodamine moiety the ethyl groups linked to nitrogen atoms was maintained. A different
linkage, sulfonamide, was considered (F2) - Ligand MRB2 (Figure 2.2 and Figure A.1, in
Appendix);

b) The relevance of the thiourea group in association with a rhodamine or associated with
other fluorophores: ligand MRB4 was designed to include a different type of fluorophore, a
naphthalene unit (F4). We maintained the thiourea connecting the fluorophore and the

chelating unit (Figure 2.2 and Figure A.1, in Appendix);
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¢) The importance of the charge of the chelator: the rhodamine-like moiety is maintained in
ligand MRB20 (Figure 2.2) in whose structure there is no substituent in the position 2’ of
the phenyl ring (F20), leading to a rosamine derived chelator and the positive charge at
physiological pH, according to the literature [3, 179, 275] (Figure 2.2 and Figure A.1, in
Appendix);

d) The contribution of the rhodamine B isothiocyanate fragment and variation in global
lipophilicity: we designed chelators labelled with other rhodamine fragments:
tetramethylrhodamine  isothiocyanate  (F10) (chelator = MRH10) and  5(6)-
carboxytetraethylrhodamine (F9) (chelator MRB9). In the structure of MRH10, the thiourea
group was maintained (as in rhodamine F7) but the ethyl groups linked to the nitrogen in
the rhodamine ring were substituted by methyl groups, as present in chelators derived from
rhodamine F8 [4]. In the structure of MRB9, the isothiocyanate linkage was changed to the
same linkage present in rhodamine F8 derived ligands but the ethyl groups linked to the
nitrogen atom in the rhodamine rings was considered as in ligands with rhodamine F7 in

their structure (Figure 2.2 and Figure A.1, in Appendix).

Figure 2.2 —Formulae of fluorophores used for the synthesis of fluorescent 3,4-HPO chelators.

In this chapter we report the synthesis and the structural characterization of the new
molecules obtained using several methodologies, such as NMR, mass spectrometry,
elemental analysis, UV-Vis and Fluorescence spectroscopies and Single Crystal X-Ray
Diffraction, for the ligands which it was possible to obtain crystals suitable for this technique.
To the best of our knowledge, this is the first report in which a crystal structure of a

rhodamine labelled 3,4-HPO chelator is reported.

The synthesis and characterization of chelators MRH10 and MRB9 is published in:
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[276] Moniz, T., Silva, D., Silva, T., Gomes, M.S. and Rangel, M., Antimycobacterial activity
of rhodamine 3,4-HPO iron chelators against Mycobacterium avium: analysis of the
contribution of functional groups and of chelator's combination with ethambutol.
MedChemComm, 2015, 6, 2194-2203.

The synthesis and characterization of chelators MRB2 and MRB4 is published in:

Moniz, T., Coimbra, J.T.S., Bras, N.F., Cunha-Silva, L., Ramos, M.J., Fernandes, P.A., de
Castro, B. and Rangel M., Synthesis and structural characterization, by spectroscopic and
computational methods, of two fluorescent 3-hydroxy-4-pyridinone chelators bearing
sulphorhodamine B and naphthalene, RSC Advances, 2016, 6, 4200-4211.

2.2 Methods
2.2.1 Chemicals and instrumentation

Chemicals were obtained from Sigma—Aldrich (grade puriss, p.a.) or Fluka (p.a.) and were
used as received unless otherwise specified.

Nuclear Magnetic Resonance (NMR) spectra (*H and *3C NMR) were measured on a Bruker
Avance IIl 400 spectrometer operating at 400.15 MHz and 100.62 MHz for H and *3C
spectra, respectively. Two-dimensional *H/*H correlation spectra (COSY), gradient selected
IH/'3C heteronuclear single guantum coherence (HSQC) and *H/*C heteronuclear multiple
bond coherence (HMBC) spectra were acquired using the standard Bruker software.

Mass spectrometry (MS), NMR and Electronic Paramangnetic Resonance (EPR) analyses
were performed at “Laboratério de Analise Estrutural, Centro de Estudos e Materiais da
Universidade do Porto” (CEMUP) (Portugal). Elemental analysis was performed at the
analytical services of the “Unidad De Analisis Elemental” of Santiago de Compostela,
University of Santiago (Spain).

Absorption spectra were acquired in a Shimadzu spectrophotometer equipped with a
constant-temperature cell holder equipped with a constant-temperature cell holder, at 25°C,
in 1 cm cuvettes.

Fluorescence measurements for photochemical characterization of the new chelators were
performed with a Varian Cary Elipse Spectrofluorometer equipped with a constant-
temperature multicell cell holder, at 25°C, in 1 cm cuvettes. To minimize reabsorption
effects, the absorbance’s sample values were kept below 0.1.

Flash chromatography was carried out using silica gel Merck (230-400 mesh).
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2.2.2 Synthesis of fluorescent 3-hydroxy-4-pyridinone ligands

The formulae of the bidentate and hexadentate chelators used in the present study
(Chapters 2, 3, 4 and 5) are shown in Figure A.1, in Appendix. The rhodamine derivatives
(F7 or F8) were linked to i) a protected 3,4-HPO bidentate ligand or ii) to a protected 3,4-
HPO hexadentate chelator, in order to yield protected forms of fluorescent bidentate and
hexadentate chelators, respectively. The final chelators were obtained by deprotection
under BCl; of the protected forms according to experimental procedures described
elsewhere [3, 4]. All the chelators MRH7, MRH8, MRB7 and MRB8 used were synthesized
previously and are in stock in our laboratory and their synthesis and characterization is
described in the literature [4].

Sulphorhodamine B acid chloride, 1-naphthyl isothiocyanate, and tetramethylrhodamine
isothiocyanate are commercially available fluorophores. Carboxyrosamine [275], 5(6)-
carboxytetraethylrhodamine [277, 278] and the protected bidentate and hexadentate 3,4-
HPO chelating units used [2, 3, 4, 22] are available in stock in our laboratory and produced

by our research group accordingly to the methods described in the literature.
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Compound 1

To a solution of sulphorhodamine B acid chloride (F2) (0.107 g, 1.86x10* mol) in anhydrous
DMF (0.7 mL), the protected 3,4-HPO bidentate ligand (2-aminomethyl-3-benzyloxy-1,6-
dimethyl-1H-pyridin-4-one) (0.040 g, 1.54x10* mol) was added and the mixture was stirred
at room temperature in the dark and under argon atmosphere, for 24 h. The product was
purified by gradient flash column chromatography, eluting with chloroform/methanol (9:1)
and increasing polarity until chloroform/methanol (6:4) to afford 1 (0.030 g; 24%) as a purple
solid (Figure 2.3).

MS: calculated for CaHa7N4OsSo*: MS: 799.28: [M*], found: matrix-assisted laser
desorption/ionization time of flight MS: 799.27 [M*]. *H NMR (400.15 MHz, MeOD-d4, ppm):
0 1.31 (t, J 7.2 Hz, 12H, NCH,CH?3); 2.42 (s, 3H, 6”-CHs); 3.69 (m, 8H, NCH>CH?3); 3.76 (s,
3H, NCHs); 4.24 (s, 2H, CH2NH); 5.12 (s, 2H, CH2CsHs); 6.44 (s, 1H, H-57); 6.94 (d, J 2.2
Hz, 2H, H4+ H5); 7.01-7.04 (dd, J 2.2, 10.4 Hz, 2H, H2+H7); 7.06 and 7.08 (d, J 10.4 Hz,
2H, H1+H8); 7.25-7.32 (m,3H, m-+p- CH2CeHs); 7.35-7.38 (m, 2H, 0- CH2C¢Hs + 1H, HE’);
8.02 (dd, J 5.0,1.6 Hz, 1H, H5’); 8.58 (d, J 1.6 Hz, H3’); *C NMR (100.62 MHz, MeOD-d4,
ppm): & 12.8 (NCH2CHg); 21.0 (6”-CHs); 37.3 (NCHj3); 39.5 (CH2NH); 46.8 (NCH.CHs3); 74.6
(-CH2C¢Hs); 97.0 (C4 + C5); 115.1 (C2+ C7); 119.1 (C5”); 127.6 (C3’); 129.5 (C5’); 129.6
(m-, p- CeHs); 130.2(C6’); 133.5(0-CeHs); 133.8 (C1 + C8); 135.8 (C4’); 138.2 (Cq, -CeHs);
142.0 (C2”); 143.0 (C1’); 147.4 (C3”); 151.5 (C6”); 157.2 (C3+C6); 159.4 (Cla + C8a); 174.6
(C4™).

Figure 2.3 — Formulae and numbering of compound 1.
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Compound MRB2

Compound 1 (0.029 g, 3.63x10° mol) was dissolved in anhydrous dichloromethane (20
mL), under argon and cooled to 0°C. BCl; (1 mL) was added dropwise and the reaction
mixture was kept overnight with stirring at room temperature. Methanol (50 mL) was added
and the mixture was stirred for 1 h. The solvent was removed under reduced pressure to
afford the crude product. Recrystallization of the product from methanol/diethyl ether (2:8)
afforded the hydrochloride salt MRB2 (0.0244g, 90%) as a purple solid (Figure 2.4).
Elemental analysis for (CssHaoN4OgS2.1.5C3H7NO.3.5H,0.2CHCI3.3HCI): Calculated C
40.54; H 5.12; N 6.27. Found: C 40.41; H 4.78; N 6.25. MS: calculated for CzsH41N4OgS>*:
MS: 709.23: [M*], found: matrix-assisted laser desorption/ionization time of flight MS:
709.13 [M*]. *H NMR (400.15 MHz, MeOD-d4, ppm): 6 1.30 (m, 12H, NCH,CHj3); 2.67 (s,
1.5H, 6”-CHjs stereoisomer A); 2.70 (s, 1.5H, 6”-CHs, stereoisomer B); 3.68 (q, J 10.8, 7.2
Hz, 8H, NCH>CHj3); 4.13 (s, 3H, NCH3); 4.66 (s, 2H, CH:NH); 6.95 (d, J 2.4 Hz, 2H, H4+
H5); 7.00-7.03 (dd, J 2.4, 11.6 Hz, 2H, H2+H7); 7.08-7.11 (d, J 11.6 Hz, 2H, H1 + H8); 7.09
(s, 1H, H-5"); 7.54 (d, J 8.00 Hz, 1H, HE’); 8.02 (dd, J 5.0, 3.0 Hz, 1H, H5’); 8.56 (d, J 1.6
Hz, H3’); *C NMR (100.62 MHz, MeOD-d4, ppm): & 12.3 (NCH,CHs); 21.7 (6”-CHs,
stereoisomer A); 34.9 (6”-CHs, sterecisomer B); 38.2 (CH:NH); 39.3 (NCHs); 46.3
(NCH-CHgs); 96.5 (C4 + C5); 113.5 (C5”); 114.6, 114.8 (C2+ C7); 127.2 (C3’); 129.1 (C5’);
132.1 (C6’); 133.1 (C1 + C8); 135.5 (C4’);139.0 (C2"); 142.3 (C1’, stereoisomer A ); 144.5
(C3"); 146.8 (C1’, stereoisomer B); 150.5 (C6”); 156.7 (C3+C6); 157.0 (C9); 158.9(C4a +
C5a); 160.0 (Cla + C8a).

MRB2

Figure 2.4 — Formulae and numbering of compound MRB2.
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Compound 3

To a solution of 1-naphthyl isothiocyanate (F4) (0.034 g, 1.85x10* mol) in anhydrous DMF
(0.6 mL) and triethylamine (0.01 mL), protected 3,4-HPO bidentate ligand (2-aminomethyl-
3-benzyloxy-1,6-dimethyl-1H-pyridin-4-one) (0.040g, 1.8x10* mol) was added and the
mixture was stirred at room temperature in the dark and under argon atmosphere, for 24 h.
The product was purified by gradient flash column chromatography, eluting with
chloroform/methanol (9:1) to afford 3 (0.052 g; 76%) as a white solid (Figure 2.5).

MS: calculated for CaH2sN302S*: MS: 444.17: [M'], found: matrix-assisted laser
desorption/ionization time of flight MS: 444.19 [M*]. *H NMR (400.15 MHz, CDCls, ppm): &
2.25 (s, 3H, 6’-CHs); 3.66 (s, 3H, NCHzs); 4.90 (d, J 5.6 Hz, 2H, CH2NH); 4.99 (s, 2H,
CH.C¢Hs); 6.30 (s, 1H, H-5’); 7.16-7.18 (m,3H, m-+p- CH.C¢Hs); 7.22-7.26 (m, 2H, o-
CH2CeHs); 7.47 (t, J 7.8 Hz, 1H, H3); 7.50-7.55 (m, 2H, H6+H7); 7.59 (d, J 7.2 Hz, 1H, H2);
7.80 (d, J 8.4 Hz, 1H, H4); 7.88-7.91 (m, 1H, H5); 8.07 (d, J 9.2 Hz, 1H, H8); *C NMR
(100.62 MHz, CDCls, ppm): & 21.9 (6’-CHs); 38.2 (NCHs); 41.9 (CH2NH); 74.2 (-CH2CeHs);
119.8 (C5’); 123.3 (C8); 125.9 (C4); 126.5 (C3); 127.4 (C6); 127.7 (C7); 128.8 (C2); 129.0
(m-+p- CeHs); 129.3 (0- CeHs); 129.5 (C5); 130.8 (C8a); 135.4 (C4a); 137.8 (Cq, -CeHs);
141.7 (C2’); 147.6 (C3’); 148.3 (C6’); 173.9 (C4’); 183.5 (NCS).

Figure 2.5 — Formulae and numbering of compound 3.
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Compound MRB4

Compound 3 (0.052 g, 1.17x10®° mol). was dissolved in anhydrous dichloromethane (20
mL) under argon and cooled to 0°C. BCl; (1 mL) was added dropwise and the reaction
mixture was kept overnight with stirring at room temperature. Methanol (50 mL) was added
and the mixture was stirred for 1 h. The solvent was removed under reduced pressure to
afford the solid product. Recrystallization of the product from chloroform/n-hexane (2:8)
afforded the hydrochloride salt MRB4 (0.044g, 96%) as a light brown solid (Figure 2.6).
Elemental analysis for (C19H20N302S.0.33CH3;0H.1.33HCI): Calculated C 56.13; H 5.52; N
10.16. Found: C 56.18; H 5.40; N 9.78. MS: calculated for C19H20N30,S*: MS: 354.13: [M*],
found: matrix-assisted laser desorption/ionization time of flight MS: 354.16 [M*]. *H NMR
(400.15 MHz, MeOD-da, ppm): & 2.58 (s, 3H, 6’-CHs); 4.00 (s, 3H, NCHzs); 5.16 (s, 2H,
CH2NH); 6.96 (s, 1H, H-5°); 7.49 (dd, J 1.2, 4.2 Hz, 1H, H2); 7.54 (t, J 8.4 Hz, 1H, H3); 7.54-
7.66 (m, 2H, H6+H7); 7.91 (d, J 7.6 Hz, 1H, H4); 7.93-7.96 (m, 2H, H5+H8); *C NMR
(100.62 MHz, MeOD-ds4, ppm): & 20.6 (6’-CHs); 39.6 (NCHs); 41.3 (CH2NH); 113.3 (C5’);
123.1 (C4); 126.1 (C2); 126.4 (C3); 127.1 (C6); 127.4 (C7); 128.9 (CH); 129.0 (C8); 131.1
(C8a); 134.1 (C1); 135.7 (C4a); 140.5 (C2’); 144.4 (C3’); 149.6 (C6’); 160.6 (C4’); 183.4
(NCS).

MRB4

Figure 2.6 — Formulae and numbering of compound MRB4.
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Compound MRB20p

To a solution of carboxyrosamine (F20) (97.0 mg, 2.20 x10*“ mol) in anhydrous DMF (1 mL),
protected 3,4-HPO bidentate ligand (2-aminomethyl-3-benzyloxy-1,6-dimethyl-1H-pyridin-
4-one) (47.4 mg; 1.83 x10“ mol), DCC (45.8 mg, 2.20 x10* mol) and N-hydroxysuccinimide
(NHS) (25.5 mg, 2.20 x10* mol) were added and the mixture was stirred at room
temperature in the dark and under an argon atmosphere, for 2 days. Subsequently, the
formed N, N-dicyclohexylurea (DCU) precipitate was filtered off and the solvent removed
under reduced pressure. The product was purified by gradient flash column
chromatography, eluting with methanol/chloroform (9:1 followed by an increased gradient
until 8:2) to afford MRB20p (0.0627 g; 49%) as a purple solid (Figure 2.7).
400.15 MHz 'H NMR (MeOD-d4, ppm): d 1.31 (t, J 7.2 Hz, 12H, NCH:CHjs); 2.45 (s, 3H,
6”-CHs); 3.69 (m, 8H, NCH.>CHs); 3.72 (s, 3H, NCHs); 4.73 (s, 2H, CH2NH); 5.22 (s, 2H,
CH.C¢Hs); 6.50 (s, 1H, H-5"); 6.99 (d, J 2.5 Hz, 2H, H4+ H5); 7.06-7.09 (dd, J 2.5; J 12.0
Hz, 2H, H2+H7); 7.27-7.36 (m,5H, CH.CeHs); 7.45-7.48 (d, J 12.0 Hz, 2H, H1+H8); 7.58 (d,
J 8.5 Hz, 2H, H2' + H6’); 8.08 (d, J 8.5 Hz, 1H, H3' + H5’); 100.62 MHz **C NMR (MeOD-
da, ppm): & 12.8 (NCH>CHz3); 20.9 (6”-CHs); 37.2 (CH2NH); 37.5 (NCHs3); 46.9 (NCH.CHs5);
74.8 (-CH2CgHs); 97.5 (C4 + C5); 115.7 (C2+ C7); 119.2 (C5”); 129.1 (C3 + C5’); 129.4 (o
- CeHs); 129.5 (p - CeHs); 130.1 (C1 + C8); 131.0 (C2’ + C6’); 132.8 (m-CeHs); 136.6 (C17);
136.9 (C4’); 138.5 (Cq, -CeHs); 143.2 (C2"); 147.7 (C3”); 151.1 (C6”); 157.2 (C3+C6); 157.5
(Cla + C8a); 159.5 (C4a + Cbha); 169.0 (HNCO); 175.0 (C4").
D e

(0]

\/N /N\/

MRB20p

Figure 2.7 — Formulae and numbering of compound MRB20p.
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Compound MRB20

Compound MRB20p (0.0627g, 9.19x10° mol). was dissolved in anhydrous
dichloromethane (15 mL), under argon and cooled to 0°C. BCl; (1 mL) was added dropwise
and the reaction mixture was kept overnight with stirring at room temperature. Methanol (50
mL) was added and the mixture was stirred for 1 h. The solvent was removed under reduced
pressure to afford the crude product. Recrystallization of the crude product from methanol/
diethylether (1:9) afforded one first solid that was rejected after NMR analysis and the
organic phase was then concentrated. A second recrystallization was performed, yielding
the hydrochloride salt MRB20 (0.0343 g, 56%) as a purple solid (Figure 2.8).

Elemental analysis for (CssHa2N4O42*.2CI.2HCI.0.5CH.Cl,.0.5H,0): Calculated (found): C
55.49 (55.71); H 5.87 (5.61); N 7.09 (7.36). MS: calculated for C3sHa1N4O4*: 593.31 [M*];
found: ESI - MS: 593.31 [M*]; 297.15820 [M*/2]. 400.15 MHz 'H NMR (MeOD-ds4, ppm): &
1.32 (t, J 7.2 Hz, 12H, NCH,CHp3); 2.64 (s, 3H, 6”-CHs); 3.70 (m, 8H, NCH.CHzs); 4.09 (s,
3H, NCHg); 5.02 (s, 2H, CH:NH); 7.01 (d, J 2.5 Hz, 2H, H4+ H5 and s, 1H, H-5"); 7.08-7.11
(dd, J 2.5; 10.8 Hz, 2H, H2+H7); 7.31-7.34 (d, J 10.8 Hz, 2H, H1+H8); 7.61 (d, J 8.4 Hz,
2H, H2' + H6’); 8.16 (d, J 8.3 Hz, 1H, H3’ + H5’); 100.62 MHz 3C NMR (MeOD-d4, ppm):
0 12.8 (NCH2CHs); 21.2 (6”-CHa); 37.2 (CH2NH); 39.4 (NCHa); 46.9 (NCH2CHa); 97.5 (C5”);
114.2 (C4 + C5); 114.3 (C2+ C7); 129.2 (C3 + C5’); 131.1 (C2' + C6’); 132.8 (C1 + C8);
136.2 (C6); 137.3 (C3); 139.4 (C27); 145.6 (C3"); 150.4 (C2");157.3 (C1a + C8a); 159.5
(C4a + C5a); 169.7 (HNCO).
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Figure 2.8 — Formulae and numbering of compound MRB20.

59



60

FCUP
Design of novel 3-hydroxy-4-pyridinone iron chelators to fight mycobacterium infection

Compound MRH10p

To a solution of tetramethylrhodamine isothiocyanate (F10) (0.0319 g, 7.19x10° mol) in
anhydrous DMF (0.5 mL) and triethylamine (0.01 mL) was added the protected 3,4-HPO
hexadentate ligand (0.0622g, 5.99x10° mol) and the mixture was stirred at room
temperature in the dark and under argon atmosphere, for 48 hours. The product was purified
by gradient flash column chromatography, eluting with chloroform/methanol (7:3) and
increasing polarity until chloroform/methanol (4:6) and ammonia. The sample was then
purified by TLC eluting with acetonitrile/water/ammonia (3:2:0.05) to afford MRH10p
(0.0430 g; 48%) as a purple solid. Only 5’-isomer was obtained as determined through NMR
spectra analysis (Figure 2.9).

H NMR (400.15 MHz, MeOD-d4, ppm): & 1.87 (m, 6H, CCH.CH); 2.08 (m, 6H, CCH,CH,);
2.33 (s, 9H, 6”-CHs); 2.45 (t, J 6,2 Hz, 2H, NCH,CH>CO); 3.19 (s, 12H, CHs-rhodamine);
3.49 (s, 9H, NCHsa); 3.76 (bs, 2H, NCH.CH2CO); 4.45 (s, 6H, CH2NH); 5.07 (s, 6H,
CH.C¢Hs); 6.40 (s, 3H, H-5”); 6.77 (bs, 2H, H4, H5); 6.88-6.90 (d, J 9.6 Hz, 2H, H2, H7);
7.23-7.44 (m, 15H, - CH,C¢Hs and 2H, H1, H8); 7.71 (bs, 2H, H4', H6’); 8.07 (d, J 9.5 Hz,1H,
H3’). C NMR (100.62 MHz, MeOD-d4, ppm): d 20.9 (6”-CHs); 30.9 (CCH.CH>); 31.3
(CCH2CHpy); 36.3 (CH2NH); 37.4 (NCHs3); 40.9 (CHs-rhodamine); 74.8 (CH2CsHs); 97.2 (C4,
C5); 114.7 (C1, C8); 115.0(C2,C7); 119.4 (C5”); 124.0 (C4’,6’); 129.4 — 130.1 (C- CH2CsHs
); 132.5 (C3’); 138.4 (Cq-CsHs); 143.3 (C27); 147.4 (C3”); 150.9 (C6”); 158.4 (C4”); 158.8
(C4a, C5a); 160.8 (Cla, C8a); 175.3 (CONHCH,).

MRH10p

Figure 2.9 — Formulae and numbering of compound MRH10p.
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Compound MRH10

Compound MRH10p (0.0400g, 2.67x10° mol). was dissolved in anhydrous
dichloromethane (20 mL), under argon and cooled to 0°C. BCl; (1 mL) was added dropwise
and the reaction mixture was kept overnight with stirring at room temperature. Methanol (50
mL) was added and the mixture was stirred for 1 h. The solvent was removed under reduced
pressure to afford the crude product. Recrystallization of the crude product from
methanol/acetone (1:9) afforded the hydrochloride salt MRH10 (0.0224g, 61%) as a purple
solid (Figure 2.10).

Elemental analysis for (Cs2H77N11013S*".4CI.11HCI.6H,0): Calculated (found): C 39.88
(39.71); H5.40 (5.10); N 8.25 (8.21). MS: calculated for Ce2H7aN11013S*.K*: 1251.48 [M*.K*];
found: matrix-assisted laser desorption/ionization time of flight MS: 1251.40 [M*.K*]. 'H
NMR (400.15 MHz, MeOD-ds4, ppm): & 1.95 (m, 6H, CCH>CH>); 2.22 (m, 6H, CCH2CH>);
2.63 (s, 9H, 67-CHg); 3.02 (m, 2H, NCH.CH-CO); 3.31 (s, 12H, CHs-rhodamine); 3.97 (s,
9H, NCHs); 4.52 m, 2H, NCH,CH>CO); 4.65 (s, 6H, CH:NH); 7.01 (s, 3H, H5”); 6.86-7.38
(m, 6H, H1, H2, H4, H5, H7, H8); 7.64-8.49 (m, 3H, H3’- H6’). *C NMR (100.62 MHz,
MeOD-ds, ppm): & 21.3 (2”-CHs); 30.6 (CCH>CH.); 31.0 (CCH.CHy); 35.7 (NCH.CH.CO);
36.3 (CH2NH); 40.0 (NCHs); 41.1 (CHs-rhodamine); 44.5 (NCH,CH,CO); 97.5 (C4, C5);
114.2 (C57); 117.9, 123.8, 124.2, 129.2, 132.0 (C1 — C8); 132.5, 133.5, 134.8 (C3’- C6’);
140.8 (C2”); 144.8 (C37);150.9 (C4”); 159.0 (C4a, Cba); 161.2 (C6”); 176.3
(CH2CONHCH_).

Figure 2.10 — Formulae and numbering of compound MRH10.
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Compound MRB9p

To a solution of 5(6)-carboxytetraethyl-rhodamine (F9) (168.6 mg, 3.46x10* mol) in
anhydrous DMF (10 mL), protected 3,4-HPO bidentate ligand (2-aminomethyl-3-benzyloxy-
1,6-dimethyl-1H-pyridin-4-one) (73.3 mg; 2.84x10“ mol), DCC (73.0 mg, 3.50x10* mol)
and N-hydroxysuccinimide (NHS) (47.7 mg, 40.2x10* mol) were added and the mixture
was stirred at room temperature in the dark and under an argon atmosphere, for 2 days.
Subsequently, the formed (DCU) precipitate was filtered off and the solvent removed under
reduced pressure. The product was purified by gradient flash column chromatography,
eluting with chloroform/methanol (8:2) to afford MRB9p (52.5 mg; 25%) as a purple solid.
Compound MRB9p was obtained as a 1.1:1 ratio mixture of 4’- and 5'- isomers as
determined through NMR spectra analysis (Figure 2.11).

H NMR (400.15 MHz, MeOD-d4, ppm): 8 1.28 (t, J 6.9, 24H, CH,CHs-rhodamine); 2.39 (s,
3H, 6”-CHs, 5-isomer); 2.45 (s, 3H, 6”-CHs, 4’-isomer); 3.65 (m, 3H, NCHs, 5’ isomer +
16H, CH,CHas-rhodamine); 3.72 (s, 3H, NCHs, 4’-isomer); 4.66 (s, 2H, CH2NH, 5’-isomer);
4.74 (s, 2H, CHzNH, 4’-isomer); 5.15 (s, 2H, CH2CsHs, 5’-isomer); 5.23 (s, 2H, CH2CsHs, 4'-
isomer); 6.45 (s, 1H, H5”, 5’-isomer); 6.51 (s, 1H, H5”, 4’-isomer); 6.90 (d, J 2.5 Hz, 4H, H4
+ H5); 6.99 (br s, 4H, H2 + H7); 7.21-7.40 (m, 10H, H1 + H8; HE’, 4’-isomer; m-, p- CsHs ;
0- CeHs, 5’-isomer); 7.46-7.48 (m, 1H, o- Ce¢Hs, 4’-isomer); 7.64 (d, J 1.7, 1H, HE’, 5’-isomer);
7.99 (dd, J 1.7; 8.1, 1H, H5’, 4’-isomer); 8.03 (dd, J 1.7; 8.1, 1H, H4’, 5’-isomer); 8.10 (br d,
J 8.1, 1H, H3, 5’-isomer); 8.43 (d, J 1.7, 1H, H3’, 4’-isomer); *C NMR (100.62 MHz, MeOD-
da, ppm): & 12.8 (CH2CHs-rhodamine); 20.8 (2”-CHs, 5’-isomer); 20.9 (6”-CHs, 4’-isomer);
37.1 (CH2NH, 5’-isomer); 37.2 (CH2NH, 4’-isomer); 37.4 (NCHs, 5’-isomer); 37.5 (NCHs, 4'-
isomer); 46.7 (CH2CHs-rhodamine); 74.7 (CH2CsHs, 5’-isomer); 74.9 (CH.C¢Hs, 4’-isomer);
97.1 (C4 + C5); 114.8 (CH); 114.9 (C2 + C7); 119.2 (C5”); 129.4 (CH); 129.5 (C6’, 5'-
isomer); 129.6 (C5’, 4’-isomer); 129.7 (CH); 129.8 (C4’, 5-isomer); 130.0 (CH 0-C¢Hbs);
130.2 (C3’, 4’-isomer); 131.0 (C3’, 5’-isomer); 132.9 (C1 + C8, 5'-isomer, 4’-isomer); 133.1
(CH); 133.7 (Cq, 5-isomer); 135.6 (Cq); 136.4 (Cy); 136.8 (C4’, 4'-isomer); 138.4 (Cq CsHs,
5’-isomer); 138.5 (Cq CsHs, 4’-isomer); 142.3 (C,); 143.1 (C2” 5'-isomer); 143.3 (C2” 4'-
isomer); 145.0 (C5’, 5’-isomer); 147.6 (C5”, 5’-isomer); 147.7 (C3”, 4’-isomer); 151.0 (C2”,
5’-isomer); 151.1 (C6”, 4-isomer); 156.9 (C9); 159.3 (C4a, 4’-isomer); 159.4 (C4a, 5'-
isomer); 162.0 (C1’, 5-isomer); 162.2 (C1’, 4’-isomer); 168.6 (CONH, 5-isomer); 169.1
(CONH, 4’-isomer); 172.3 (2’-CO2H, 5-isomer); 172.5 (2’- CO2H, 4’-isomer);175.0 (C4”, 5’-
isomer); 175.1 (C4”, 4’-isomer).
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MRB9p

Figure 2.11 — Formulae and numbering of compound MRB9p.
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Compound MRB9

Compound MRB9p (37.7 mg, 5.50x10* mol) was dissolved in anhydrous dichloromethane
(8 mL), under argon and cooled to 0°C. BCl; (0.8 mL) was added dropwise and the reaction
mixture was kept overnight with stirring at room temperature. Methanol (30 mL) was added
and the mixture was stirred for 1 h. The solvent was removed under reduced pressure to
afford the crude product. Recrystallization of the crude product from methanol/acetone (4:6)
afforded the hydrochloride salt MRB9 (37.1 mg, 82%) as a purple solid (Figure 2.12).
Elemental analysis for (CssH4sN4Os?*.2CI.CHCIs): Calculated (found): C 55.43 (55.03); H
5.61 (5.07); N 6.63 (6.52). MS: calculated for CzgHsN4Os*: 653.33 [M*]; found: ESI - MS:
653.2952 [M*]. 'H NMR (400.15 MHz, MeOD-ds, ppm): d 1.31 (t, J 6.7, 24 H, CH,CHs-
rhodamine); 2.63 (s, 3H, 6” -CHs, 5’-isomer); 2.68 (s, 3H, 6” -CHs, 4’-isomer); 3.68 (g, J 6.7,
16H, CH.CHs-rhodamine); 4.08 (s, 3H, NCHs, 5’-isomer); 4.15 (s, 3H, NCHs, 4’-isomer);
4.97 (s, 2H, CH:NH, 5’-isomer); 5.06 (s, 2H, CH>NH, 4’-isomer); 7.02-7.11 (m, 14H, H5”,
5’-isomer, 4’-isomer + H1, H2, H4, H5, H7, H8); 7.55 (d, J 5.7 Hz, 1H, HE’, 4’-isomer); 7.88
(br s, 1H, HG’, 5-isomer); 8.27 (br s, 1H, H4’, 5’-isomer); 8.33 (br s, 1H, H5’, 4’-isomer);
8.41 (br s, 1H, H3’, 5’-isomer); 8.82 (s, 1H, H3’, 4’-isomer).**C NMR (100.62 MHz, MeOD-
ds, ppm): & 12.8 (CH2CHs-rhodamine); 21.3 (6”-CHs); 37.2 (CH:NH, 5-isomer); 37.3
(CH2NH, 4’-isomer); 40.0 (NCHs); 46.9 (CH.CHs-rhodamine); 97.3 (C5”); 114.2 (C4); 114.6
(C5); 114.7 (C2); 115.5 (C7); 130.4 (C4’, 5'-isomer); 130.6 (C6’, 5’-isomer); 131.6 (C3’, 4'-
isomer); 132.1(C1); 132.2 (C6’, 4’-isomer); 132.4 (C8); 132.6 (C5’, 4’-isomer); 132.9 (C3,,
5’-isomer); 135.3 (C2’, 5’-isomer); 135.6 (C5’, 5’-isomer); 136.4 (C2’, 4-isomer); 138.2 (C1’,
5’-isomer); 138.6 (C1’, 4’-isomer); 140.6 (C2” 5’-isomer); 140.8 (C2”, 4’-isomer); 145.2
(C3”); 150.7 (C6”); 157.2 (C3+C6); 159.3 (C9); 159.6 (Cy); 159.7 (Cy); 161.3 (C4a + C5a);
167.3 (2'- COzH); 168.6 (Cg); 168.8 (CONH).

MRB9

Figure 2.12 — Formulae and numbering of compound MRBO9.
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2.2.3 Electronic spectroscopy: absorption and fluorescence properties

Electronic absorption measurements were performed using the conditions T= 25°C, I=1cm
cuvettes and wavelength range 225-700 nm.

Fluorescence measurements were performed using the conditions T= 25°C, |=1cm
cuvettes. Spectra were recorded at: @) Aexc = 568 nm, Aem from 570-700 nm, 600 V, 5 nm
slits, for ligand MRB2; b) Aexc = 290 nm, Aem from 300-550 nm, 600 V, 10 nm slits for ligand
MRBA4. ¢) Aexc=562 nm and Aem from 566 to 700 nm, 650 V, 5 nm slits, for MRB20; d)

Aexc=553 nm and Aemfrom 560 to 700 nm, 650 V, 5 nm slits, for MRH10; €) Aexc=560 nm and

Aem from 561 to 700 nm, 650 V, 5 nm slits, for MRB9.

Stock solutions of the different compounds were obtained by preparing a concentrated
solution of the compound in DMSO. Samples for absorption and fluorescence
measurements were prepared by dilution of a known volume of the DMSO stock solution in
3-(N-morpholino)propanesulfonic acid (MOPS) buffer solution (pH 7.4, 1=0.1 M NaCl). The
percentage of the DMSO stock solution was always less than 1% in the final volume.

2.2.4 Single-crystal X-ray diffraction

Crystalline material of the compounds 1, MRB2, 3 and MRB4, were manually harvested
and an appropriate crystal of each compound mounted on cryoloops using appropriate inert
oil [279]. Diffraction data were collected at 180.0(2)K on a Bruker X8 Kappa APEX I
Charge-Coupled Device (CCD) area-detector diffractometer controlled by the APEX2
software package [280] (MoK, graphite-monochromated radiation, A = 0.71073A), and
equipped with an Oxford Cryosystems Series 700 cryostream monitored remotely with the
software interface Cryopad [281]. Images were processed with the software SAINT+,[282]
and absorption effects corrected with the multi-scan method implemented in SADABS.[283]
The structures were solved by direct or Patterson methods employed in SHELXS-97 [284,
285] allowing the immediate location of the Sulphur atoms. Remaining non-H-atoms of the
compounds were located from difference Fourier maps calculated by successive full-matrix
least-squares refinement cycles on F? using SHELXL-97 [285, 286] and have been
successfully refined with anisotropic displacement parameters.

Hydrogens attached to Carbon atoms of were placed at their geometrical positions using
appropriate HFIX instructions in SHELXL and incorporated in subsequent refinement cycles
in riding-motion approximation with isotropic thermal displacements parameters (Uiso) fixed
at 1.2 or 1.5 x Ueq Of the parent atom. Furthermore, the Hydrogen atoms of the hydroxyl,

sulfonamide and water molecules (in MRB2) were clearly visible in the difference Fourier
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maps, and included in subsequent refinement stages with the distances adequately
restrained. In the structure of 1, a considerable some electron density, mainly due to
disordered solvent molecules, was not possible to modulate and refine properly. Searches
for the total potential solvent area using the software package PLATON [287, 288] revealed
the existence of cavities with a potential solvent accessible voids. The original data sets
were then treated with the SQUEEZE [289] routine to remove the contribution of these
disordered molecules in the solvent-accessible volume, and the calculated solvent-free
reflection list was consequently used for the final structure refinement.

The crystallographic characterization was performed by a member of our research group
(Luis Cunha-Silva).

Table 2.1 - Crystal and structure data for compounds 1, MRB2, 3 and MRB4.

1 MRB2 3 MRB4
Formula Ca2H46N4OsS2 C35H51N4013S2 Ca26H25N302S C19H19N302S
Mr 798.95 835.36 443.55 353.43
Crystal . . . . Colourless
morphology pink prism pink prism Colourless plate needle

Crystal size /mm 0.35x0.21 x 0.15

0.16 x 0.11 x 0.0
4

0.22 x 0.06 x 0.0
1

0.20 x 0.03 x 0.0
2

Crystal system Triclinic

Triclinic

Monoclinic

Triclinic

Space group P-1

P-1

P2i/n

P-1

2.3 Results and Discussion

2.3.1 Synthesis

The new fluorescent ligands MRB2, MRB4, MRB20, MRH10 and MRB9 were prepared
using straightforward synthetic protocols [3, 4, 22] involving the coupling of the
fluorophores, sulphorhodamine B acid chloride (F2), 1-naphthyl isothiocyanate (F4),
(F20), (F10) and 5(6)-

carboxytetraethylrhodamine (F9), respectively, to the protected 3,4-HPO chelating units.

carboxyrosamine tetramethylrhodamine isothiocyanate
The last step is the deprotection reaction for the removal of the protecting group with under

BCls.



FCUP | 67
Design of novel 3-hydroxy-4-pyridinone iron chelators to fight mycobacterium infection

To prepare the protected compounds 1 or 3, the protected 3,4-HPO bidentate ligands were
added to the fluorophores (sulphorhodamine B acid chloride or 1-naphthyl isothiocyanate)
and the reactions were performed in the presence of anhydrous DMF (and triethylamine
(EtsN) for ligand 3). The deproteced fluorescent 3,4-HPO ligands, MRB2 and MRB4, were
obtained by deprotection with BCl; (Figure 2.13 and 2.14).

D o
~-N__~ ~_N 0} _N__~
HzN OBn o
S-0
A _o BCls, CH,Cl,
—_—
N
r. t., overnight 0=S=0 /@ 0°C, overnight 0=S=0
ield =249 ield =90%
yield =24% HN/ o yl o HN OH
> o) = OH
protected 3,4-HPO Sulphorhodamine B acid chloride (F2) N N [
bidentate unit —NF “®
1 cr MRB2
Figure 2.13 —Reaction scheme of the synthetic route for the preparation of compound MRB2.
NH NH
HoN OBn s s
A _o OO Et;N, DMF BCl; CH,Cl,
! + _» NH OO —_— > NH OH
—
g SCN r. t., overnight = 0 0°C, overnight N OH
yield =76% N yield =96% /N’ P
protected 3,4-HPO 1-Naphthyl isothiocyanate (F4) 3 ® MRB4
bidentate unit cr

Figure 2.14 —Reaction scheme of the synthetic route for the preparation of compound MRB4.

MRB20p was obtained by reaction of carboxyrosamine (F20) in the presence of anhydrous
DMF, DCC and NHS in order to generate the activated ester form of the rhodamine derivate.
The protected compound was subsequently deprotected with BCl; to yield the
carboxyrosamine - labelled bidentate 3,4-HPO (MRB20), as summarized in Figure 2.15.

c N o N o

~_N o] _N_~ SN o N~
LU0 _

N o
~ N o) ~-N__~
HoN OBn P
N0 DCC, NHS, DMF BCls, CH,Cl, O
+
—_— —_—
N>
- O r. t., 48h O=¢ 0°C, overnight Oszc
yield =49% / yield =56% /

COOH HN o HN OH
_\_0 OH
protected 3,4-HPO carboxyrosamine (F20) N N [
bidentate unit N “®
cr
MRB20p MRB20

Figure 2.15 —Reaction scheme of the synthetic route for the preparation of compound MRB20.
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For the synthesis of MRH10p, the 3,4-HPO hexadentate unit was coupled to
tetramethylrhodamine isothiocyanate (F10) in the presence of anhydrous DMF and EtzN to
produce the protected ligand, followed by deprotection with BCl; to yield the MRH10.

MRB9p was obtained by reaction of 3,4-HPO bidentate wunit with 5(6)-
carboxytetraethylrhodamine (F9) in the presence of anhydrous DMF, DCC and NHS in
order to generate the activated ester form of the rhodamine derivate. The protected
compound was subsequently deprotected with BCls to yield the rhodamine MRB9. The 3,4-
HPO units and fluorophores used to obtain MRH10 and MRB9 ligands synthesized in this

work and the synthetic procedures are outlined in Figures 2.16 and 2.17.

HZN \ | o \ | cr
N
N 0. /g\ /N o] N
— ~
cr COOH COOH
O Bno N O ‘ ®\ O O
Et;N, DMF NH BCls, CH,Cl,
COOH
s% —_—
0°C, overnight

r. t., 48h

NH
S%
\ OBn NH NH
yield =48% yield =61%
o
Tetramethylrhodamine isothiocyanate (F10) NH

protected 3,4-HPO O Bno,
hexadentate unit
or
\ OBn
XNOH
MRH10p

@ MRH10

Figure 2.16 —Reaction scheme of the synthetic route for the preparation of compound MRH10.

- K o - ,( cl - N{ cr
N (0} = N 0. Z
HN  0oBn JN o] /g\/ i O ‘ O— i O o
_N_0 . ~ DCC, NHS, DMF z BCl; CH,Cl, ~
—_— COOH — COOH
_N___ ~~.-COOH 7z ‘ ] < ‘
% | r. t., 48h % 0°C, overnight /J:\
Hood yield =25% o yield =82% 0
protected 3,4-HPO NH OBn i OH
bidentate unit 5(6)-carboxytetraethylrhodamine (F9) = o) ’ N\ -OH
N~ N =~
- /®
MRB9p cr MRB9

Figure 2.17 —Reaction scheme of the synthetic route for the preparation of compound MRB9.

Although the synthetic procedures are very similar to those described in previous work [4],
differences in the yield of the reactions (see Figures 2.13 - 2.17) were verified. These
differences may be related with the different functional groups of the fluorophores that react
with the amine group pf the protected 3,4-HPO units. The HLB of the protected ligands
obtained may also influences the purification process and contribute the yield of the

reaction.
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The comparison of the results obtained for the coupling reactions to synthesize the
protected ligands shows that ligand 1 was obtained in the lowest yield probably due to the
lower stability of the functional group of sulphorhodamine B acid chloride that should react
with the amine group of the protected 3,4-HPO bidentate ligand.

In the reaction of 1-naphthyl isothiocyanate with the same bidentate unit, we obtained ligand
3in 76 % yield. This value is significantly higher than those obtained for naphthalene derived
3,4-HPO [170] and higher than the yield obtained in the synthesis of previously prepared
compounds MRB7 and MRB8 [4].

Considering ligand MRB20p, the vyield of this reaction is higher than those described
previously for similar reactions [4] and for the value obtained for the reaction performed to
produce MRB9p. This fact could be related with the inexistence of the possibility of
formation of positional isomers leading only to the reaction in the position 4’ of the phenyl
ring of the rosamine. This is a plausible since the rosamine has the functional group only in
this position of the ring.

The vyield of the reactions to produce MRH10p and MRB9p is of the same order of
magnitude of that obtained for similar reactions [4]. The reaction for the synthesis of
MRH10p has revealed isomer selectivity, since only the 5’-isomer was obtained.

Despite the fact that the methodologies for the synthesis of MRH10p and for ligand 3 are
similar, the yields of reaction obtained are significantly different. This fact may be due to the
requirement of additional processes of purification to the usual flash chromatography, such
as the TLC purification, necessary to purify MRH10p.

In the deprotection reactions, no major differences are observed and ligands MRB2, MRB4
and MRB9 were successfully synthesized and the yield of reactions are respectively 90, 96
and 96%. In the deprotection reaction to obtain the ligands MRB20 and MRH10, both
chelators were successfully synthesized although the yield of these reactions is slightly
lower, 56 and 61%, respectively, than those described for the other ligands synthesized in
this work or in studies [4]. The lower yield in the case of MRB20 may be justified by the

requirement of a second recrystallization process to obtain the pure deprotected ligand.

Based on previous results [4], and as it will be discussed later in Chapter 3, we expect to
get insight on the structure activity relationships (SAR) of the rhodamine labelled chelators,
as they are the ligands with higher antimycobacterial activity. In particular, we aim to be
able understand the importance of the hydro-lipophilic balance of the ligand and the type of

linker between the fluorophore and the chelating unit, for the biological effect.

69



70

FCUP
Design of novel 3-hydroxy-4-pyridinone iron chelators to fight mycobacterium infection

As the amount of hexadentate chelator to reach similar effect is three times lower than
measured for bidentate chelators, in the synthesis of MRB9, we first tried to synthesize the
chelator by functionalization of the protected hexadentate unit with the desired rhodamine.
Unfortunately, the reaction of 5(6)-carboxytetraethyl-rhodamine (F9) with the hexadentate
unit have shown several problems in the synthesis and purification processes and we
couldn’t obtain the expected ligand. When we tried the reaction of the same F9 with the
bidentate unit, MRB9 was successfully obtained.

As described in our previous results [4], and taking into consideration the denticity of the
chelators, we tested the bidentate chelator MRB9 using threefold concentrations relative to
those of hexadentate chelators (MRH7 and MRH10) in order to allow chelation of an equal
amount of iron. According to this fact , we expect, as reported previously [4], to be able to
compare the new chelators with each other, in terms of their antimycobacterial effect.

The synthesis of MRB9 was performed in collaboration with a member of our laboratorial
team (Daniel Silva) and is reported in this work, as the chelator was tested against M. avium
(and other bacterial species) in comparison to the other ligands prepared.

2.3.2 NMR spectroscopy

The structures of the protected and deprotected ligands in solution were established by
NMR analysis (*H and **C, 1D and 2D experiments, including COSY, HSQC and HMBC
spectra for unequivocal assignment of the most characteristic proton and carbon chemical
shifts). The assignment of the resonance signals in **C NMR spectra of the protected and
de-protected compounds was achieved by analysis of *H/**C HSQC and H/**C HMBC
spectra, which provide one and multiple bond *H-*C connectivity. The formulae and

numbering of the chelators are depicted in Figures 2.3 - 2.12.

The 'H and *C NMR spectra of ligand 1 revealed that the resonance signals of the methyl
and methylene protons of the rhodamine residue appear at 1.31 and 3.69 ppm and those
of H1 - H8 protons in the spectra are between 6.94 and 7.08 ppm. The protons of the methyl
group of the pyridinone ring appear at 2.42 ppm and the protons of the methyl linked to the
nitrogen of the ring appear at 3.76 ppm. The signal at 4.24 ppm is attributed to the CH>NH
protons and shows HMBC correlation with a carbon at 142.0 ppm assigned as C2”and C3”
that appears at 147.4 ppm. The protons of di-substituted aromatic ring of rhodamine, H3’,
H5’ and H6’, appear respectively at 8.58, 8.02 and 7.35-7.38 ppm.

The signals related with the protecting group are the singlet at 5.12 ppm that corresponds

to the -CH-CsHs protons and the protons of the ring (-CH2CeHs) in the protecting group
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appearing between 7.25-7.38 ppm. The carbon -CH,CeHs is at 74.6 ppm, the quaternary
carbon appears at 138.2 ppm and the other carbons (-CH.CsHs) of the protecting group
appear between 129.6 - 133.5 ppm.

After the deprotection (ligand MRB?2), significant differences in the *H and **C spectra are
detected as for example the shift of the protons of methyl group linked to the nitrogen of the
pyridinone from 3.76 to 4.13 ppm as also the shift in the protons of the ethyl group of the
linkage (CH2NH) from 4.24 to 4.66 ppm. Their respective carbons are also dislocated,
namely NCHjs from 37.3 in the protected ligand to 39.3 in the deprotected form and the shift
from 39.5 to 38.2 ppm for the carbon of the linkage (CH-NH).

In the *H and ¥C NMR spectra of ligand 3, the characteristic protons of methyl groups of
pyridinone ring (6’-CHs and NCHs) appear, respectively, at 2.25 and 3.66 ppm. The signal
at 4.90 is attributed to CH.NH group of the linkage between the 3,4-HPO and the
naphthalene.

Signals related with the protecting group are the singlet at 4.99 ppm that corresponds to the
protons -CH>CeHs and the other protons (-CH2CsHs) of the protecting group appear between
7.16-7.26 ppm. The carbon -CH,CeHs appears at 74.2 ppm, the quaternary carbon at 137.8
ppm and the other carbons (-CH2CeHs) appear at 129.0 and 129.3 ppm. The carbons of the
naphthalene ring appear between 123.3 and 129.5 ppm and the quaternary carbons, C8a
and C4a, appear at 130.8 and 135.4 ppm, respectively. The signal at 183.5 ppm is attributed
to the carbon of SCN group and it shows long range couplings in HMBC with the CH>NH
protons of the linkage, appearing at 4.90 ppm in the *H spectrum. The protons CH.NH are
also correlated with carbons C6’ and C5’ (141.7 and 147.6 ppm).

The deprotection reaction was successfully achieved as confirmed by the changes of the
chemical shift of characteristics protons and carbons of the ligand MRB4. In the *H spectrum
of ligand MRB4, the characteristic protons of methyl groups of pyridinone ring (6’-CHs and
NCHz) appear, respectively, at 2.58 and 4.00 ppm. The resonance signals attributed to
CH2NH protons of the linkage between the 3,4-HPO and the naphthalene are shifted to the
low field region at 5.16 ppm. The carbons of the pyridinone ring that were most directly
affected by de deprotection, C3’, C4’ and C%’, are also shifted from 119.8, 173.9 and 147.6
to 113.3, 160.6 and 144.4 ppm, respectively.

The H and *C NMR spectra of protected ligand MRB20p revealed that the resonance
signals of the methyl and methylene protons of the rhodamine moiety appear at 1.31 and
3.69 ppm. The H4/H5, H2/H7 and H1/H8 protons of rhodamine framework appear at 6.99,
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7.08 and 7.46 ppm, respectively. The protons of the substituted aromatic ring, H2’/H6’ and
H3'/H5’appear in low field region, respectively, at 7.58 and 8.08 ppm.

The protons of the methyl group of the pyridinone ring appear at 2.45 ppm and the protons
of the methyl linked to the nitrogen of the ring appear at 3.72 ppm. The signal at 4.73 ppm
is attributed to the CH>NH protons and shows HSQC correlation with carbons assigned as
CH>NH (37.22 ppm). This signal has also HMBC correlation with carbons at 143.2, 147.7,
169.0 ppm, assigned respectively as C2”, C3” and HNCO.

The signals related with the protecting groups are the singlet at 5.22 ppm that corresponds
to the -CH>CsHs protons and the -CH,Cg¢Hs protons of the protecting group appear between
7.27-7.36 ppm. The carbon -CH,C¢Hs is at 74.8 ppm, the quaternary carbon appears at
138.5 ppm and the other carbons of the protecting group (-CH.C¢Hs) appear at 129.4, 129.5
and 132.8 ppm.

Signals at 143.2 and 147.7 ppm were attributed as carbons C2” and C3” due to their HMBC
correlations with H3”, CH.NH, NCHs and with H5”, CH.NH, CH>CsHs, respectively. The
carbon at 151.1 ppm shows HMBC correlation with H5”, NCHs and 6”-CHs protons and was
attributed to C6”. The carbon that appears at higher value of chemical shift (175.0 ppm)
was attributed to C4”and shows HMBC correlation with H5” proton.

The carbon of the carbonyl group (HNCO) of the linkage between the rhodamine and
pyridinone appears at 169.0 ppm and was attributed based on their HMBC connectivity with
CH2NH, H2’/H6’ and H3’/H5’ protons of the substituted aromatic ring.

After the deprotection (MRB20), significant differences in the *H and '3C spectra are
detected as for example the shift of the protons of the methyl group of the pyridinone ring
from 2.45 to 2.64 ppm and also the protons of methyl group linked to the nitrogen of the
pyridinone from 3.72 to 4.09 ppm. There was verified a shift in the CH:NH protons of the
linkage from 4.84 to 5.02 ppm. Their respective carbons are also dislocated, namely NCHs
from 37.5 ppm in the protected ligand and 39.4 ppm in the deprotected form and the shift
from 119.2 to 97.5 ppm for the C5”.

The carbon at 139.4 ppm shows HMBC correlation with CH.NH and 6”-CHs protons and
was attributed to C2”. The carbon at 145.6 ppm shows HMBC correlation with H3”and
CH2NH protons and was attributed to C3”. Signal at 150.4 ppm was attributed as carbon
C6” due to their HMBC correlations with H5”, NCH3; and 6”CHs.

The resonance sighal at 169.7 ppm was found to give long range coupling to CH>NH protons
and was attributed to carbonyl carbon of the amide group in the linkage between the

rhodamine and the pyridinone (HNCO).
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The NMR spectra of ligand MRH10p revealed that the resonance signals of the methyl
protons of the rhodamine residue appear at 3.19 ppm and those of H1 - H8 protons in the
spectral are between 6.77 and 7.44 ppm. The two multiplets at high field (1.87-2.08 ppm)
were assigned to -C(CH2CHy); protons. The resonance signals of NCH,CH.CO protons
appear as triplets or broad singlets at 2.45 and 3.76 ppm. The protons of the methyl group
of the pyridinone ring appear at 2.33 ppm and the protons of the methyl linked to the nitrogen
of the ring appear at 3.49 ppm. The resonance signal at 6.40 ppm was assigned to proton
H5” of the pyridinone residue and shows HMBC correlation with a carbon at 20.9 ppm
assigned as 6”-CHs. The set observed in the low field spectral region (7.7-8.1 ppm) was
assigned to the protons of di-substituted aromatic ring of rhodamine framework. Due to the
characteristic chemical shift of carbon C3’, the reaction was isomeric selective and only 5’
isomer was obtained.

The signals related with the protecting groups are the singlet at 5.07 ppm that corresponds
to the -CH.C¢Hs protons and the protons -CH.Ce¢Hs of the protecting group appearing
between 7.23-7.44 ppm. The carbon -CH»CsHs is at 74.8 ppm, the quaternary carbon
appears at 138.4 ppm and the other carbons of the protecting group (-CH.Ce¢Hs) appear
between 129.4 and 130.1 ppm. The resonance signal at 175.3 ppm was found to give long
range coupling to the resonance signal of -C(CH2CHz); and - CH:NH protons and was
attributed to carbonyl carbons of the three amide groups.

After the deprotection (MRH10), the expected differences in the *H and '3C spectra are
detected such as the shift of the protons of methyl group linked to the nitrogen of the
pyridinone from 3.49 to 3.97 ppm as also the shift in the protons of the methylene group of
the linkage (CH2NH) from 4.45 to 4.65 ppm. Their respective carbons are also dislocated to
low field region, namely NCHs from 37.4 in the protected ligand and 40.0 in the deprotected
form and the shift from 119.4 to 114.2 ppm for the carbon C5”.

The carbon at 140.8 shows HMBC correlation with H5”, CH>NH and 6”-CHs protons and
was attributed to C2”. The carbon at 144.8 shows HMBC correlation with H5’and CH>NH
protons and was attributed to C3”. Signals at 150.9 and 161.2 were attributed as carbons
C4” and C6” due to their HMBC correlations with H5”, NCH3, 6”CHs and H5”, NCHs,
respectively. The resonance signal at 176.3 ppm was found to give long range coupling to
the resonance signal of -C(CH2CH;); and - CH>NH protons and was attributed to carbonyl

carbons of the three amide groups.

In which concerned to the NMR spectra of the protected ligand MRB9p, the resonance

signals of the methyl and methylene protons of the rhodamine residue appear at 1.28 ppm
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and 3.65 ppm, respectively. The signals of H4/H5 appear as a doublet at 6.90 ppm while
H2/H7 appear as a broad singlet at 6.99 ppm.

The protons of the methyl group of the 3,4-HPO group appear at 2.39 ppm for the 5’-isomer
and at 2.45 ppm for 4’-isomer. The proportion between the intensities of these was used to
determine the ratio of both isomers in the mixture (1:1.1 of the 5’- and 4’- isomers), being
this result coherent with the one found for other analogous signals of both isomers. The
protons of CH;NH of the linkage appear at 3.49 ppm.

The resonance signal at 6.45 ppm was assigned to the aromatic proton (H5”) of the 5'-
isomer of the 3,4-HPO and shows a HMBC correlation with a carbon at 20.8 ppm of the
carbon 6”-CHjs of the 5’-isomer), while the signal at 6.51 was attributed to the H5” of the 4’-
isomer correlated to the carbon 6”-CHjs of the 4’-isomer at 20.9 ppm.

The aromatic signals (6.9-7.4 ppm) were assigned to the protons of di-substituted aromatic
ring of rhodamine moiety.

The signals related to the protecting group are the singlets at 5.17 ppm (5’-isomer) and 5.23
ppm (4’isomer) (-CH.Ce¢Hs). The aromatic protons (-CH.C¢Hs) appear as two sets of
multiplets comprised between 7.21-7.40 ppm and 7.46-7.48 ppm. The carbon -CH>CsHs is
found at 74.7 ppm for the 5’-isomer and at 74.9 ppm for the 4’-isomer.

The quaternary carbons in 2*C NMR were assigned resorting to HMBC correlation, namely
the signals assigned to 2’-COOH at 172.3 and 172.5 ppm for 5’- and 4’-isomers respectively
due to correlation with the respective H3’ proton signals at 8.10 ppm (5’-isomer) and 8.43
ppm (4’-isomer). The signal at 168.6 ppm was identified as belonging to the carbon of
CONH of 5’- isomer, due to correlation with the corresponding signals at 4.66 ppm (CHz2NH>)
and with 7.64 ppm (H6’) both associated to 5’-isomer. Similarly, the signal at 169.1 ppm
was assigned to carbon of CONH of 4’- isomer because of the observed correlation with the
signals at 4.74 ppm (CH2NH) and 8.43 ppm (H3’) associated to 4’- isomer. The resonance
signals at 175.0 and 175.1 were assigned to C4” of 5’- and 4’-isomers respectively, due to
correlation with respective H5” proton signals of 6.45 and 6.51 ppm of both isomers. The
carbons at 151.0 and 151.1 ppm were assigned to C6” of 5’and 4’- -isomers respectively,
based on correlations with the respective H5”, CH,NH and 6”-CHs signals. C3” signals were
assigned to 147.6 ppm (5’-isomer) and 147.7 ppm (4’-isomer) based on correlation with the
corresponding H3’and CH,NH protons. Signals at 143.1 ppm (5’-isomer) and 143.3 ppm
(4’-isomer) were attributed to C2” based on the correlations with corresponding H5”, NCH3
and CHyNH protons.

In the spectra of MRB9 the signals for the 4’- and 5’-isomers show the same chemical shifts

for analogous atoms while in their precursor (compound MRB9p) these appear often fully
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resolved with distinct chemical shifts, being the peaks of 5’-isomer at higher field than the
corresponding ones for 4’-isomer. MRB9 also shows observable increase for chemical
shifts of the protons and carbons in the *H and *3C spectra respectively, to higher field in
comparison to compound MRB9p. Among others, it is quite noticeable the change observed
for the NCHs protons of the pyridinone from 3.65 ppm in compound MRB9p to 4.08 ppm in
MRB9 (5’-isomer) and from 3.72 to 4.15 ppm (4’-isomer). A similar observation can be made
for the CH2NH protons of the linkage, varying from 4.66 ppm in MRB9p to 4.97 ppm (5'-
isomer), and from 4.74 ppm to 5.06 ppm (4’-isomer). Their respective carbon signals are
also dislocated to lower field region, namely NCHs 37.4 ppm (5’-isomer) and 37.5 ppm (4’-
isomer) to 40.0 ppm for both isomers.

The observed differences in the chemical shifts of *H and *3C nucleus in the spectra of the
protected and deprotected compounds is primarily due to the deprotection of the hydroxyl
group and the acidic pH of the deprotection reaction that lead to isolate the final ligands in
the enol form [4, 170].

2.3.3 Photophysical properties in agueous solution

The absorption UV-Vis spectra of the ligands studied MRB2, MRB4, MRB20, MRH10 and
MRB9 show two sets of bands in different regions of the spectra, which correspond to ™ —
T transitions of the 1 systems of 3,4-HPO and of the fluorophores (rhodamines, rosamine
or naphthalene) that constitute the ligand structure. Transitions in the range 281-290 nm
are associated with ethylene and benzene bonds of the aromatic ring of the 3,4-HPO. The
other set of transitions in the range of 450-650 nm are signed to 1 system of rhodamines of
ligands MRB2, MRH10 and MRB9 or to the rosamine in the case of ligand MRB20. In the
case of ligand MRB4, a shoulder at ca. 312 nm is discernible and is assigned to 1T system
of 1-naphthyl isothiocyanate. The molar absorptivity values obtained are in the magnitude
(10% close to those reported in previous results for similar rhodamine or naphtalene derived
chelators [3, 4, 170].

The fluorescence spectra of ligands MRB2, MRB4, MRB20, MRH10 and MRB9 show
bands in different regions of the spectra that are characteristic for the fluorophore included
in the structure of each ligand. In the case of ligands MRB2, MRB20, MRH10 and MRB9
the band is in the range of 560-670 nm and for ligand MRB4 the band is in the range of
335-525 nm (Table 2.2). The values obtained are in agreement with those reported in the
literature for similar ligands [3, 4, 170].

Confirmation of the predominance of the keto form at pH 7.4 is particularly evident for

compound MRB4 by observation of the characteristic Amax of fluorescence emission at 385
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nm as previously described by our research group for other naphthalene labelled 3,4-HPO
ligands [170].

The spectral parameters of the new fluorescent chelators are summarized in Table 2.2.

Table 2.2 — Spectral parameters of the fluorescent chelators MRB2, MRB4, MRB20, MRH10 and MRB9 (25°C, MOPS buffer,
1=0.1 M, pH=7.4). Fluorescence spectra were recorded at: &) Aexc = 568 nm, Aem from 570-700 nm, 600 V, 5 nm slits, for ligand
MRB2; b) Aexe = 290 nm, Aer from 300-550 nm, 600 V, 10 nm slits for ligand MRB4. ¢) Aexc=562 nm and Aem from 566 to 700
nm, 650 V, 5 nm slits, for MRB20; d) Aexc=553 hm and Aer from 560 to 700 nm, 650 V, 5 nm slits, for MRH10; €) Aexc=560 nm
and Aem from 561 to 700 nm, 650 V, 5 nm slits, for MRB9.

Absorption Fluorescence
Ligand 1 s 4 A/ NM
€/ mol” dm cm
fluorophore excitation emission

MRB2 3.8x10" 566 568 586
MRB4 1.5x10" 312 290 385
MRB20 5.9x10* 561 562 587
MRH10 3.2x10* 552 560 575
MRB9 5.4 x 10* 559 561 583

2.3.4 X-Ray Crystallography

Single-crystals of the rhodamine derivative compounds 1 and MRB2 suitable for X-ray
diffraction analyses were obtained by controlled recrystallization from MeOH/CHCI; and
MeOH/Et,O solvent mixtures, respectively. The two solid-state crystalline structures were
determined in the triclinic space group P-1, confirming the synthesis of the protected and
unprotected forms of the desired ligand (Figure 2.18). The asymmetric unit (asu) of 1 reveals
only a neutral organic molecule while the asu of MRB2 contains one cationic organic
molecule, one chloride anion and five water molecules of crystallization. The structural
arrangement of ligand MRB2 shows the xanthene group almost perpendicular with the
adjacent phenyl ring and the pyridinone ring [dihedral angle between the average planes

defined by these aromatic groups is 84.66(2)° and 75.49(2)°, respectively].
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Figure 2.18 - Crystal structures of the rhodamine derivative molecules: protected ligand 1 (a) and MRB2 (b) represented in
the ball-and-stick model. Hydrogen atoms were omitted for clarity reasons.

The contiguous ligands MRB2 closely interact by a strong N—H---O hydrogen bond involving
the sulfonamide and sulfonate groups of adjacent molecules leading to the formation of
one-dimensional supramolecular structures (Figure 2.19 a). The extended packing of these
supramolecular entities leads to an overall porous structure with one-dimensional tunnels
along the direction of the unit cell (Figures 2.19 b). The porous are entirely occupied by the
crystallization water molecules and the charge-balancing chloride anions, which are also
involved in an extensive inter-molecular hydrogen bonding network, namely O-H:---O,
O-H---Cl and N-H:---O interactions (not represented).

To the best of our knowledge, this is the first report of an X-ray crystal structure of a
rhodamine derivative 3,4-HPO.
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Figure2.19 - Structural features of the crystal structure of the ligand MRB2: (a) one-dimensional supramolecular structure
with the N-H---O interactions represented as green dashed lines; (b) crystal packing viewed in the [1 0 0] direction of the unit

cell with the CI™ anions and crystallization water molecules occupying the channels.

Crystalline materials of the naphthalene derivatives molecules 3 and MRB4 with quality for
single-crystal X-ray diffraction analyses were isolated by recrystallization from solution of
MeOH/CHCI; and CHCIls/n-hexane, respectively. The crystal structure of compound 3 was
determined in monoclinic space group P2i/n, while the structure of ligand MRB4 was
unveiled in the triclinic space group P-1, confirming unequivocally the preparation of the
protected and unprotected forms of the desired ligand (Figure 2.20). The asu of the two
crystal structures comprises only the respective neutral organic molecule. The structural
arrangement of ligand MRB4 reveals the xanthene group practically in the same plane of
the pyridinone ring [dihedral angle between the average planes defined by the two aromatic
groups is 8.62(1)°].
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Figure 2.20 - Crystal structures of the naphthalene derivatives ligand: protected 3 (a) and unprotected form MRB4 (b)

represented in the ball-and-stick model.

In the crystalline material, the deprotected ligand MRB4 was obtained in the keto form.

A pair of O-H---O hydrogen bonds involving the hydroxypyridinone groups of two adjacent
molecules leads to the formation of dimeric entities with the two molecules positioned in
anti-parallel mode (Figure 2.21 a). Furthermore, the organic molecules MRB4 also interact
by an extensive network of weak non-covalent interactions (not shown), such as C-H---0O,
C-H---S, C-H---1 and long 111 stacking which further strengthen the cohesion of the
crystalline packing (Figure 2.21 b).
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Figure 2.21 - Structural features of the crystalline structure of the ligand MRB4: (a) dimeric supramolecular structure with the

O-H---O interactions represented as green dashed lines; (b) crystal packing viewed in the [1 0 0] direction of the unit.
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2.4 Conclusions

Novel fluorescent ligands MRB2, MRB4, MRB20, MRH10 and MRB9 derived from distinct
fluorescent units, rhodamines, rosamine or naphthalene, were successfully synthesized
and the yields of the reactions were satisfactory according to the previous work performed
by our research group. All structures of the synthesized chelators were fully characterized
by several technics, namely NMR, mass spectrometry, elemental analysis, UV-Vis,
Fluorescence and Single Crystal X-Ray Diffraction in the case of the ligands for which we
could obtain a crystal.

The analysis of the data obtained from the crystalline structure of the compounds revealed
that molecules 1, 3 and MRB4 have neutral charge while compound MRB2 is mono cationic.
The results also demonstrate that the deprotected ligand MRB2 remains in the enol form
as described for other fluorescent pyridinone ligands [170] but chelator MRB4 crystallized
in the keto form. In the single crystal structure of ligand MRB2, the xanthene moiety of the
rhodamine is almost perpendicular to the adjacent phenyl ring and the pyridinone ring
whereas in ligand MRB4 the xanthene group of the naphthalene framework is almost

coplanar with the pyridinone ring.

The potential antibacterial activity of these new fluorescent chelators against several
bacteria, namely M. avium, will be explored in Chapter 3. The results of antibacterial studies
will be compared with those obtained previously [1, 4] in order to get insight on the SAR of
the 3,4-HPO fluorescent iron(lll) chelators.
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3. ANTIBACTERIAL ACTIVITY OF 3,4-HPO CHELATORS

3.1 Introduction

Bacterial resistance to currently available antibiotics is a rising global problem and therefore
efforts should be done in order to develop new pharmacologic alternatives targeting
different mechanisms and pathways [216, 217, 290]. Iron is an essential element for the
growth of all living organisms [59] and it has been demonstrated that limiting the amount of
available iron for the growth of pathogenic microorganisms can be considered as a strategy
to control infections [10, 67, 68, 102, 164, 168, 291]. Several reports suggesting the
application of chelation therapies for the control of infections caused by several
microorganisms have been described [18, 59, 75, 164, 251, 258-261, 273].

The use of iron chelators to restrict the iron available for mycobacterial growth has been
reported [101] , namely for M. tuberculosis [292, 293] and M. avium [1, 3, 4, 123].

In our previous studies we reported that the inhibitory effect of fluorescent chelators on the
intramacrophagic growth of M. avium was dependent on the presence and type of
fluorophore. The results are consistent for both bidentate and hexadentate fluorescent
ligands.

Interestingly, the non-fluorescent hexadentate (CP256) and bidentate (Hdmpp) chelators
were not effective in the control of M. avium infection revealing that the chelation of iron is
a required but not sufficient property for the antimycobacterial effect.

When both bidentate and hexadentate chelators were tested, regarding the activity of
fluorescent chelators, we found that the antimycobacterial activity was similar for the
bidentate and hexadentate chelators with the same fluorophore, if the appropriate amount
of ligands were administered. Moreover, the inhibitory effect of the rhodamine B
isothiocyanate labelled compounds (MRH7 and MRB7) was significantly higher than that
observed for the carboxytetramethylrhodamine derived chelators (MRH8 and MRB8), thus
pointing out the significance of the rhodamine B isothiocyanate molecular fragment but also

the potential importance of the HLB and the presence of sulphur atom (or even thiourea

group) [1, 4].

One of the aims in this chapter is the study of the potential of the synthesized molecules

(described in Chapter 2) for the control of the growth of M. avium inside macrophages.
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We also expect to improve our knowledge on the importance of the different functional
groups of the chelator for the final biological effect. The formulae of the studied chelators

are depicted in Figures 3.1, 3.3 and A.1, in Appendix.

Drug combinations of new molecules with classic antibiotics is an emerging and promising
strategy to overcome bacterial antibiotic-resistance mechanisms and to restore antibiotic
effectiveness [294]. Accordingly, the most active iron chelator against M. avium growth, was
also tested in combination with a classic antimycobacterial antibiotic.

The clinical potential of the combination of iron chelators with other antibiotics has been
demonstrated to treat bacterial [67, 68, 101, 249, 250, 262], fungal [238] and protozoal [220]
infections.

To the best of our knowledge, no reports were found of the use of combination therapies
involving iron chelators and classic antimycobacterial antibiotics used in the clinics.

To achieve this goal, we performed studies in which the most active chelator was tested in
combination with ethambutol. This drug, [(S,S)-2,20-(ethylenediimino)-di-1-butanol], was
first reported in the early 1960s [295] and is one of the few well-known and reliable
antimycobacterial used in clinical [81, 95, 220, 296]. Ethambutol acts by inhibiting
mycobacterial arabinofuranosyl transferases which are responsible for glycosylation steps
in the biosynthesis of LAM and AG, both constituents of the mycobacterial cell wall [111-
113]. Ethambutol is active against M. avium pathogens but high doses and combinations
therapies are needed to achieve an effect and also antibiotic resistance has been reported
[81, 95, 96, 297-300]. Moreover, there is some evidence that combined therapies using
ethambutol have advantages due to the ability of this drug to increase cell wall permeability
in M. avium and consequently favour the influx of other drugs tested in combination [301,
302]. In addition, there are some reports of the ability of ethambutol to chelate metals ions,
namely iron and copper, therefore contributing to a better control of the infection [301, 303-
305].

In this chapter we report the results of the in vitro effect of compounds MRB2, MRBA4,
MRH10 and MRB9 and the in vitro inhibitory effect of MRH7 when used alone and in

combination with ethambutol against M. avium.

The studies of the antimycobacterial effect of the chelators against M. avium in
macrophages were performed in collaboration with Professor Maria Salomé Gomes, in the

[l = Iron and Innate Immunity group at IBMC.
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We also report the results, obtained by our research group, related with the evaluation of
the potential of the chelators to control extracellular bacterial growth, including Gram-
positive and Gram-negative bacteria. These data are discussed in the present chapter, as
they are useful for comparison with those performed in this work with M. avium. These

experiments were performed by Maria José Feio.

The results of the antibacterial activity of chelators MRB9, MRH10 and MRH7 in

combination with ETH, against M. avium, are published in:

[276] Moniz, T., Silva, D., Silva, T., Gomes, M.S. and Rangel, M., Antimycobacterial activity
of rhodamine 3,4-HPO iron chelators against Mycobacterium avium: analysis of the
contribution of functional groups and of chelator's combination with ethambutol.
MedChemComm, 2015, 6, 2194-2203.

3.2 Methods
3.2.1 Bacteria

M. avium strain 2447, smooth transparent variant (SmT) was isolated from an AIDS patient
and provided by F. Portaels (Institute of Tropical Medicine, Antwerp, Belgium).
Mycobacteria were grown to mid-log phase in Middlebrook 7H9 medium (Difco, Sparks,
MD) containing 0.04% V/V of Tween 80 (Sigma, St. Louis, MO) at 37°C.

Bacteria were harvested by centrifugation, suspended in a small volume of saline containing
0.04% V/V of Tween 80 (Sigma) and briefly sonicated in order to disrupt bacterial clumps.

The suspension was diluted and stored in aliquots at -80°C until use.

3.2.2 Bone marrow derived macrophages (BMM)

Macrophages were derived from the bone marrow of BALB/c mice. Each femur was flushed
with 5 mL of Hanks’ balanced salt solution (HBSS, Life Technologies, Paisley, U.K.). The
resulting cell suspension was centrifuged and the cells re-suspended in DMEM (Life
Technologies, Paisley, U.K.) supplemented with 10 mM glutamine, 10 mM HEPES, 1 mM
sodium pyruvate, 10% FBS (Fetal Bovine Serum) (Life Technologies), and 10% of L929 cell
conditioned medium (LCCM) as a source of Macrophage Colony Stimulating Factor (M-
CSF). According to manufacturer’s information, the iron content of DMEM is 0.25 mM. The
added FBS contributes an additional 3 mM of iron. In order to remove fibroblasts, the cells
were cultured overnight, at 37°C in a 7% CO; atmosphere, on a cell culture dish. The non-

adherent cells were collected with warm HBSS medium, washed and resuspended in
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DMEM with 10% LCCM at a cell density of 4x10° cells/ml. One ml of this cell suspension
was distributed per well in 24-well plates which were incubated at 37°C in a 7% CO:
atmosphere. Three days later, 0.1 mL of LCCM was added. On the 7th day of culture, the

medium was renewed.

3.2.3 Infection and treatments of BMM

On the tenth day of culture, the macrophages of each well were incubated with 0.2 mL of
DMEM containing 10% M. avium colony forming units (CFU) for 4 h at 37°C in a 7% CO-
atmosphere. The cells were washed with warm HBSS to remove extracellular mycobacteria
and reincubated in DMEM with 10% FBS and 10% LCCM with or without the addition of
compounds. To quantify the number of intracellular mycobacteria at time zero of infection,

macrophages from three wells were immediately lysed with 0.1% of saponin.

The iron chelator solutions were obtained by preparing concentrated solutions of the
different compounds in DMSO followed by dilution of a known volume of the DMSO stock
solution in DMEM. The percentage of the DMSO stock solution was always less than 1% in

the final volume.

Chelators were added to the culture medium at the concentrations indicated in each figure
(Figures 3.2. 3.4 and 3.5) (ranging from 1 to 120 yM). MRH7 was tested alone and in
combination with ethambutol (ETH) at 2 ug/ mL. Ethambutol was also tested alone at the
same concentration used in combination with chelators. Each concentration was tested in
triplicates. All the results were confirmed in at least three independent assays. The formulae
of the bidentate and hexadentate ligands used in the present study are shown in Figures
3.1, 3.3 and A.1, in Appendix.

3.2.4 Quantification of M. avium inside BMM

After 5 days of infection, the growth of M. avium 2447 SmT was evaluated by counting the
colony forming units. Macrophages were lysed using 0.1% saponin and the resulting
bacterial suspension was diluted in water containing 0.04% Tween 80. The dilutions were
plated in Middlebrook 7H10 agar (Difco) and the number of colonies was counted after 8
days at 37°C. The difference, in terms of logio CFU/well, between time zero of infection and

the last day in culture (day 5), is abbreviated as “logio increase”.

3.2.5 Statistical analysis

All the experimental data are expressed as mean values + standard deviation (SD) for the

number of experiments (one animal per experiment) indicated in the legends of the figures.



FCUP
Design of novel 3-hydroxy-4-pyridinone iron chelators to fight mycobacterium infection

Data obtained were analysed using the software Graph Pad Prism version 6.0. For
compounds MRB2, MRB4 and MRB20, statistical analysis was performed using t-Student
test to compare the bacterial growth in the absence of chelator with that of chelator-treated
cells and according to previous work [1, 4].

For multiple comparison of the effect of MRH7, MRH10 and MRB9 and for studies of
combined therapies (MRH7 and ETH), multiple comparisons were performed using one-
way analysis of variance (ANOVA) followed by Bonferroni multiple comparison posthoc test.

Significance was accepted when p value < 0.05 was obtained.

3.3 Results and Discussion

3.3.1 Evaluation of antimycobacterial activity

3.3.1.1 Effect of chelator MRB2, MRB4 and MRB20 on the intramacrophagic growth of M.
avium 2447 SmT

As described in Chapter 2, we designed a set of chelators to investigate, the importance of
the presence of sulphur either as an element per se or as a thiourea group and also if this
group is important in association with a rhodamine or if it is relevant even associated with
other fluorophores.

In Ligand MRB2 the rhodamine moiety was maintained with the ethyl groups linked to
nitrogen atoms (Figure 3.1, in blue) and a sulfonamide linker was considered (Figure 3.1,
in red).

Ligand MRB4 was designed to include in its structure a different type of fluorophore, a
naphthalene unit. The thiourea linkage was maintained between the fluorophore and the
chelating unit (Figure 3.1, in red).

To evaluate the relevance of the global charge of the chelator, in ligand MRB20, the
rhodamine-like moiety was maintained. In its structure there is no substituent in the position
2’ of the phenyl ring, leading to a rosamine derived chelator and the global charge balance

is positive (+1) at physiological pH, according to the literature [3, 179, 275].
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Figure 3.1 — Formulae of MRB2, MRB4 and MRB20 chelators. The linkers are highlighted in red and the substituents on the

nitrogen of the xanthene ring are highlighted in blue.

M. avium growth inside macrophages was measured, as CFU, after five days in culture in
the absence (control = ctrl) or in the presence of the chelators. The biological activity of
each chelator was calculated as the difference in logio CFU/well between day 0 and day 5
and the results obtained are represented in Figure 3.2.

The concentrations of chelators chosen to be administered to the macrophages were based
on the previous results [4]. The lower concentrations were maintained (1 and 10 uM for
hexadentate and 3 and 30 uM for bidentate chelators) and the highest concentration was

changed to 20 or 40 uM for hexadentate and to 60 and 120 uM for bidentate ligands.

In comparison with the control, none of the tested ligands, MRB2, MRB4 and MRB20
induced a statistically significant decrease on M. avium growth at any of the tested
concentrations.

For compound MRB4 we started to test the same concentrations chosen for rhodamine and
rosamine derived 3,4-HPOs. However, we verified, by the routine observation of the cells
on the microscope during the time of the experiment, that these concentration values were
lethal for the macrophages. Thus, we gradually decreased these values and even at lower
concentration values as 10 yM, MRB4 was toxic. Then, we reduced again the concentration
of the chelator to 7 yM and apparently no toxicity was observed on the microscope
visualization of the macrophages. A similar scenario was verified for the treatment with
MRB20. The latter chelator, at 30 and 60 yM, was toxic and lead to the death of the
macrophages. However at the lowest concentration (3 uM), the cells seemed healthy on

the microscope visualization of the cultures.



log,,increase CFU/well

0.8

0.4+

FCUP

Design of novel 3-hydroxy-4-pyridinone iron chelators to fight mycobacterium infection

log,oincrease CFU/well

1.64

1.24

0.84

1.64

0.8

0.4+

log,,increase CFU/well

S R R S S S = R » N
@Q oY RY @Q\ @\? oY @Q WY o,“ AN
NS A A
S & S
o S <
N & &
(9 < <
IMRB2[|/ M IMRB20|/ uM IMRB4]|/ uM

Figure 3.2 - Effect of MRB2 (A), MRB20 (B) and MRB4 (C) on intramacrophagic growth of M. avium. BMM were infected with
M. avium 2447 (SmT). Each chelator was added, just after infection, at a concentration of 3, 30 and 60 uM for MRB2, at 3 uM
for MRB20 and 1, 5 and 7 uM for MRBA4. Infected BMM were incubated for 5 days to measure the intracellular growth of the
bacteria. The difference, in terms of logio CFU/well, between days 0 and 5 was designated “logio increase”. The graphs show
the geometric mean * SD of the log,o increase per well obtained from three wells for each condition from three independent
experiments. Statistical analysis was performed using t-Student test to compare the bacterial growth in the absence (ctrl) or
presence of each of the chelators.

3.3.1.2 Effect of MRH10 and MRB9 chelators on the intramacrophagic growth of M. avium
2447 SmT in comparison with MRH7

To get insight on the importance of the thiourea group and the HLB of the chelator for the

biological effect, we designed:

a) MRH10 in which thiourea group was maintained (Figure 3.3, in red) but the ethyl groups
linked to the nitrogen in the rhodamine ring were substituted by methyl groups (Figure 3.3,
in blue).

b) MRB9 in which the thiourea linkage was changed by an amide linker (Figure 3.3, in red)
and the ethyl groups linked to the nitrogen in the rhodamine rings were maintained (Figure
3.3, in blue).
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Figure 3.3 — Formulae of MRH7, MRH10 and MRB9 chelators. The linkers are highlighted in red and the substituents on the

nitrogen of the xanthene ring are highlighted in blue.

Intramacrophagic growth of the bacteria was measured (as CFUSs) after five days in culture
in the absence or in the presence of the chelators. The effect of each compound in the
intramacrophagic growth of M. avium was calculated as described before in 3.3.1.1..

The antimycobacterial effect of the new chelators MRH10 vs MRB9 was tested and
compared with the effect of chelator MRH7, used herein as a second control, for the same
comparable concentrations: (a), (b), (c) and (d). All compounds were tested in at least three

independent assays and the results are represented in Figure 3.4.

The results are indicative that all the fluorescent chelators exhibit antimycobacterial effect
and this activity seems to be dose-dependent. In comparison with the control, MRH7 has a
significant effect at lower concentrations such as 10 uM while the new chelator MRHZ10 only
induces a reproducible inhibitory effect leading to a significant decrease on M. avium growth
at a concentrations equal or above 20 uM. Moreover, MRB9 is only effective at the highest

concentration tested (120 pM).
Comparison of the effect of the three chelators shows that:

i) at the lowest concentration (concentration a), Figure 3.4), no significant differences are
observed for the activity of MHR10 and MRH7 and the effect of the latter is significantly
higher than the obtained for MRB9.

ii) at intermediate concentrations (concentrations b) and c), Figure 3.4) MRH7 exhibits the

highest activity and its effect is significantly greater than that obtained for MRB9. No



FCUP
Design of novel 3-hydroxy-4-pyridinone iron chelators to fight mycobacterium infection

significant differences on the inhibition of bacterial growth is apparent between MHR10 and
MRBO.

ii) at the highest concentration tested (concentration d), Figure 3.4), all ligands induce a
significant decrease on the intramacrophagic growth of M. avium and the effect is not

significantly different between them.

The results obtained show that MRH7 seems to remain the most active chelator in inhibiting
M. avium growth, being effective in concentration equal or above 10 yM. Chelator MRH10
as a similar activity than MRH7 and its effect is significantly better than that of MRBO.

The present results point out the relevance of the concomitant presence of the two
functional groups, N-ethyl groups in the xanthene structure and the thiourea link, for the
antimycobacterial effect.
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Figure 3.4 - Effect of MRH7, MRH10 and MRB9 on intramacrophagic growth of M. avium. BMM were infected with M. avium
2447 (SmT). Each chelator was added, just after infection, at a concentration of 5 (a), 10 (b), 20 (c) and 40 (d) uM for MRH7
and MRH10 and 15 (a), 30 (b), 60 (c) and 120 (d) uM for MRB9. Infected BMM were incubated for 5 days to measure the
intracellular growth of bacteria. The difference, in terms of log;o, CFU/well, between days 0 and 5 was designated “logio
increase”. The graphs show the geometric mean * SD of the logy, increase per well obtained from three wells for each
condition from three of five independent experiments. Statistical analysis was performed using ANOVA test to compare the
bacterial growth: i) in the absence or presence of each the chelators and ii) in the presence MRH7 vs MRH10 vs MRB9, for
the same concentrations, (a), (b), (c) and (d). Statistical significance: * p<0.05 and ™ p<0.001 when compared with control (no
chelator); # p<0.05 for MRH10 vs MRB9 or #p< 0.01 for MRH7 vs MRB9, at concentration (a); 4 p< 0.01 for MRH7 vs MRB9,
at concentration (b); @ p<0.05 for MRH7 vs MRB9, at concentration (c).
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3.3.1.3 Effect of MRH7 in combination with ethambutol (ETH) on the intramacrophagic
growth of M. avium 2447 SmT

The effects of the chelator MRH7 and of the classic antimycobacterial antibiotic, ETH, were
evaluated per se and in combination. Different concentrations of ETH were tested in
preliminary studies and the chosen value 7.2 uM (2 ug/ mL) represents the concentration
for which the effect of the antibiotic alone is virtually null. The experiments were performed
using a fixed concentration of the antibiotic combined with MRH7 in the concentrations of
5, 10 and 20 pM. The antimycobacterial activity of MRH7, ETH and their combination was
compared with the control (no treatment) and all the conditions were compared between
them. The results obtained are represented in Figure 3.5.

The results of the combination of MRH7 with ETH reveal that the effect is significantly
different from the control for all the concentration range, even at the lowest concentration
(5 uM) of MRH7. Also, the effect of the combination of MRH7 with ETH at 10 and 20 uM is
significantly higher than the effect obtained with ETH per se.

Considering the combination of MRH7 with ETH at the highest concentration of chelator (20
uM), the effect is also significantly higher than that obtained for MRH7 per se, at the same
concentration.

These data reinforce our hypothesis of the advantageous use of the combination of iron(lll)
chelators and the clinically used antimycobacterial antibiotic, ETH, as a strategy to fight M.
avium infections. This approach may be useful as two different targets are simultaneously
considered, the effect of chelators on the iron deprivation and the activity of ETH in the

disruption of mycobacterial cell wall.
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Figure 3.5 - Effect of MRH7, ETH and their combination on intramacrophagic growth of M. avium. BMM were infected with
M. avium 2447 (SmT). Each compound was added, just after infection, at a concentration of 5, 10 and 20 yM for MRH7 and
7.2 uM for ETH. Infected BMM were incubated for 5 days to measure the intracellular growth of bacteria. The difference, in
terms of log;o CFU/well, between days 0 and 5 was designated “log,, increase”. The graphs show the geometric mean + SD
of the logyo increase per well obtained from three wells for each condition from four independent experiments. Statistical
analysis was performed using ANOVA test to compare the bacterial growth in the absence or presence of MRH7, ETH or their
combination and in the presence of MRH7, with or without combination of ETH. Statistical significance: * p<0.05 and ***
p<0.001 when compared with control (no compound); # p<0.05 or ### p< 0.001 when compared with ETH 2 pM; @ p<0.05
when compared with MRH7 (without ETH).

3.4 Conclusions

Our previous results demonstrated that rhodamine-labelled iron chelators are able to restrict
M. avium growth inside macrophages due to their ability to chelate the iron available for the
bacterial survival [1, 3, 4]. These results have also shown that the non-fluorescent ligand is
not active against intramacrophagic growth of the bacteria and also that the inhibitory effect
is strongly dependent on the fluorophore. In particular, the more active chelators are those
conjugated with rhodamine B isothiocyanate, emphasizing the importance of the
isothiocyanate group but also the relevance of the lipophilicity which seems to favour the
membrane interaction and consequently the antibacterial activity [4, 272]. M. avium is an
intracellular pathogen that survives in the phagosome and that has the capacity to prolong
its life by blocking phagosome maturation thus maintaining the access to extracellular and
endosomal iron sources [306]. Consequently, the ability of the chelator to enter inside the
host cell, cross membranes and reach the infection target is an additional requirement for
an efficient iron-depriving effect of the ligand.

Several aspects of the structure activity relationships were investigated, namely the
importance of the isothiocyanate group, or even the thiourea group, and the importance of

global lipophilicity and charge of the chelators in study.
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Isothiocyanates (ITCs) that are naturally present in cruciferous vegetables (such as broccoli
and cabbage) are released by mechanical disruption of cruciferous plant tissues. Several
examples of the antibacterial activity against Gram-positive and Gram-negative bacteria are
described for ITCs. The mechanism of action of ITCs is based on disturbing the bacterial
membrane and is also described an effect on the inactivation of extracellular enzymes
through oxidative cleavage of disulphide bonds, which was proposed to be mediated by the
formation of reactive thiocyanate radicals [307-313].

As the more efficient chelators contain a thiourea group, we consider plausible that this
group may also be important for antimycobacterial effect and we hypothesise that the
presence of thiourea group in the structure of the chelators may allow the targeting of the
bacterial cell wall, and this effect although not enhancing the ironing out effect but could
also help to control the survival of the pathogen.

The introduction of the thiourea group in the molecular framework of the first rhodamine
labelled chelator synthesized by our research group, MRH7, was not deliberate but it was
a consequence of the rhodamine framework that was used in the synthesis [3]. In the
condensation reaction to link the fluorophore to the chelating unit, the reaction of the
thiocyanate group with the amine conduces to the formation of a thiourea linkage. Several
studies reported the antibacterial activity of molecules with this functional group [314, 315]

and namely against mycobacterial species such as M. tuberculosis and M. avium [316-323].

The relevance of the charge of the chelator was also investigated and, for this propose, the
ligand MRB20 was synthesized. This topic has particular interest due to existence of reports
in the literature of the targeting of mitochondria by compounds with charged rhodamines in
their structure, which could be related with some toxicity for the host cells [324, 325].
Moreover, we are interested in study if a positive charge of the chelators, in comparison to
the zwitterionic chelators tested in our previous studies [1, 4], influences their interaction
with biological membranes, such as reported for other molecules, namely antimicrobial
peptides (reviewed in [326, 327]).

The contribution of the different lipophilicity of rhodamine fragment was evaluated by
comparing structurally related chelators, MRH10 and MRB9, in which the functional groups
of the linkage or linked to the nitrogen atom in the xanthene ring were changed, in

comparison with MRH7.
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The present results show that:

i) Ligands MRB2, MRB4 and MRB20 do not significantly decrease M. avium growth at any

of the tested concentration (from 1 to 60 uM);

ii) Ligands MRB4 (10 uM) and MRB20 (30 and 60 pyM) were toxic and lead to the death of

the macrophages cultures;

iif) The inhibitory effect of the rhodamine B isothiocyanate derivatives (MRH7 and MRH10)
is superior to the one observed for carboxytetraethylrhodamine chelator (MRB9).

iv) The highest inhibitory effect was obtained for the chelator labelled with rhodamine B

isothiocyanate, MRH7, with ethyl groups linked to the nitrogen atom in the xanthene ring.

The inefficiency of ligand MRB2 corroborates the importance of the thiourea linkage and
the results seems to demonstrate that the presence of the sulphur atom, namely in other
functional groups, is not a sufficient property to reach the final biological activity.

Ligand MRB4 includes a naphthalene fragment as a fluorophore moiety. This framework
seemed promising to include on the structure of our ligands, however revealed toxicity for
the macrophages cultures. We reduced the concentration range tested for ligand MRBA4,
comparing to the concentrations tested for rhodamine derived ligands to allow the execution
of the experiments. This apparent toxicity could be justified by several reports in the
literature concerning on the ability of ITCs and naphthalene derived molecules to interfere
with the cell stability and act as chemotherapeutic agents in cancer therapies [328-334].
The toxicity verified for the cultures of macrophages to which the ligand MRB20 was
administered (at 30 and 60 uM), could probably be related with the targeting of the positively
charged ligand to the mitochondria and the associated destabilization in the metabolism of

the cell, leading at least on the death of the macrophages.

The present results substantiate that the inhibitory effect of rhodamine labelled 3,4-HPO
chelators is strongly dependent on the fluorophore and confirm the importance of the a
zwitterionic global charge, the thiourea linkage, the ethyl substituents on the amino groups
of the xanthene ring and the advantage of their associated inclusion in the rhodamine
molecular framework. As hexadentate chelators are more effective than the bidentate for

lower doses, the ligand that comprises all these characteristics is MRH7.

Moreover, the combined administration of chelator MRH7 with the antibiotic ethambutol

proved to be advantageous to achieve a higher antimycobacterial effect when compared
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with the activity of the chelator and the antibiotic per se. The results imply that it is possible
to reduce the amount of chelator used to obtain a significant biological effect while
simultaneously improving the activity of ETH.

To the best of our knowledge the present work is the first report revealing the advantageous
combination of iron chelators and classic antibiotics in the treatment of intracellular

infections such as M. avium infections.

These results reinforce our hypothesis in which compounds including the thiourea group in
their structure and high lipophilicity (N-ethyl substituents in xanthene ring) seem to be the
most promising approach for designing this class of molecules and also their combination

with classic antibiotics used in clinics.

Several 3,4-HPO chelators have also been tested as antibacterial agents against other
bacterial pathogens. Since there is no report in the literature concerning the effect of
fluorescent 3,4-HPO iron(lll) chelators against other bacterial species, namely against
extracellular bacteria, we considered the investigation of the effect of the fluorescent
chelators in study in the present work against other bacterial pathogens.

The rhodamine derived chelators have also been tested against extracellular bacteria. The
potential effect of the iron(lll) chelators was evaluated by determining the minimum
inhibitory concentration (MIC) of the compounds that can limit the bacterial growth, after the
incubation time of 24h. All the compounds were tested in at least three independent assays

and the results are summarized in Table 3.1.
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Table 3.1 - Antibacterial activity of chelators (MIC). MICs for bacteria were determined in Iso-Sensitest broth after 24 h of

incubation at 37°C, according to the standard micro-dilution technique and with visual inspection of bacterial growth [335].

Gram-negative bacteria Gram-positive bacteria

. Klebsiela . .
Tested E. coli ATCC I . P. S. aureus S. epidermis
pneumoniae

compound 25922 ATCC 13883 aeruginosa ATCC 25923 ATCC 12228
MRB7 >0.133 >0.126 > 0.147 0.133 >0.171
MRB8 >0.130 >0.130 > 0.147 0.130 0.171
MRB9 >0.125 >0.125 >0.125 0.125 0.063
MRB2 >0.126 - - >0.126 -
MRB20 0.034 - - 0.016 -
MRH7 0.063 >0.127 > 0.147 0.016 0.086
MRH8 >0.136 >0.136 >0.147 0.068 0.147
MRH10 >0.126 >0.126 >0.126 0.063 0.016

Hdmpp > 0.255 > 0.255 > 0.255 > 0.255 > 0.255
CP256 >0.130 >0.130 >0.130 >0.130 0.130

The antibacterial effect of the chelators MRH7, MRH8, MRH10, MRB7, MRB8, MRB9 and
MRB20 was tested and compared with the effect with the non-functionalized hexadentate
and bidentate chelating units, CP256 and Hdmpp, respectively.

The results have shown that the majority the fluorescent hexadentate chelators have higher
activity against Gram-positive bacteria than against Gram-negative bacteria, with the
exception of MRH7 and MRB20, which were effective against both Gram-negative (E. coli)

and positive bacteria.

Amongst the bidentate chelators, only MRB20 has shown antibacterial activity against
extracellular bacteria, for both Gram-negative and positive bacterial types. However, this
chelator seems to be more active against Gram-positive bacteria, namely S. aureus. As this
ligand differs from the other bidentate ligands tested in the global charge (positive for
MRB20), we hypothesize that the presence of charge contributes to the toxicity of this

chelator for BMM (as discussed in Chapter 3 and 5) although this property seems to be
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relevant for the activity against extracellular Gram-positive bacteria, probably by the higher

ability to cross or to interact with the bacterial membrane.

Comparing the fluorescent hexadentate ligands (MRH7, MRH8 and MRH10), the most
active hexadentate chelator against S. aureus was MRH7 and the effect of the other two
hexadentate fluorescent ligands is similar against this bacteria.

The present results have also demonstrated that the chelator MRH10 showed highest
activity against S. epidermidis, followed by MRH7 and MRHS8.

MRH8 (not containing thiourea group) have shown the lowest activity against the bacteria

in study.

Most important, the relevance of the presence of the thiourea linkage in the structure of the
chelators for their activity against extracellular bacteria has also been confirmed.

As previously found in experiments with M. avium, the non-functionalized chelating units,
CP256 and Hdmpp, were not active against the extracellular bacteria studied, suggesting
that the chelating property per se is not sufficient, reinforcing the importance of the
contribution of a lipophilic component, namely the rhodamine moiety, in the entire structure

of the chelator.

The higher antibacterial effect demonstrated for Gram-positive bacteria may be related with
the differences in the organization of the bacterial cell wall and the different ability of the
chelators to interact with the bacterial membranes.

In one hand, Gram-negative bacteria may be less accessible for the penetration of the
chelators as this type of bacteria possesses an inner cytoplasmic cell membrane, a cell wall
with a thin peptidoglycan layer and a more complex external membrane, limiting the
permeation of the drugs. On the other hand, the composition of the cell envelope in Gram-
positive bacteria are less complex and is constituted by a cytoplasmic membrane and a
thick peptidoglycan layer in the cell wall, leading to an easier barrier to cross and thus

facilitating the permeation of the chelators.

More insights about this effect was obtained with studies concerning on the correlation of
the presence of diverse functional groups in the structure of the chelators and their
interaction with membrane models (as referred in Chapter 4 and reference [272]). Those
results indicative that the presence of a thiourea link and ethyl groups in the structure of the
chelators seem to improve the interaction of these ligands with the liposome surface and

their ability to penetrate deeper into the non-polar region of the lipid bilayer.
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These results reinforce the importance the rhodamine framework and the advantage of the
presence of the thiourea linkage in the structure of the chelators for their activity against
extracellular bacteria, as verified in the investigations about the effect of these ligands to
fight M. avium intramacrophagic infection [4, 276].

The importance of the lipophilicity seems to be not as relevant as for the activity of the
ligands against M. avium, as the chelators with the thiourea link (even with N-ethyl groups
or N-methyl groups, MRH7 and MRH10, respectively) seem to be more effective as

antibacterial agents than those with amide linkage.

As a final remark, we would like to highlight that the present results improve our knowledge
about SAR and are relevant for the design of novel molecular architectures to be considered
as promising drugs to fight infections caused by these families of bacterial species.
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4. INTERACTION OF 3,4-HPO CHELATORS WITH BIOLOGICAL
MEMBRANES

4.1 Introduction

Drug-membrane interactions have enormous importance in drug design processes and the
understanding of these interactions at a molecular level allows the development of more
effective antibiotics with higher intrinsic activity and higher capacity to reach their targets
[327, 336, 337]. Even when the drug’s target is not the lipid bilayer of the cell membrane or
is not located in a membrane structure, such as receptors or transporters, drugs have to
interact or cross the cellular membrane in order to reach their targets [338]. In the context
of M. avium infection, the ability of drugs to interact with and cross barriers is particularly
important because M. avium is a facultative intracellular pathogen that resides in
mammalian cells, such as macrophages, where bacteria are confined inside phagosomes.
Moreover, the complex composition of the cell wall of these pathogens is an additional
obstacle to the permeation of antibiotics (referred in [89]). Thus, it is of extreme importance
the study of the interaction of parental chelators with the membrane and how this
phenomenon is related with antimycobacterial effect.

Several examples are reported in the literature, in which membrane interactions are
suggested as part of the activity of different antimicrobials such as anti-parasite, antifungal
and antibacterial drugs, namely fluoroquinolones and macrolides (see [336] for a review).
Distinctive interactions of fluoroquinolones with membranes are correlated with their efflux
from bacteria. In the case of macrolides, their toxicity seems to be associated with the
effects that macrolides produce in the membrane. Other examples of the importance of drug
membrane interactions are also reported for other classes of drugs such as anti-
inflammatory, cardiovascular, antipsychotic, anticancer, anticonvulsive and anaesthetics,
as reviewed in [336].

The studies referred above have shown how the interactions between the drug and the
membrane of the cell (or membrane models) can change different membrane properties

and that these interactions can favour the pharmaceutical activity of the drug itself.

In studies regarding the inhibitory effect of several 3,4-HPO chelators on intracellular growth
of M. avium, the results have shown that the chelation of iron is a determinant although not

sufficient property for antimicrobial activity [1]. Also, the biological activity seems to be
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related with the fluorophore structure, where MRH7/ MRB7 are more effective than MRH8/
MRB8, pointing out the importance of the HLB in the final structure of the chelators [4].

Together with other reports in the literature [339, 340] where the authors demonstrated the
importance of the fluorophore in the structure of rhodamine B conjugated peptides for their
interaction with the membrane, we hypothesized that rhodamine B potentiates the effect of
the iron chelators by enhancing their ability to cross the membranes and reach the

phagosome.

Comparative studies of the partition and distribution of fluorescein or rhodamine derived
chelators have been previously performed by our research group, in liposomes and
macrophages. The latter have provided evidence that compounds with higher biological
activity interact strongly with lipid phases and cross cell membranes while the less-active
do not [3].

Considering that the knowledge about permeation of drugs across a lipid bilayer is crucial
to understand the mechanism of action of drugs and is a significant contribution to the
development of new bioactive molecules, we further explored the interaction of the chelators
with model membranes. We selected a set of four chelators, MRH7, MRB7, MRH8 and
MRBS8 to be studied.

Drug membrane interactions were assessed through spectroscopic technics such as
Fluorescence, NMR and EPR spectroscopies. Fluorescence confocal microscopy was also
used to map the cellular distribution of fluorescent chelators inside bone marrow derived
macrophages and its compartments. To get insight on the chelators’s uptake by the cells,
fluorescence confocal microscopy studies were also performed with peripheral blood
mononuclear cells (PBMCs).

The combined use of several methodologies allows correlation of the structure of the
chelators with their different affinity for lipid phases and their distribution inside the cells.
This knowledge is crucial to understand if these properties are relevant for the access of
chelators to their targets and to the future design of novel iron chelators with improved

antibacterial activity.

The experiments concerning the intracellular distribution studies of fluorescent chelators in
BMM and PBMCs were performed at “IBMC - Instituto de Biologia Molecular e Celular”. The
studies with macrophages were part of the collaboration with the group of Professor Maria

Salomé Gomes, Il - Iron and Innate Immunity. The experiments with PBMCs were
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performed in the group of Professor Graga Porto, BCRIB - Basic & Clinical Research on

Iron Biology.

As a complementary approach to investigate the interaction of the chelators with model
membranes, Molecular Dynamics (MD) simulations were performed and the results
obtained in the studies for chelators MRB7, MRB8 and MRH7 are also discussed in the
conclusions of this chapter (Chapter 4.4).

Computational studies were performed by Theoretical Biochemistry group of Professor

Maria Joao Ramos and Professor Pedro Fernandes.
The computational and NMR studies performed are published in:

[272] Coimbra, J.T.S.#, Moniz, T.#, Bras, N.F.#, Ivanova, G.”, Fernandes, P.A., Ramos, M.J.
and Rangel, M., Relevant Interactions of Antimicrobial Iron Chelators and Membrane
Models Revealed by Nuclear Magnetic Resonance and Molecular Dynamics Simulations,
The Journal of Physical Chemistry B, 2014, 118, 14590-14601. (*These authors contributed
the same.)

Moniz, T., de Castro, B., Rangel, M. and Ivanova, G., NMR study of the interaction of
fluorescent 3-hydroxy-4-pyridinone chelators with DMPC liposomes, Physical Chemistry

Chemical Physics, 2016, accepted manuscript.

4.2 Methods

4.2.1 Chemicals and instrumentation

Chemicals were obtained from Sigma—Aldrich (grade puriss, p.a.) or Fluka (p.a.) and were
used as received unless otherwise specified.

The lipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DMPG) were purchased from Avanti
Polar Lipids (Alabaster, AL, USA). 1,6-Diphenyl-1,3,5-hexatriene (DPH) and
trimethylammoniumdiphenylhexatriene (TMA-DPH) were purchased from Sigma and Fluka,
respectively. 5- doxyl-stearic acid (5-DSA, free radical) and 16-doxyl-stearic acid (16-DSA,
free radical) were all purchased from Sigma.

NMR experiments were recorded on a Bruker Avance 11l 600 HD spectrometer, operating

at 600.13 MHz for *H, equipped with 5 mm CryoProbe Prodigy and pulse gradient units,
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capable of producing magnetic field pulsed gradients in the z-direction of 50 G cm™.
Electron paramagnetic resonance (EPR) spectra were measured on a Bruker ELEXSYS E
500 equipped with a variable temperature unit controller ER 4B1 VT.

Fluorescence measurements were performed in a Varian Cary Eclipse spectrofluorometer,
equipped with a constant temperature cell holder (Peltier Multicell Holder, Cary
Temperature Probe series 1l). To minimize reabsorption effects, the absorbance’s sample

values were kept below 0.1.

4.2.2 Liposome preparation

As membrane models, we used DMPC, which is a zwitterionic phospholipid, as mammalian
cell membrane model and DMPG, an anionic phospholipid, was selected due to its

abundance in bacterial cell membranes [341, 342].

Liposomes were prepared by evaporation to dryness with a stream of nitrogen of a lipid
solution in chloroform in case of DMPC or in mixture of chloroform/ methanol (1:1) for DMPG
[3]. The films were maintained under a vacuum, for a minimum of 4 h to remove all traces
of organic solvents. The resulting dried lipid films were dispersed with MOPS buffer and the
mixture was vortexed above the phase-transition temperature (37 + 0.1°C) to produce
multilamellar liposomes (MLVs). The multilamellar liposomes were then subjected five times
to the following procedure: freeze vesicles in liquid nitrogen and then warm in a water bath
at 37 £ 0.1 °C. Lipid suspensions were equilibrated at 37 £ 0.1 °C for 30 min and extruded
ten times through polycarbonate filters (100 nm) to produce large unilamellar vesicles
(LUVs). Extrusion of liposomes was performed with a Lipex Biomembranes (Vancouver,
Canada) extruder attached to a circulating water bath. The size distribution of extruded
DMPC or DMPG liposomes was determined by dynamic light scattering (DLS) analysis

using a Malvern Instruments Zetasizer nano ZS.

For steady state anisotropy studies, stock solutions of DPH or TMA-DPH (in methanol) were
codissolved in the lipids solution and mixed. Then, the mixture was dried to form the lipid
films. The molar ratios of DPH:lipid and TMA-DPH:lipid were 1:300 (mol:mol) [343-345].

For NMR studies, liposomes were prepared as described above in general protocol,
although the resulting dried lipid film was dispersed with D>O (= 20 mM), instead of using
MOPS buffer.

For EPR studies, spin-labelled liposomes were also prepared as described for fluorescence

studies with a slightly difference in the initial step, where the lipid was codissolved with the
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spin labels (5-DSA or 16-DSA) (from a stock solution in methanol) in the ratio 1:100
(mol:mol) of spin label:lipid [343].

4.2.3 Fluorescence spectroscopy
4.2.3.1 Partition constants (Kp)

The effect of the liposomes on the fluorescence intensity of the chelators was different
according to the type of fluorophore used. A fluorescence enhancement was observed for
chelators MRH7 and MRB7 while a fluorescence quenching was found for chelators MRH8
and MRB8. As a consequence, two different equations were used to calculate the values
of the corresponding Partition Constants (Kp).

For MRH7 and MRB7, Kp values for the liposome distribution of chelators were determined

using the equation:

Al [Lipid]

1 .
m + [llpld]

Al =

in which | is the fluorescence intensity of the fluorophore in the presence of lipid vesicles
and lo is the fluorescence intensity in its absence, Al =1 — Iy, Alyay =1 — Iyis the
maximum difference in fluorescence intensity, I, represents the limiting value of I, and y is

the molar volume of the lipid [337].

For MRH8 and MRBS8 data were analysed considering the Stern—Volmer equation [337,
346]:

Iy
7= 1+ Ky [Q]

In this equation, lp and | are the fluorescence intensities in the absence and presence of the
liposome suspension (the quencher), respectively; Ksy is the the Stern—Volmer constant;
[Q] is the concentration of the liposome suspension.

Fluorescent chelators were added to suspensions with increasing concentrations of these
liposomes, by dilution of the appropriate amount of DMSO stock solutions of chelators in
the liposome suspensions to give a final concentration of 3 uM of chelator.

Samples were prepared by adding a known volume of chelator, a suitable aliquot of vesicle

suspension (LUVs) and MOPS, whereas the corresponding references were prepared in an
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identical manner but without the chelator (final volume of 1.5 ml). All suspensions were then
vortexed for 2 min and incubated at 37 °C for 2h. Three sets of samples were used in each

experiment. Experiments were performed according to the methods described [3, 345].
4.2.3.2 Steady state anisotropy

The structural order of a lipid membrane system in interaction with fluorescent chelators
was investigated by measuring, as a function of temperature, the steady-state fluorescence
anisotropy (rs) of DPH and TMA-DPH incorporated into DMPC or DMPG liposomes.
Fluorescent chelators were added to these liposomes by dilution of the appropriate amount
of DMSO stock solutions of chelators in the liposome suspensions (2mM) to give a final
concentration of 3 uM of chelator. MOPS buffer 0.1M NaCl, pH 7.4 was used to adjust the
samples to the final volume (1.5 ml). After addition of chelators into the liposome
suspension, the mixtures were vortexed. The suspensions of liposomes were mixed with
TMA-DPH or DPH for 30 min. The corresponding references were prepared in an identical
manner but without the chelator.

The steady-state fluorescent anisotropy was recorded at 2 - 4 °C intervals for all studied
systems, using both probes, in the range of temperature from 0 to 40 °C. Samples were left
to stabilize during five minutes at each temperature. The excitation and emission
wavelengths used were 355/426 and 336/427 nm for TMA-DPH and DPH, respectively.
Three independent experiments, for each system, were made. Fluorescence anisotropy

experiments were performed according to the methods described [344, 345].
The steady state fluorescence anisotropy (rs) [347] is defined by the following equation:

lyy — IyyG

5T, + 2LnG

where Iyv and Ivy are the intensities measured in directions parallel and perpendicular to
the excitation beam, respectively. The correction factor G is the ratio of the detection system
sensitivity for vertically and horizontally polarized light, which is given by the ratio of vertical
to horizontal components when the excitation light is polarized in the horizontal direction
[347]:

G = lnuv/ I
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The following equation was fitted to the anisotropy versus temperature data:

Ts1 — Ts2

s =7Tgy +
_1)

T
1+ 107 (™
where T is the absolute temperature; Tr, is the midpoint phase transition; and rs1 and rs; are
the upper and lower values of rs. B’is the slope factor which is correlated with the extent of
cooperativity (B) by B = [1 1/(1 + B’)]; the introduction of B yields a convenient scale of
cooperativity ranging from O to 1 [348].

4.2.4 Magnetic resonance spectroscopy
4.2.4.1 NMR studies
Chelator/Liposome Mixtures for NMR studies

Stock solutions of compounds MRB7 and MRB8 were obtained by preparing a solution of
the compound in dimethylsulfoxide (DMSO-ds). For the preparation of NMR samples, 15uL
of the chelator stock solution was added to the DMPC liposome suspension (2 x 102 M) to
lead to a final concentration in the samples of 3 x 10° or 3 x 10 M, respectively for the
studies at high (*) and low concentration conditions. The choice of this concentration and
molecular ratio for the “low concentration conditions” was based on the concentration of
chelator used for studies with other techniques, namely fluorescence and EPR studies.
Higher concentration conditions have been also studied in order to follow the NMR
parameters of the chelators.

After addition of the chelator solution to the liposome suspension, the mixtures were mixed
for 5 min producing the samples labelled as DMPC-MRB7*(2 x 102 M : 3 x 10 M), DPMC-
MRB8*(2 x 102 M : 3 x 103 M), DMPC-MRB7(2 x 102 M : 3 x 10% M) and DMPC-MRB8(2
x 102 M : 3 x 105 M).

In MRB8 experiments, at 60h, a small amount of SmCl; (~1 mg) was added to the mixture

in order to induce significant chemical shift on choline signals.
NMR spectroscopy measurements

Before starting the NMR experiments, the temperature was stabilized and kept at 310 K, as
measured using the spectrometer thermocouple system.
The NMR measurements were carried out in deuterium oxide (D20), at 310 K and spectral

width of 10000 Hz. *H NMR experiments were performed with water suppression using
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excitation sculpting with gradients [349]. Chemical shifts of the *H NMR signals were
obtained by referring to the absorption frequency of the deuterated solvent monitored as
the lock signal and further scaled to the resonance frequency of DMSO- ds added in equal
amount (15 pL) to all samples.

Typically, in each experiment a number of 16 spectra of 16K data points and 64 scans were
collected. The pulse gradient (g) was incremented from 2 to 98% of the maximum gradient
strength in a linear ramp. The spectra were processed with the Bruker Topspin software
package (version 3.2). For each sample at least two independent assays were performed,
using freshly prepared liposomes.

4.2.4.2 EPR studies
Chelator/Liposome Mixtures for EPR studies

To the lipid suspension (1.5 mL, 2 mM), the appropriated amount of chelator was added in
order to get a 3 UM concentration. The mixtures were incubated for 2h at 37 °C in order to
allow the chelator—vesicle interaction, before recording the spectra [343].

Spectra were acquired at 37 °C (310K) using a central field of 3360 G, a sweep width of
100 G and a modulation frequency of 100k Hz. A microwave power of 5 mW was used and
5 or 10 scans recorded for 16-DSA or 5-DSA probe, respectively, with a modulation
amplitude of 4 G, 60dB of gain and a time constant of 100 s or 200s for 16-DSA or 5-DSA

probe, respectively. Three independent experiments, for each system, were performed.

In the EPR spectrum of 5-DSA incorporated into the lipid membranes, the fluidity of the
membrane can be estimated from the outermost separation between the spectral extremes,
the maximum hyperfine splitting (2Amax) (Figure 4.1). This value reflects the rotational
motion freedom of the phospholipids close to the polar head group in the bilayer, which

increases with the decrease in fluidity [350].

The rotation correlation time (7) is the parameter that can be obtained from the EPR
spectrum of the 16-DSA incorporated in the lipid bilayer and reflects the motion of the probe,
which is also an indication of the fluidity of the membrane. This parameter is calculated

using the equation:
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h 0.5
7(s) = 6.5 x 10710 W, [(h—o) - 1]
-1

where Wy is the midfield line width and he and h-; are the mid- and high-field line amplitudes
(Figure 4.1), and 1 increases with the decrease in fluidity [343, 350].

16-DSA-DMPC w, 5-DSA-DMPC

D

r T T T T T ] r T T T T T ]
3300 3320 3340 3360 3380 3400 3420 3300 3320 3340 3360 3380 3400 3420
Magpnetic Field (G) Magnetic Field / G

Figure 4.1 — Representation of Wy, hg e h.; (left) and 2Ana, in representative EPR spectra of 16-DSA and 5-DSA in DMPC

liposomes, respectively. Adapted from [343].

4.2.5 Intracellular distribution of fluorescent chelators in BMM and PBMCs

4.2.5.1. Bacteria

M. avium 104:pMV306 (hsp60/gfp) expressing green fluorescent protein (M. avium-GFP)
was used in confocal microscopy experiments [351]. Mycobacteria were grown to mid-log
phase in Middlebrook 7H9 medium (Difco, Sparks, MD) containing 0.04% V/V of Tween 80
(Sigma, St. Louis, MO) at 37°C. Bacteria were harvested by centrifugation, suspended in a
small volume of saline containing 0.04% V/V of Tween 80 (Sigma) and briefly sonicated in
order to disrupt bacterial clumps. The suspension was diluted and stored in aliquots at -

80°C until use.

4.2.5.2 Bone marrow derived macrophages (BMM)

Macrophages were derived from the bone marrow of BALB/c mice. Each femur was flushed
with 5 mL of HBSS (Life Technologies, Paisley, U.K.). The resulting cell suspension was
centrifuged and the cells re-suspended in DMEM (Life Technologies, Paisley, U.K.)
supplemented with 10 mM glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 10% FBS
(Fetal Bovine Serum) (Life Technologies), and 10% of LCCM as a source of Macrophage
colony stimulating factor (M-CSF). According to manufacturer’s information, the iron (Fe(l11))
content of DMEM is 0.25 mM. The added FBS contributes an additional 3 mM of iron. In
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order to remove fibroblasts, the cells were cultured overnight, at 37°C in a 7% CO;
atmosphere, on a cell culture dish. The non-adherent cells were collected with warm HBSS
medium, washed and resuspended in DMEM with 10% LCCM at a cell density of 10°
cells/ml. 300 pL of this cell suspension was distributed per well in p-Slide 8 well plates
(IBIDI) which were incubated at 37°C in a 7% CO. atmosphere. Three days later, 30 pL of

LCCM was added. On the 7th day of culture, the medium was renewed [4].
4.2.5.3 Isolation of human peripheral blood cells (PBMCSs)

PBMCs were obtained from apparently healthy volunteer blood donors, randomly recruited
at “Hospital de Santo Antonio” Blood Bank (Porto, Portugal) who gave their consent to
participate in this study, approved by the “Hospital de Santo Anténio” Ethical Committee.
The blood was diluted (1:2) with PBS and cells were isolated by gradient centrifugation over
Lymphoprep (Nycomed). After the first centrifugation, the buffy coat was collected and
diluted with PBS. After the lysis of erythrocytes and the remove of the platelets, cells were
resuspended in RPMI (GibcoBRL) supplemented with 10% fetal calf serum (FCS;
GibcoBRL) and incubated at 37°C in a 5% CO, atmosphere overnight, according to the
methods described in the literature [352]. In the next day, cells were resuspended in RPMI
(GibcoBRL) for visualization under the microscope.

4.2.5.4 Confocal microscopy of BMM

For live cell imaging of intracellular probe distribution, BMM were plated onto p-Slide 8 well
plates (IBIDI) at 10° cells/mL and visualized on the 14" day of culture. For late endosomal
labelling, fluorescein-conjugated dextran (10,000 MW) (Invitrogen) was added at 100 ug/
mL for 4 h and subsequently chased overnight with cell medium. For phagosomal labelling,
cells were incubated with fluorescein-conjugated Zymosan A S. cerevisiae BioParticles
(Invitrogen) or fluorescent Latex beads (amine-modified polystyrene, 2um) (Sigma) (30
particles/cell) for 20 min or 3h, respectively, subsequently washed with PBS and the cell
medium was replaced.

For imaging mycobacteria, BMM were infected on the 10" day of culture (4 days before
imaging) with M. avium-GFP (10° CFU/mL) for 4h and then the cells were washed with
HBSS and the medium was replaced with DMEM 10% LCCM, according to the protocol
described in previous work [4]. As a control group, other BMM were infected with M. avium
2447 (10° CFU/mL) in the same experimental conditions and no differences were obtained
in the distribution of chelators in non-infected BMM (data not shown). For golgi labelling,

CellLight Golgi-GFP, BacMam 2.0 (Invitrogen) was added (20 particles/cell) and incubated
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overnight. All chelators tested were incubated for 20 min (5 uM of MRH7 or MRB7 or 30 uM
of MRH8 or MRBS8) in the BMM culture. Simultaneously to the addition of the chelators,
fluorescein-conjugated dextran (100 pg/ mL), MitoTracker Green FM (Invitrogen) (100 nM)
or ER-Tracker Green (Invitrogen) (1 uM) were added for early endosome, mitochondria or
endoplasmic reticulum (ER) labelling, respectively. Cells were washed with cold PBS and
resuspended in RPMI medium (no phenol red) (Life Technologies, Paisley, U.K.).
Macrophages were observed and photographed in a Laser Scanning Confocal Microscope

Leica TCS SP5II (Laser Microsystems, Germany) with the 40x water objective.
4.2.5.5 Confocal microscopy of PBMCs

The number of cells were estimated and the cells were plated onto 15 mL falcons at 10°
cells/mL, in RPMI medium. All chelators tested were added and incubated for 20 min (5 uM
of MRH7 or MRB7 or 30 uM of MRH8 or MRB8) in cell culture medium, based on the
concentrations optimized in the experiments with BMM. Cells were washed with cold PBS
and resuspended in RPMI medium (no phenol red). For live cell imaging of intracellular
distribution of the chelators, PBMCs were transferred to p-Slide 8 well plates (IBIDI) and
cells were observed and photographed in a Laser Scanning Confocal Microscope Leica
TCS SP5II (Laser Microsystems, Germany) with the 40x water objective.

4.3 Results and Discussion
4.3.1 Fluorescence spectroscopy
4.3.1.1 Partition constants (Kp)

In order to investigate the relation between the antimycobacterial activity and the affinity for
(liposome) membranes, partition studies were performed using, liposome suspensions of
DMPC and DMPG lipids (Figure 4.2) as membrane models.
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Figure 4.2 — Formulae of DMPC and DMPG lipids used for the preparation of liposomes.
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The value of K, is an indication of the interaction of the compound with the membranes and
reflects the preference of the ligands for the lipid or the aqueous phase. The values are
obtained by measuring and analysing the changes in the fluorescence intensity of the
fluorescent molecule (chelators) upon being incubated with liposome suspensions of
increasing concentrations.

The partition constants (Table 4.1) of chelators MRB7, MRH8, MRB8 in DMPC and DMPG
suspensions were determined as described previously for MRH7 [3, 345]. In Figure 4.3 a
representative fluorescent intensity spectra and a fitting of fluorescence intensity
parameters are shown for MRB7 in the presence of DMPG and for MRB8 in the presence

of DMPC.
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Figure 4.3 — Representative spectra of the fluorescence intensity (FI) observed for chelators MRB7 (A) and MRB8 (C) in the
presence of suspensions of DMPG and DMPC liposomes, respectively, prepared with lipid concentrations described in the
figures; Fitting of fluorescence intensity parameters of chelators MRB7 (B) and MRB8 (D) in the presence of suspensions of
DMPG and DMPC liposomes, respectively, at the different concentrations indicated. | and |, are the fluorescence intensity (F)

of the chelator in the presence or absence of liposomes, respectively.
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Table 4.1 — Kp and Ksy calculated for the fluorescent chelators MRH7, MRB7, MRH8, and MRB8 in DMPC and DMPG

liposomes suspensions.

MRH7 MRB7 MRHS8 MRB8

Kp 5848+906[3] 2586+300 K, 268+8 3275
DMPC

Ksy 177+8 216 £ 5

Kp 6144+316[3] 4784+322 K, 225+10 1231+34
DMPG

Ksy 117+10 639+34

For the rhodamine isothiocyanate labelled chelator (MRB7) the fluorescence intensity is
enhanced with the increase of liposome concentration, in the presence of DMPC and DMPG
liposomes. The fluorescence intensity enhancement is related with the interaction of MRB7

with the phospholipid membrane of the liposomes.

The values of K, obtained for MRB7 are lower than those obtained for MRH7 [3]
nonetheless those values are in the same magnitude, in both DMPC and DMPG
suspensions. Comparing the K, values obtained for DMPC vs DMPG, the value was higher
for the latter liposome suspension and this evidence was also verified for MRH7 [3].

In studies concerning the interaction of carboxy-rhodamine derived chelators (MRH8 and
MRB8) with membranes, the fluorescence intensity is quenched by increasing the liposome
concentration, in both DMPC and DMPG suspensions (Fig. 4.3 B and D).

This result is consistent with that described for the interaction of rhodamine B with
cyclodextrins, in which an enhancement or a quenching of the fluorescence intensity is
observed, according to the different part of the rhodamine B moiety that is included in the

cyclodextrins [353].

Due to the different data obtained for MRB7 vs MRH8 and MRB8, the equation used for
MRB7 (the same used for MRH7) is not the adequate for fitting the results obtained for
these chelators, and thus other equation was used to calculate the K, values. As a
guenching of the fluorescence intensity is observed and the data fit a linear equation, to
calculate the partition constant for MRH8 and MRBS8, the Stern—Volmer equation was

considered and a Ksy was determined.

However, in order to compare the values obtained for all chelators studied, the contribution
of the volume fraction of membrane phase has to considered by correcting the value of Ksy

with the molar volume (y) of the lipid, according to the following equations:

117



118

FCUP
Design of novel 3-hydroxy-4-pyridinone iron chelators to fight mycobacterium infection

Al =l P [llipid] and Al = . P llipid]
+ P -[lipid] 1+ P"-[lipid]
lipid
If
Al Pellipid] . P"[lipid] _  P-flipid] _ P"[lipid]
Loipopipip PRIl L p gy L+ P Dlipid]
Y lipid Vlipid

& P-[lipid] + P-[lipid]* P" -[lipid] = ——* P" [lipid] + P -[lipid]* P"- [lipid] <

Dipid

o P [lipid] = ——*P"-[lipid] < P"-[lipid] =

Ylipid Ylipid

*P.[lipid]

Considering:

P-[lipid]=K, and P"-[lipid]=Kgy :

The values obtained for chelators MRH8 and MRB8 were significantly lower than those
obtained for rhodamine isothiocyanate derived chelators and these results evidence the
relevance of the functional groups, namely the N-ethyl groups and the thiourea linkage, of

the rhodamine moiety for the interaction with lipidic components.
4.3.1.2 Steady state anisotropy

In the steady state fluorescence anisotropy studies, two different fluorescent probes DPH
(localized deeply in the bilayer) and TMA-DPH (localized near the lipid head groups) (Figure
4.4) were incorporated in DMPC or DMPG liposomes, according to the studies already
performed for MRH7 in previous work [345] and which will also be discussed in this section,
for comparison with the results obtained.

The fluorescent chelators MRB7, MRH8, MRB8 were incubated in liposome suspensions

to allow ligand/liposome interactions (Table 4.2).
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Figure 4.4 - Fluorescent probes used in steady state anisotropy studies.

Table 4.2 — T, calculated for DMPC and DMPG liposomes suspensions in the presence and absence of the chelators.

DPH TMA-DPH
No chelator 23.77 £0.19 24.01 £0.20
MRH7 24.14+ 0.19 [345] 23.84 + 0.20 [345]
DMPC MRB7 22.76 £0.25 23.43+0.21
MRH8 23.60 +0.28 23.57+£0.20
MRB8 23.64£0.21 23.56 £ 0.25
No chelator 23.35+0.19 23.91+0.20
MRH7 23.18 + 0.19 [345] 26.91 + 0.18 [345]
DMPG MRB7 22.62+0.20 2242 +£0.25
MRH8 22.49+0.21 22.39+£0.24
MRB8 22.47 £0.20 22.51+0.28

Considering the results obtained for the probe DPH incorporated in DMPC, there is no
significant change in the Tn. The same results are obtained for the same liposome
incorporated with TMA-DPH probe.

The results obtained for DMPG liposomes incorporated with DPH probe showed that the Tr,
remains the same in the presence of each chelator. The studies of DMPG liposomes
labelled with TMA-DPH probe showed that in the presence of MRB7, MRH8 and MRB8 the
Tm is not altered. However, in presence of MRH7, a slight increase in the value of T, was
verified and this fact can be related with the fluidity of the membrane induced by the
interaction with the chelator.

According to the results obtained by this technique, only discrete interactions were verified
which are justified by the existence of electrostatic interactions of MRH7 with the polar

heads of the lipids, as described for other drug-membrane interactions [343, 344, 354].
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4.3.2 Magnetic resonance spectroscopy

4.3.2.1 NMR Studies

The affinity of MRB7 and MBRS8 for the phospholipid bilayer of DMPC liposomes and the
chelators permeation properties through the vesicles were estimated with basis on the
induced alterations of a number of NMR parameters, such as chemical shifts and line shape,
of the lipids and the liposomes.

For experimental reasons, the bidentate MRB7 and MRB8 were chosen to be studied by
NMR. For NMR studies, DMPC liposomes were selected as a representative membrane

model due to our previous knowledge obtained in previous work [344].

Two lipid:chelator molar ratios were used to study the dynamics and interaction of MRB7
and MRB8 with DMPC liposomes. Analyses have been performed for samples with the
different molar ratios, as described in section 4.2.4.1. The molar ratio DMPC-chelator (2 x
102 M: 3 x 10 M) has been used for consistency with the concentrations used in the studies
of the interaction with membranes performed with other techniques and also with the
concentrations tested in the microbiology experiments. The higher molar ratio was used in
order to allow for the minimum amount of chelator to generate NMR signals with appropriate

intensity for measurements based on the chelators NMR spectra.

NMR studies were first carried out on “pure” DMPC liposome samples as a control and
afterwards on samples prepared by incubation of MRB7 or MBR8 with DMPC liposomes,
thus allowing the analysis of the changes in the chemical shifts induced by the presence of
compounds MRB7 or MBR8. NMR spectral analysis was carried out in the time range from
30 minutes to 48 or 60 hours after incubation of liposomes with the chelators.

The formulae and numbering of the fluorescent chelators under study in this work and of
the lipid DMPC are depicted in Figure 4.5.
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MRB7 MRB8

DMPC

Figure 4.5 - Formulae and numbering of MRB7 and MRB8 chelators and of the lipid 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC).

Resonance signals belonging to MRB7 and MRB8 were registered only in the NMR spectra
of DMPC-MRB7* and DMPC-MRB8* model systems due to their low concentrations in the
diluted samples. Representative *H NMR spectra of DMPC-MRB7*, DMPC-MRB8* and
DMPC liposomes in D20 recorded at 37 °C are shown in Figure 4.6 with the assignment of

characteristic resonance signals in the molecules.
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Figure 4.6 - 600.13 MHz 1H NMR spectra in D20 at 37 °C of: A. DMPC liposomes; B. DMPC-MRB7* and C. DMPC-
MRB8*.
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For the studies performed at low concentration conditions, the chemical shift changes of the
lipid resonances of protons (-CHz Choline (y), -NCH- Choline (B), -CH. (4-13); -CHs (14) -
OCHq3(sny, snz), and -OCH (sn.)) were observed and registered upon addition of MRB7 and
MBRS8, for the time interval from 30 minutes to 48 hours. The values are summarized in the
graphics in Figure 4.7 (A-F).
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Figure 4.7 - Variation along time of the chemical shift values of protons of different groups in the lipid structure in the presence
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Upon 30 minutes of incubation of the liposomes with the chelators, the resonances of N-
methyl (y) and N-methylene (B) protons of the choline groups located at the liposome
surface are up-field shifted in both DMPC-MRB7 and DMPC-MRB8 samples, in comparison
with the spectra of the liposomes without chelators (Figure 4.7 - A and B). These chemical
shift changes have shown the ability of both MRB7 and MBR8 molecules to interact with
the hydrophilic surface of phospholipid bilayer. A significant drop is observed after 30
minutes upon incubation and the chemical shift value is not further altered in the time
interval of the experiment. We believe that the electrostatic interactions between the local
charges of the neutral MRB7 or MRB8 molecules and lipids at lipid-water interface play a

dominant role in the molecular association to liposomes.

The changes in the resonances of the terminal protons of the acyl chains -CH. (4-13) and -
CHs (14) (Figure 4.7- C and D) provide the most important difference between the
permeation ability of chelators MRB7 and MRB8. The addition of MRB7 to the DMPC
vesicles induces significant up-field shift of the resonance signals of the methyl and
methylene protons of the hydrophobic chain region of the phospholipid bilayer in contrast
with the addition of MRB8 upon which no significant changes are observed in the chemical
shifts of the protons -CH- (13) and -CHs (14). Again, a significant drop in the chemical shift
value is observed after 30 minutes upon incubation and no further change was registered
in the time interval of the experiment.

The chemical shift values of protons of the glycerol framework, -OCH_ (sni, shsz), -OCH (sn.)
suffer very small or no changes upon incubation of the liposomes with the chelators (Figure
4.7 - E and F).

The chemical shift changes observed for the protons associated with the different functional
groups of the phospholipid can be related with a different distribution and location of MRB7
and MRBS in the bilayer of DMPC liposome. The results suggest that chelator MRB7
strongly interacts with the choline head groups at the surface of the liposome sphere and is
able to permeate deeper and reach the centre of hydrophobic area of the phospholipid
bilayer as demonstrated by the significant perturbations of the proton resonances induced
on the terminal protons of the acyl chains located in that area, -CHsz (14). In contrast, MRB8
molecules strongly interact with the polar surface of liposomes and seem to be preferably
trapped between the polar interface and ester groups of the lipid bilayer thus justifying the

non-perturbation of the proton resonances belonging to the lipid acyl chains.
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The above results obtained along a period of 48 hours suggest a bimodal distribution of
MRB7 in DMPC liposomes with some MRB7 molecules located at the choline and some at
the lipid acyl chains region while most MRB8 molecules preferably occupy the surface of
the liposome. Additionally, the induced chemical shift changes in 'H NMR spectra of
liposomes were found to occur in a shorter time interval in the presence of MRB7 than
MRB8 and thus, the results also suggest a quicker intensity of MRB7 to interact with the
phospholipid bilayer of the DMPC liposomes.

The presence of N-ethyl groups in the xanthene framework and the thiourea linkage in the
structure of MRB7, as opposed to N-methyl groups in the xanthene and an amide linkage
in the structure of MRB8, seems to facilitate the interaction of MRB7 molecules to the
liposome surface and their ability to penetrate deeper into the hydrophobic interior of lipid
bilayer. No further changes in *H NMR spectra of (DMPC-MRB7 and DMPC-MRB8) were
registered up to 48 hours after incubation.

In the studies performed at high concentration conditions, the variation on the chemical
shift, induced by the interaction with the chelators, was registered for the N-methyl (y)
choline, -CH, (4-13) and -CHs; (14) protons of the lipid chains of liposomes and compared
with the values for “pure” liposomes, measured at the same experimental conditions (time

0 h). The results obtained for are summarized in Figure 4.8.

The results demonstrate that the induced chemical shift alterations of liposome proton
resonances depend not only on the presence of the chelator but also on the concentration.
In the *H NMR spectra of DMPC-MRB7 (Figure 4.7, A, C, D) and DMPC-MRB7~* (Figure
4.8, A*, B*, C*) up-field shift of the resonance signals of N-methyl (y) choline, -CH, (4-13)
and -CHs (14) protons of phospholipid chains was observed, where the effect was much
stronger at higher MRB7 concentration. A significant drop of the N-methyl (y) choline
chemical shift was observed instantly upon adding of MRB7 with a further increase along
the period between 6 and 12 hours and maintenance of the attained values up to 48 hours,

as also verified for low concentration.
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Figure 4.8 - Chemical shift of protons of the -CHz Choline (y) (A*), -CH,- acyl chain (4-13) (B*) and -CHj3 acyl chain (14) (C*)

groups in DMPC structure in the presence of MRB7 (black circles) or MRB8 (red triangles), at high concentrations conditions.

The main alterations of -CH, (4-13) and -CHz (14) resonances registered in the experiments
performed at low concentration conditions (Figure 4.7, C and D) was also verified for the
high concentration conditions (Figure 4.8, B* and C*), corroborating the occurrence of an
interaction of MRB7 molecules with the choline head groups from the outer leaflet shortly

after adding of the chelator and further penetration and interaction with the lipid acyl chains
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from the interior of liposomes. In agreement with the results obtained for low concentration
studies, through the time of the experiment, no change in the spectral line shape of the
choline resonance was observed as a result of a preferred accumulation of MRB7
molecules at the surface of liposomes. This could be an indication for the transport and
crossing of MRB7 molecules through the membrane, and ability for an interaction with the

choline head groups from the inner layer of liposomes.

The analysis of the more concentrated samples provided additional information regarding
the interaction of the chelator. In the *H NMR spectra of DMPC-MRB7* recorded in 36
hours, we observed in the region of the choline protons, the appearance of a narrow signal,
slightly shifted towards higher magnetic field values (at 3.246 ppm), with a gradually
increasing intensity along the time (Figure 4.9, left). A resonance signal with the same NMR
characteristics was registered in NMR spectra of DMPC liposomes recorded before
performing an extrusion procedure (Figure 4.10). Considering the specific line shape and
chemical shift, the resonance signal at 3.246 ppm in the *H NMR spectra of DMPC-MRB7*
was assigned to N-methyl (y) choline protons of lipid acyl chains generated in the process
of destruction of part of the DMPC vesicles in the presence of MRB7 at high concentration
[355, 356].

DMPC-MRBT* DMPC-MRBS*

3,284 3.251

2760
3.246

3.24
_JL ™ _}f\«__\
A - J\/\«\
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Figure 4.9 - Choline resonance signals in 600.13 MHz *H NMR spectra of DMPC-MRB7* (left) and DMPC-MRB8*(right),

along the time of incubation with chelators.
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Figure 4.10 - Choline resonance signals in 600 MHz *H NMR spectra of DMPC liposomes before (A) and after extrusion,
along the time of incubation with chelators (B-E).

The results obtained for MRB8 at high concentration conditions are similar to those obtained

in the experiments with low concentration of chelator and described above.

Additionally, the higher MRB8 concentration used in these studies allow us to register, in
the *H NMR spectra of DMPC-MRB8*, a broadening (in 36 h) and further splitting (in 48 h)
of the choline resonance signal (Figure 4.9, right). This splitting can be related to the
accumulation of MRB8 molecules associated to the polar outer leaflet of DMPC liposomes,
which allows the resonance signals of protons from the phospholipid head groups of the
outer and inner layers to be distinguished. Our assumption was verified by analysis of *H
NMR spectra of DMPC-MRB8* recorded in the presence of SmCls. The addition of
samarium ions (Sm3®") induced significant chemical shift (Figure 4.11) of the choline
resonance signal at 3.291 ppm and this signal was assigned to protons from the
phospholipid head groups of the outer layer of liposomes. The observed chemical shift
changes are due to the pseudo contact shifts produced by shift reagents from the group of
lanthanides, such as samarium ions [357].

In the *H NMR spectra of DMPC-MRB8* recorded in 36 hours, we observed the appearance
of weak signal at 3.246 ppm related to the generation of lipid acyl chains under the influence
of MRB8 (Figure 4.9, right).
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3324 3270

Figure 4.11 - Choline resonance signals in 600 MHz *H NMR spectra of DMPC-MRB8* (in 60 h; in D,O; at 310 K) before (A)
and after (B) addition of SmCls.

The overall results obtained for high concentration studies are in agreement with those
obtained with lower chelator concentration indicating that MRB7 and MRB8 interact with
liposomes but exhibit quite different permeation properties and binding affinity and also that
this interaction is the same at the different concentration tested for the chelators.

The deep penetration of MRB7 could be a reason for a distortion of the well-organized
structure of liposomes, resulting in a generation of a certain amount of lipid acyl chains
[355]. The same effect but much less displayed was observed for the chelator MRB8 added

at high concentration (Figure 4.9).
4.3.2.2 EPR studies

EPR spectroscopy was used to complement the study of the interaction of the chelators
with liposomes by checking the molecular dynamics of the lipids using 5-DSA and 16-doxyl-
stearic acid 16-DSA as spin probes Figure 4.12, to supplement the fluorescence and NMR
studies.

The structure of 5-DSA and 16-DSA is determinant for the localization of the radical in the
lipid bilayer and the radical is located near to the carbon 5 or 16 of the alkyl chain,
respectively. The localization of the probe is related with the local motion profiles in the two
main regions of the bilayer. 5-DSA is near the polar head group and 16-DSA is located at
the end of the nonpolar chain of the lipid (Figure 4.13) [343, 350].

5-DSA 16-DSA

Figure 4.12 — Spin probes used for EPR studies.
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Figure 4.13 — Schematic representation of the localization of the spin probes 15- and 5-DSA within liposomes.

All the compounds were tested in at least three independent experiments and the data are
expressed as mean values + standard deviation (SD) (Tables 4.3 and 4.4). In Figure 4.14,
are shown representative EPR spectra of thel6-DSA and 5-DSA probes incorporated in
DMPC and DMPG, in the presence or absence of a chelator, MRB7.
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Figure 4.14— Representative EPR spectra of thel6-DSA (A, B) and 5-DSA (C, D) probes incorporated in DMPC (A, C) and
DMPG (B, D), in the presence (red line) or absence (black line) of chelator MRB7.
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For “pure” DMPC and DMPG liposomes labelled with the 16-DSA and 5-DSA spin probes,
the EPR spectra obtained are in agreement with the literature for similar experimental
conditions [343].

From the analysis of the information collected from the EPR spectra, for the 16-DSA probe
incorporated in DMPC or DMPG liposomes and in the presence or absence of each
chelator, the values obtained for the rotation correlation times (1) were calculated (Table
4.3).

The values of rotation correlation times (1) are similar for both “pure” liposomes and in the
presence of the fluorescent ligands. According to these results, the presence of chelators
did not influence this experimental parameter and chelators seem not to penetrate deeply

into the membrane.

Table 4.3 — Correlation time (T) calculated for 16-DSA probe in DMPC and DMPG liposomes suspensions in the presence or

absence of chelators.

Sample Average T +SD (s)

No chelator 1.059 x° + 6.538 x1*

MRH7 9.582 x10+8.371 x*

16-DSA / DMPC MRB7 9.949 x10 + 6.473 x11
MRH8 9.892 x10 + 6.086 x !

MRB8 1.014 x° £ 4.7977 x*

No chelator 1.126 x° +1.235 x10

MRH7 1.109 x° + 9.066 x1*

16-DSA / DMPG MRB7 1.141 x° +1.208 x10
MRHS8 1.152 x° + 1.040 x10

MRB8 1.218 x° +£8.182 x*
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The interaction of each chelator with both liposomes was also investigated by measuring
the variation the in the 2Amax parameter on the EPR spectra, with and without chelator. In
the studies with DMPC, the 2Amax values in the presence or absence of each chelator were

similar and for DMPG, only slightly differences were obtained for isothiocyanate derived

chelators, MRH7 and MRB7 (Table 4.4).

Likewise the results obtained by fluorescence anisotropy, only discrete interactions were
verified which may be governed mainly by the electrostatic interactions of MRH7 and MRB7

chelators with the headgroup of the lipids, inducing changes in the orientation of the

phosphoryl group.

Table 4.4 — 2Anx calculated for 5-DSA probe in DMPC and DMPG liposomes suspensions in the presence or absence of

chelators.

Sample Average 2Amax = SD (G)

No chelator 49.18£0.91

MRH7 49.10 + 0.87

5-DSA / DMPC MRB7 49.58 +1.00
MRH8 50.07 £0.83

MRB8 49.31+0.43

No chelator 45.02 £0.85

MRH7 46.81 +0.98

5-DSA / DMPG MRB7 46.62 = 0.59
MRH8 45.10 £ 0.59

MRB8 45.25 +0.37
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4.3.3 Intracellular distribution of fluorescent chelators in BMM and PBMCs

4.3.3.1 Intracellular distribution of fluorescent chelators in BMM

In order to access the intracellular distribution of chelators, compounds MRH7, MRB?7,
MRH8 and MRB8 were incubated in BMM derived from BALB/c mice and the cells were
observed by fluorescence confocal microscopy. Preliminary experiments, using variable
concentration of the 4 chelators, were performed to establish the ideal concentration for
observation of the cellular distribution. To obtain similar fluorescence intensity, a
concentration of 5 uM was selected for MRH7 and MRB7 and a concentration 30 pM was
used for MRH8 and MRBS.

Upon incubation of chelators in macrophages, in DMEM at 37°C for 20 min, the cells were
washed with cold PBS and the intracellular distribution was visualized. The images obtained
are depicted in (Figure 4.15) and show that upon 20 min of incubation, all the chelators
were internalized by macrophages and the distribution pattern seems similar for all the

ligands, nonetheless the differences in the fluorescence intensity.

In previous work, we perceived that fluorescein and rhodamine labelled chelators, which
have different antimycobacterial activity, exhibit distinctive cellular distribution and reach
different cellular targets [3]. In order to characterize the intracellular compartments targeted
by the chelators MRH7, MRB7, MRH8 and MRB8, we performed co-localization studies
using the appropriate markers. Specific compartment markers such as fluorescein-labelled
zymosan, latex beads and M. avium-GFP were used as phagosome markers, due to their
ability to induce phagocytosis. Fluorescein-conjugated dextran was used for early and late
endosomes labelling, MitoTracker Green FM as mitochondrial marker and or ER-Tracker
Green for endoplasmic reticulum (ER) labelling.
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Chelator Transmission Merge

A

B

Figure 4.15 — Representative confocal microscopy images of intracellular distribution of chelators MRH7 and MRB7 (5 uM),
MRH8 and MRB8 (30 uM) in bone marrow-derived macrophages (BMM).

To display the visualization of the co-localization of chelators with different markers we use
a figure for each compound (Figure 4.16 for MRH7, Figure 4.17 for MRB7, Figure 4.18 for
MRHS8, Figure 4.19 for MRB8). In each figure different letters were used to designate
different compartments/markers (A-early endosomes, B-late endosomes, C-mitochondria,
D-phagosome-zymosan, E-phagosome-latex beads, F-phagosome-M.avium, G-
endoplasmic reticulum).
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The results are indicative that all fluorescent chelators seem to have access to the
phagosomes formed by phagocytosis of zymosan or latex beads, after 20 min or 3h
incubation, respectively. For chelator MRH7 we also performed a study with green coloured
M. avium-GFP. On the 4™ day of infection, MRH7 was added (5 uM) to BMM infected with
M. avium-GFP and cells were visualized. Apparently, the fluorescent chelator does not
colocalize with the M. avium-GFP containg phagosome, a result which is in agreement with
previous work with fixed cells. MRH7 could sequester the cytosolic iron and/or generate a
concentration gradient from the phagosome to the cytosol. Moreover, as the fluorescence
intensity of MRH7 is quenched in the presence of iron [3] we have to consider that MRH7
could interact with the M. avium-GFP containing phagosome, but could not be detected due
to loss of its fluorescence.

Simultaneous incubation of macrophages with MRH7, MRB7, MRH8, MRB8 and the
mitochondria marker MitoTracker Green FM for 20 min, showed that all chelators were able
to accesses mitochondria (Figures 4.16 - 4.18, C).

Incubation of fluorescent chelators in macrophages that contain the endosomal probe
fluorescein-labelled dextran, for 20 min or overnight, revealed that the chelators tested do
not co-localize with early or late endosomes, respectively (Figures 4.16 - 4.19, A and B).
Due to the similar distribution pattern of all chelators and the great interest in MRH7 only
the latter chelator was studied as a representative ligand for co-localization studies with
endoplasmic reticulum (ER) and Golgi complex. Unfortunately, the Golgi marker seems to
induce some toxicity for macrophages and consequently we could not acquire images. The
experiments performed with ER-Tracker Green for endoplasmic reticulum (ER) labelling
revealed that MRH7 seems to access ER compartments (Figure 4.16, G).

For all the fluorescent ligands studied, the cellular distribution seems similar due to the
analogous co-localization patterns. However, both the amount of chelator internalized and
the “velocity” of uptake seems to be significantly higher for chelators MRH7 and MRB7 than
those observed for MRH8 and MRBS8. Considering the distinct interaction of the two groups
of chelators with liposomes, these results suggest that, despite its higher initial
concentration, a smaller amount of MRH8 and MRBS8 is internalized by BMM and the

reminiscent amount is lost in the washing procedures.

In all confocal studies, we have to keep in mind that all of the chelators exhibit identical
affinity for iron(lll) and are turn-off ligands in the presence of iron [3, 4] thus implying that its
fluorescence is quenched upon iron chelation. Consequently, as these molecules are
chelating iron contained in BMM, the fluorescence signal observed in the microscope

corresponds to that of the free ligand.
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Figure 4.16 - Representative confocal microscopy images of intracellular distribution and colocalization studies of chelator
MRH7 in bone marrow-derived macrophages (BMM). (A-early endosomes, B-late endosomes, C-mitochondria, D-

phagosome-zymosan, E-phagosome-latex beads, F-phagosome-M.avium, G-endoplasmic reticulum).
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Figure 4.17 - Representative confocal microscopy images of intracellular distribution and colocalization studies of chelator
MRB7 in bone marrow-derived macrophages (BMM). (A-early endosomes, B-late endosomes, C-mitochondria, D-
phagosome-zymosan, E-phagosome-latex beads).
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Figure 4.18 - Representative confocal microscopy images of intracellular distribution and colocalization studies of chelator

MRH8 in bone marrow-derived macrophages (BMM). (A-early endosomes, B-late endosomes, C-mitochondria, D-
phagosome-zymosan, E-phagosome-latex beads).
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Figure 4.19 - Representative confocal microscopy images of intracellular distribution and colocalization studies of chelator
MRB8 in bone marrow-derived macrophages (BMM). (A-early endosomes, B-late endosomes, C-mitochondria, D-

phagosome-zymosan, E-phagosome-latex beads).
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4.3.3.2 Intracellular distribution of fluorescent chelators in PBMCs

Fluorescent chelators MRH7, MRB7, MRH8, MRB8 were incubated with PBMCs to try to
get insight on the uptake of these ligands by the cells. Despite the fact that macrophages
are able to do endocytosis, the results described in the section above (section 4.3.3.1)

suggest that the uptake of the chelators was not achieved by endocytic processes in BMM.

As PBMCs are also cells from the immune system but with less capacity for endocytosis,
these cells were used to confirm if the uptake of the chelators may occur by non-endocytic

mechanisms.

After 20 min of incubation, all the chelators were internalized by the PBMCs and the
distribution pattern seems similar for all tested ligands nonetheless the differences in the
fluorescence intensity that were verified between the MRH7 / MRB7 and MRH8 / MRB8
(Figure 4.20). These results suggest that although these type of molecules may enter by
endocytosis, in different cell types, such as BMM and PBMCs, they can cross the membrane
and access the cytoplasm by other mechanisms, such as mediated transport by receptors

or diffusion through the cellular membrane.
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Transmission

Figure 4.20 - Representative confocal microscopy images of intracellular distribution of chelators MRH7 and MRB7 (5 uM),
MRH8 and MRB8 (30 uM) in peripheral blood mononuclear cells (PBMCs).
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4.4 Conclusions

In this chapter, we performed experiments to evaluate the influence of the structural
modifications included in the parent chelators, in comparison with previous results [3], for
the chelators interaction with membranes, either in liposomes or cell membranes of

macrophages and PBMCs.

Computational studies of the interaction of a set of fluorescent 3,4-HPOs chelators with
DMPC liposome membrane models [272] were also used as a complementary technique to
complement the results described above. The results obtained for MRB7, MRB8 and MRH7
chelators will also be discussed in this chapter section, as the results are relevant for
comparison with those obtained by other technics.

The results suggest that MRB7 seems to have the higher insertion and residence time in
the hydrophobic region of the bilayer, in comparison with MRB8 (Figure 4.21, A and B). This
result is consistent with the partition constants determined by fluorescence spectroscopy
and mainly with NMR. MRBS8 also interacts with the hydrophobic phase but and does not
seem to go as deep as the MRB7 compound; nor the number of interacting chelators is
comparable with MRB?7.

A B C

111111

&b
i
&

Figure 4.21 - Graphical representation of the interaction of the bidentate compounds, MRB7 (A), MRB8 (B) and MRH7 (C),
with the DMPC bilayer model, obtained in MD simulations.

We have also observed the type of interaction with the membrane bilayer and, the results
show that the compounds are able to indiscriminately interact by the rhodamine or chelating
group. However, it appears that only through the rhodamine group they are able to
penetrate deeper in the bilayer. MRB7 and MRB8 can go as deep in the bilayer as to
surpass the plane defined by the ester oxygen atoms (these represent the end of the polar

region, and the beginning of the non-polar one).
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Based on the results obtained for the hexadentate chelator MRH7, we observe that this
ligand is able to interact with the bilayer, but at a more superficial level than the analogous
bidentate ligand MRB7 (Figure 4.21, C). In addition, the chelator interacts with the bilayer

through the polar chelating units, which could prevent their higher insertion in the bilayer.

As we observed that there is an apparent higher interaction of all these compounds with
lipid phases, several efforts have been done to understand the uptake of these compounds
through the bilayer because it is less usual that ionic large molecules would cross the bilayer
through diffusion.

As it has been proposed in the literature that rhodaminel23 could cross cells through
protein-mediated mechanisms in Caco-2 cells [358], we have tested a possible transport
hypothesis through docking and MD calculations, taking into consideration an endocytic
receptor (DC-SIGN). In these experiments, we studied the interaction of MRB7 and MRB8
chelators and of the non-fluorescent bidentate unit (CHELu) with this receptor (See
formulae in Figure A.1, in Appendix).

In the MD simulation, CHELu initially interacts with the receptor but, after 4 ns, the molecule
begins to detach from the receptor. These results reinforce our premise that the fluorophore
framework in the chelator’s structure is essential for an efficient binding, thus providing a
possible explanation for the inactivity of the non-fluorescent 3,4-HPO chelating units in the
M. avium infection model [1]. The results also demonstrate that MRB7 chelator (with N-ethyl

group and thiourea link) exhibits a stronger binding to this receptor.

The results of the combined studies substantiate our premise that a strong affinity for lipid

bilayers is crucial for the biological activity, as suggested in previous work [4].
In summary, our present results show that:

i) The distribution of rhodamine labelled chelators in liposomes is higher for the
rhodamine B isothiocyanate derivatives (MRH7 and MRB7) than for
carboxytetramethylrhodamine chelators, MRH8 and MRBS;

ii) Both NMR and MD simulation show that chelators interact with the lipid phases at
different levels of the bilayer and that the interaction seems to be strengthened for the
compounds that contain N-ethyl groups and a thiourea linkage (MRB7 and MRH7)
which are those exhibiting the highest biological activity [4]; these studies also show
that this interaction comprises the hydrophobic region of the membrane models

employed;
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iii)  Confocal microscopy studies have shown that the distribution and the interaction with

different cellular compartments in BMM is similar for all tested chelators;

iv)  Experiments performed with PBMCs corroborated that endocytosis is not the

preferred pathway for the chelator’s cellular uptake;

v)  Confocal microscopy studies revealed that, for the same experimental conditions, an
amount six times greater than that used for MRH7 and MRB7 is needed for
carboxytetramethylrhodamine chelators (MRH8, MRB8) visualization;

vi)  No significant results were obtained, using steady state fluorescent anisotropy studies
or EPR spectroscopy. This fact may be explained bearing in mind that in both
methods, the evaluation of the interaction is obtained by considering reporter probes
in spite of the fluorescent chelators in study.

According to the data obtained we suggest that the “strength” of the interaction of each
chelator with the membranes is determinant for the final biological effect and therefore
rhodamine B isothiocyanate labelled chelators, MRH7 and MRB7, are better candidates for
controlling intramacrophagic growth of M. avium than those derived from
carboxytetramethylrhodamine (MRH8 and MRBB8).

As a final remark, we outline in Figure 4.22 the hypothetical mode of interaction with and
progress of the rhodamine B isothiocyanate labelled chelators (MRH7, MRB7) and of the
carboxytetramethylrhodamine (MRH8, MRB8) with biological membranes.

® MRH7 or MRB7

® MRH8 or MRB8
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Figure 4.22 - Outline of a hypothetical mode of interaction and progress of the rhodamine labelled 3,4-HPO chelators, MRH7
and MRB7 (red) and MRH8 and MRB8 (blue) through the biological membranes, along the time.
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5. IN VITRO SAFETY STUDIES IN HEPATOCYTES

5.1 Introduction

The evaluation of the toxic profile of new compounds is of great importance in the process
of developing new therapeutic agents, parallel to the assessment of their efficacy, as their
eventual toxicity may compromise clinical applications.

In order to evaluate the toxicity of the rhodamine derived chelators, we investigated the
detrimental effects of the ligands in the human hepatoma cell line HepG2, which is
commonly used as an in vitro model for the liver cells [359-361]. HepG2 cells preserve the
morphological and functional differentiation of the in vivo hepatocyte. These cells are highly
polarized, i.e. they display cell asymmetry resultant from the presence of basolateral and
apical poles. Additionally to phenotypical features, this cell line also expresses several
enzymes involved in the metabolism and detoxification of xenaobiotics in vivo, justifying the

suitability of this cellular model for the toxicological screening of new drugs [362-367].

To evaluate the toxicity of the newly synthesized drugs in HepG2 cells, two viability assays
were performed: i) the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT)
reduction assay and ii) the lactate dehydrogenase (LDH) leakage assay.

The MTT assay is a colorimetric test based on the indirect measurement of the activity of
the mitochondrial enzymes that reduce the soluble yellow MTT into purple insoluble crystals
of formazan (Figure 5.1). As the mitochondrial activity is correlated with cell viability, the
cytotoxicity of the drug is estimated considering the rate of MTT reduction [368]. The amount
of purple formazan produced by cells treated with the drugs is compared with the amount
of formazan produced by untreated control cells. Therefore, the ability of the drug to cause
death or change the normal metabolism of cells can be easily assessed.

In order to measure the insoluble formazan that is produced, crystals are dissolved in a
solubilisation agent (usually DMSQO) and the absorbance of the purple solution is measured

at the maximum wavelength of absorbance (A = 550 nm).
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Figure 5.1 - MTT reduction reaction by action of mitochondrial reductases.

Despite the fact that viability assays, such as the MTT assay, are often used for primary
screening [369, 370], we have to consider some drawbacks. Different results might be
obtained by other viability tests, as several different conditions may increase or decrease
metabolic activity of the cell. Consequently, higher or lower MTT reduction rates may be
attained, while keeping the number of viable cells constant [370]. Moreover, in a MTT assay
it is not possible to distinguish between a scenario of a cell cycle inhibition or cell death
[371-373].

In our particular system, the MTT assay may present additional limitations as the formazan
formed has maximal absorbance in the same wavelength range of the rhodamine derived
chelators, as described in Chapter 2. Moreover, as the MTT assay is a destructive test and
we are interested in evaluating the toxicity of the chelators along the time of the experiment
(5 days), it restricts the possibility of performing the assay in intermediate time points.

In the safety studies here reported, the time of incubation of chelators with the HepG2 cells
was 5 days in order to be the same time of incubation considered in the studies of

antimycobacterial effect of these chelators inside macrophages (Chapter 3).

To overcome these limitations, the LDH leakage assay was also performed to access the
viability of the cells in the presence of the chelators.

In this method, the effect of the chelators on cell viability is indirectly evaluated through the
measurement of the activity of the LDH enzyme. As LDH is a cytoplasmic enzyme, its
presence in the extracellular medium is indicative of alterations in cytoplasmic membrane
permeability and cell integrity. This assay is one of the most accepted for the determination
of the toxicity of drugs in vitro [369, 373-375].

LDH is an oxidoreductase enzyme that catalyses the reversible conversion of pyruvate to
lactate, in the presence of NADH, which in turn is oxidized to NAD* (Figure 5.2). The
evolution of the oxidation of NADH to NAD" is followed by measuring the absorbance (A =
340 nm) [376].
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Figure 5.2 - Conversion of pyruvate into lactate by action of LDH enzyme.

Despite the advantages of this assay, such as its reliability, quickness [373, 377] and the
non-destructive nature, the method may as well present some disadvantages. The method
has limited sensitivity and LDH has relatively short half-life in the medium [378, 379]. For
these reasons, and taking into account the advantages and disadvantages of both methods,
the cytotoxicity results after exposure of HepG2 cells to rhodamine derived chelators,

obtained both in the MTT reduction and in the LDH leakage assays were compared.

The safety studies were performed in collaboration with the group of Professor Maria de
Lourdes Bastos at “Laboratério de Toxicologia” in “Faculdade de Farmacia da Universidade

do Porto”.

5.2 Methods

5.2.1 HepG2 cell culture routine

The human hepatoma HepG2 cell line was gently given by Doctor Ricardo Dinis-Oliveira
(CESPU, Instituto Superior de Ciéncias da Saude — Norte, Gandra, Portugal). HepG2 cells
were routinely maintained in 75 cm? canted-neck tissue culture flasks (Sigma-Aldrich) and
cultured as monolayer in cell culture medium, i.e. DMEM, high glucose, GlutaMAX™ (Life
Technologies, Paisley, U.K.) supplemented with 10% fetal bovine serum (FBS), 1%
antibiotic (Penicillin 5000 U/mL + Streptomycin 10000 pg/mL) (Life Technologies, Paisley,
U.K.), 0.5% fungizone (250 mg/mL amphotericin B), (Life Technologies, Paisley, U.K.) in a
humidified incubator, with a 5% CO, atmosphere, at 37 °C. Cells were subcultured at
approximately 70-80% confluence over a maximum of 10 passages. Each passage was
performed by medium removal, cells were then washed with Hank’s balanced salt solution
(HBSS)) (GIBCO, Invitrogen Corporations, Paisley, UK). To promote cells detachment, 2
ml of 0.25% trypsin/1 mM EDTA solution was added and the flask was placed in the
incubator for 5 minutes. The cells were re-suspend in 10 mL of cell culture medium and split

into new flasks.

149



150

FCUP
Design of novel 3-hydroxy-4-pyridinone iron chelators to fight mycobacterium infection

For the MTT and LDH assays, cells were planted onto 96-well plates (Falcon, BD
Biosciences, Oxford, UK) at a density of 5 x 10* per well (100 pL of suspension to each
well) and placed in the incubator at 37 °C, for 24 h prior to the addition of the treatments.
Peripheral wells on the plate were left empty to prevent evaporation and concentration of

test solutions [380].

5.2.2 Cell Treatments

On the day of the experiments, the medium was removed and the HepG2 cells were
exposed to a set of concentrations of each rhodamine derived chelators (ranging from 1 to
40 uM or 3 to 120 uM, for hexadentate or bidentate ligands, respectively). To prepare the
serial dilutions to be tested, the appropriated volume of stock solution of each chelator was
diluted in cell culture medium. The stocks were set at a concentration of 0.5 mM, prepared
in sterilized water with 4% DMSO (V/V)). Each condition was tested in triplicates by adding
250 L of testing solution to each well of the 96-well plate. A positive control, consisting of
1% Triton X-100 (V/V) (Sigma-Aldrich, Co.), and a negative control (cell in culture medium
without treatments) were also included. In all experiments, a solvent control (cells treated
with 1% DMSO (V/V)) was included to mimic the maximum concentration of DMSO present
in the treatments. Cells were incubated at 37 °C for 5 days. No significant differences were

observed between solvent and negative control (cells in culture medium) (data not showed).

5.2.3 Cell viability by the MTT reduction assay

After 5 days of incubation at 37 °C, the medium was removed and to the attached cells were
added of 100 pL of 0.5mg/mL MTT solution (Sigma-Aldrich, Co.), in HBSS. The plates were
incubated at 37°C. After 90 min, the cell culture medium was aspirated and the formed
intracellular formazan crystals were dissolved with DMSO. The plates were placed in a
shaker for 15 minutes, protected from light. The absorbance was recorded at 550 nm, using

a multi-well plate reader (Labsystems Multiskan, Basingstoke, UK) [380, 381].

5.2.4 Cell viability by the LDH leakage assay

After 1 day, 3 days, and 5 days of cell treatments, an aliquot (10 uL) of the supernatants of
each well was removed and placed in new 96-well plates. Then 40 pL of 0.05 M potassium
phosphate buffer (pH 7.4) (KH2POs4, Merck) and 200 pL of 0.15 mg/mL B-nicotinamide
adenine dinucleotide (B-NADH, Sigma-Aldrich, Co.) were added. Immediately before the

absorbance reading, 25 pL of 2.5 mg/mL sodium pyruvate (Sigma-Aldrich, Co.) were
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pipetted into each well to start the reaction. The B-NADH and sodium pyruvate solutions
were freshly prepared each day in buffer solution. The absorbance was read every 16
seconds for 2.40 minutes, at 340nm on an automatic plate reader (BioTek Instruments, VT,
USA) in a kinetic photometric assay. Results are presented as % cell death, as compared

to negative control (culture medium) [382].

5.2.5 Statistical analysis

The cytotoxicity data from the MTT reduction and LDH leakage assays were obtained from
four independent experiments, with each test plate containing three replicates of eight
increasing concentrations of each tested chelator. To reduce variability between
experiments, data was normalized plate-by-plate by negative and positive controls, as
previously described [380, 381, 383].

The results are presented as mean standard error (SEM) of the mean. Normality of data
distribution was assessed by the Kolmogorov—Smirnov, D'Agostino & Pearson omnibus,
and Shapiro-Wilk normality tests. Statistical comparisons were performed by one-way
analysis of variance (ANOVA) followed by Holm-Sidak's multiple comparison test. The
solvent and negative control values (raw data) were compared by the Student’s unpaired t-
test. Data obtained were analysed using the software Graph Pad Prism version 6.0.

Significance was accepted when p value < 0.05 was obtained.

5.3 Results and discussion

5.3.1 Cell viability by the MTT reduction assay

The toxicity of 3,4-HPO chelators was investigated by evaluating cellular viability after
exposing HepG2 cells to the drugs, for five days. The percentage of MTT reduced by cells
was measured and the values are correlated with the mitochondrial activity, which is an
indication of cell viability.

Chelators were tested in a range of concentrations comprising the minimum and the
maximum concentration administered to the macrophages (1-40 uM and 3-120 pM for
hexadentate and bidentate chelators, respectively), in the studies of the antimycobacterial
activity. All the compounds were tested in four independent experiments and the results are

presented in Figures 5.3 and 5.4, for bidentate and hexadentate chelators, respectively.
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Figure 5.3 - MTT reduction cytotoxicity assay for bidentate chelators, i.e. MRB2 (A), MRB20 (B), MRB7 (C), MRB8 (D) and
MRBO9 (E) in Hep G2 cells, after 5 day-incubation at 37°C. Each chelator was tested at a concentration range of 3 to 120 uM.
The graphs show the geometric mean + SEM of reduction of MTT (percentage of control) obtained from four independent
experiments. Each condition was tested in triplicates. Statistical analysis was performed using ANOVA followed by Holm-
Sidak's multiple comparison test. Statistical significance: * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001, when compared
with control (0 pM).
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Figure 5.4 - MTT reduction cytotoxicity assay for hexadentate chelators, i.e. MRH7 (A), MRH8 (B) and MRH10 (C) in Hep G2
cells, after 5 day-incubation at 37°C. Each chelator was tested at a concentration range of 1 to 40 uM. The graphs show the
geometric mean + SEM of reduction of MTT (percentage of control) obtained from four independent experiments. Each
condition was tested in triplicates. Statistical analysis was performed using ANOVA followed by Holm-Sidak's multiple
comparison test. Statistical significance: * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001, when compared with control (0
uM).

Considering the data obtained for all the fluorescent chelators, a direct correlation between
concentration and cytotoxicity seems to exist.

Chelators MRB8 and MRH10 have shown significant cytotoxicity from concentrations as
low as 5 uM, while MRB7 presented toxicity at concentrations higher than 14.5 uM. All the
other chelators have shown considerable differences to controls at the entire range of tested

concentrations.

Of particular interest, the bidentate MRB20 was the most cytotoxic drug, since from 3 yM
and at all tested concentrations. This chelator induced, at concentration equal or superior
to 5 uM, a decrease in the cell viability to levels lower than 29.65 + 14.56%.

For the bidentate chelators, MRB2, MRB7 and MRBS8, a similar profile was verified,
between each other. For these chelators, although significantly different from the control,
the cell viability was between 60-80%, for concentration values until 70.5 uM. Only at the

highest concentration value (120 uM), the percentage of viable cells decreases to values
around 30-35%.
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The chelator MRB9 was relatively less toxic than the other bidentate ligands as it was the
only drug that did not induce a decrease cell viability higher than 30%. Either at the highest
concentration tested, i.e. 120 yM, the cell viability was 67.98 + 4.14%.

The cytotoxic profile obtained for hexadentate chelators is similar for between each other
and for concentrations inferior or equal to 14 pM, the hepatocytes’s viability was
approximately 70%. All hexadentate chelators, when tested at 23.5 yM and 40 uM,
effectively killing HepG2 cells (cell viability was below 48.94 + 14.10%).

Regarding the MTT assay, a couple of aspects should be considered. First, the results
obtained in the current assay were achieved after 5 day-drug exposures. It is well
established that long incubation periods largely reduce cellular viability. The cell culture
medium was not changed during exposures and the cells were not split to provide room to
grow, therefore some level of basal stress is naturally expected. Second, as the maximum
wavelengths of absorptions of reduced MTT and of rhodamine derived chelators occur at
the same wavelength region, the existence of interferences during the absorbance
measurement may be verified. Given this, the absorbance recorded may be overestimated,
wrongly indicating higher cellular viability. Nevertheless, during the experiments, no

macroscopic evidence of this fact was verified.

5.3.2 Cell viability by the LDH leakage assay

A complementary method, the LDH leakage assay, was used to investigate the toxicity of
3,4-HPO chelators. According to this assay, the deleterious effect provoked by the chelators
on cell viability was indirectly evaluated through the measurement of the activity of LDH.
The presence of this cytoplasmic enzyme in the extracellular medium is indicative of
alterations on the permeability of the cytoplasmic membrane and in the integrity of the cells.
Thus, the higher the amount of enzyme released, the higher the cell integrity impairment
triggered by chelators.

The activity of the enzyme was measured in the culture medium after exposing HepG2 cells
for 1, 3 and 5 days. All the compounds were tested in four independent experiments and
the results are presented in Figures 5.5 and 5.6 (bidentate and hexadentate chelators,

respectively).
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Figure 5.5 (A, B) - LDH leakage cytotoxicity assay for bidentate chelators, i.e. MRB2 (A), MRB20 (B), MRB7 (C), MRB8 (D)
and MRB9 (E) in Hep G2 cells, after 1, 2, or 5 day-incubation at 37°C. Each chelator was tested at a concentration range of
3 to 120 uyM. The graphs show the geometric mean + SEM of extracellular LDH (percentage of control) obtained from four
independent experiments. Each condition was tested in triplicates. The dashed line represent the percentage of LDH leakage
obtained for the positive control (cell treated with triton). Statistical analysis was performed using ANOVA followed by Holm-
Sidak's multiple comparison test. Statistical significance: * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001, when compared
with control (O uM) of the respective time-point.
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Figure 5.5 (C, D, E) - LDH leakage cytotoxicity assay for bidentate chelators, i.e. MRB2 (A), MRB20 (B), MRB7 (C), MRB8
(D) and MRB9 (E) in Hep G2 cells, after 1, 2, or 5 day-incubation at 37°C. Each chelator was tested at a concentration range
of 3 to 120 pM. The graphs show the geometric mean + SEM of extracellular LDH (percentage of control) obtained from four
independent experiments. Each condition was tested in triplicates. The dashed line represent the percentage of LDH leakage
obtained for the positive control (cell treated with triton). Statistical analysis was performed using ANOVA followed by Holm-
Sidak's multiple comparison test. Statistical significance: * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001, when compared
with control (O uM) of the respective time-point.
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Figure 5.6 - LDH leakage cytotoxicity assay for hexadentate chelators, i.e. MRH7 (A), MRH8 (B) and MRH10 (C) in Hep G2
cells, after 1, 2, or 5 day-incubation at 37°C. Each chelator was tested at a concentration range of 3 to 120 yM. The graphs
show the geometric mean + SEM of extracellular LDH (percentage of control) obtained from four independent experiments.
The dashed line represent the percentage of LDH leakage obtained for the positive control (cell treated with triton). Statistical
analysis was performed using ANOVA followed by Holm-Sidak's multiple comparison test. Statistical significance: * p<0.05,
** p<0.01, *** p<0.001 and **** p<0.0001, when compared with control (0 uM) of the respective time-point.
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The results show that the cytotoxicity of all tested chelators appears to increase over

incubation time.

After 24h of incubation, no significant toxicity was observed for all the chelators. However,
ligand MRB20 seems to show some tendency to induce LDH release at this stage (the
lowest concentration tested, i.e. 3 uM, promoted 25.24 + 17.59% of response).

At the third day of incubation, ligands MRB20 and MRH7 have shown to produce significant
toxicity for the cells at the two highest concentrations tested.

The bidentate ligand MRB20 induces a leakage of enzyme up to 79.53 + 21.10% for
concentrations equal to or superior than 70.5 pyM. Although not significantly different from
control, lower concentrations increased cell death up to 60.63 + 15.69%.

The hexadentate ligand MRH7 promoted the enzyme leakage up to 97.5 + 32.54% at
concentrations equal to or superior than 23.5 uM. The percentage of extracellular LDH
ranged from 43.05 + 12.85 to 78.60 + 25.17% for concentrations between 1 and 14 uM,

although these values are not significantly different from control.

At the last day of incubation (day 5), all chelators induced toxicity on HepG2 cells, with the
exception of the bidentate ligands MRB9 and MRB2. For the latter chelators, although not
statistically different from control, the values of extracellular LDH were higher than those

attained for shorter incubation periods (24h and 72h).

Considering the positive control, i.e. 1% Triton X-100, the leakage of the intracellular content
of LDH is expected to occur at the beginning of the experiment (~0h).

In the case of experiments with long drug exposures, this fact may introduce some artefacts
on the obtained results, as the LDH activity will be lower due to an eventual degradation of
the released enzyme in the course of time.

Accordingly, at day 5, some concentrations of the chelators MRB20, MRH7 and MRH10,
produced levels of extracellular LDH were higher than 100%. Contrary to the initial leakage
of the total content of intracellular enzyme (that occurs for positive control), when cells are
exposed to chelators, the enzyme appears to be released latter originating higher levels of

LDH for treatments (when compared to positive control).
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5.4 Conclusions

Comparing both methods used for the evaluation of the cytotoxic profile of chelators, MTT
and LDH assays, the results obtained by the first method seem to indicate that, after 5 days
of incubation, the compounds induce significant toxicity for the majority of tested
concentrations. Nevertheless, in general, only the highest concentrations tested were above
the half maximal effective concentration (EC50) (i.e. the concentration of a drug required to
produce 50% of the drug's maximal effect as depicted by a graded dose-response curve
[384]).The unique exception was the chelator MRB20 that, from 5 uM, highly reduced the
viability of hepatocytes to levels lower than 50%.

The results obtained by LDH assay showed that the rhodamine chelators induce toxicity to
HepG2 cells particularly during longer periods of incubation, i.e. 5 days. For earlier time-
points, the toxicity was inexistent or low.

Once again, MRB20 was the molecule that induced higher toxicity for HepG2 cells.
Evidence of the toxicity of this compound was previously reported in the experiments
performed with macrophages (at concentrations up to 3 uM) for the evaluation of the
antimycobacterial effect of the drug (Chapter 3.3.1.1).

Altogether, this molecule seems to be the most toxic chelator for HepG2 cells (and
macrophages) and this property may be explained by its charge, as this chelator is the sole
of this set of molecules that has a positive charge at physiological pH (as discussed

previously in Chapter 3).

Amongst the hexadentate ligands, MRH7 and MRH10 were the most toxic chelators and
induced higher toxicity at day 5. However, in the results obtained by the MTT assay, the
cytotoxic profile of all the hexadentate chelators are similar.

Curiously, MRH10 and mainly MRH7 are the most active chelators in terms of its
antibacterial effect (M. avium and extracellular bacteria). In particular, MRH7 is also the
hexadentate chelator that presents higher interaction with membranes (liposomes,
macrophages and PBMC'’s, as discussed in chapter 4).

This fact may suggest that the chelator(s) has clearly higher ability to interact with
membranes than the other hexadentate ligands, namely those derived from
carboxyrhodamines (MRH8, MRB8 and MRB9). This increased ability to “disturb” the

membranes may be useful for the antibiotic activity.

159



160

FCUP
Design of novel 3-hydroxy-4-pyridinone iron chelators to fight mycobacterium infection

However, for long exposures, it may cause some degree of toxicity, as corroborated by
alterations on the membrane permeability and mitochondrial competence that ultimately led

to the impairment the cellular viability.

The overall results also suggest that hexadentate chelators seem to show more toxicity than
bidentate ligands. This fact may be explained, bearing in mind, and as mentioned before,
that three molecules of a bidentate ligand are needed to chelate the amount of iron(lll) as
opposed to one molecule of a hexadentate ligand. Therefore the concentrations of
hexadentate chelators tested were three times lower than those selected for bidentate

ligands.

These results also put forward that an incubation time of 5 days seems to be excessively
long. As the chelators are less toxic at 24h of incubations, the applicability of the chelators
as antibiotics may be more relevant to fight fast growth bacteria, such as M. smegmatis or

some extracellular bacteria, as E.coli or S. aureus.

To the best of our knowledge, the work described in this chapter is the first report concerning
the in vitro cytotoxic profile of rhodamine derived 3,4-HPO chelators, which gain particular

relevance as the chelators are expected to be used as antibacterial agents.
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6. 3,4-HPO CHELATORS WITH ENHANCED WATER
SOLUBILITY FOR ANALYTICAL APPLICATIONS

6.1 Introduction

Our research group has a well stablished collaboration with the colleagues from the
analytical chemistry field [174, 175] in order to produce ligands for detection of metal ions,
namely iron, in water, with improved analytical properties and lower toxicity. Most of the
used reagents currently available are toxic [385] and, in a recent work, low toxicity 3,4-HPO
ligands were tested and successfully applied to the determination of iron in bathing waters
[174]. However, its efficiency was limited by the ligand solubility as the sensitivity for the
determination of iron increased with the increase of ligand concentration in solution [174].
In this scenario, we designed a 3,4-HPO with improved water solubility. This possibility is
feasible as the structure of 3,4-HPO allows tailoring of their hydrophilic/lipophilic balance
without significantly changing its chelating properties. The variation in this balance can be
achieved by simply introducing appropriate substituents on the nitrogen atom of the
pyridinone ring. As referred in the literature [168], the effect of the insertion of different
substituent groups, such as alkyl and alkyl-amine, -carboxylic, -amide, and hydroxyalkyl
groups in the nitrogen atom on the hydrolipophilic character and in in vivo iron mobilization
was investigated [386]. The corresponding logarithmic distribution coefficient values (log D
igand; 1-octanol/ water, MOPS buffer, pH = 7.4) were calculated. The authors verified that
there is a relationship between the lipophilicity of the ligands (log D igand) @and that of the
corresponding iron complexes (log D compiex) @and they put forward that for lipophilic ligands
(log D jigana > —1), the complex can be approximately 3-fold more lipophilic than the
corresponding ligand but for more hydrophilic compounds (log D iigana < —1) the lipophilicity
of the complexes accompanies more closely that of the ligands suggesting identical
solvation effects for the ligands and complexes.

Consequently, a more hydrophilic ligand is expected to form a iron(lll) complex that provides
a more sensitive method with lower detection limit than the previously used 3,4-HPO ligands
[174].

In this chapter, the synthesis of a more water soluble 3,4-HPO is reported. The compound
was obtained by introducing a polyethylene glycol (PEG) chain in the nitrogen atom of the

pyridinone ring. The aim was to increase the sensitivity and decrease the detection limit for
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the spectrophotometric determination of iron, which was limited by the low solubility of the
ligand used in the previous work [174].

The synthesis and solution properties of 3,4-HPO ligands and their complexes with M(lI)
and M(lll) metal ions is a central interest in our research group [159, 174, 175, 177]. In order
to improve the water solubility of ligans and complexes we considered the inclusion pf
PEGylated substituents on the nitrogen of the 3,4-HPO ring. Oligo(ethylene glycol)s (OEGS)
have been reported in the literature as compounds with high water solubility [387]. Herein
we report the synthesis of an amine-terminated OEGs with a methyl group in the end of the
chain and of the corresponding 3,4-HPO ligand, PEG-HPO (Figure 6.1) obtained through
reaction of the amine with protected for of 2-methyl-3-hydroxy-4-pyrone (maltol).

(@] N\/\O/\/O\/\O/\CH3
HO  CHjg
PEG-HPO
or
(MRB12)

Figure 6.1 - Formula of 3,4-HPO functionalized with a hydrophilic ethylene glycol chain (PEG-HPO or MRB12).

The conjugation of these amino-PEGylated chains with 3,4-HPO will improve the
hydrophilicity of these ligands and their metal ion complexes allowing their wider use in
biological and analytical applications.

The efficiency of this new compound as a novel iron chelator was tested in a sequential
injection system. The complexation reaction of the synthesized ligand and iron(lll) was
studied in-line and applied to two certified waters samples. The results obtained in terms of
sensitivity, selectivity and limit of detection were critically compared with those previously
described using the less hydrophilic 3,4-HPO ligand [174]. The choice of sequential injection
(SI) analysis, as flow analysis technique, was based not only on its extensive use as an
efficient tool for water analysis [388] but also to attain an appropriate comparison with the
previously developed method. In the end, a SI method for the determination of iron is
proposed, based on a newly synthesized hydrophilic 3,4-HPO ligand as an alternative

reagent for iron determination.

The PEGylated chain was synthesized in collaboration with Professor Enrique Borges and
his group researchers. The mass spectrometry experiments for the characterization of the
Iron(lll) complex of PEGylated 3,4-HPO were performed by a member of our group, André
Silva. The analytical studies were performed by the group of Professor Anténio Rangel at

“CBQF - Centro de Biotecnologia e Quimica Fina - Laboratério Associado, Escola Superior
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de Biotecnologia, Universidade Catdlica Portuguesa/Porto”. The results obtained in these
studies will be discussed in the present chapter as they describe an application of the

molecule synthesized in the analytical field.

The synthesis and characterization of the new 3,4-HPO discussed in this chapter. Further

details for analytical methods and results and discussion were published in:

[389] Mesquita, R.B.R. #, Moniz, T.*, Miranda, J.L.A.*¥, Gomes, V., Silva, AM.N.,
Rodriguez-Borges, J.E., Rangel, A.0.S.S. and Rangel, M., Synthesis and characterization
of a 3-hydroxy-4-pyridinone chelator functionalized with a polyethylene glycol (PEG) chain
aimed at sequential injection determination of iron in natural waters, Polyhedron, 2015,
101, 171-178. DOI: 10.1016/j.poly.2015.09.015. (* These authors contributed the same)

6.2 Methods

6.2.1 Synthetic procedures
6.2.1.1. Synthesis of the PEGylated chain

The PEGylated chain was synthesized and characterized according to procedures
described in the literature [387].
Microwave-assisted reactions were carried out in a CEM Discovery Labmate circular single-

mode cavity instrument (300 W max magnetron power output) from CEM Corporation.
6.2.1.2 Synthesis of the protected PEGylated 3,4-HPO (3)

The protected PEGylated 3,4-HPO was obtained using the typical procedure utilized to
prepare 3,4-HPOs in which a protected 3-hydroxy-4-pyrone reacts with a primary amine
[390, 391] (Figure 6.4).

A mixture of amine 1 (2.1459g, 0.01832 mol) dissolved in dried ethanol (6 mL) was placed
in a 10 mL reaction vial, which was then closed under argon atmosphere and placed in the
cavity of a CEM microwave reactor. The reaction vial was irradiated: 1 min ramp to 160°C
and 120 min hold at 160°C, using 100 W maximum power. The reaction solvent was
evaporated and the crude oil resultant was dissolved in 50 mL of water. The product was
separated from the starting material 2 by liquid/liquid extraction with 3 x 30 mL of diethyl

ether. The organic phase was rejected and the aqueous phase was concentrated and then
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purified by chromatography, using a mixture of chloroform/methanol (9:1), affording 1.7520

g of conjugate 3 (49% yield) (Figures 6.2 and 6.4).

IH NMR (400.15 MHz, MeOD-d4, ppm): & 1.55 (t, J= 7.1 Hz, 3H, -CH,CHs); 2.22 (s, 3H, 2-
CHa); 3.46-3.61 (m, 10H, H3'-H7’); 3.68 (t, J= 4.6 Hz, 2H, 2'-CHy); 4.13 (t, J= 4.6 Hz, 2H,
1-CH,); 5.07 (s, 2H, -CH.CsHs); 6.48 (d, J= 7.4 Hz, 1H, H5); 7.27-7.42 (M, 5H,- CH,CsHs);
7.69 (d, J= 7.4 Hz, 1H, H6). 13C NMR (100.62 MHz, MeOD-da, ppm): & 12.9 (2-CHs); 15.2
(-CHoCHs); 54.4 (C1°): 70.5 (C2’); 71.0-71.3 (C3'- C7’); 74.1 (-CH2CeHs); 116.4 (C5); 128.9-
129.1 (-CeHs); 129.8 (Cq, -CeHs); 138.1 (C6); 141.9 (C2); 145.1 (C3); 174.1 (C4).

6.2.1.3 Synthesis of the PEGylated 3,4-HPO (PEG-HPO)

A solution of ligand 3 (2.0117 g, 0.00536 mol) in methanol (40 mL) and HCI (0.01 mL) was
placed into a hydrogenation vessel. The air was removed with N2, a catalytic amount of 10%
Pd/C (w/w) was added and the mixture was stirred at room temperature, with H, at 40 PSi
for 6 h. The reaction mixture was filtered, washed with methanol and CH-Cl, and the solvent
evaporated in vacuum to give the brown oil product. The resulting residue was dried under
vaccum to give 1.6378 g of PEG-HPO (95% vyield) (Figures 6.2 and 6.4).

H NMR (400.15 MHz, MeOD-d4, ppm): d 1.04 (t, J= 7.1 Hz, 3H, -CH.CHs); 2.54 (s, 3H, 2-
CHa); 3.37-3.56 (m, 10H, H3'-H7’); 3.79 (t, J= 4.8 Hz, 2H, 2’-CH,); 4.48 (t, J= 4.8 Hz, 2H,
1’-CH); 7.03 (d, J= 7.4 Hz, 1H, H5); 8.04 (d, J= 7.4 Hz, 1H, H6). *C NMR (100.62 MHz,
MeOD-d4, ppm): & 13.2 (2-CHa); 15.4 (-CH2CHg); 57.0 (C1’); 67.5 (C7’); 70.1 (C2’); 70.5-
71.5 (C3’- C6’); 111.4 (C5); 140.0 (C6); 143.2 (C2); 144.6 (C3); 160.3 (C4). MS: calculated
for C14H24NOs*: 286.16 (monoisotopic molecular weight M*), found: MS: 286.16261.

5 6 5 6
- 2' 3 6' 7' A\ ' ' 6' 7'
04 N A O A A Ho4/®N\/2\/K/O\/\/\
i e gHs f 0"y : 0 g:H3
3 3= d
2 2
BnO CH,4 HO CH3

3 PEG-HPO
Figure 6.2 - Formulae and numbering of compound 3 and chelator PEG-HPO.
6.2.1.4 Iron(lll) complex of PEGylated 3,4-HPO (Fe(PEG-HPO)s)

FelLs complex was prepared by dissolving stoichiometric amounts of Fe(NO3)s. 9H,0 (0.283
g, 0.7 mmol) and ligand PEG-HPO (0.60 g, 0.0021 mol) in water, adjusting the pH to 8 with

a diluted solution of NaOH. The reaction mixture was kept with stirring, for 3 days at room
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temperature. A precipitate was formed, collected by filtration and washed with water and a
red power was isolated (quantitative yield).

MS: [HoL]" (C14H24NOsY), m/z = 286.16499 (Am = 0.3 ppm); [NaHL]" (NaC14H23NOs"), m/z
= 308.14664 (Am = -0.7 ppm); [Fe(L)2]* (FeCzsH44N2010"), m/z = 624.23363 (Am = -0.6
ppm); [H(Fe(L)s)]* (FeCs2HezN3O15"), m/z = 909.39250 (Am = 1 ppm); [Na(Fe(L)3)]*
(NaFeCa2HesN30157), m/z = 931.37393 (Am = 0.4 ppm).

6.3 Results and discussion

6.3.1 Synthesis of the new iron chelator

Ligands of the 3,4-HPO type are usually synthesized through the reaction of a 3-hydroxy-

4-pyrone and a primary amine as depicted in Figure 6.4 [171].

0 ;s @
RS OH R OH
] + R2NH2 || + H0
R6 (0] R1 R6 lil R1
R2
3-hydroxy-4-pyrone 3-hydroxy-4-pyridinone

Figure 6.3 - Generic reaction of the synthesis of pyridinones from pyrones.

The above reaction (Figure 6.3) allows the introduction of different R? substituents on the
heterocyclic nitrogen atom by selection of the appropriate amine. The use of amines with
different R? substituents allows the synthesis of 3,4-HPOs with variable physicochemical
properties, such as water solubility. Moreover, and as shown in previous studies [159, 171,
173, 391], such alterations on the substituents of the nitrogen atom of the heterocyclic ring
of 3,4-HPOs do not significantly change the chelating properties of the 3,4-HPO ligands.
Aiming to increase the water solubility of the 3,4-HPOs used in the previous study and
considering the water solubility of Oligo(ethylene glycol) chains. We used an amino-
PEGylated chain with a methyl group in the end of the chain and the corresponding 3,4-
HPO ligand as shown in Figure 6.4.
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6.3.1.1 Optimization of the experimental procedures the synthesis of the protected
PEGylated 3,4-HPO (6.3)

The synthesized amine functionalized with an OGE chain (6.1) reacts with the protected 3-
hydroxy-4-pyrone (6.2) leading to the displacement of the oxygen atom of the ring and its
further replacement by the nitrogen of the anime group of the chain producing a protected
3,4-HPO (Figure 6.4). Compound 6.2 was synthesized in our laboratory following the

procedures described in the literature [390].

6.1
H3CVO\/\O’\,O\/*NH2

o~y - ot — oo

BnG  CHs BnO  CHj HO  CH,
6.2 6.3 PEG-HPO

Figure 6.4 - Synthesis of: A, the PEGylated chain; and B, the functionalized 3,4-HPO.

The synthesis of 6.3 was performed by adding 6.1 to 6.2 in ethanol under reflux (oil-bath)
for 72 h yielding 6.3 in 27% yield (a, Table 6.1). In order to improve the reaction outcome to
synthesize 6.3, some modifications were performed on the synthetic procedure.
Microwave-assisted organic chemistry was used instead of the traditional oil bath in order
to obtain the desired compound 6.3 in a good yield, decreasing the reaction time and
consequently promoting a more efficient synthetic protocol. Therefore, in a monomode
reactor, under closed-vessel conditions the reaction was performed using an excess of 1.5
eg of the amine 6.1 and 100 mg of 6.2, during 2h. Then, the reacting mixture was analysed
by NMR and the conversion of 6.2 into 6.3 was calculated and 38% of the limiting reagent
6.2 was converted in 6.3 (b, Table 6.2). The same conditions was performed but with
acidification of the medium with HCI and the percentage of conversion was determined and
24% occurred (c, Table 6.1). This result have shown that the reaction occurs with higher
percentage of conversion of 6.2 into 6.3 in hon-acidified medium and we tested the same
excess of 1.5 eq of the amine 6.1 during 2h but scaling up the amount of reagents to 500
mg of 6.2 (d, Table 6.1) and the conversion obtained was 59%. In the next condition tested
(e, Table 6.1), we increased the excess of the amine 6.1 to 2 eq and we maintained 500
mg of 6.2, and 2h of reaction leading us to obtain a percentage of conversion of 84%.

This modification allowed formation of a higher amount of the ligand 6.3 and concomitantly
we obtained our desired product with lower reaction time. All the experimental conditions

performed for the synthesis of 6.3 are summarized in Table 6.2.
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Table 6.1 - Experimental conditions of the synthesis of modified 3,4-HPO (3). *yield obtained by product isolation after

purification.

% of conversion in (6.3)

Entry  Method Fold excess of (6.1) Amount of (6.2) Time
(calculated by NMR)

*

a Oil bath 1.5 500 mg 72h 27
b MW 15 100 mg 2h 38
c MW 1.5 100 mg (+ HCI) 2h 24
d MW 1.5 500 mg 2h 59
e MW 2 500 mg 2h 84

In order to obtain the final 3,4-HPO ligand, the protecting group of 6.3 was removed under
a hydrogen atmosphere in the presence of Pd/C (10%) and HCI, to obtain the hydrochloride
salt of ligand PEG-HPO.

The derivatization of 3,4-HPO ligands with amino-PEGylated chains was successfully
achieved and a new 3,4-HPO ligand with an enhanced solubility in water was obtained. The
new type of 3,4-HPO ligands will significantly enhance the water solubility of the ligands
and its metal ion complexes and for that reason will allow to enlarge the field of application

of this class of ligands.
6.3.1.2 NMR spectroscopy

The structures of the ligands 6.3 and PEG-HPO in solution were established by NMR
analysis (*H and *3C, 1D and 2D experiments, including COSY, HSQC and HMBC spectra
for unequivocal assignment of the most characteristic proton and carbon chemical shifts).
The assignment of the resonance signals in 3C NMR spectra of the protected and de-
protected compounds was achieved by analysis of *H/**C HSQC and *H/**C HMBC spectra,
which provide one and multiple bond H-3C connectivity.

The *H NMR spectra of ligand 6.3 revealed that the resonance signals of the methyl protons
from the terminal group (8’-CHs) appear at 1.15 ppm and the correspondent carbon (C8’),
with HSQC correlation, appear at 15.17 ppm. The singlet at 2.22 ppm was attributed to the
methyl substituent in the pyridinone ring (2-CHs) and HSQC correlation with resonance
signal at 12.85 ppm allow us to attribute this pick to 2-CHs carbon. The multiplet in the
aliphatic region of the spectra (3.46 — 3.61 ppm) was assigned to protons of —CH, groups
(3-CH. - 7’-CH>) of the ethoxyl tail and their respective carbons appear between 71.04 —
71.33 ppm. Signals at 3.68 and 4.13 ppm were assigned as the protons of the —CH; groups
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linked to the nitrogen atom of the pyridinone ring (2’-CH> and 1’-CH-) and their respective
carbons appear at 70.5 and 54.4 ppm. For carbon C1’, HMBC correlation with carbon 2-
CHs; was found, allowing the assignment performed.

The resonance singlets at 6.48 and 7.69 ppm were assigned to the aromatic CH protons
(H5 and H6, respectively) of the pyridinone residue and show HSQC and HMBC
correlations with carbons at 116.4 and 138.1 ppm, assigned as C5 and C6, respectively.
The signals related with the protecting group are the singlet at 5.07 ppm that corresponds -
CH.C¢Hs and the -CH2CeHs protons of the protecting group appear as a multiplet between
7.27-7.42 ppm. The carbon -CH,C¢Hs is at 74.1 ppm and the other carbons of the protecting
group (-CH2CsHs) appear between 128.9 and 129.0 ppm. The resonance signal at 129.8
ppm was found to give long range coupling to the resonance signals of the protons -
CH.C¢Hs and the CH protons of the protecting group and was attributed to the quaternary
carbon of the protecting group. The last quaternary carbons at 141.9, 145.1 and 174.1 ppm
were attributed C2, C3 and C4 due to their correlations in HMBC with the protons of the
pyridinone ring and with C1’ for carbon C2.

After the deprotection (PEG-HPO), significant differences in the *H and **C spectra were
detected as for example the shift of the protons of methyl substituent in the position 2 of the
pyridinone ring (2-CHs) that moved from 2.22 to 2.54 ppm and the respective carbon signal,
2-CHs was shifted from 12.85 to 13.21 ppm. The protons of -CH, groups near to the nitrogen
of the pyridinone are also shifted, namely 2’-CH, and 1’-CH, that moved to 3.79 and 4.48
ppm as well as their respective carbons from 70.5 to 70.1 ppm and namely from 54.4 to
57.0 ppm, respectively.

The resonance signals attributed to the -CH protons H5 and H6 revealed a shift from 6.48
to 7.03 ppm and from 7.69 to 8.04 ppm, respectively. Their respective carbons are also
dislocated to low field region, namely from 116.4 and 138.0 ppm in the protected ligand, to
111.4 and 140.0 ppm in the deprotected form, respectively for C5 and C6 carbons.

The resonance signal at 143.2 ppm has shown HMBC correlation with HG, 1”-CH- and 2-
CHs protons and was attributed to C2. The carbon at 144.6 ppm shows HMBC correlation
with H5, H6 and protons and 2-CHs; and was attributed to C3. The pick at 160.3 ppm was
attributed as carbons C4 due to its HMBC correlations with H5 and H6.

The observed differences in the chemical shifts of *H and **C nucleus in the spectra of the
protected and deprotected compounds are primarily due to the deprotection of the hydroxyl
group and the acidic pH of the deprotection reaction that lead to isolate the final ligands in
the enol form [170].

6.3.1.3 Synthesis and characterization of the Iron(lll) complex of Ligand PEG-HPO
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The complex Fe(L)s was synthesized by mixing the iron salt, Fe(NOs)s-9H20, and the ligand
in water at pH = 8. Upon precipitation, the complex was isolated and its composition was
determined by ESI-MS. The mass spectrum of the isolated complex shows the free ligand
(m/z = 286.16499 [H.L]" and m/z = 308.14664 [NaHL]*) and two charged iron complexes,
[Fe(L)2]* (m/z = 624.23363) and Fe(L)s (m/z = 909.39250 [H(Fe(L)s)]" and m/z = 931.37393
[Na(Fe(L)s3)]"), as observed for the alkylpyridinone iron(lll) complexes [171]. The high
accuracy mass determination together with the observed isotopic patterns allowed to
unequivocally assign the chemical composition of the ions. As revealed by solution
speciation studies, the presence of both iron complexes is to be expected at acidic pH
values (pH < 6), which can be provided by the electrospray plume acidification occurring in
positive ionization mode [392, 393]. In addition, it should be noted that the Fe(L)s complex
is a neutral species and its ionization requires protonation or sodium adduct formation.
However, these reactions are likely to promote ligand dissociation, leading to the detection
of the more stable [Fe(L).]* cation and the free ligand in its fully protonated ([H.L]") and
sodiated ([NaHL]") forms. Altogether, MS data provides further evidence for the ability of L
to bind ferric ions, forming Fel, and FelLs; complexes, as expected for a 3,4-HPO bidentate
ligand.

6.3.2 Analytical procedure - sequential injection method

The advantageous characteristics of sequential injection (SI) analysis concept namely
versatility, extent of automation and low reagent consumption, made it an appropriate
choice for automation of the analytical application of 3,4-HPO ligands for iron determination.
In this context, it was important to confirm that the complexation reaction was as fast as
evidenced in the previous work involving other 3,4-HPO ligands, as this would strongly
influence the Sl protocol to be designed. To do so, the absorbance of a mixture, placed in
a conventional cell, of 1 mL ligand solution 178.5 mg/L, 0.1 mL carbonate buffer 0.25 M and
0.5 mL of 10 mg/L iron(lll) standard was measured for 1 minute. According to the work of
Mesquita et al. [174], the absorbance was monitored at 460 nm, corresponding to the
maximum absorbance of the FelLs; complex. The colour was observed almost immediately
after mixing, indicating the complex formation. After the observed initial reaction, there was
no significant absorbance increase, < 9%, during the measured time (1 min).

As described in the previous study with other 3,4-HPO ligands [174], the carbonate buffer
was needed to adjust the pH of the solution, obtained by mixing sample/standard, ligand
solution and buffer, to about seven. Considering that the standard solutions were acidified

to pH = 2, the buffer solution was used at a pH = 9.5.
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After the detailed studies for the determination of iron based on the coloured complex
formed with the PEG-HPO bidentate ligand, the characteristics of the developed method

were summarized (Table 6.2).

Table 6.2 - Features of the developed methodologies for iron(lll) determination in water samples using PEG-HPO ligand as

a colorimetric reagent.

Dynamic Typical calibration curve? LOD Quantification Reagent/sample Effluer.n
range (mg/L) A=m.[Fe%*] +b (ug/L) rate (h'?) consumption proc::f)tlon
44.3 ug 3,4-HPO
y = 0.0392 (x0.0017) [Fe®*] + 0.71mg
0.10 - 1.00 0.008 (+0.002) 48 72 NaHCOs 1860
R2=0.996 + 0.005 0.92 mg HNO3
500 pL

an=5

The limit of detection, LOD, was calculated according to IUPAC recommendations [394],
three times the standard deviation of ten blank signals. A typical calibration curve
corresponds to the mean of five calibration curves obtained in consecutive days (with the
standard deviation values in brackets). The determination rate was calculated based on the
time spent per cycle; a complete analytical cycle took about 0.83 min. An analytical cycle is
the sum of the time needed for each step plus the time necessary for the port selection in
the selection valve. The presented consumption values, for reagents and sample, and the
effluent production were calculated per determination.

The repeatability was assessed by calculation of the relative standard deviation (RSD)
obtained by the mean of ten consecutive injections of sample. The calculated RSD was
3.1% (0.225 + 0.007 mg Fe /L).



FCUP
Design of novel 3-hydroxy-4-pyridinone iron chelators to fight mycobacterium infection

6.4 Conclusions

In this work, the synthesis of new highly soluble 3,4-HPO chelator functionalized with a
hydrophilic polyethylene glycol chain (PEG-HPO) was successfully achieved and is
reported together with that of its iron(lll) complex. The improved hydrophilic balance of the
PEGylated 3,4-HPO ligand was fully explored in an analytical application with the
development of an alternative flow analysis method. The new molecule especially designed
to present a higher water solubility, proved to meet the aim of improving the detection limit
and sensitivity in the determination of iron.

In fact, the sensitivity (calibration curve slope) obtained with the developed SI method, using
the new ligand, showed an increase close to 60% when compared to the previously

described method [174] and a decrease of the detection limit to about half (Table 6.3).

Table 6.3 - Comparison of the developed SI method, using the newly synthesized ligand, PEG-HPO, with the previously
described less soluble form of the 3,4-HPO.

I Sample

. ) Sensitivity LOD )
Ligand formula |[Ligand| (Limg) (ug Fell) consumption/ Ref.

g Mg determination
O:QN\/\O’\/O\/\OACH3

This

HO o Chs 178 mg/L S =0.0392 48 500 pL
PEG-HPO work
HO  CH, 20mg/L S =0.0251 83 300 pL [174]

The choice of sequential injection as a flow technique proved to be highly appropriated,
enabling the detailed study of the complexation reaction with a fast and automatic method.
For a flow analysis effective application, contributed the excellent characteristic of the
complex formation being almost immediate. Furthermore, the good results obtained with
the certified water samples (data not shown), reinforced the successful application to the
determination of iron in natural waters.

Finally, and from the point of view of synthesis of new compounds, the newly synthesized
ligand is not only important for this particular work but also opens new perspectives for the
synthesis of other metal ion complexes with improved water solubility. The design of new
3,4-HPO functionalized with different PEGylated chains, varying the length of the chain, of
will be considered as future work in order to develop molecules with different HLB, according

to the desired application.
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CONCLUDING REMARKS

The present work is part of an on-going long term project in our research group regarding
the development of new antibiotics based on the concept of iron deprivation, a novel drug
target. In order to answer the questions raised in previous work, we designed new 3,4-HPO
fluorescent chelators in which several structural modifications have been introduced.

Different types of fluorophores have been used for functionalization of the chelating units.
For the rhodamine labelled chelators, different functional groups were considered in the
fluorophore moiety. The set of newly synthesized compounds was studied in what concerns
to their potential antimycobacterial effect. Biophysical studies were performed to get insight

on chelator’s interaction with membranes.

As the rhodamine framework of chelators has shown seems to be determinant for the
antimycobacterial effect, the properties of the rhodamine labelled 3,4-HPO chelators, such
as the HLB and charge, have been maodified. With this purpose we changed the linker,
between the fluorophore and chelating unit, and varied the functional groups bound to the
nitrogen atom in the fluorophore structure. Chelators MRB2, MRB4, MRB20, MRH10 and
MRB9 were designed in order to evaluate the influence of the functional groups per se and
the establishment of the best conjunction of fluorophore substituents and type of linkage to
improve antimycobacterial activity.

The effect of these new chelators in the control of the intramacrophagic growth of M. avium
has been studied and the overall results reinforce our previous hypothesis. Chelators that
include the thiourea group and have high lipophilicity, provided by the N-ethyl substituents
in the xanthene ring, appear to be the most active ligands in terms of their antimycobacterial
effect.

We previously assumed a possible correlation between the different functional groups in
the structure of rhodamine labelled 3,4-HPO chelators and their interaction with biological
membranes. Moreover, it seems that this interaction may ultimately be related with the
observed antimycobacterial effect.

Several experiments regarding the study of the interaction of the rhodamine labelled 3,4-
HPO chelators with biological membranes were performed, using different methods such
as Fluorescence, NMR and EPR spectroscopies and MD. The results have shown that the

distribution of these ligands in liposomes is better achieved for chelators labelled with
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rhodamine B isothiocyanate (MRH7 and MRB7) than for those functionalized with
carboxytetramethylrhodamine, MRH8 and MRB8. The results also revealed that the
interaction of the ligands with the lipid phases comprises the hydrophobic region of the
membrane models at different levels of the bilayer.

Cellular studies performed, using fluorescence confocal microscopy as a tool to explore the
distribution of the rhodamine labelled chelators inside the cells (BMM and PBMC’s), have
shown that ligands can access the cytoplasm of both cell types. Results also pointed out
the fact that the uptake of the more active compounds seems to be facilitated, as a higher
amount of ligand was able to reach the cytosol. The studies of co-localization demonstrated
that, once inside the BMM, the fluorescent ligands were able to access their targets, namely
the phagosome.

Bearing in mind the overall results, we speculate that the mode of action of the different
rhodamine labelled chelators seems to be similar due to the identical distribution patterns
obtained in cellular studies and the subcellular compartments that these chelators can
reach. In fact, MRH7 and MRB7 appear to have a higher ability to interact with biological
membranes, as confirmed by the studies with liposomes. This property allows them to cross
through the several barriers that exist in the cell. Once inside the host cell, chelators can
accomplish their chelating function and combat the infection, decreasing the amount of iron
available for M. avium survival. In contrast, MRH8 and MRB8 seem to have more affinity
for aqueous environment and consequently they tend to stay outside the membrane, even
in liposome suspensions or cells, thus being less effective ligands to chelate iron in the
infection scenario. In Figure CR.1 a hypothetical mechanism is presented, showing that
rhodamine framework potentiates the effect of the chelators.

As referred previously [4], we hypothesized that the fluorescent chelators are uptake and
diffuse within macrophages. In our hypothesis we suggest that the rhodamine labelled 3,4-
HPO chelators are targeting the phagosome and that the phagosomal membrane is one
possible place where the fluorophore framework may tether the ligands, allowing the

removal of iron from the interior of the phagosome.

Together with the results obtained in previous work [3], the present results illustrate the
importance of small changes in the structure of the molecules with biological relevance and
the influence of these modifications in drug membrane interaction, which is at least

correlated with the final biological activity.
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Figure CR.1 Outline of a hypothetical mechanism for the ironing-out effect produced by the rhodamine labelled 3,4-HPO
chelators.

In vitro safety studies of rhodamine derived 3,4-HPO chelators were also performed. The
viability of HepG2 cells was evaluated by MTT reduction and LDH leakage assays and the
results obtained by both protocols were compared, providing evidence that hexadentate
chelators seem to be more toxic than the bidentate related ligands.

Chelators induced toxicity to HepG2 cells particularly during longer periods of incubation (5
days), however, for earlier time-points, the toxicity was inexistent or low.

The results obtained suggest an eventual correlation between the toxicity of the chelators
and their ability to interact with biological membranes.

Chelator MRB20 was the most toxic molecule for HepG2 cells (Chapter 5) and at
concentrations superior than 3 uM, the ligand reduced cellular viability to levels lower than
50%. The toxicity of MRB20 was also observed in BMM in which the ligand induced the cell
death at concentrations up to 3 uM (Chapter 3). These results may be explained by the fact
that MRB20 is a positively charged ligand (at physiological pH) and as it has been
described, rhodamines with positive charge interact with the mitochondrial membrane [324,

325], destabilization in the cellular metabolism may occur, leading at last to the cell death.
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Ligands MRH7 and MRH10 have also shown some toxicity at day 5 for HepG2 cells (in LDH
leakage assay).

MRH7 was the hexadentate chelator that presents higher interaction with membranes
(liposomes, macrophages and PBMC’s, as discussed in Chapter 4). Curiously, both
molecules are hexadentate ligands possessing a thiourea linkage. The relevance of the
thiourea group for the interaction with bacterial surface has been reported [314]. It has also
been described that the presence of a thiourea group may contribute for the inhibition of
cell wall biosynthesis in M. tuberculosis [320]. The thiourea functional group is derived from
an isothiocyanate (ITC) group present in the fluorophore moiety and it has also been
described that the mechanism of action of ITCs may be related with the disturbing of
biological membranes [309, 311, 312].

The relative antibacterial activity of the several chelators studied, their ability to interact with
biological membranes and toxicity are summarized in Table CR.1.

Table CR.1 — Comparative table of chelator’s antibacterial activity, their interaction with biological membranes and toxicity. 0

— no effect; + - low; ++ moderate; +++ - high; ++++ very high effect; nd — not determined.

Structural features

Chelator Fluorophore N-substituents Linker Charge Angstei‘\(/:itti/rial Toxicity -Membra-me
interaction
(atpH =7.4)
MRH7 Rhodamine N-ethyl Thiourea Neutral . T+ et
MRHS8 Rhodamine N-methyl Amide Neutral 4 + +
MRH10 Rhodamine N-methyl Thiourea Neutral — T+ nd
MRB7 Rhodamine N-ethyl Thiourea Neutral . + T+
MRBS Rhodamine N-methyl Amide Neutral T+t + +
MRB9 Rhodamine N-ethyl Amide Neutral T+t + nd
MRB2 Rhodamine N-ethyl Sulfonamide Neutral 0 + nd
MRB4 Naphthalene - Thiourea Neutral 0 nd nd

MRB20 Rosamine N-ethyl Amide Positive + ++++ nd
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The most relevant conclusions are:

i) The antibacterial activity seems to be the conjugation of thiourea group and N-

ethyl substituents in xanthene ring;

ii) The toxicity appear to be a result of several factors, mainly charge, but also the

thiourea linker and higher denticity;

iii) The interaction with biological membranes may be the presence of N-ethyl

substituents in xanthene ring and/ or thiourea group.

These facts suggest that the chelators that revealed higher capacity to interact with
biological membranes may also have increased ability to “disturb” membranes. This
property may contribute to a greater antibacterial effect but simultaneously may lead to a
higher toxicity of the ligands.

In the field of medicinal chemistry and drug design, the overall results put in evidence that
molecules can be optimized in terms of their structure in order to design iron(lll) chelators
with improved antibacterial effect and ability to interact (or to pass), through the barrier of
the cell membrane(s) and reach the site of action, consequently enhancing their therapeutic
effect.

The results discussed in this thesis have clarified some assumptions and answered the
raised questions. However, other questions emerged and remain to be answered.

Thus, as future lines to investigate, some topics are proposed.

We are interested in the evaluation of the combination of most active chelator(s) with other
antibiotics used for the treatment of mycobacterial infection.

We identified the finest combination of rhodamine labelled 3,4-HPO chelators a classic
antibiotic to achieve higher biological activity. The results obtained have shown that the co-
administration of the most active chelator, MRH7, with one of the currently used antibiotic
in the treatment of mycobacterial infections, ethambutol, is a promising approach to fight M.
avium infections.

As future work in the field of designing chelators to ironing out bacteria, we also intend to
investigate the effect of ethambutol, in combination with other chelators, namely the non-
fluorescent chelating units (Hdmpp and CP256), which were not effective in the control of
intramacrophagic growth of M. avium and may gain advantage in their co-administration

with other antibiotics.
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In this thesis, another topic of research was also reported concerning on the synthesis of a
new chelator (PEG-HPO or MRB12) specially conceived to improve the water solubility of
the 3,4-HPO chelator and its complexes. The design of this new compound was performed
bearing in mind that several modifications can be included in the 3,4-HPO moiety in order
to change properties of these ligands, namely the HLB, without altering their chelating
capacity. According to this, we introduced a PEGylated chain in the nitrogen atom of the
3,4-HPO ring. This new molecule has provided better sensitivity and lower LOD for the
determination of iron in aqueous samples.

In this field, as future perspectives, we aim to design a set of new ligands with improved
water solubility, based on PEGylated chains. Different chains with different length and
terminal functional groups will be considered. We expect to be able to prepare ligands with
an adequate HLB in order to produce water soluble molecules with simultaneous ability to

interact with biological membranes.

As a final comment, the current results are relevant for the design of novel molecular
architectures with application in varied fields and corroborate the versatility of the 3,4-HPO
family of ligands. In 3,4-HPO structures, several modifications may be considered to tune
the properties of the ligands according to the desired application in the different fields of

research.
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APPENDIX

MRB9

MRB4 CP256

Figure A.1 - Formula of 3,4-HPO chelators referred in the present work.
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Figure A.2 — Dissociation steps of 3,4-HPO ligands (adapted from reference [345]).
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