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Synthesis, biophysical and biological evaluation of N-phenylbenzamide

derivatives targeting the mitochondrial DNA of kinetoplastid parasites

Introduction

Kinetoplastid parasites are responsible for three most common and neglected vector-borne
human diseases, which are the focus of this Thesis: leishmaniasis, which is caused by
Leishmania spp., human African trypanosomiasis caused by Trypanosoma brucei spp., and
Chagas disease caused by Trypanosoma cruzi. All of them display high morbidity and mortality

rates mainly in developing countries.

Kinetoplastid parasites are characterised by the presence of a disk-shaped mitochondrial DNA,
named as “kinetoplast DNA” (kDNA), comprising > 70% AT base pairs. Kinetoplastid cell
shapes change during the complex differentiation processes that occur in their life cycles. These
differentiations are key to the successful transfer of the parasite between vector and host, and

vice versa.

Despite the social and economic burden of kinetoplastid diseases, the chemotherapeutic arsenal
to treat them remains underdeveloped. Hence, there is an urgent need for new safe

antitrypanosomal and leishmanicidal treatments.

Previous studies showed that dicationic bisguanidine and bis(2-aminoimidazoline) compounds
are DNA minor groove binders (MGB) selective for AT-rich DNA sequences. In particular,
the N-phenylbenzamide bis(2-aminoimidazoline) lead compound I showed 100% curative
activity by oral dosage in a mouse model of acute 7. b. rhodesiense infection. In contrast, this

compound was mostly inactive against the intracellular parasites 7. cruzi and Leishmania.

Since compound I is an excellent DNA MGB with proven in vivo efficacy and kDNA is a
common target of 7. brucei, T. cruzi and Leishmania, this Thesis work aimed at optimizing the

biological activity of compound I towards the endoparasites Leishmania and T. cruzi.

Objectives

The main goal of this research was to discover new kDNA-targeting compounds active against

the kinetoplastid parasites Leishmania, T. cruzi, and T. brucei.



The objective was to prepare three families of dicationic compounds having the common N-
phenylbenzamide scaffold of lead compound I, which is known to interact favourably with the
minor groove of kDNA. Different chemical modifications of this scaffold were tested to
improve the membrane permeability, and hence, the anti-7. cruzi and leishmanicidal activity

of the new molecules.

The antiprotozoal activity of the new compounds was evaluated in vifro and the unspecific
cytotoxicity towards mammalian cells was tested to calculate the selectivity indexes (SI). The
DNA binding affinity, sequence selectivity and binding mode of the new compounds was
assessed carefully using different biophysical techniques (Surface Plasmon Resonance (SPR),
circular dichroism (CD), flow linear dichroism (LD), UV-Vis titrations, 'H-Nuclear Magnetic
Resonance (NMR), crystallization and X-ray diffraction) and computational studies. Finally,
nanostructured lipid carriers (NLC) loaded with compound 3a were synthesised as drug

delivery strategy to improve its leishmanicidal activity.
Results

Seven bis(imidazolidin-2-imine) analogues (1b—h) were synthesised in two steps from
dianiline precursors using di-tert-butyl 2-thioxoimidazolidine-1,3-dicarboxylate (5). Thermal
melting experiments and SPR-biosensor assays showed that these compounds bind selectively
to AT DNA sequences. The presence of induced CD and LD signals upon titration with (AT)s-
containing DNA (1b—h) and unspecific DNA (i.e., compound 1e) showed that the compounds
are MGB. This series showed micromolar range activity against 7. brucei (5.71 to 78.5 uM)
with SI from 1.3 to >35. Chlorine derivative 1¢ was the most active and selective from this
series. Compound 1g was the only molecule active against promastigotes of L. donovani (ECso

=7.64 uM). The whole series was inactive against 7. cruzi and 7. vaginalis.

Nine bis(2-aminobenzimidazole) derivatives (2a—e, 2h, 30, 31, 34) were synthesised in three
steps from dianiline precursors. Thermal melting experiments with (AT)4-containing DNA and
UV-Vis titrations with unspecific DNA showed that these compounds bind to DNA. Even
though some experiments reveal these compounds are presumably MGB, more evidences will
be necessary in order to clearly state the binding mode. This series displayed micromolar
activity on 7. brucei whereas it was mainly inactive against 7. cruzi and Leishmania parasites.

Compound 30 was the sole compound to be active against L. donovani promastigotes (ECso =

i



8.67 uM), albeit with a poor selectivity (SI = 1.6). Furthermore, 34 had weak trichomonacidal
efficacy and poor selectivity (ECso = 33.2 uM, SI = 1.5).

Eleven bis(arylimidamide) derivatives (3a—e, 3g—i, 36, 37, 53) were synthesised from dianiline
precursors. A novel protocol using N-(fert-butoxycarbonyl)pyridine-2-carbimidothioate (44)
was developed for the synthesis of halogen-containing bis(arylimidamides). Thermal melting
experiments and/or SPR-biosensor assays showed that these compounds bind selectively
(except the fluorene analogue 53) to AT DNA sequences. The presence of induced CD and LD
signals upon titration with (AT)s-containing DNA (3b, 3g—i, 37, and 53) and unspecific DNA
(i.e., compound 3a) showed that the compounds are MGB. The biophysical data (SPR, CD,
LD, and 'TH-NMR) conclusively showed that 3a is an AT-specific DNA MGB. Docking studies
were performed to rationalize these results. The bis(arylimidamide) derivatives were very
potent and selective inhibitors of 7. brucei, T. cruzi and Leishmania growth. Compounds 3a, a
close analogue of I, was the best antiparasitic compound with submicromolar activity and high

selectivity against these 3 kinetoplastid parasites.

Crystals of compounds 1¢, 3a and 36 complexed with AT-containing DNA were obtained and
diffracted at ALBA Synchrotron. Some diffraction patterns were obtained for compound 3a

crystallized with d(AAATATATTT) oligonucleotide.

NLC loaded with compound 3a were successfully prepared and their storage stability was
evaluated. Blank NLC were very stable at room temperature (60 days), whereas folic acid-

functionalized NLC had limited stability (<21 days).
Conclusions

The bis(arylimidamide) derivatives (3a—e, 3g—i, 36, 37, 53) are very promising anti-
kinetoplastid compounds. In particular, 3a is an AT-specific DNA MGB which is active in the
submicromolar range against bloodstream form trypomastigotes of 7. brucei (ECso = 0.40 uM,
SI>500) and intracellular amastigotes of L. donovani (ECso = 0.65 pM, SI>76.9) and T. cruzi
(ECso =1.28 uM, SI = 69.6). This compound is selective towards these parasites and it is
metabolically stable towards human and mouse liver metabolism, and in human serum.

Therefore, 3a is a good candidate to perform further in vivo assays.
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Sintesis, evaluacion biofisica y biologica de derivados de N-fenilbenzamida

dirigidos al ADN mitocondrial de parasitos cinetoplastidos
Introduccion

Los parasitos cinetoplastidos son responsables de las tres enfermedades humanas desatendidas
que son transmitidas por vectores, y que son el centro de esta Tesis: la leishmaniasis, que es
causada por Leishmania spp., la tripanosomiasis africana humana causada por 7Trypanosoma
brucei spp., y la enfermedad de Chagas causada por Trypanosoma cruzi. Todos ellos presentan

altas tasas de morbilidad y mortalidad principalmente en paises en vias de desarrollo.

Los parésitos cinetoplastidicos se caracterizan por la presencia de un ADN mitocondrial en
forma de disco, denominado “ADN cinetoplasto” (ADNc), que comprende > 70 % de pares de
bases AT. Las formas de las células de los cinetoplastos cambian durante los complejos
procesos de diferenciacion que ocurren en sus ciclos de vida. Estas diferenciaciones son clave

para la transferencia exitosa del parasito entre el vector y el huésped, y viceversa.

A pesar de la carga social y economica de las enfermedades cinetoplastidas, el arsenal
quimioterapéutico para tratarlas sigue estando poco desarrollado. Por lo tanto, existe una
necesidad urgente de nuevos tratamientos antitripanosdémicos y leishmanicidas que ofrezcan

seguridad y eficacia.

Estudios previos demostraron que los compuestos dicationicos de bisguanidina y bis(2-
aminoimidazolina) son ligandos del surco menor (LSM) del ADN selectivos para secuencias
de ADN ricas en AT. En particular, el compuesto I de N-fenilbenzamida bis(2-
aminoimidazolina) mostr6 ser 100% curativo administrado por via oral en un modelo murino
de infeccion aguda por 7. b. rhodesiense. Por el contrario, este compuesto fue mayormente

inactivo contra los parasitos intracelulares 7. cruzi'y Leishmania.

Dado que el compuesto I es un excelente LSM del ADN con eficacia in vivo comprobada y
que el ADNc es una diana comtn de 7. brucei, T. cruzi y Leishmania, esta Tesis tuvo como
objetivo optimizar la actividad biologica del compuesto I hacia los endoparasitos Leishmania

y T. cruzi.
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Objetivos

El objetivo principal fue descubrir nuevos compuestos activos dirigidos al ADNc de los

parasitos cinetoplastidos Leishmania, T. cruzi'y T. brucei.

El objetivo fue preparar tres familias de compuestos dicationicos que tuvieran el esqueleto
comun de N-fenilbenzamida del compuesto I, que interactua favorablemente con el surco
menor del ADNc. Se probaron diferentes modificaciones quimicas para mejorar la
permeabilidad de la membrana y, por lo tanto, la capacidad anti-7. cruzi y la actividad

leishmanicida de las nuevas moléculas.

La actividad antiprotozoaria de los nuevos compuestos se evalud in vitro y se probo la
citotoxicidad inespecifica hacia células de mamiferos para calcular los indices de selectividad
(IS). La afinidad de unién al ADN, la selectividad de secuencia y el modo de uniéon de los
nuevos compuestos se evaluaron cuidadosamente utilizando diferentes técnicas biofisicas
(resonancia de plasmoén superficial (SPR), dicroismo circular (CD), dicroismo lineal de flujo
(LD), valoraciones UV-Vis, Resonancia Magnética Nuclear de 'H (RMN), cristalizacion y
difraccion de rayos X) y estudios computacionales. Finalmente, se sintetizaron nanoparticulas
lipidicas nanoestructuradas transportadoras (NLC) cargados con el compuesto 3a, como

estrategia de administracion del farmaco para mejorar su actividad leishmanicida.
Resultados

Se sintetizaron siete analogos de bis(imidazolidin-2-imina) (1b—h) en dos pasos a partir de
precursores de dianilina utilizando di-terc-butil-2-tioxoimidazolidin-1,3-dicarboxilato (5). Los
experimentos de fusion térmica y de SPR mostraron que estos compuestos se unen
selectivamente a las secuencias AT del ADN. La presencia de sefales inducidas de CD y LD
tras la titulacion con ADN con (AT)s (1b—h) y ADN inespecifico (1e) mostraron que los
compuestos son LSM. Esta serie mostr6 actividad micromolar contra 7. brucei (5.71 a 78.5
uM) con IS de 1.3 a >35. El derivado clorado 1¢ fue el mas activo y selectivo de esta serie. El
compuesto 1g fue el tinico compuesto activo frente a promastigotes de L. donovani (CEso =

7.64 uM). Toda la serie fue inactiva frente a 7. cruzi y T. vaginalis.

Se sintetizaron nueve derivados de bis(2-aminobenzimidazol) (2a—e, 2h, 30, 31, 34) en tres

pasos a partir de los precursores dianilina. Los experimentos de fusion térmica con ADN



conteniendo (AT)s y valoraciones UV-Vis con ADN inespecifico mostraron que estos
compuestos se unen al ADN. Aunque algunos experimentos revelan que estos compuestos son
presumiblemente LSM, se necesitardn mas ensayos para establecer claramente el modo de
union. Esta serie mostro actividad micromolar sobre 7. brucei mientras que fue principalmente
inactiva contra 7. cruzi 'y Leishmania. E1 compuesto 30 fue el inico compuesto activo frente a
promastigotes de L. donovani (ECso = 8.67 uM), aunque con poca selectividad (IS = 1.6).
Ademas, 34 fue poco eficaz y selectivo frente a 7. vaginalis (ECso = 33.2 uM, SI = 1.5).

Once derivados de bis(arilimidamida) (3a—e, 3g—i, 36, 37, 53) fueron obtenidos a partir de los
precursores dianilina. Se desarroll6 un nuevo protocolo utilizando N-(terc-
butoxicarbonil)piridin-2-carbimidotioato (44) para la sintesis de bis(arilimidamidas)
halogenadas. Los experimentos de fusion térmica y/o ensayos de SPR mostraron que estos
compuestos se unen selectivamente (excepto 53) a secuencias de ADN ricas en AT. La
presencia de sefiales inducidas de CD y LD tras la titulacion con ADN (AT)4 (3b, 3g-i, 37 y
53) y ADN no especifico (3a) mostrd que los compuestos son LSM. Los datos biofisicos (SPR,
CD, LD y 'H-NMR) mostraron de manera concluyente que 3a es un LSM del ADN, AT-
especifico. Se realizaron estudios de acoplamiento para racionalizar estos resultados. Los
derivados de bis(arilimidamida) fueron inhibidores muy potentes y selectivos del crecimiento
de T. brucei, T. cruzi y Leishmania. El compuesto 3a, un analogo de I, fue el mejor compuesto
antiparasitario con actividad submicromolar y alta selectividad contra estos 3 parésitos

cinetoplastidos.

Se obtuvieron cristales de los compuestos 1¢, 3a y 36 complejados con ADN rico en AT y se
difractaron en el Sincrotron ALBA. Se obtuvieron algunos patrones de difraccion para el

compuesto 3a cristalizado con el oligonucleotido d(AAATATATTT).

Se prepararon con ¢éxito NLC cargados con el compuesto 3a y se evalud su estabilidad. Las
NLC blancas cargadas eran muy estables a temperatura ambiente (60 dias), mientras que las

NLC funcionalizados con acido folico tenian una estabilidad limitada (<21 dias).
Conclusiones

Los derivados de bis(arilimidamida) (3a—e, 3g—i, 36, 37, 53) son compuestos prometedores con
actividad anti cinetoplastos. Particularmente, 3a es un LSM de AND, AT especifico, activo en

el rango submicromolar contra las formas tripomastigotes de 7. brucei (ECso = 0.40 uM, IS >

Vi



500) y amastigotes intracelulares de L. donovani (ECso = 0.65 uM, IS > 76.9) y T. cruzi (ECso
=1.28 uM, IS = 69.6). Este compuesto es selectivo frente a estos parasitos y es metabolicamente
estable frente al metabolismo hepatico humano y de raton, y en suero humano. Por lo tanto, 3a

es un excelente candidato para realizar futuros ensayos in vivo.
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H-bond
HBs
HCI
HEK
HEPES
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logP
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MPD

MW

water

human African trypanosomiasis
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hydrogen bonds

hydrochloric acid

human kidney cells
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flow linear dichroism

lithium hydroxide
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1. Chapter 1: Introduction

1.1. Neglected Tropical Diseases

Neglected tropical diseases (NTDs) are defined by the World Health Organization (WHO)
as a group of 20 diseases mainly prevalent in the tropics (Africa, Asia and Latin America)
affecting the disadvantaged populations (disproportionately affecting women and
children). More than one billion people are affected by these diseases. NTDs cause serious
physical, social, and economic consequences, which allow to consider them as a public-
health problem. The epidemiology of NTDs is complex and is often associated with

environmental factors.!:2

NTDs cause billions of dollars of harm to communities in developing countries each year
due to direct health care costs, reduced productivity, and lower socioeconomic and
educational standards. They also lead to other consequences such as disability, stigma,
social exclusion, and discrimination, and impose a significant economic burden on patients

and their families.!

NTDs do not just affect impoverished nations.> Some essential parasitic illnesses and other
infections are common everywhere there is poverty, including in rich nations such as the
United States and European countries, and have a significant detrimental influence on

mother and child health.>#

Among these diseases, exist a group of vector-borne kinetoplastid diseases comprising
Chagas disease, leishmaniasis and human African trypanosomiasis (HAT, also known as

sleeping sickness).!> %>
1.2. Kinetoplastid diseases

Kinetoplastids are a group comprised by flagellated protozoans that are responsible for
distinct human illnesses transmitted by different vectors.® Kinetoplastid parasites are
responsible for the three most common and neglected human diseases which are the focus
of this Thesis: leishmaniasis, which is caused by Leishmania spp., human African

trypanosomiasis caused by Trypanosoma brucei spp., and Chagas disease caused by
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Trypanosoma cruzi. All of them display high morbidity and mortality rates mainly in

developing countries.® >’

Kinetoplastid pathogens share genomic organization and cellular structural features. The
main characteristic of kinetoplastid parasites is the presence of a DNA-containing region
in their single large mitochondrion, named as “kinetoplast DNA” (kDNA), comprising >
70% AT base pairs. Kinetoplastid cell shapes change during the complex cell type
differentiation processes in their life cycles, intimately linked to interactions with
mammalian hosts or insect vectors. These differentiations are key to the successful transfer
of the parasite between vector and host, and vice versa. The structural differences between
T. brucei, T. cruzi and Leishmania cells during their life cycle stages have been reported

in the literature.®?

Despite the social and economic burden of diseases caused by kinetoplastid protozoa,
efforts to discover new drugs for them remain underdeveloped.!® !! Hence, there is an

urgent need for new treatments that have trypanocidal and leishmanicidal properties.!?
1.2.1. Leishmaniasis

The etiologic agent of leishmaniasis is the intracellular protozoan parasite of the genus
Leishmania. Tt is estimated that each year 700 000 to 1.2 million new cases arise.!>
Leishmaniasis is currently found in both the Eastern and the Western hemisphere. In the
Eastern hemisphere, this disease is found in some parts of Asia, tropical regions of Africa
and north of Africa and, over the last years, in southern Europe. In the Western hemisphere,
leishmaniasis is spread over central and south America except Chile and Uruguay, and

some regions of Mexico. However, it is also possible to find cases in non-listed countries

due to the current travel and immigration patterns.'?

There are three main forms of leishmaniasis: (i) visceral (VL), (ii) cutaneous (CL) and (iii)
mucocutaneous (ML). Visceral leishmaniasis, also known as kala-azar, is the most serious
form of the disease and results lethal if not treated. Moreover, individuals who get
treatment are at risk of developing a disfiguring skin form of relapsing illness termed post
kala-azar dermal leishmaniasis (PKDL), which may also contribute to disease

transmission.!3- 13
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CL has a greater worldwide incidence (> 1 000 000 cases per year) than VL (30 000 cases
per year),!* with the highest frequency in Africa, the Mediterranean, and South America.
It does not cause systemic morbidity or mortality, but it can inflict severe disfigurement

and stigma.!® 14

The clinical manifestations of leishmaniasis depend on the illness form. CL is
characterised by producing skin sores. Characteristic features are observed such as
plaques, papules and nodule formation with the addition of skin thickening at multiple sites
on the facial skin and the outer surface of the membranous tissue.!® ML develops
metastatic lesions, resulting in the progressive destruction of the nasal mucosa, as well as
the soft and hard palate, and eventually the nasal septum.!” Facial disfigurement and
crippling injuries result in social discrimination.!® The clinical symptoms of VL are
anaemia, progressive cachexia, intermittent fever, hepatomegaly and splenomegaly. Other
symptoms, such as lymphadenopathy and persistent diarrhoea, are also common.!
Remarkably, as Leishmania parasites directly affect cells of the phagocytic mononuclear
system (e.g., macrophages) the disease progresses to cause alterations in the immune
system.?’ VL is affecting several internal organs (e.g., spleen, liver, and bone marrow)
resulting life threatening in some cases. The illness is developed within months (sometimes

as long as years) of the sand fly bite.!* 14.21.22

1.2.1.1.  Leishmania life cycle

Leishmaniasis is transmitted by sand flies and caused by obligate intracellular protozoa of
the genus Leishmania. The Leishmania life cycle involves two stages: sandfly and human
stages, in which two forms of the parasite (i.e., promastigote and amastigote) are observed

(Figure 1.1).

As first step, female phlebotomine sand flies inject infective promastigote stages from their
proboscis into the skin of the human during blood meals. Promastigotes that reach the
puncture wound are phagocytized by macrophages and other types of mononuclear
phagocytic cells in the host. Promastigotes transform into amastigotes (i.e., the tissue
stage) inside these mononuclear phagocytic cells, multiply by simple division, and proceed
to infect other mononuclear phagocytic cells. Different factors, including the parasite
species and/or subspecies and the host, influence whether the infection becomes

symptomatic and whether cutaneous or visceral leishmaniasis results. To close the life
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cycle, sand flies become infected by ingesting infected cells during blood meals. In sand
flies, amastigotes transform into promastigotes, divide in the gut (in the hindgut for

Viannia subgenus; in the midgut for Leishmania subgenus), and migrate to the proboscis.'?

Sandfly Stages Human Stages
o Sandfly takes a blood meal .
Promastigotes are
(injects promastigote stage -
into the skin) o phagocr}uzed by
o Divide in the gut and / omrat.:ctr::r ;g:
migrate to proboscis of mononuclear

phagocytic cells

'

Amastigotes transform into
promastigote stage in the gut

Promastngotes transform
into amastigotes

Amastigotes multiply in cells
of various tissues and infect

\ other cells
e Sandfly takes a blood meal D

(ingests macrophages infected
with amastigotes)
A= Infective Stage /
A= Dlagnosl'c Slage SAFER:MEALTMIER: PEOPLE™

G lngesuon of
parasitized cell

Figure 1.1: Leishmania life cycle. Taken from Centers for Disease Control and Prevention (CDC).

Parasites - Leishmaniasis."

1.2.1.2. Current treatments

Despite their toxicity and varied effectiveness, antimonials were the only treatment for the
previous 60 years, until alternative therapies were developed and introduced at the
beginning of the 21 century.2!. 22 Recent advances in the treatment of VL, such as the
combination of sodium stibogluconate and paramomycin, the oral formulation of
miltefosine, and the combination of liposomal amphotericin B and pentamidine
isethionate, provide improved safety profiles, shorter treatment durations, and a lower risk

of drug-resistance (Figure 1.2).21.23.24
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Figure 1.2: Drugs for the treatment of leishmaniasis.

Current approved therapeutic arsenal for leishmaniasis treatment has important limitations
regarding access and affordability. The medicines available for first-line VL treatment
involves a combination of liposomal amphotericin B and pentamidine isethionate, or a
combination of pentavalent antimonials (i.e., sodium stibogluconate and meglumine
antimoniate) and paromomycin. For the first-line CL treatment the use of pentavalent
antimonials in both local or systemic administration is recommended. Furthermore, the
use of miltefosine and pentavalent antimonials is prescribed for the treatment of PKDL.
Antimonials, amphotericin B, paromomycin sulphate, and miltefosine have variable
efficacy against the more than 20 Leishmania species responsible of this disease.” WHO
treatment guidelines propose different doses and combination based on the geographical
distribution of the disease. As an example, WHO recommendation treatment regimen for
VL on the Indian subcontinent should include liposomal amphotericin B or miltefosine
(oral administration). However, these medicines are poorly effective in patients in other
countries. Treatment regimens are generally long, requiring hospitalization, and have
significant toxicities. Hence, monitoring the process is necessary. Regional differences in
treatment protocols, high costs, and the low availability of some medicines stretch the

limits of underfunded health-care systems in countries where these diseases are endemic.>

13
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1.2.2. American trypanosomiasis

American trypanosomiasis (Chagas disease) is caused by Trypanosoma cruzi and is
transmitted to animals and humans by insect vectors (triatomine bugs, family
Reduviidae).? This disease is endemic in the American continent, especially spread in

rural areas of Latin America where it is associated to poverty factors.

It is estimated that = 8 million people in Mexico, Central America, and South America is
infected by 7. cruzi. However, most of them do not know they are infected, due to the lack
of serological controls. If left untreated, this infection is lifelong and can be life

threatening.?®

The impact of Chagas disease is not limited to rural areas of Latin America in which
vector-borne transmission occurs.?” A major problem is related to large-scale population
movements from rural to urban areas, not only in Latin America but also to other regions
of the world, which provokes the spreading of the parasite outside its endemic area. This
results in a changeable epidemiology of the disease. Hence, Chagas is now an emerging

disease in non-endemic countries such as the United States and Europe.?%?°

Chagas disease has an acute and a chronic phase. Acute Chagas disease occurs
immediately after infection, and can last up to a few weeks or months. During the acute
phase, parasites may be found in the circulating blood. This phase of infection is usually
mild (fever or swelling around the inoculation area) or asymptomatic. Even though, acute
infection may result in severe inflammation of the heart muscle or the brain in a few cases.
Most infected people that remain untreated enter into a prolonged asymptomatic form of
the disease (“chronic indeterminate”). These people may remain asymptomatic for life and
never develop Chagas-related symptoms. However, an estimated 20-30% of infected
people will develop severe and sometimes life-threatening medical problems over the

course of their lives.2¢

Chronic Chagas disease may develop cardiomyopathy, digestive mega syndromes, or both.
Clinic manifestations include heart rhythm abnormalities leading to sudden death, a dilated
heart that does not pump blood adequately, and a dilated oesophagus or colon, leading to

difficulties with eating or passing stool, respectively. In immunocompromised patients
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(i.e., AIDS or chemotherapy patients), Chagas disease can reactivate with parasites found

in the circulating blood, leading to severe disease.?
1.2.2.1.  Trypanosoma cruzi life cycle

This life cycle involves two stages: human and triatomine bug stages (Figure 1.3).

Common triatomine vector species belong to the genera Triatoma, Rhodnius, and

Panstrongylus.
Triatomine Bug Stages Human Stages
Triatomine bug takes a blocd meal
(passes metacychc trypomastigotes in feces, 9 Metacyclic trypomastigotes
o trypomastigotes enter bite wound or penetrate various cells at bite
mucosal membranes, such as the congunctiva) wound site. Inside cells they
ér r 4 transform into amastigotes,

Metacyclic trypomastigotes A O

7

o Amastigotes multiply

Bk s cial Trypomastigotes by binary fission in cells
Multiply in midgut can infect other cells of infected tissues,

and transform into
intracellular amastigotes

in new infection sites.

Clinical manifestations can
result from this infective cycle.

°\

Triatomine bug takes
a blood meal

(6] Epimastigotes trypomastigotes ingested)
in midgut

K

/\ /@A
@) Mac&llular amastigotes
_ (4]

transform into trypomastigotes,
then burst out of the cell
and enter the bloocdstream

A: Infective Stage
A= Diagnostic Stage

Figure 1.3: Trypanosoma cruzi life cycle. Taken from Centers for Disease Control and Prevention (CDC).

Parasites — American trypanosomiasis.?®

An infected triatomine insect vector (or “kissing bug”) ingests a blood meal releasing
trypomastigotes in its faeces near the site of the bite wound. These trypomastigotes enter
the host through the wound or through mucosal membranes. Inside the host, the
trypomastigotes invade cells near the site of inoculation and differentiate into intracellular
amastigotes. The amastigotes multiply and differentiate into trypomastigotes, and then are
released into the circulation as bloodstream trypomastigotes. Trypomastigotes infect cells

from a variety of tissues and transform into intracellular amastigotes in new infection sites.
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Replication resumes only when the parasites enter another cell or are ingested by another

vector.

To complete the cycle, a new insect vector becomes infected by feeding on human or
animal blood containing bloodstream parasites. The ingested trypomastigotes transform
into epimastigotes in the vector’s midgut. The parasites multiply and differentiate in the
midgut, then differentiate into infective metacyclic trypomastigotes in the hindgut

reinitializing the cycle.

T. cruzi can also be transmitted through blood transfusions, organ transplantation,
transplacentally (from mother to unborn baby), orally (contaminated food or drink), and

in laboratory accidents.?¢
1.2.2.2. Current treatments

Currently, only two nitroheterocyclic drugs — benznidazole and nifurtimox — are available.
These treatments decrease parasite load and can result in parasite clearance from blood in
both acute and chronic T. cruzi infections.> However, both of them, which were developed
decades ago, present serious adverse effects and are contraindicated during pregnancy

(Figure 1.4).

0O
o = S=0
NJ\/QN N’N\)
g“ Vo 'O\N+ \o ,
@)
benznidazole nifurtimox

Figure 1.4: Nitroheterocyclic drugs available for the treatment of Chagas disease.

Available medications are insufficient because they fail too frequently due to dormant
amastigotes which are exceptionally resistant to extended drug treatments in vivo (and in
vitro) allowing the re-establishment of infection.*® Benznidazole is well tolerated in adults,
despite skin and nervous system complications, whereas nifurtimox is the common
treatment for kids. However, WHO recommends the use of benznidazole off-label for the

treatment of persistently infected individuals, despite the fact that its efficacy in later stages
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of the disease is disputed. The BENEFIT trial, a comprehensive investigation of
individuals with chronic Chagas cardiomyopathy, found that benznidazole therapy
lowered parasite load but did not significantly improve disease progression.’ Hence, the
search of better treatments for Chagas disease remains a necessity and a priority in tropical

medicine.
1.2.3. African trypanosomiasis

Human African trypanosomiasis, popularly known as "sleeping sickness," is caused by
subspecies of the parasite of the Trypanosoma brucei. It is transmitted by the tsetse fly
(Glossina species) which is found in Sub-Saharan Africa. There are two morphologically
indistinguishable forms of African trypanosomiasis; each is named after the historical area
of Africa where it was discovered. The parasite Trypanosoma brucei rhodesiense causes
East African trypanosomiasis, whereas the parasite Trypanosoma brucei gambiense causes

West African trypanosomiasis. Sleeping sickness is treatable, but it is lethal if untreated.

Control measures have lowered the number of yearly cases, and the number of recorded
cases went below 10,000 for the first time in 50 years in 2009. Less than 2000 cases were
reported to WHO in the 2017-2018 period. In recent years, the use of the nifurtimox—
eflornithine combination therapy (NECT) and fexinidazole has contributed to the decline
of the number of cases with fewer than 700 combined cases reported to WHO in 2020,
with more than 85% caused by 7. b. gambiense and roughly 15% caused by 7. b.

rhodesiense.®!
1.2.3.1.  Trypanosoma brucei life cycle

T. brucei has two hosts: the tsetse fly and the mammalian host (human or animal). The
cycle begins when metacyclic trypomastigotes from fly saliva are injected into the human
blood during a blood meal (Figure 1.5). In the mammalian host, the infection occurs in two
stages, an initial haemolymphatic stage, with bloodstream trypomastigotes that multiply
by binary fission, and a meningoencephalitic stage after the trypanosomes invade the

central nervous system.

When a tsetse fly feeds of blood of an infected mammal, it receives trypomastigotes that

are converted into procyclic trypomastigotes in the fly midgut. Finally, they leave the
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midgut and change into epimastigotes which multiply in salivary gland and transform into

metacyclic trypomastigotes.

ODPD African Trypanosomiasis a7
X Trypanosoma brucei gambiense & Trypanosoma brucei rhodesiense ' 9
Tsetse Fly Stages Mammalian Stages
Tsetse fly tak
Epimastigotes multiply @ o :ebizodyn'?e:ls

in salivary gland. They
transform into metacyclic
trypomastigotes.

(injects metacyclic trypomastigotes) Injected metacyclic

trypomastigotes transform
into bloodstream

trypomastigotes, which
Yamed to other sites.

(7

o Trypomastigotes multiply by
binary fission in various
body fluids, e.g., blood,
lymph, and spinal fluid.

o Procyclic trypomastigotes
leave the midgut and transform
into epimastigotes.

=
%

e Tsetse fly takes
ablood meal
(bloodstream
trypomastigotes
areingested)

G Bloodstream trypomastigotes\ i l%
transform into procyclic /\— Circulating trypomastigotes
@
!i
X\

trypomastigotes in the vector in blood during acute phase;

midgut. Procyclic tryposmatigotes usually undetectable in latent
multiply by binary fission. phase.

Cattle and possibly wild
ungulates are reservoirs

for T. b. rhodesiense.
Diagnostic stage

G2 Infective stage

Figure 1.5: Life cycle of T. brucei. Taken from Centers for Disease Control and Prevention (CDC).

Parasites — African Trypanosomiasis.>?

1.2.3.2. Current treatments

The treatments of human African trypanosomiasis (HAT) (Figure 1.6) depend on the
parasite involved (7. b. gambiense or T. b. rhodesiense) and the illness stage (i.e., presence
or absence of central nervous system involvement). For first-stage of 7. b. gambiense
infection, pentamidine is the recommended treatment whereas suramin is chosen for 7. b.
rhodesiense. For the second stage, melarsoprol and eflornithine are also used. However,
the administration regimen and availability of the drugs remain as significant problems.*>
33 The introduction since 2009 of the nifurtimox-eflornithine combination therapy (NECT)
for T. b. gambiense HAT was a milestone, followed by the recently demonstrated efficacy
of oral fexinidazole.® Fexinidazole, which was included in 2019 as oral treatment (i.e., 10

days regimen), is indicated as first line drug for first stage and non-severe second stage of
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gambiense HAT.3* With fexinidazole, oral pills can be administered to patients making the

chemotherapy of gambiense sleeping sickness much easier and affordable.*

OH
. /ﬁ//
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eflornithine nifurtimox fexinidazole

Figure 1.6: Available drugs for the treatment of sleeping sickness.

1.3. DNA as therapeutic target: structure and function

Molecules that bind to the DNA double helix can be used as chemotherapeutic agents for
the treatment of parasitic diseases which are dependent on cellular division.?®
Chemotherapeutic compounds mainly bind to DNA through three different modes, i.e.,
alkylation, intercalation or groove binding. It is also possible to observe a dual binding
mode in which two binding modes are observed. The mentioned binding modes occur
through hydrophobic forces, electrostatic interactions (intercalators and groove binders),

7 — m stacking (intercalators) or ionic interactions.3”-4!

11
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1.3.1. The structure of DNA

DNA encodes the genetic information needed for the correct development and functioning
of living organisms. A knowledge of the DNA structure is fundamental to understand the

interactions of the DNA-ligand complexes involved in DNA binding.

The DNA structure consists in two helical chains coiled round the same axis as first
described by Watson and Crick.** Helixes are formed by repeating units named
nucleotides, composed of substructures known as nucleosides. These nucleosides are
formed by a nitrogenous base covalently bound to a five-carbon sugar (i.e., 2’-
deoxyribose). If this nucleoside holds a phosphate group attached to the structure, it is

named nucleotide (Figure 1.7).

Nitrogenous
base

Phosphate
group

Sugar

Figure 1.7: Schematic structure of the adenine (purine) nucleotide

The unmodified, natural four DNA bases are classified into two groups based on their
heterocyclic structure: (i) purines: adenine (A), guanine (G), and (ii) pyrimidines: cytosine
(C) and thymine (T). These bases associate in pairs through hydrogen bonds connecting
the two DNA strands. Guanines associate with cytosines with three Watson—Crick H-

bonds, and adenines with thymines through the formation of two H-bonds (Figure 1.8).4*

44
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Figure 1.8: Watson—Crick base pairing of canonical nucleic acids showing hydrogen bonding between

guanine (G) and cytosine (C), and adenine (A) and thymine (T).

The importance of the sugar rings in nucleotides is due to their structural features, being a
five atoms ring, at least one of the atoms must be out of the plane, meaning there is a non-

planar structure.*> %

1.3.2. DNA polymorphs A, B and Z-DNA

Different forms of DNA (referred as polymorphs) exist depending on the base sequence
and the surrounding environment. The most commonly observed structures are the A-
DNA, B-DNA and Z-DNA.* The best known model is the B-form. It was first described
by Watson and Crick for the right-handed double-helical form.*?> 46 The right-handed B-

form is the standard form in biological systems (Figurel.9).

A-form B-form Z-form

Figure 1.9: A, B and Z forms of DNA. Right-handed forms A (left) and B (middle). Left-handed Z-form
(right). (Adapted from Largy et al. Chem. Rev. 2022, 122, 7720-7839).*

13
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The main difference between the polymorphs of DNA is that A-DNA and B-DNA are both
right-handed, uniform double-helical structures, while Z-DNA is a left-handed double
helix with a repeating dinucleotide and a backbone following a zig-zag path. Low humidity
is necessary to observe A-form DNA whereas Z-DNA requires an alternating sequence of
poly(dC-dG). High salt concentration (> 2.5 M NaCl) is believed to be necessary to allow

the formation of the Z-DNA structure.*?: 4°
1.3.3. DNA function
Two main functions are described for DNA:

» Transcription is based on the retrieving of information from the DNA by ribonucleic
acid (RNA) in order to synthesise complex molecules (i.e., proteins, tRNA, rRNA,
siRNA, etc.) essentials in the organism. Such proteins are part of biological processes
and have different roles (e.g., hormones, enzymes, carriers, structural proteins,
receptors, etc.).

» Replication: this function involves DNA self-replication.*’

These two functions are key for cell survival, proliferation and maintaining the correct
functioning of all biological systems. The initiation of transcription and replication
requires a signal given by the binding of a regulatory substance (e.g., protein) to a
particular region of DNA. Thus, mimicking the regulatory substance in both specificity
and strength, the function can be activated, inhibited or modified. On the one hand,
activation would lead to DNA replication or over production of the regulatory substance.
On the other hand, inhibition would avoid synthesis of the activating substance or
replication process, which could finally produce cell death. Hence, a small molecule can

act as both activator or inhibitor, controlling or being able to cure a disease.

As regards to antiparasitic chemotherapy, DNA is mostly targeted in an inhibitory mode

in order to prevent parasites replication.*s
1.3.4. DNA targeting compounds

Based on the double-stranded DNA structure, four different modes of interaction with
the DNA have been proposed in the literature: intercalation, alkylation, strand-cleaving

and binding to the major or minor groove.*¢
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1.3.4.1. Alkylating agents

Alkylating compounds interact non-specifically with DNA by transferring an alkyl group
to the heterocyclic bases of DNA. They are highly electrophilic species that can react with
nucleophiles forming covalent bonds. The development of alkylating substances designed
after the nitrogen mustards produced numerous treatments, especially in cancer therapy.
Some examples of these compounds are the cyclophosphamide, cisplatin, carboplatin and

oxaliplatin (Figure 1.10).4-!
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Figure 1.10: Chemical structures of alkylating agents: cyclophosphamide, cisplatin, carboplatin and

oxaliplatin.>!

1.3.4.2. Intercalating agents

Intercalators are characterised by being large, hydrophobic and planar molecules (Figure
1.11). They insert themselves in between DNA bases using a combination of hydrophobic
and © — 7 stacking interactions.’® 32 This insertion leads to structural changes in the helix
(i.e., lengthening and unwinding). Non-covalent bonds formed by the interaction between
intercalating aromatic system and the two base pairs perpendicular to the axis produces the
distortion of the polysaccharide backbone leading to potential deletions in the coding

region.>% 3

15
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Daunomycin HCI Acridine

Figure 1.11: Chemical structures of common intercalators: daunomycin hydrochloride and acridine.

1.3.4.3. Cleaving agents

These compounds break the DNA strands probably with the involvement of hydroxide and
superoxide free radicals. Bleomycin (Figure 1.12) is the most widely known cleaving
agent. It is obtained from Streptomyces verticillus and used clinically for the treatment of

a wide variety of cancers usually as a co-adjuvant.3¢ >

ﬁ;gj;( Ho’g(“\rﬁl)L

Bleomycin

Figure 1.12: Chemical structure of Bleomycin

1.3.4.4. Major and minor groove binding agents

The sugar phosphate backbone of DNA spirals around the outer surface of DNA. Between
these backbones are two different sized grooves known as the major and minor grooves.
The larger one (major groove) measures 11.6 A wide and 8.5 A deep. This major groove
is mainly formed by G:C base pairs and possess the greatest positive potential compared
to the negative electrostatic potential observed in the minor groove. Contrary to the major

groove, the minor groove is rich in A:T base pairs (Figure 1.13).%% 36
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Figure 1.13: Major and minor grooves in a B helix (Taken from Largy et al. Chem. Rev. 2022, 122, 7720-
7839).4

As regard of the environment, both grooves are surrounded by Na*, K*, Ca?*, Mg?" and
polyamines which are physiological essential cations that neutralize the negatively charged
sugar-phosphate backbone. These counterions bind the phosphate groups of the DNA
backbone, exposed to the solution, and the electronegative pockets in the grooves of the
double helix. The presence of water molecules within the grooves allows water-mediated
interactions (i.e., hydrogen bonds) supporting the organisation of cations.>’ Polyamine
molecules such as putrescine?*, spermidine®*" and spermine** prefer the narrowest part of

A-tract regions of the minor groove.>®

Many replication and repair enzymes necessary for the transcription of proteins bind to the
major and minor grooves of DNA. Generally, proteins tend to bind the major groove while
small molecules show interaction within the minor groove. However, a few small
molecules (e.g., methyl green) also bind to the major groove.>® Binding of proteins to the
major groove is favoured by the larger size of the groove and the higher number of
potential hydrogen bonding interactions that can occur with a minimum alteration of the

DNA structure.®0-62

17
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The minor groove of the DNA duplex has a greater negative electrostatic potential than
the major groove, as previously stated. Extensive studies have been performed on the
molecular electrostatic potential of the sugar-phosphate backbone of the B-DNA helix and
the geometric factors that control the negative electrostatic potential within the groove.®?
The overall shape of the grooves and the electric potential is differently affected by the

position of the base pairs within the grooves relative to the double helix.®

Base pairs arrangement within the minor groove is key for determining the preference for
electrostatic interactions with ligands. Research in this area has led to determining that CG
base pairs in the major groove and AT base pairs in the minor groove are more likely to

interact with ligands.®* %

1.3.5. DNA minor groove binders as anti-protozoal agents

In this Thesis, we have concentrated our efforts towards the study of DNA minor groove

binders (MGB) that can be useful in the treatment of kinetoplastid diseases.

The minor groove of DNA is an excellent target for compounds acting as sequence-specific
drugs.%® Minor groove binders usually show a planar and concave structure to fit the groove
curvature. Usually, these aromatic derivatives contain hydrophobic regions, which remove
the hydration spine along the groove. Furthermore, cationic groups allow ionic interactions
with the negative potential of the minor groove (at physiological pH) and to form hydrogen
bonds (HBs) with specific DNA base sequences at the groove floor. Since (di)cationic
compounds accumulate to high levels in the parasite’s single mitochondrion driven by the
mitochondrial membrane potential and binding to kDNA,%” MGBs can disrupt essential
protein or transcription factor—DNA interactions by causing structural alterations in the

DNA helix.5®

The most important DNA minor groove binder (MGB) clinically used is pentamidine
(Figure 1.6), which was suggested to inhibit pathogens growth by targeting the protozoan
topoisomerases.”® Kahvedzi¢ demonstrated that pentamidine binds to AT-rich regions
along four base pairs.® The H-bonds observed between the amidinium groups and the

adenine and thymine of the DNA stabilise the formed complex.”
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Figure 1.14: Chemical structure of antiprotozoal MGBs.

The well-known diarylamidine 4',6-diamidino-2-phenylindole (DAPI) has been reported
to be active against Trypanosoma congolense (Figure 1.14).”! However, the appearance of
undesirable side effects in vivo limited its clinical use as trypanocide. DAPI was shown to
inhibit DNA and RNA polymerases trough specific AT-rich binding in the double-stranded
DNA.7> 73 The presence of amidine groups at the ends of the molecule is hypothesised to

stabilise the complex DNA—-DAPI through H-bonding and electrostatic interactions.

The aromatic diamidine diminazene, also known as Berenil,’* is widely used for the
treatment of animal trypanosomiasis under veterinarian prescriptions.” Berenil displays
trypanocidal activity selectively against extranuclear DNA.”> 76 Berenil also displayed
babesicidal’’ and bactericidal’® activity. This compound is also characterized by a high

affinity for AT-rich sequences.”
1.3.5.1. Kinetoplast DNA (kDNA) as target

Kinetoplast DNA (kDNA) is an important structural characteristic of the flagellated
protozoa of the order Kinetoplastida. kDNA is different from other DNA in nature because
it is a network of interconnected DNA rings. This network has a topology that resembles
medieval chain mail. kKDNA represents approximately 30% of the total quantity of DNA
in the parasite cell.’% 8! The understanding of the KDNA network replication, which is

rather complex, was analysed by studying the proteins involved.3-%¢
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Figure 1.15: Section through the kinetoplast disc, with interlocked minicircles aligned in a monolayer. The
disc is flanked by two antipodal protein complexes containing DNA polymerase 3 and topoisomerase II.
Primase is localized above and below the kinetoplast disc. Covalently closed free minicircles are released
from the central region of the disc. After replication, the progeny minicircles, containing gaps, are attached
to the network periphery adjacent to the two protein complexes. The newly replicated minicircles are drawn

in bold (Taken from J. Biol. Chem. 1997, 272, 20787-20792).%

The kDNA structure network consists of two kind of DNA rings: (i) a few thousand
minicircles (0.45 to 2.5 kbp) and (ii) few dozen maxicircles (13 to 40 kbp).3° The
minicircles encode guide RNAs that take part in the editing of transcripts produced by the
maxicircles, which are responsible for making rRNAs and proteins of the respiratory
chain.®® Minicircles and maxicircles can be visualised after decatenation of the network
under topoisomerase II action.?? 8% %0 Each parasite cell has one mitochondrion containing
a single kDNA network condensed into a disk-shaped structure (Figure 1.15). The kDNA
slice is positioned in a specialized region of the mitochondrial matrix near the flagellar
basal body. The minicircles in the kDNA disk are extended parallel to the disk axis, the

configuration is stabilized by histone-like proteins.’!

Since kDNA is a hallmark of kinetoplastids and mitochondrial functions are indispensable

to their life cycle, it is a valuable chemotherapeutic target against these parasites.®?
1.3.6. Dicationic compounds as antikinetoplastid drugs

Dicationic antiprotozoal compounds have been known for decades. Synthalin, a well-

known diguanidine trypanocidal drug was discovered more than 80 years ago.t”> 939

Further development of trypanocides with dicationic nature (e.g., diguanidines,
diamidines) led to the discovery of treatments for human and animal trypanosomiasis.”

% Diminazene (Berenil) and isometamidium are the most representative veterinary drugs



Chapter 1: Introduction

of this class.” %% 190 Pentamidine, which was discovered more than 90 years ago,’* %% 100

is still in use today for the treatment of stage 1 HAT despite many side effects.!%1-105

Aromatic diamidines employed as antiprotozoal drugs has been previously reported in
several research papers by Tidwell and by Boykin and their co-workers over the past 20

years (Figure 1.16).106-124
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Figure 1.16: Chemical structures of some diamidines synthesised by Boykin and co-workers.

Pafuramidine (DB289), a prodrug of furamidine (DB75), is the most representative
example of this class.!?”- 125-129 This compound was advanced to phase III clinical trials for
the oral treatment of stage 1 HAT. However, unexpected nephrotoxicity impeded clinical
implementation of DB289 and the structurally related aza derivatives DB820 and
DB829.67- 130

Another class of very effective dicationic antiprotozoal agents are the so-called

“bisarylimidamide!3!-147 derivatives which are active against kinetoplastid (7. cruzi, T.

)133-135, 137, 139-141, 143, 145, 146, 148, 149

brucei, Leishmania and apicomplexan parasites (e.g.

21
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Neospora caninum, Besnoitia besnoiti).'*% 13% 142 Bisarylimidamide compounds were also
reported to display antifungal, antimicobacterial, or anti-inflammatory activity (Figure
1.17).112, 150
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Figure 1.17: Chemical structure of bis(arylimidamide) minor groove binders active against kinetoplastid

parasites.

Bis(2-aminoimidazolines) compounds are a class of DNA minor groove binders with
established in vitro and in vivo efficacy against 7. brucei (Figure 1.18).13157 A major
difference between these compounds and the diamidines (e.g., furamidine) is the presence
of different cationic functionalities. The replacement of the amidine with a guanidine-
derived functional group allows an extra point of contact (i.e., polar imino N, H-Bond
donor) and an increased hydrophobic character (i.e., ethylene bridge for the cyclic 2-

aminoimidazoline groups) that potentially increase the DNA binding affinity.!>% 158
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Figure 1.18: Bisguanidinium (left) and bis(2-aminoimidazolidinium) (right) MGBs with antitrypanosomal

activity.

1.4. Previous work that constitutes the basis of this research

Previous studies in Dr. Dardonville’s group on bisguanidine and bis(2-aminoimidazoline)
compounds have shown the N-phenylbenzamide derivative I, which was orally active in
an acute mouse model of 7. b. rhodesiense infection, is the prototype of this series (Figure
1.19).13% 155 They showed that the introduction of one halogen atom into the N-
phenylbenzamide scaffold of I would reduce the pK, and improve the trypanocidal activity
of the same (e.g., compound II, Figure 1.19).!* Studies of the binding mode of lead
compounds I and II to DNA showed that these compounds are minor groove binders, with
selectivity for the AT-rich DNA sequences. This mode of interaction was studied on the

crystallised drug-DNA complexes. !
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Figure 1.19: Chemical structure of the N-phenylbenzamide derivative lead I and analogues II and III.

Strong experimental evidences suggested that compound I can displace HMG-box-
containing proteins that are essential for kKDNA function from their DNA binding sites. This
interaction led to the disruption of kinetoplast DNA (kDNA) and eventually to the death of the

parasite.'%

Modification of the pending imidazoline rings with alkoxy groups also reduced the basicity
of these bis(2-aminoimidazoline) compounds by approximately 2 pK. units. The N-

hydroxy-substituted compound (III, R = H) showed efficacy in models of first- and
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second-stage 7. brucei infection in mice (Figure 1.19). However, these compounds were

inactive against L. donovani and T. cruzi.'>3

In spite of their action on kKDNA and their excellent trypanocidal activity, bis(2-
aminoimidazolines) are much less active or inactive against other kinetoplastid
endoparasites such as Leishmania or T. cruzi.'">* % For instance, lead compound I displays
a 5-fold lower activity against promastigotes of L. donovani (ECso =4.29 uM) than against
bloodstream form 7. b. brucei (ECso = 0.83 uM).'*® This difference is attributed to a poor
passive permeation of these dicationic compounds across biological membranes. In fact, a
drug targeting the KDNA of Leishmania amastigotes will have to cross 4 membranes (host
cell membrane, parasitophorous vacuole membrane, parasite cell membrane, and
mitochondrial membrane) to reach its target. Boykin and co-workers showed that
bis(arylimidamides) are interesting analogues of diamidine drugs with lower basicity (pKa
~ 7) and higher lipophilicity, which makes them especially active against intracellular
parasites such as Leishmania and T. cruzi.!?> 131 134 135181135 Ty particular, they showed
that compounds with 2-pyridyl terminal groups and fairly large hydrophobic substituents

on the diphenylfuran linker were very effective against intracellular L. amazonensis.'®

Since compound I is an excellent DNA MGB with proven in vivo efficacy, and kDNA is
a common target shared by 7. brucei, T. cruzi and Leishmania parasites, this Thesis work
aimed at optimizing the biological activity of compound I towards the endoparasites
Leishmania and T. cruzi. To do so, three new families of dicationic derivatives were
synthesised [i.e., bis(imidazolidine-2-imines) (series 1), bis(2-aminobenzimidazoles)
(series 2) and bis(arylimidamides) (series 3)] and their antiprotozoal activity and DNA
binding affinity were studied by biological and biophysical assays.

In the context of kinetoplastid diseases, the target product profile for Chagas disease and

leishmaniasis is shown in Table 1.1.
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Table 1.1 Ideal Target Product Profiles for the kinetoplastid diseases (modified from DND;)!61-163

Chagas disease

Cutaneous leishmaniasis

Visceral leishmaniasis combination therapies

Target

Chronic and acute

One treatment for all species of Leishmania

Patients with visceral leishmaniasis and PKDL
Immunocompetent and immunosuppressed
Active against all species and resistant strains

Geographic distribution

All regions

All regions

All areas

Superiority to benznidazole standard dose in

>95% patients with complete clinical cure,
defined as 100% epithelialization/flattening
of lesion(s) at 3 months from treatment onset

Efficacy ) . Minimal scar >95%
acute and chronic phases of disease . .
No relapse or development of Leishmania
recidivans or mucocutaneous leishmaniasis
(MCL)
Parasitological endpoint not required
Superiority to benznidazole* in the frequency
of definitive treatment discontinuations for
o RN Well tolerated . .
Safety/tolerability medical indication . No adverse events (AEs) requiring monitoring
.. .. All adverse reactions (AR)s < grade 1
No genotoxicity, no teratogenicity, no pro-
arrhythmic potential
Contraindications No contraindications None None
No interactions between the drugs to be combined
. . . . . . for visceral leishmaniasis treatment, or with those
Drug-drug interactions | No clinically significant interactions — e .
used for other common comorbidities (malaria,
TB, HIV)
Formulation Oral (Age adapted) Topical/oral Oral/oral
. o No cold chai D
Stability 5 yearas, climatic zone IV o cord chain 3 years in climatic zone IV

At least 3 years at 37 °C

Treatment regimen

<30 days

Topical < 14 days
Oral <7 days

Single dose treatment or fixed-dose combination
tablet/paediatric formulation up to 7 days

Cost

Lowest possible

To be defined

To be defined

* As per WHO recommendation. ** No genotoxicity is a condition only for NCEs. *** Need for parenteral treatment for severe disease
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2. Chapter 2: Objectives

2.1. Main objectives

The main goal of this research is to discover new mitochondrial DNA-targeting
compounds active against kinetoplastid parasites, namely Leishmania, T. cruzi, and T.

brucei.

To do so, we will prepare three families of dicationic compounds having a common N-
phenylbenzamide scaffold known to interact favourably with the DNA minor groove of
kDNA. Different chemical modifications will be introduced to improve the membrane
permeability of the compounds and their activity, especially toward intracellular
amastigotes of Leishmania and T. cruzi parasites. Then, their antiprotozoal activity and
unspecific cytotoxicity will be evaluated. Finally, the DNA binding affinity, sequence
selectivity and mode of binding of the new compounds will be assessed carefully using

different biophysical techniques.

The specific goals pursued in this research can be summarised as follows:

2.1.1. Design and synthesis of dicationic derivatives of lead compounds I and 11

Three new families of derivatives (i.e., series 1-3) with structural characteristics related to
dicationic lead compounds I and II will be prepared as potential DNA minor groove
binders (Figure 2.1). The rationale behind this synthesis is to optimise the access of these
compounds to their intracellular target (i.e., KDNA) in Leishmania and T. cruzi parasites.
To achieve this goal, three chemical strategies will be used to modify the physicochemical
properties of leads I and II in order to improve their antiparasitic activity against
intracellular parasites: (1) bioisosteric replacement of the imidazoline heterocycle with less
basic benzimidazole (series 2) or pyridine-2-carboxamidine groups (series 3), (2)
modification of the central scaffold incorporating lipophilic and/or electronegative
substituents, and (3) drug delivery optimization using nanoparticles (e.g. receptor—

mediated drug delivery).
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Figure 2.1: Dicationic DNA MGB lead compounds previously developed in our group and bioisosteric

replacements proposed to improve the activity and selectivity towards intracellular parasites.

(1) Bioisosteric replacement of the imidazoline heterocycles represents an interesting tool
to modulate the biostructural properties (i.e., size, shape, lipophilicity, electronic
distribution) of lead compounds I and II. Introduction of less basic moieties such as
benzimidazole or pyridine-2-carboxamide shall decrease the pK, of the planned

derivatives.

(2) Scaffold modifications introducing electronegative atoms (e.g., chlorine atoms) in
both phenyl rings is also proposed in order to reduce the basicity and increase the
lipophilicity of the molecules. In addition, the introduction of isopropoxy groups in
the central scaffold has been reported previously'- as a successful strategy to improve
the activity of diamidines compounds against Leishmania and T. cruzi. Other
strategies such as replacing the amide linkage by ethylene, urea, or fluorene groups,

will be studied as well.

(3) Biologically active compound(s) will be encapsulated into lipophilic nanoparticles to

facilitate their internalization into macrophages. A receptor—mediated drug delivery
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strategy using folic acid-coated nanoparticles will be used to improve the
internalization of nanoparticles. This strategy will take advantage of the folate
receptors present in macrophages to boost the internalization and antileishmanial
activity of the compounds. This work will be carried out in collaboration with Dr. Ana

Gonzalez Paredes from the Medicinal Chemistry Institute (IQM—CSIC).

Once all the molecules are prepared, their DNA binding affinity and their antiparasitic
activity will be analysed by means of biophysical and biochemical assays, to determine
structure—activity relationships (See objectives 2.1.2, 2.1.3). These results will be
compared with that of the lead compounds I and II, which DNA binding affinity and

antiparasitic activity has been previously determined.”-8

2.1.2. Evaluation of the DNA binding affinity of synthesized molecules using

different biophysical techniques and computational studies

The second objective of this research is to study the DNA binding affinity and the mode
of binding (intercalation vs. minor groove binding, or both) of the prepared molecules to
different types of DNA (i.e., AT—rich, GC—rich and unspecific DNA). This will be carried

out using different biophysical experiments such as:

1) Thermal denaturation experiments, which provide a fast and qualitative method for

ranking compounds according to their binding affinity.’

2) Surface plasmon resonance (SPR)-biosensor experiments with AT—-rich and GC-rich
oligonucleotides, which will provide the binding affinity (K4) of the compounds to
different DNA sequences, allowing the selection of the best DNA MGBs.

3) UV titration experiments will be carried out using salmon testes DNA to measure

binding affinity for mixed (unspecific) sequences.
4) Circular (CD) and linear dichroism (LD) will be used to confirm the mode of binding

of these molecules. This technique is used to estimate the mode of binding to DNA,

being able to distinguish minor groove binding and intercalation.
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Once the best DNA MGB molecules are selected, further experiments will be performed
to analyse the binding mode of these compounds in details and determine the selective
interaction with AT-rich sequences of the most suitable molecule—oligonucleotide

complexes. These studies will include:

5) Nuclear magnetic resonance (NMR) experiments to characterize the interaction of the
molecule—oligonucleotide complex in solution. These studies will be performed in
collaboration with Prof. Carlos Gonzalez and Dr. Miguel Garavis from Rocasolano

Institute of Physical Chemistry (IQFR—CSIC).

6) Crystallographic studies to characterize the interaction of the molecule—
oligonucleotide complex in the solid state will also be carried out, in collaboration
with Prof. Lourdes Campos and Prof. Nuria Saperas at the Polytechnic University of

Catalonia (Barcelona Tech).

7) Computational experiments: docking studies of the new ligands into the minor groove
of a previously DNA co-crystalised with lead compound I will be performed. The top-
scoring poses will be evaluated based on its ability to superimpose to the crystal
structure of I complexed with the d(AAATTT), DNA duplex [PDB: 5LIT]? to
understand the possible interactions between the new ligands and the minor groove.
This work will be carried out at Trinity College of Dublin, the University of Dublin,

in collaboration with Prof. Isabel Rozas and Dr. Cristina Trujillo.

2.1.3. Biological and biochemical assays to determine the cytotoxic activity of the
compounds on Leishmania donovani, Trypanosoma cruzi, Trypanosoma

brucei and Trichomonas vaginalis

In collaboration with Dr. Francisco Gamarro and Dr. José Ignacio Manzano from the
Institute of Parasitology and Biomedicine "Lopez—Neyra" (IPBLN-CSIC) we will carry
out the evaluation of the synthesised compounds against promastigote and intracellular
amastigote forms of Leishmania donovani. The antiparasitic activity will be reported by
means of ECso values. Unspecific cytotoxicity against macrophages (human monocytic
cell line, THP-1) will be evaluated to calculate the selectivity index (SI) of the compounds

versus mammalian cells.
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In vitro evaluation against Trypanosoma brucei wild—type and drug—resistant strains will
be performed in collaboration with Prof. Harry de Koning, from the Institute of Infection,
Immunity and Inflammation of the University of Glasgow. The activity against 7. b. brucei
cell lines will be reported by means of ECs, values. Unspecific cytotoxicity against human
embryonic kidney cells (HEK) will be evaluated to calculate the selectivity index (SI) of

the compounds versus mammalian cells.

The biological evaluation against Trypanosoma cruzi and Trichomonas vaginalis will be
performed by members (Dr. Cristina Fonseca Berzal and Dr. Alexandra Ibafiez Escribano)
of the Group “Epidemiology, Diagnostic and Antiparasite Therapy” lead by my co-
supervisor, Prof. Alicia Gomez Barrio, from the Department of Microbiology and
Parasitology, School of Pharmacy, Complutense University of Madrid (UCM). The
activity will be informed by means of 1Cs, values. Nonspecific cytotoxicity against murine
1929 fibroblasts (CCL-1) will be assayed to calculate the SI of the synthesised compounds

versus mammalian cells.

2.14. Preliminary pharmacokinetic studies of the most active lead(s)

compound(s)

Metabolic stability will be studied in collaboration with Dr. Tomas Herraiz ICTAN-
CSIC). The microsomal stability toward metabolism by cytochrome P450 (Phase-I
metabolism) and Uridine Glucuronosyl-Transfererase (UGT) (Phase-II metabolism) will
be studied in presence of the cofactors NADPH and UDPGA, respectively. Metabolic
stability results will be reported as intrinsic clearance, from which secondary

pharmacokinetic parameters such as bioavailability and half-life can be calculated.!”
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3. Chapter 3 : Synthesis of bis(imidazolidin-2-imines), bis(2-

aminobenzimidazoles) and bis(arylimidamides)

3.1. Synthesis of bis(imidazolidin-2-imino) derivatives

3.1.1. Introduction

Bis(imidazolidin-2-imino) derivatives are a series of promising antiprotozoal compounds
which are curative in murine models of stage 1 human African trypanosomiasis
(haemolymphatic phase) but fail to cure the late—stage disease affecting the central nervous
system (CNS).! This lack of activity in the meningoencephalitic stage of HAT was
attributed to the intrinsic dicationic nature of the compounds at physiological pH, which
is responsible for the poor distribution across the blood-brain barrier (BBB).2 We have
shown previously that the chemical modification of (di)cationic compounds to lower their
pKa can lead to a notable improvement in membrane permeability and antitrypanosomal
activity.>* In particular, we showed that it was possible to reduce the pK, of the basic 2-
iminoimidazolidine groups (approximately 0.5—1 pKa unit) though the introduction of a
chlorine or fluorine atom in the N-phenylbenzamide scaffold of lead compound I (Figure
3.1).2 Replacement of the phenyl ring by an electron-poor pyridine ring was also effective

at reducing the pK, values of the adjacent 2-aminoimidazoline ring by 0.6 pK, units.’

Figure 3.1: Previous antiprotozoal lead compounds identified in our group.>* ¢ The N-phenylbenzamide

scaffold is shown in blue.

Incorporation of one fluorine, chlorine, or nitrogen atom in the scaffold of I gave
bisimidazoline compounds with reduced basicity that resulted active and selective against
T. brucei in vitro. Compound II, a chlorinated analogue closely related to I, was more
potent than I in vitro (ECso = 0.22 uM versus 0.83 uM for lead compound I) against

bloodstream form trypomastigotes of 7. b. brucei s427.2 Furthermore, these derivatives
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exhibited submicromolar activities against drug-resistant 7. b. brucei strains.?> Since the
medicinal chemistry strategy to improve the antiparasitic activity of lead compound I with
halogen atoms gave encouraging results, the first objective of this thesis was to synthesize
new bis(imidazolidin-2-imino) derivatives of I with two halogen or nitrogen atoms in the

N-phenylbenzamide scaffold.

Synthetic methodologies for the preparation of 2-aminoimidazolines (formally: 4,5-
dihydro-1H-imidazol-2-ylamino) are similar to (or derive from) the methods developed
for the synthesis of guanidine-like derivatives.”” They were reviewed previously by

Dardonville & Nué-Martinez,! and Crouch.!®

Scheme 3.1: Different synthetic approaches to obtain 2-(arylimino)imidazolidine (adapted
from Dardonville & Nué, Curr. Med. Chem. 2017, 24, 1-28)!

NH,
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AN T AT
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|
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i . R | \ cl NH
R—\ | S H 2

H
/l \N
NS i ~

Ix
+
N N NH,
r
N
PG

R4 = SMe, CI, SO3H
PG = protecting group (COR, CO,R)
4: PG = CO,Me, Ry = SMe

Reagents and conditions: (i) THF, rt; (ii) TsCl, NaOH, THF, H»O; (iii) HCHO, Ac20, 50 °C, 5 h; (iv) SOCl»
(excess), SO2Clz (1 equiv), 50-60 °C, 10 h; (v) EtsN, EtOAc, rt; (vi) benzoylisothiocyanate then OH; (vii)
CHsI, MeOH, reflux, 2 h; (viii) neat, 130-170 °C; (ix) H202, MoNa>O4, NaCl, H>O; (x) 2-propanol or H>0,
4 h, 60 °C.

For example, the 2-aminoimidazoline heterocycle can be obtained by reacting an amine

with a 2-substituted imidazoline ring (e.g. reagent 4) or by reaction of ethylenediamine
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11 12, 13

with arylisothiocyanates,'’ N-aryldichloroimines or dibromoimines,'* N-aryl-S-
methylisothiouronium iodides!? or aminoiminomethanesulfonic acid derivatives'

(Scheme 3.1).!

A relevant methodology proposed previously by Dardonville & col.!¢ is generally
applicable to the synthesis of (2-arylimino)imidazolidines, in particular from electron-poor
anilines. This approach involves the reaction of an aromatic diamine with di-tert-butyl 2-
thioxoimidazolidine-1,3-dicarboxylate 5 in the presence of mercury (II) chloride (HgCl>)
with an excess of triethylamine (Et3N). This procedure provides the fully tert-
butoxycarbonyl (Boc)-protected 2-iminoimidazoline (Scheme 3.2). Then, Boc-protecting
groups are removed by hydrolysis with trifluoroacetic acid (TFA), and the imidazoline
compounds are isolated as trifluoroacetate salts. Finally, a treatment with strongly basic
anion exchange resins (e.g., Amberlite IRA 400, Cl" ion) yields the 2—aminoimidazolinium

chloride salts (Scheme 3.2).!°

Scheme 3.2: Example of synthesis of bis(imidazolin-2-imino) derivatives using di-tert-

butyl 2-thioxoimidazolidine-1,3-dicarboxylate (5).'¢

BocN NBoc
_/ X
X 5 (\INH HN/>
- 2 ® ® . 'I\
H,oN NH, i, i, i N N NN
o
cl cl

Reagents and conditions: i) HgCl/ EtsN. ii) TFA /CH2Cl. iii) Amberlite IRA400 (CI°), H.O/THF.
3.1.2. Synthesis of bis(imidazolidin-2-imino) derivatives 1b—h

The preparation of the target compounds (1b—h) involved first the synthesis of the common
di-nitro precursors 9 from the corresponding substituted benzoic acids and 4-nitroanilines
following a known protocol (Scheme 3.3).2 Then, the di-nitro intermediates 9 were reduced
to di-anilines 15 that were used as starting material for the synthesis of the N-protected
bis(imidazolidin-2-imino) derivatives using either 1-carbomethoxy-2-methylthio-2-

imidazoline (4) or di-tert-butyl 2-thioxoimidazolidine-1,3-dicarboxylate (5).
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Scheme 3.3: Synthetic route proposal to obtain bis(imidazolidin-2-imino) derivatives
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3.1.3. Synthesis of 4-nitro-N-(4-nitrophenyl)benzamide derivatives (9a—i)

Syntheses of the 4-nitro-N-(4-nitrophenyl)benzamide derivatives 9a—h were carried out
using the same general protocol, except for the heating mode which was either
conventional (9a—h) or by microwave irradiation (9i). This reactions sequence comprises
the acylation at room temperature of commercially available 4-nitroanilines 8a—g with 4-
nitrobenzoyl chlorides 7a—g, respectively, using N,N-diisopropylethylamine (DIPEA) as
base and anhydrous toluene as solvent (Scheme 3.4). 4-Nitrobenzoyl chlorides 7a—g were
obtained by reaction of the corresponding acid precursors 6a—g with an excess of thionyl
chloride at 80 °C. They were used without further purification after removal of the solvents
under reduced pressure. 5-Nitro-N-(5-nitropyridin-2-yl)picolinamide (9h) was prepared by
reaction of 5-nitropyridin—2-amine (8h) and 5-nitropicolinoyl chloride (7h) (Scheme 3.4).
Compound 7h was obtained by reaction of commercial 5-nitropicolinic acid (6h) with an
excess of oxalyl chloride and a catalytic amount of dimethylformamide (DMF) in
dichloroethane at 0 °C. 4-Nitro-N-(5-nitropyridin-2-yl)benzamide (9i) was synthesized by
reaction of 5-nitropyridin-2-amine (8i) with 4-nitrobenzoyl chloride (7i) and DIPEA in

54



Chapter 3: Synthesis

toluene at 100 °C under microwave (MW) irradiation for one hour. Compounds 9a—i were
isolated in good yield and high purity by filtration and successive washings with 0.1 M
HCI and methanol (Scheme 3.4).

Scheme 3.4: Synthesis of 4-nitro-N-(4-nitrophenyl)benzamide) derivatives 9a—i

R4
R2 O R4 _ N02
NO» . R, O Y
A Rs Y 2 i, ivorv |
| ® I X N N
X
0N~ H,NT N | H
2 — X R3
R1 R3 02N
R
. I: 6a-h: Rg = OH !
1oritl> 7a.-h: R; = CI 8a-i 9a-i

Cmpd| X | Y |Ry| R, | Ry |Ry|Yield

a CH|[CH|H H H H | 80%

b CH | CH | CI H Cl H | 76%

c CH | CH | CI H H Cl | 77%

d CH|[CH|H Cl Cl H | 83%

e CH|[CH|H Cl H Cl | 65%

f CH|CH|F | H F | H |9%%
g CH|CH| H |OPr|OPr|H |69%
h N | N |H| H H | H|[81%
i CH| N |H| H H | H |80%

Reagents and conditions: i) 6a—g, SOCL, 80 °C. ii) 6h, (COCI), CH,Cl, DMFca, 0 °C. iii) 7a-g, DIPEA,
dry toluene, rt. iv) 7h, Et,N, DMF, 0 °C. v) 7i, DIPEA, dry toluene, MW, 100 °C, 1 h.

The synthesis of 2-isopropoxy-N-(2-isopropoxy-4-nitrophenyl)-4-nitrobenzamide (9g)
involved two previous steps in order to obtain the acid and aniline precursors 6g and 8g,
respectively. Initially, the synthesis of known compound 6g was attempted following a
reported procedure.!” However, disappointing results were obtained and an azoxybenzene
compound (13) was isolated instead (see section 3.2.2). Hence, an improvement of the
reported protocol was worked out. Commercially available 2-hydroxy-4-nitrobenzoic acid
(10) was reacted with isopropyl iodide under basic conditions in DMF (Scheme 3.5).!® The

intermediate isopropyl 2-isopropoxy-4-nitrobenzoate (11), which was used without further
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purification, was hydrolysed with LiOH in a mixture Et2O:H20 to give the desired 2-
isopropoxy-4-nitrobenzoic acid (6g) with 82% yield (Scheme 3.5).

Scheme 3.5: Synthesis of 2-isopropoxy-4-nitrobenzoic acid (6g)'®

/Lo o
OH O /@)% )\o 0
o N
(an

MOH - MOH
O,N b O,N

10 69 (82%)

Reagents and conditions: i) (CH,),CHIL, K,CO; DMF, rt. ii) LiOH, THF:H,0 (1:1), 1t.

In order to obtain the 2-isopropoxy-4-nitroaniline precursor 8g, commercially available 2-
hydroxy-4-nitroaniline (12) was reacted with isopropyl iodide in basic conditions to obtain

8g with 86% yield (Scheme 3.6).

Scheme 3.6: Synthesis of 2-isopropoxy-4-nitroaniline (8g).

OH )\o

NH, i NH,
—_
O,N O,N

12 89 (86%)
Reagents and conditions: i) (CH,),CHIL, K,CO, DMF, rt.

3.14. Synthesis of (Z)-1,2-bis(4-carboxy-3-isopropoxyphenyl)diazene-1-oxide
(13)

The synthesis of 2-isopropoxy-4-nitrobenzoic acid (6g) from commercially available 2-
hidroxy-4-nitrobenzoic acid (10) had been previously reported by Adler & Hamilton,!”
using isopropyl iodide, potassium bicarbonate (K2COs3), and subsequent hydrolysis of the
isopropyl 2-isopropoxy-4-nitrobenzoate intermediate (11) with 45% aq. NaOH in
THEF:EtOH at 80 °C.
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Our repeated attempts to synthesize 6g using the two-step protocol reported previously!”
led to the formation of the unknown (Z2)-1,2-bis(4-carboxy-3-isopropoxyphenyl)diazene-
1-oxide (13) as major product, and a minor by-product possibly corresponding to 4-amino-
2-isopropoxybenzoic acid (14) (Scheme 3.7). The latter, which was stained as pink spot
by TLC, had molecular mass of m/z 195 as detected by HPLC-MS. The main reaction
product 13 was isolated (92%) and characterized by IR, 'H, *C, and "N NMR

spectroscopy as we recently reported.'®

Scheme 3.7: Main compounds isolated following the Adler & Hamilton two-step

strategy to synthesize 6g.!”

OH O

| o. +MOH )\O O
;. I o
O,N I, 0 (0] N
HoN

HO

0
10 13 (92%) 14

Reagents and conditions: i) K,CO,, DMF, 80 °C, 16 h; ii) 45% aq. NaOH, THF:EtOH (1:2), 80 °C, 15 h.

Since azoxybenzene 13 was formed in the second step of the reaction, different conditions
of hydrolysis (i.e., base, concentration, temperature) of the benzoate intermediate 11 were
tested (Table 3.1). When the reaction was performed with 45% aq. NaOH at 60 °C and 40
°C, the expected acid 6g was obtained as major product (70 and 81% detected by HPLC—
MS, respectively). However, 6g was not detected with temperature >80 °C (entries 3—4),

whereas 13 and 14 were obtained predominantly (Scheme 3.7).
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Table 3.1: Conditions tested and products formed during the hydrolysis of benzoate 11

with concentrated aqueous sodium hydroxide solution.

)\ (0] (0] - )\
(0] (0] hydrolysis Y O. /©/k (o) 0

/@)ko —_— MOH 5
O,N )\ O,N

HO
6g

Z=Z+
T
N
zZ
@)
T

O
13 14

Entry Conditions* Detected product® (%)

Base T(CC) | 6ég 13 14
1 40 81 19 0
2 60 70 23 7

45% aq. NaOH

3 80 0 96 4
4 100 0 49 51
5 40 76 24 0
6 10% aq. NaOH 60 76 24 0
7 100 79 21 0
8 45% aq. KOH 80 39 61 0

@ Reactions were performed at 1 mmol scale following the same protocol as reported!” with the conditions
indicated in the Table. ® The products were detected by HPLC-MS. ¢ The internal temperature of the reaction

mixture was controlled with a thermometer.

When the reaction was performed with 10% aq. NaOH solution (entries 5-7), acid 6g was
obtained as major product (approximately 77%) regardless of the temperature used in the
reaction. Altogether, azoxybenzene 13 was obtained as major by-product (> 19%) in all
cases. Of note, the use of 45% aq. KOH instead of 45% NaOH (entry 8) was less efficient

in producing azoxybenzene 13.18
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The main conclusion of this work is that the control of temperature and base concentration
is key to the formation of the desired product 6g, stating that possible misreading or bad

control temperature were performed in Adler’s protocol to synthesize 6g.

It is quite remarkable to mention that this method appears to be a good strategy to obtain
azoxybenzene derivatives in high yield. Thus, this synthetic protocol may be useful for the

gram scale synthesis of 2-alkoxy trans-azoxybenzene derivatives.
3.1.5. Synthesis of 4-amino-/NV-(4-aminophenyl)benzamide derivatives (15b—i)

The reduction of the halogenated 4-nitro-N-4-(4-nitrophenyl)benzamide derivatives 9b—f
was carried out with tin (II) chloride dihydrate, with catalytic drops of HCI, in EtOAc at
50 °C (Scheme 3.8)."

Scheme 3.8: Synthesis of 4-amino-N-(4-aminophenyl)benzamide derivatives (15b—i)

R, R,
R, 0 Y7 | NO R, O Y7 | NH
| X H X i orii | X H N

O,N X Rs H,N X Rs
Ry 9b-i Ry 15b-i

Cmpd | X Y [Ri| Ry R; | Ry | Yield

b CH | CH | CI H Cl H [ 90%

c CH | CH | CI H H Cl | 90%

d CH|CH|H | CI Cl H | 59%

e CH|CH|H ]| CI H Cl| 71%

f CH | CH

-n
T
M

59%

g CH | CH OPr | OPr 92%

H
H H

h | N|N|[H| H | H |H| 9%

i |CH| N |H H

H H 88%

Reagents and conditions: i) 9b—f, SnCl,.2H,0, EtOAc, HClca, 50 °C. ii) 9g-i, Pd—C 5%, EtOAc, rt.

Diamines 15b—f were isolated by basification of the reaction mixture (pH = 8), extraction
with EtOAc, and recrystallization from EtOAc. Diamines 15g—i were obtained by Parr
hydrogenation of 9g—i, respectively; they were isolated by filtration and purified by
recrystallization from hexane:EtOAc or EtOAc:MeOH.
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3.1.6. Attempted synthesis of bis(imidazolidin-2-imino) derivatives

The subsequent step in the preparation of the target compounds was the introduction of the
imidazoline rings from diamines 15b—i to generate bis(imidazolin-2-imino) derivatives.
Bearing in mind the low nucleophility of aromatic amines — especially 15b—f that contain
two halogen atoms — we first tried the reagent (4) developed by Mundla & col.?° for the
large scale, high yielding, synthesis of 2-arylamino-2-imidazolines (Scheme 3.9 and 3.10).
Among the advantages of this protocol is the direct formation of the acetate salt of the
product in a one-pot procedure avoiding the use of toxic reagents and harsh reaction
conditions.?? The synthesis of 1-carbomethoxy-2-methylthio-2-imidazoline (4) was

carried out in 90% yield (Scheme 3.9).

Scheme 3.9: Synthesis of 1-carbomethoxy-2-methylthio-2-imidazoline (4).2°

~ ~

. S o
Sy N)\N/Z( _
/s O

16 4 (90%)

Reagents and conditions: i) CICO.CHs, Et;N, CH,Cl, 0°Ctort.

Different conditions were tried in order to obtain the bis(imidazolidin-2-imino) target
compounds 1b—h using an excess of 4 (2.5 — 4.0 equiv.) (Table 3.2, Scheme 3.10).
However, the reaction did not go to completion and only low yields of disubstituted
products 1b—¢ were detected by HPLC-MS in the crude reaction mixtures. The presence
of a high content of mono-substituted compound (17b—c¢ and/or 18b—c¢) and the fact that
the products are obtained as bis(imidazolidin-2-iminium) salts represented a hardship in
the purification process. The attempts of purification by silica column chromatography
were unsuccessful, giving mixtures containing a 30:70 ratio of mono:disubstituted
compounds after purification as observed by HPLC-MS. The attempts of purification by
circular chromatography resulted in lower purity of the product (40:60 ratio of

mono:disubstituted).

Since the reaction progress was slow— taking between 2 to 7 days for incomplete

conversions — a different approach was deemed necessary.
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Scheme 3.10: First synthetic attempt to obtain bis(imidazolidin-2-imino) derivatives 1b—c¢*
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2 ! 2 CH3CO,H
" 18b-c

“See conditions in Table 2

Table 3.2: Reagents, conditions and % of product 1b—c¢ formed when using reagent 4.

Reaction conditions Product®
Substrate

Step 1 1b—c
15b AcOH, 70 °C, overnight MeOH, 70 °C, (1 — 6 days) | 22.3-33.9%
15b AcOH, 70 °C, (1-3 days) b 20.7%

) MeOH:H,O (3:1), reflux,
15¢ AcOH, 65 °C, overnight 19.9-37.5%
(1 -7 days)

15¢ AcOH:MeOH (9:1), 65 °C, Reflux, overnight 1.0-1.5%
15¢ AcOH, MW, 60 °C, (20 — 100 min) b 1.1%
15¢ AcOH, MW, 60 °C, (1 — 15 h) b 10.0-19.2 %
15¢ AcOH, 80 °C, (1 — 3 days) MeOH, 80 °C, (1 —3 days) | 21.2-28.9%

 Detected by HPLC-MS. * The reaction was performed in one-step.

A different approach was proposed to obtain the desired bis(imidazolidin-2-imino)

derivatives (Scheme 3.11). This approach was tested with unsubstituted
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bis(arylisothiocyanates) 19 and 20,* which were reacted with ethane-1,2-diamine to obtain
thiourea 21 and 22, the formation of which was monitored by HPLC-MS. Once completed,
attempts of cyclization of the thiourea intermediates using N,N’-dicyclohexylcarbodiimide

(DCC) were performed as indicated in Table 3.3.

Scheme 3.11: Synthetic attempt to obtain bis(imidazolidin-2-imine) I and 23.

[ N
X NH, //\NH S H,N
- 5 HoN /[(
SN N _J>
SCN H H HN

NCS i

NH,

19 = CONH 21 = CONH
20 = NHCONH 22 = NHCONH

I = CONH
23 = NHCONH

Reagents and conditions: i) 1,2-ethylenediamine, CH3CN, rt. ii) DCC, DMF, 60 °C.

The HPLC-MS analysis of the crude reaction mixtures showed that the formation of the
thiourea intermediates (21, 22) proceeded in a clean way, giving > 95% conversion. In
contrast, the cyclization step did not work properly, giving very complex crudes along with
low conversion yields to I and 23 (18-38%) in most cases (Table 3.3). When mild
conditions but longer reaction time were used (7 days), a 51.3% conversion of 19 to I was
detected by HPLC-MS (Table 3.3). Even though other cyclization-promoting agent exist
to carry out this kind of reaction (e.g. EDC.HCI, polymer—bound TsCl/NaOH!''), we did

not make any further attempt and this synthetic strategy was abandoned.
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Table 3.3: Reagents, conditions and % of product formed in the synthesis of I and 23

from isothiocyanates 19 and 20.

Substrate  Step 1 conditions Product Step 2 conditions Product
21, 22 L,23

19 >95% DCC (2.1 eq.), DMF, 21.3 %
(1eq.) m/z 431 60 °C, 3 days.

19 ethane-1,2-diamine >95 % DCC (3.1 eq.), DMF, 51.3 %
(1eq.) (4 eq.) m/z 431 60 °C, 6 days.

20 CH3;CN >95% DCC (2.1 eq.), DMF, 18.1 %
(1eq.) overnight m/z 446 60 °C, 24 h

20 room temperature >95% DCC (3.1 eq.), DMF, 38.0 %
(1eq.) m/z 446 MW, 120 °C, 1.5 h

“Detected by HPLC-MS.

To overcome this obstacle and obtain the desired bis(imidazolidin-2-imino) compounds,
we revisited the methodology using the previously reported di-tert-butyl 2-
thioxoimidazolidine-1,3-dicarboxylate reagent (5) (Scheme).'® Previous work from our
group® 2!- 22 and from Rozas’ group® 232> showed that this two-steps method is usually
quite efficient and results in medium to high overall yield with reactive anilines.
Conveniently, the Boc-protected derivatives can be separated by chromatography to yield
the fully protected imidazoline intermediates (27b—h) which will be easily deprotected in

the last step of the synthesis.

This approach was inspired by the use of Boc-protected thiourea as a guanidylating agent
proposed by Kim & Qian.?® The introduction of Boc-protecting groups on the thiourea
nitrogens increases the electrophilic character of the central carbon atom, thus activating
it towards nucleophilic attack. Hence, reagent 5 proved to be useful for the synthesis of
bis(imidazolidin-2-imines) from poorly nucleophilic amines containing one chlorine atom

(Scheme 3.12).2
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Scheme 3.12: Example of synthesis of Boc-protected bis(imidazolidin-2-imines) from

deactivated anilines using reagent 5.

S
)]\ IBOC
o = NH, Boc~ " “N-Boc o = N\\rN
R1 /@/ / Boc Ry /Q/ NJ
SN R 5 N A NS
| P H 2 - <\ - | P H R, Boc
H,N i NT N
Boc
R1=H,R2=C| R1=H,R2=C|
R1=C|,R2=H R1=C|,R2=H

Reagents and conditions: i) HgCl», EtsN, DMF, 0 °C to 60 °C.

Reagent 5 was synthesized in high yield (95%) from imidazolidine-2-thione (24) using di—
tert-butyldicarbonate (Boc,0) in dry tetrahydrofuran (THF) in the presence of sodium
hydride (Scheme 3.13).1¢

Scheme 3.13: Synthesis of di-zers-butyl 2-thioxoimidazolidine-1,3-dicarboxylate (5).'®

|
HN” “NH ﬁ\o)x\N N/Z(O/%
-/ -/
24 5 (95%)

Reagents and conditions: i) NaH, Boc,0O, THF, 0 °C.

The reaction mechanism for the formation of the Boc-protected 2-thioxoimidazolidine (5)
involves both of the amino groups on the imidazoline being irreversibly deprotonated by
NaH expelling Hz gas (Scheme 3.14). The highly basic and reactive thioimidazoline salt
attacks di-tert-butyldicarbonate to yield the relevant mono-zert-butoxycarbonyl protected
imidazolinethione, CO», and sodium ferz-butoxide. As there is a further thioamide group
on the mono-Boc—protected imidazolinethione, the two steps previously mentioned are

repeated, resulting in the formation of 5.
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Scheme 3.14: Proposed reaction mechanism for the formation of 5.

\/' 8%0 CO © 5
4\ Na® (8><

3.1.7. Synthesis of Boc-protected bis(imidazolidin-2-imine) derivatives (25b—h)

Guanidylating agent 5 was used for the synthesis of Boc-protected bis(imidazolidin-2-
imine) derivatives 25b—h (Scheme 3.15). The diamines (15b—h) were reacted with 5 (3
eq.) in the presence of an excess of triethylamine (7 eq., EtsN) and HgCl> (3 eq.) in dry
DMF. A 3:1 ratio of diamine: guanidylating agent was used in order to obtain a full
conversion into the bis(imidazolidin-2-imine) derivatives 25b—h. Since HgCl> was used, a
characteristic black precipitate (HgS) normally formed upon reaction with the amines. The
mild reaction conditions involved an initial stirring at 0 °C, and then overnight at 60 °C
under argon atmosphere. The progress and completion of the reaction was monitored by

thin layer chromatography (TLC) and by HPLC-MS.
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Scheme 3.15: Synthesis of Boc-protected bis(imidazolidin-2-imine) derivatives 25b—h.

S
R4 )J\ R4 Boc
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R4 Boc R4
15b—h 25b—h

Cmpd | X Y |Ry| Ry R; | R4 |Yield

b CH | CH | CI H Cl H | 54%

c CH | CH | CI H H Cl | 47%

d CH|CH|H Cl Cl H | 78%

e CH|CH|H Cl H Cl | 88%

f |CH|CH|F| H | F |H |[20%

9 |CH|CH|H|oPpr|opr|H |45%

h N N | H H H H | 47%

Reagents and conditions: i) HgCl», EtsN, DMF, 0 °C to 60 °C.

In most cases, the reaction did not go to completion and a mixture of mono and di-
substituted compounds was obtained. This reaction proceeds slowly at room temperature
(e.g., low conversion rate was observed by HPLC-MS after 7 days) and heating at 60 °C
was required to reduce the reaction time. A workup involving dilution of the crude reaction
mixture with dichloromethane (CH2Cl>), filtration through a pad of Celite, and partition
between CH2Cl> and water was performed. The crude products were purified by circular
chromatography on silica plates previously deactivated with a 9:1 hexane:Ets;N mixture
(25b—e, 25g-h), or by column chromatography using neutral aluminium oxide (25f)
(Scheme 3.15). Using this method, the Boc-protected target compounds 25b—h were
obtained in moderate to good yields: 47-88% for the dichlorinated derivatives (25b—e),
20% for the difluorinated compound (25f), 45% for the di-isopropoxi derivative (25g) and
47% for the di-pyridyl derivative (25h). Compound 25h was purified twice by circular
chromatography, which resulted in lower yield possibly due to product being stuck on the

plate.
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To conclude, we found that the use of an excess of 5 (3 eq.)/ EtsN (7 eq.)/ HgCl» (3 eq.)/
DMEF/ 60 °C is useful for the synthesis of Boc-protected bis(imidazolidin-2-imine)
derivatives (25b—h) from poorly nucleophilic anilines. Importantly, these intermediates
are stable compounds that can be purified by column chromatography on neutral

aluminium oxide or circular chromatography on deactivated silica.

As regards to the mechanism of this reaction, it must be different from the one proposed
by Kim and Qian?® (Scheme 3.16A). Since our guanidilating agent lacks of free H atoms,
no carbodiimide intermediate (i.e., the proposed electrophilic species attacked by the
amine nucleophile) can be formed upon desulfurization of reagent 5 in the presence of
HgCl. Our hypothesis is that the formation of the Boc-protected imidazolidin-2-imine
derivatives goes through a tetrahedral intermediate (Scheme 3.16B, b) formed by the C-2
carbon of the imidazoline ring. This putative mechanism involves the coordination of the
sulphur atom of 5 to the thiophilic mercury atom of HgClo. This is followed by a
nucleophilic attack of the amine to the C-2 atom of the imidazoline ring generating the

tetrahedral intermediate (Scheme 3.16B).
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26

Scheme 3.16: (A) Kim & Qian proposed mechanism~® and (B) putative reaction

mechanism for the formation of the Boc-protected imidazolidin-2-imines.
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3.1.8. Synthesis of bis(imidazolidin-2-imine) salts (1b—h)

Trifluoroacetic acid (TFA), either neat or in DCM solution, is the standard reagent to
remove Boc-protecting groups.?’ The typical reaction followed in our laboratory involves
treatment with 1:1 TFA/DCM at 0 °C (ice-bath) for 2 hours followed by solvent removal

under vacuum.?

Deprotection of the synthesized compounds 25b—h was carried out with TFA at 0 °C to
yield the corresponding bis(imidazolidin-2-imine) compounds 1b-h as trifluoroacetate

salts after evaporation of the solvents (Scheme 3.17). Working at low temperature in the
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absence of protic solvent (e.g., using CH>Cl,) was important to avoid the rupture of the
PhN=C bond resulting in the loss of the imidazoline ring and generation of the amine
starting material. Purification was carried out crushing the crude products with Et:O to
yield the trifluoroacetate salts as off-white solids. The products were isolated in moderate
to good yields. Compound 1f was obtained in low yield because several recrystallizations

were necessary to remove traces of the mono-substituted compound (Scheme 3.17).

Scheme 3.17: Synthesis of bis(imidazolidin-2-imine) target compounds 1b—h.

s N
- Q J o Q 0
/k NAN _X Rs
Bod Ry A H ZCF:iJOz

25b-h 1b-h

Cmpd | X | Y |Ry| Ry | Ry | Ry | Yield

b CH [ CH | CI H Cl H | 28%

c CH [ CH | CI H H Cl | 85%

d CH [CH | H Cl Cl H | 60%

e CH [CH | H Cl H Cl | 81%

f CH [CH | F H F H | 23%

g CH |CH| H | opr|opr| H | 51%

h N N H H H H | 35%

Reagents and conditions: i) CH>Clz, TFA, 0 °C, 2 h.

The mechanism of the deprotection reaction (Figure 3.2) involves protonation of the
carbonyl group by TFA; the electrons then migrate so that the positively charged carbonyl
is quenched. This is followed by the movement of the lone pair of electrons from the O to

reform the carbonyl bond and CO:x is expelled to form the deprotected amine.
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Figure 3.2: Mechanism of Boc-deprotection using TFA

3.1.9. Predominant tautomeric forms of compounds 1b-h in solution

Due to the presence of two endocyclic and one exocyclic nitrogen atoms, two possible
tautomeric forms exist in the synthesized compounds, namely the “2-amino” and “2-
imino” tautomers (Figure 3.3). Determining the predominance of any of them is important

to properly name the synthesized compounds.

1

H
N

[ DEN-R
N

H

3

“4,5-dihydro-1H-imidazol-2-ylamino”
“amino” tautomer

N
[H>:N—R

“imidazolidin-2-imino”
“imino” tautomer
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Figure 3.3: Tautomeric forms of the 2-aminoimidazoline group.

In order to describe the major tautomer in solution for compounds 1b-h, the *C NMR

chemical shifts of the imidazoline C-2 carbon was gathered in Table 3.4.

The nature of the R substituent on the exocyclic nitrogen (N-2) exerts an influence on the
type of tautomer observed in solution; generally, the imino tautomer is favoured by the
presence of phenyl groups at N-2, but substituents on the phenyl rings of the scaffold also
exert an influence.?® A previous work? from our group analysed this topic in related
bis(imidazolidin-2-imine) derivatives where the signals for the quaternary C-2 of the imino
tautomer exhibit a chemical shift at ~155-160 ppm. In contrast, the chemical shift for the

amino tautomer is around ~130 ppm. The chemical shifts for the quaternary C-2 atom of
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the imidazoline rings shown in Table 3.4 (i.e. ~157-160 ppm) indicate that the major

tautomer of 1b—h in DMSO solution is the imino tautomer.

Table 3.4: 3C NMR chemical shift (DMSO-ds) for the C-2 carbon of the imidazoline

rings
Imidazoline ring A | Imidazoline ring B
Cpd Structure
0 ppm o ppm
1b 157.8 158.1
lc 158.1 158.6
4
H
1d RO Y% N\wz/\N) 158.0 158.3
le NH X N N HN 157.5 158.6
SO
1f NN 158.6 160.1
R, 2CF43CO,H
1g 157.6 158.2
1h 157.8 158.5
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3.2. Synthesis of bis(2-aminobenzimidazole) derivatives
3.2.1. Introduction

Benzimidazole rings can undergo electrophilic, nucleophilic and cyclocondensation
reactions giving rise to stable compounds. This ability has made possible the synthesis of
a large variety of substituted benzimidazoles and benzimidazole heterocycles, resulting in

effective drugs for treating not only human infections but also animal diseases.>% 3!

The therapeutic potential of benzimidazole in the treatment of parasitic diseases was only
taken into account since the 60’s when the first anthelmintic drugs appeared.?® The most
common benzimidazole derivatives used in antiparasitic chemotherapy are mebendazole
and albendazole (Figure 3.4), due to their efficacy and low side—effects reports for the
treatment of gastrointestinal infections (e.g., Necator americanus or Ancylostoma
duodenale, Ascaris lumbricoides, Enterobius vermicularis and Trichuris trichiura) or

intestinal nematode infection (e.g., Echinococcus granulosus, Trichinella spiralis).*?

0 0] 0
H / H /
S N >—O N >_O
e L

N N

Albendazole Mebendazole

Figure 3.4: Albendazole and Mebendazole chemical structures.

Synthetically the most known method to obtain benzimidazole derivatives involves the
reaction of o—phenylenediamine (OPD) with orthoesters in the presence of catalytic
amounts of Lewis acid (Scheme 3.18).3% 34 This reaction is performed at room temperature,
under mild reaction conditions, resulting in high conversions and clean reaction profiles,

as the main attractive features.?*
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Scheme 3.18: Synthesis of benzimidazole derivatives from orthoesters using Lewis

acids.>*
Ny N2 Lewis acids N N\
|// * R1C(ORy)3 > |// >_R1
7 NH, EtOH, rt RN

R =H, Me, CI, NO,
R1 = H, Me, Et, CH3(CH2)3
R, = Me, Et

The most useful strategy to obtain 2-substituted benzimidazoles involves the reaction of
substituted aromatic/aliphatic aldehydes with OPD. As this reaction involves oxidation of
the aldimine intermediate trough H>O elimination, the process can be carried out in the
presence of air or other oxidizing agents such as iodobenzene diacetate PhI(OAc).
(Scheme 3.19a). On the other hand, carrying out the reaction between OPD and an
aldehyde in the absence of a specific oxidizing agent results to either 2-substituted

benzimidazoles or aldimines product formation (Scheme 3.19b).

Scheme 3.19: Synthesis of substituted benzimidazole derivatives a) catalyzed by oxidizing

agent [PhI(OAc):] and b) via aldiminine intermediate in the absence of catalyst.

NH, A N

PhI(OAC), N>< r - S—ar
“H,0 TAOH - Phi /F N
" -AcOH R H

Ph/l\OAc
o NHz
IL// NH,
o)
S\ H)J\R1 l\ NH; N N NEHR Rearrangement @EN\>—R1
HO AP HO R Sn=chR, N
CH,R;

In order to prepare 2-aminobenzimidazoles, several conventional routes have been
described previously.* This includes the a) cyclization of o-nitrothioureas (with prior
reduction to aminothioureas), b) nucleophilic aromatic substitution reaction of
chlorobenzimidazole, c) one-pot cyclization of diamines and isothiocyanates (Scheme

3.20).
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Scheme 3.20: Conventional routes to 2-aminobenzimidazoles.3>

N N
~Ar
a) O: \[sr i) H, Pd/C; ii) HgO, cat, EtOH, reflux

N

b) @[ S—cl H,N—Ar , 140 - 150 °C N Ar
N 2 V. \>—N/
H N H

2-aminobenzimidazole
NH,
c) ©: SCN—-Ar , Desulfurizing agent
NH,

Low yields are reported with method a) where the reduction of the nitro group is the

limiting step.>®> Method b) requires elevated temperatures and usually yields self-arylation
products.®® To obtain 2-aminobenzimidazole derivatives with higher yield, a one-pot
synthesis from OPD and isothiocyanates (method ¢) has been used.*® In this case, the use
of a desulfurizing agent is compulsory, being the most common: HgO, HgCl>, CuCl, Mel,
tosyl chloride or carbodiimide reagents [e.g. DCC, EDC, diisopropylcarbodiimide
(DIC)].3536

3.2.2. Synthesis of 4-((1,3-dihydro-2H-benzo|[d]imidazol-2-ylidene)amino)-/V-(4-
((1,3-dihydro-2H-benzo|d]imidazol-2-ylidene)amino)phenyl)benzamide

derivatives (2a—e, 2h)

The strategy to synthesise our target bisbenzimidazole derivatives was based on the
reaction between OPD and isothiocyanate precursors to give a thiourea intermediate which
was cyclized in situ using EDC.HCI (Scheme 3.21). The first-step involved the formation
of a thiourea intermediate, in which a total conversion rate was observed by HPLC-MS.
This intermediate was not isolated and the reaction was performed in one pot. The overall
yields of bisbenzimidazole compounds were moderate due to the difficulty of the
purification process. Chloro-derivatives (Scheme 3.21, R = Cl) were most of the time
difficult to separate by column chromatography, due to product binding to the silica gel.
Hence, the use of 10% of polar solvents (e.g., MeOH, MeOH/NH3s4) in the eluent mixture

was required to recover the products.
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Scheme 3.21: Synthetic route to bis(2-aminobenzimidazoles)

SCN NCS NH NH
| A = | Coupling
= X >
R/ X R
H
NN
sl [ L]
N
R X

Isothyocyanate derivatives 26a—e and 26h were prepared following the methodology
described below (Scheme 3.22). Previously synthesized diamines 15b—e and 15h (Scheme
3.8) were reacted with thiophosgene in H>O/Et,O at room temperature overnight (Scheme
3.22).* Diamine 15a was commercially available. Isothiocyanate 26a was prepared as

reported earlier.*

Scheme 3.22: Synthesis of bisbenzimidazole derivatives 2a—e and 2h

H
NCS N
R, O Y | NH; R, O Y7 | R, O Y7 | =
P U | S ) P, HN
“ \ i X NS i, fii BN N Y \©
HoN™ Ra SCN ’ HN
Ry Ri HN*\ R
15a—e, 15h 19, 26b—e, 26h 2a-e, 2h

Yield | Yield
Cmpd R; | R R R
P X Y 1| Rz 3 4 (26) )

19 CH|{CH|H|H|H|H]| 92% | 61%

26b |CH|CH|CI|H |CI|H/| 44% | 43%

26c |[CH|CH|CI|H | H]|CI| 8% | 15%

26d |CH|(CH|H|ClI|ClI|H/|66% | 31%

26e |[CH|CH|H|CI|H/|ClI| 24% | 59%

26h N N |H|H|H]|H]| 5% | 44%

Reagents and conditions: i) C.CS, Et2O:H20 (3:1), rt. ii) o-phenylenediamine, DMF, rt; iii) EDC.HCI, 60
°C.
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The isothiocyanate derivatives were obtained in moderate to good yield in most cases.
Despite of high conversion rates (as observed by HPLC-MS and TLC), the isolated yields
were lower for compound 26e due to purification issues. For all of the compounds, the
purification process involved a filtration of the crude reaction mixture over a filtration
funnel, using water to remove excess of thiophosgene. The product was obtained as a solid
precipitate. One reason for the low yield is possibly due to this first filtration step in which
some crude is lost in the aqueous phase. Another reason could be pointed to the
chromatographic separation when product was jammed to the silica and high polarity

solvent mixtures were required (i.e., CH2Cl2:MeOH, 90:10—80:20).

Bisbenzimidazoles 2a—e and 2h were synthesized by reaction of OPD with isothiocyanate
26a—e and 26h, respectively, followed by in situ cyclization of the thiourea intermediate
using EDC.HCI as promoting agent. Low to moderate yields were obtained for the final
products 2a—e and 2h despite of high conversion rates to the thiourea intermediate (> 90%
detected by HPLC-MS) and the bisbenzimidazole products (> 50%); however, column
chromatography purification of the crude products 2a—e and 2h was complicated due to
the products jammed into the silica gel. To increase the yields of isolated compound, the
products were purified by circular chromatography using previously deactivated silica
plates (i.e., hexane:EtzN, 90:10) and high polarity solvent mixtures (i.e., containing 10%
MeOH or 10% MeOH:NHasa).

3.2.3. Synthesis of 4-((1,3-dihydro-2H-benzo|[d]imidazol-2-ylidene)amino)-/V-(4-
((1,3-dihydro-2H-benzo[d]imidazol-2-ylidene)amino)phenyl)benzamide
derivatives 30, 31, and 34.

Diamines 27 and 32 were commercially available whereas 28 was prepared by Parr
hydrogenation of commercial 1,3-bis(4-nitrophenyl)urea (89%). Isothiocyanates 29, 20,
and 33 were prepared as reported earlier.* Bisbenzimidazoles 30, 31, and 34 were
synthesized by reaction of the isothiocyanate precursors (29, 20, and 33, respectively) with
OPD, followed by in situ cyclization of the thiourea intermediate as described in Scheme

3.23.



Chapter 3: Synthesis

Scheme 3.23: Synthesis of bisbenzimidazole derivatives (30, 31, and 34) with different

scaffolds.
X X
0, w0
’4’ —
R R NJ\N N H
R = NH, H H
| 28 X - NHBoRH 30 = CH,CH, ~(54%)
1 X = 31 = NHCONH (25%)
R =NCS

29 :X= CH2CH2 (79%)
20 : X = NHCONH (64%)

O e O S

H

i 32: R=NH, 34 (61%)
33: R =NCS (86%)

Reagents and conditions: i) CI.CS, Et2O:H20 (3:1), rt. ii) o-phenylenediamine, DMF, rt; iii) EDC.HCI, 60
°C.
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3.3. Synthesis of bis(pyridine-2-carboxamidine) [“bis(arylimidamide)”] derivatives

3.3.1. Introduction

The synthesis of N-phenylpyridinecarboxamidines (III, Scheme 3.24a) can be achieved by
reaction of substituted anilines with 2-cyanopyridine catalysed by different bases (e.g.
NaH, NaOMe, BuLi, LDA, NaN(SiMes),, DBU)?”- %8 or in the presence of Lewis acid (e.g.
AlCI3, TiCls or SnCls).>*! One of the main problem of the direct synthesis of bis(pyridine-
2-carboxamidines) using 2-cyanopyridine with AICl3 or sodium hexamethyldisilazide in
tetrahydrofuran lies in the difficult isolation of pure amidines from complex reaction
mixtures. This is due in part to the poor solubility of these products in organic solvents.
The low solubility of the mono-amidine intermediates could also be responsible for the

failure of this method.*?

The synthesis of bis(pyridine-2-carboxamidines) using the Pinner method was successful
with aliphatic or biphenyl diamines.** An alternative protocol based on the modification
of the classical Pinner method via S-(2-naphthylmethyl)thioimidates (35) was developed
Collins ef al** for the reaction with non-nucleophilic amines such as substituted anilines
(Scheme 3.24b). This protocol was used later by Boykin and co-workers to prepare

different series of bis(arylimidamides).*->°

Scheme 3.24: Classical routes to prepare N-aryl-pyridin-2-carboxamidines from anilines.

X

7z

R NH, NC” N
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3.3.2. Attempted synthesis

Previous reports have shown that the reaction between S-(2-naphthylmethyl)-2-
pyridylthioimidate hydrobromide (35) and aryl diamines yielded the expected
bis(arylimidamides) in good yield as long as the diamines were reasonably electron-rich.*’
In contrast, this reaction failed with diamines containing halogen substituents on the
phenyl rings or electron-deficient rings (e.g. 2,7-diamino-9H-fluoren-9-one, 2,7-

diaminoanthracene-9,10-dione, acridine-3,6-diamine, etc.)*> 43!

The classical synthetic protocol using reagent 35 was tried with diamines 15a, 27 and 28,
yielding bis(pyridine-2-carboxamidines) 3a, 36 and 37 which were isolated as free bases
(Scheme 3.25). The reaction of unsubstituted diamine 15a with a small excess of 35 (2.5
eq.) yielded bis(pyridine-2-carboxamidine) 3a (23%) after purification by circular
chromatography on deactivated silica (i.e. the plate was deactivated with a mixture of
hexane:Et;N (90:10) before use). Other electron rich scaffolds 27 and 28 were reacted
following this method to obtain the desired compounds 36 and 37 in moderate yields, 24%

and 39%, respectively.

Scheme 3.25: Synthesis of bis(pyridine-2-carboxamidines) 3a, 36 and 37.

2
PNy
(0] N
7 . JO S e
@” Q*
3a (23%)
X
X
35 NH NH
—_— N\ N N N\
oN NH, i | N Nl
= =
27 = CHchz 36 = CH2CH2 (24%)
28 = NHCONH 37 = NHCONH (39%)

Reagents and conditions: (i) EtOH, CH3CN (3:1), rt, 72 h.
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When we tried to synthesize 3b—e with reagent 35 using the electron-deficient diamine
precursors containing chlorine substituents (15b—e) we could not isolate the bis(pyridine-

2-carboxamidine) products 3b—e (Scheme 3.26).

Scheme 3.26: Attempts to synthesize bis(pyridine-2-carboxamidines) 3b—e and 3h—i

NH
7 2 X =
x 1 35 DU ye
_ A
|\\ N \\x - N f N
NS H i NH NH
2
15b—e: X = Cl 3bc

Reagents and conditions: (i) EtOH, CH3CN (3:1), rt.

When the reaction was performed with the pyridine—containing starting materials 5-amino-
N-(5-aminopyridin-2-yl)picolinamide =~ (15h) and  4-amino-N-(5-aminopyridin-2-
yl)benzamide (15i), only little amount of the mono-substituted products (38 and 39,
respectively) were isolated by silica chromatography (Scheme 3.27). HPLC-MS analysis
of the crude reaction mixtures showed that the reaction did not go to completion even after
prolonged time (i.e., more than 7 days) or using higher temperature (i.e., 40 °C and 60 °C).
Polar aprotic solvents (i.e., DMF, THF) were also tried, but the same results were obtained.
Nevertheless, small quantities of bis(arylimidamide) 3h (97 mg, 36%) and 3i (10 mg,
6.1%) could be isolated by silica chromatography together with the mono-substituted
product 38 (63 mg, 23%) and 39 (20 mg, 12.2%).

To determine the substitution pattern of compounds 38 and 39, we compared the
experimental and predicted 'H NMR shifts of the free NH> group in the starting material
diamines and the product (Table 3.5). 'H NMR shift prediction was performed using
MestReNova. Experimental data were collected for both compounds using deuterated

DMSO as solvent.
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Scheme 3.27: Synthesis of 3h, 3i, 38 and 39
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The '"H NMR spectrum of compound 39 shows a broad peak integrating for 2H at 5.21
ppm. This value is almost identical to the experimental value of NH2(b) in diamine 15i
(5.06 ppm), suggesting that 39 is substituted on the NH(a) group. Compound 38 shows a
broad peak integrating for 2H at 6.21 ppm. This value is close to the experimental value
of NHx(a) in diamine 15h (6.12 ppm), which implies that compound 38 is substituted on
the NH(b) group. Of note, the chemical shift predictions for 15a are in excellent agreement
with the experimental values. In contrast, the predicted values of the compounds
containing aminopyridine groups (15h, 15i, 38, 39) are disconnected from the

experimental ones.
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Table 3.5: 'H NMR chemical shifts of the free amino (NH>) groups in the starting material

diamines and compounds 38-39

Cmpd Structure Predicted” Experimental”

(6, ppm) (6, ppm)

NH,

O
. 5.80 (a) 5.67
15a H
N 473 (b) 4.86
(a)

oLy
(b)
N 5.80 (a) 5.70
15i Q)L” N
H,N

) 6.72 (b) 5.06

NH
“ T o
39 L dﬁ N U 6.72 (b) 5.10 (br s, 2H)
SN

\ H
Z  (a)
NH
o ¢ 2
s = NJ:NT © 6.72 (a) 6.12
H
HNT 6.72 (b) 5.13
(a)
=
H \
o (';) SN
38 ﬂ /N‘ N SN NH 6.72 (a) 6.21 (br s, 2H)
Ho N7 Y

“ Mestrenova 14.2.1-27684. ? Solution in DMSO-d&

As we use electron-deficient diamine precursors, we tested an alternative synthetic route
to obtain the chlorine-containing bis(pyridine-2-carboxamidine) derivatives 15b—e. This
approach was tried with the previously synthesized isothiocyanate 26b as probe (Scheme
3.28). The proposal involves the conversion of 2-bromo pyridine into the organolithium

reagent as first-step, followed by the nucleophilic addition to isothiocyanate 26b to form
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secondary thioamide intermediate.? The last step consists in the transformation of the

thioamide group into the carboxamidine.’->

Scheme 3.28: Proposed synthetic route of pyridine-2-carboxamidine derivatives using 2-

bromo pyridine and an isothiocyanate precursor.>?

=
H |
N NS
N N (0] N
| Step 1 | Step 2 S
> e _ —_— S N
N~ “Br N~ “Li N H o o
26b | A ”
= Cl
40
Step 3
=
H |
N NS
(0] N
NH
NH N
N H Cl
B
= Cl
3b

Reagents and conditions: Step 1: n-BuLi, CMPE, -78 °C, 3 h; Step 2: CMPE, -78 °C, 2 h (See Table); Step
3: aq. NH3, EtOH:CH2Clz (2:1), 1t, 2 h.

The synthesis of the organolithium reagent was easily achieved following the conditions
previously reported.’? However, compound 40 was not obtained when cyclopentyl methyl
ether (CPME) was used as solvent* probably due to the low solubility of the
isothiocyanate 26b. Different attempts using other solvents (i.e., CH>Cl,, DMF) which
solubilized 26b were unsuccessful and the starting material (i.e., isothiocyanate) was
recovered in all the cases (Table 3.6). These disappointing results could be related to the
instability of the organometallic intermediate even though dry solvents and inert conditions
were used. Additionally, it could be related to an incomplete solubilisation of the
organometallic derivative — solubilized in CMPE — in the final reaction mixture containing
the co-solvent used in Step 2 (Table 3.6). All these attempts under the conditions shown
in Table 3.6 yielded the mono-substituted product in low yield in a mixture difficult to

separate.
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Table 3.6: Conditions evaluated to synthesize pyridine-2-carboxamidine derivatives

using 2-bromo pyridine and an isothiocyanate precursor

Step 1 Step 2
Reagent | Solvent Temp. Time | Solvent | Temp. | Time
n-BuLi CPME -78 °C 3h CPME | -78 °C 2h
n-BuLi CPME -78 °C 3h CHxCL | -78°C 2h
n-BuLi CPME -78 °C 3h DMF -78 °C 3h

A different approach to obtain bis(arylimidamide) 3a via the formation of picolinamide
intermediate 41 was proposed (Scheme 3.29). The reaction of 4-amino-N-(4-
aminophenyl)benzamide with picolinoyl chloride hydrochloride gave 41 in high yield
(94%) by precipitation from MeOH. Then, different conditions were tested to transform

41 into bis(arylimidamide) 3a (Scheme 3.29, conditions 1ii, iii, iv or V).

Scheme 3.29: Proposed synthetic route to 3a using picolinoyl chloride hydrochloride.

HCl o Z
N S
o Y™ LY ° PORe
o)
N/©/ N ol /O)ku
_—
N
H,N " i I\ N
2 — 41 (94%)
ii, iii or iv
N /©)‘\
| N
_

Reagents and conditions: i) Et;N, THF, 2 h, rt. ii) SOCl», 80 °C, 14 h. iii) aq. NH3, THF, CH2Cl. iv) PCls,
aq. NHs. v) PCls, NH3 in dioxane.
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In all the attempts, compound 3a was not obtained and the starting material was always
recovered. The HPLC-MS spectra showed a compound with a mass similar to the desired
product (i.e., m/z = 436 [M+H]). Even though the conversion rate detected by HPLC-MS
was low (~12%), the different attempts to purify it using column chromatography or
circular chromatography were unsuccessful due to the complexity of the reaction mixtures.
Hence, we were unable to confirm that the observed mass corresponded to the desired

product.

Due to the failure of this approach, we proposed the synthesis of a new pyridine-2-
carboxamide-containing reagent (42, Scheme 3.30). Commercially available pyridine-2-
carboximidamide hydrochloride was reacted with Boc2O to obtain the Boc-protected
intermediate 43 in good yield (74%). The next step, consisting in the protection of the
remaining amino group with trifluoromethanesulfonic anhydride, did not go to completion
and 42 was obtained in very low proportion (~15%) as detected by HPLC-MS. Compound
42 could not be isolated from the starting material (43) by column chromatography.

Scheme 3.30: Proposed synthesis of 42

.Boc
N N,Boc
HCl NNy i, ii Y NH: i S N~
=
43 (74%) 42
Reagents and conditions: i) BoccO, MeOH/THF, NaHCO:s. ii) Tf20, Et;N, CH2Clz, -78 °C to t.
Next, a different attempt to obtain the pyridine-2-carboxamidine derivative 3b from the
deactivated chlorine-containing diamine 15b was performed using 2-cyanopyridine as

reagent (Scheme 3.31). Nonetheless, starting material was recovered in each attempt and

compound 3b was not obtained.
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Scheme 3.31: Proposed synthetic route to 3b using 2-cyanopyridine

Ho [
NH N CN
o) 2 O 0 N SN
= NH
” - > NH N
Cl i N Ho ¢
H,N |\ N
Cl _ Cl
15b 3b

Reagents and conditions: i) AICI3, 120 °C, reflux, 30 min, CICH2CH>C1

Since all the previous attempts to achieve the synthesis of bis(pyridine-2-carboxamidine)
derivatives from electron-deficient diamines were unsuccessful, we turned our attention to
a new electrophilic carbimidothioate derivative, methyl N-(fert-butoxycarbonyl)pyridine-
2-carbimidothioate (44). With the imido nitrogen protected by a Boc group, this reagent
was expected to be more reactive towards poorly nucleophilic amines. Its synthesis was
accomplished in two high yielding steps (94 and 59%, respectively) from pyridine-2-
carbothioamide (Scheme 3.32). Compound 44 was obtained as a free base as reported by

elemental analysis.

Scheme 3.32: Synthesis of methyl N-(fert-butoxycarbonyl)pyridine-2-carbimidothioate

(44)
S s~
3 N Boc N X B
N i, ii X7 ONT i, iv 7 SN PO°
| ~ NH; —_— | H s
_ _
_
45 (94%) 44 (59%)

Reagents and conditions: i) NaH, THF, 0 °C to rt., ii) Boc20, iii) NaH, THF, 0 °C to rt., iv) CHsl.

With this new reagent in hands, we tested its potential for the synthesis of pyridine-2-
carboxamidine derivatives from deactivated amines (Scheme 3.33). Compound 44 reacted
with 2,4-dichloroaniline (46), 2-chloro-4-nitroaniline (47) and 3-chloro-4-nitroaniline (48)
in the presence of either HgCl, (1.2 equiv.) or CuCl (1.2 equiv.), and EtzN (2 equiv.), to
give the Boc-protected pyridine-2-carboxamidine derivatives 49, 50 and 51 smoothly (70—

76% of conversion).
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As shown in Table 3.7, the reaction was faster when HgCl> was used instead of CuCl. For
instance, a 75 % conversion rate of dichloroaniline 46 was achieved in 4 hours with HgCl»
(as detected by HPLC-MS) whereas 24 hours were needed to obtain a similar conversion
rate (76 %) using CuCl. Similar trends were observed with more deactivated anilines
containing one chlorine atom and a para-nitro group (47, 48). Although similar conversion
rates were obtained with both reagents, we decided to use HgCl» in further studies to reduce

the reaction time.

Scheme 3.33: Synthesis of Boc-protected N-phenylpyridinecarboxamidines using 44 (1.5

equiv.)

R =

3 R3 H |
— >
N.
R; i R4 Boc
R2 R2

46R1=C|, R2=H;R3=C| 49R1=C|s R2=H;R3=CI
47:R1=N02;R2=H;R3=C| 50:R1:N02;R2=H;R3=C|
48:R1=N02;R2=C|;R3=H 51:R1=N02;R2=C|;R3:H

Reagents and conditions: (i) HgCl2 (1.2 equiv.) or CuCl (1.2 equiv.), EtsN (2 equiv.), CH2Cl2, 30 °C.

Table 3.7: Synthesis of Boc-protected N-phenylpyridinecarboxamidines with reagent 44
using HgCl, or CuCl

Aniline Reagent % conversion”
46 HgCl, 4 hours 75 %
46 CuCl 24 hours 76 %
47 HgCl 4 days 72 %
47 CuCl 4 days 72 %
48 HgCl, 4 days 68 %
48 CuCl 4 days 67%

“Detected by HPLC-MS

More assays were performed with 3-chloro-4-nitroaniline (48) in order to optimize the
conditions. When we ran the reaction at room temperature and 40 °C, 7 to 10 days were
necessary to achieve conversion into N-Boc protected pyridine-2-carboxamidine products

(Table 3.8). The use of temperature (i.e., 40 °C) gave a 68% conversion rate in 8 days,
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whereas running the reaction at room temperature required two more days to achieve a
similar conversion rate (i.e., ~71%). In addition, the use of CuCl as desulfurizing agent
always required more time to achieve similar yield (~70-80%) as the one obtained using
HgCl,. Furthermore, CH>Cl> was found to be the best solvent as it produced the highest
conversion rate (88%). Eventually, we decided to perform the reactions under microwave
irradiation. This optimization process led us to reduce the reaction time from days to 1 h

with a conversion rate of 85 — 96% (Table 3.8).

Table 3.8: Conditions tested in the synthesis of 51 with reagent 44 using HgCl> or CuCl.

=
NH § |
NS
2 44 (1.5. equiv.) N | N
. - N.
O,N : O,N Boc
Cl Cl
48 51

% conversion”

(1)

Reagent  Base  Solvent Reaction time

HgCl, Et:N DMF
rt 10 days 71 %
1.2 eq. 2 eq. I mL
HgCl, Et:N DMF
40 °C 8 days 68 %
1.2 eq. 2 eq. I mL
CuCl Et:N DMF
rt 15 days 78 %
2 eq. 2 eq. I mL
CuCl Et:N DMF
40 °C 15 days 86 %
2 eq. 2 eq. I mL
CuCl K2COs THF
40 °C 15 days 82 %
2 eq. 4 eq. I mL
HgCl, Et;:N CH2Cl
rt 10 days 51 %
1.2 eq. 2 eq. I mL
HgCl, Et;:N CH2Cl»
rt 15 days 88 %
1.2 eq. 2 eq. I mL
HgCl, EtN | CH2Cl MW
1 hour 85-96 %
1.2 eq. 2 eq. I mL 50 °C

“Detected by HPLC-MS.

88



Chapter 3: Synthesis

Using this optimized method with halogen-containing di-anilines, we observed that the
reaction proceeded with slow conversion rates. In all the HPLC chromatograms of the
crude reaction mixtures, the presence of a significant amount of the mono-substituted
product (i.e., mono-arylimidamide) and of the demethylated reagent (45) was detected.
However, compound 45 (Scheme 3.32) does not react with deactivated di-anilines to form
the arylimidamide product under the reaction conditions used in our experiments (data not
shown). Therefore, its presence indicates a degradation of reagent 44 in the reaction

medium.

To improve the conversion rates to the desired bis(arylimidamides), we increased the
number of equivalents of reagent 44 (from 1.5 to 2.0 equivalents per amino group) to push
the reaction forward. This resulted in higher conversion rates (>60%) even though the

demethylated reagent 45 was still present in the reaction mixture.

In summary, the best conditions to synthesise bis(arylimidamides) was achieved with 2
equivalents of reagent 44, HgCl,, and EtzN per reactive amino group, CH>Cl, as solvent,

and microwave irradiation at 50 °C during 1 hour (Scheme 3.34).

Scheme 3.34: Best conditions for the synthesis of bis(arylimidamides) using 44

s~
Boc
™  f L]
N\
] R/\/ NH, - 0 O/ 7N
44
N \| BOC\N X N N\Boc:
| N N | ) H
HoN X | |\ N /\R
2 R _
(R=ClorH)

Reagents and conditions: di-aniline (1 equiv.)/ 44 (4 equiv.)/ HgClz (4 equiv.)/ Et:N (4 equiv.)/ CH2Cly/
MW (50 °C)/ 1 h.

3.3.3. Synthesis of bis(/NV-aryl-pyridin-2-carboxamidines) (3b—h)

With this new protocol in hands, we were able to synthesize Boc-protected bis(N-aryl-
pyridin-2-carboxamidines) S2b—e and 52g—h in low to moderate yields (12—67%, Scheme
3.35). Removal of the Boc-protecting groups using TFA/CH>Cl; at 0 °C yielded the pure
bis(pyridine-2-carboxamidines) 3b—h in good yield after crystallization (65-90%).
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As stated before, the synthesis of bis(N-aryl-pyridin-2-carboxamidines) starting from
highly deactivated dianilines required the use of 4 equivalents of reagent 44 (i.e., 2 equiv.
per amino group). However, despite of the excess of reagent 44, the reaction did not go to
completion and the mono-substituted products were always obtained in the reaction crude.
The high polarity of the bis(pyridine-2-carboxamidines) made them difficult to purify by
silica chromatography. Reverse phase chromatography was attempted using a C18 flash
cartridge. However, only low yields of pure product were obtained. Finally, circular
chromatography on silica appeared to be the best purification method, although work is in

progress to improve the purification method via reverse phase chromatography.

Scheme 3.35: Synthesis of bis(N-aryl-pyridin-2-carboxamidines) 3b—h with 44

R4 R4 H = |
R, O Y/| NH2 44 R, O Y/l N | SN
| § N N —I> R5\|N /@)‘\H § N-g,
e L @AN ex TR
R4 | = H R4
. 52b-e, 52g-h: R5; = Boc
"orml . 3b-e, 3g-h:Rs=H
cmpd | X | Y |Ry| R, | Ry | Ry \;g;’ Y(ig;d salt
b CH|cH|clI| H Cl | H | 44% | 88% | 2CF3CO,H
c CH|cH|clI| H H | Cl | 32% | 76% | 2CF3CO,H
d CH|CH| H | cI Cl | H|67% | 67% 2HCI
e CH|CH|H | cI H | Cl| 12% | 82% | 2CF;CO,H
g CH|[CH| H | OPr|OPr| H | 50% | 65% 2HCI
h N | N|H]| H H | H | 36% | 90% | 2CF;CO,H

90

Reagents and conditions: i) 44 (4 eq.), EtsN (4 eq.), HgCl2 (4 eq.), CH2Cl,, MW, 50 °C, 1 h. ii) CH2Cl,
TFA, 0 °C; iii) CH2Cl2, 4 M HCI, 0 °C.

To sum up, the relatively low yields obtained in this synthesis were related to the difficulty
of the purification process of the first step of the reaction, and to an incomplete conversion
rate. Work is ongoing to solve these issues. We have recently hypothesized that more
equivalents of base (EtsN) and HgCl, may be necessary to push the reaction forward,

which would facilitate the product formation and purification.
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4.1.

Introduction

DNA, the most important macromolecule carrying genetic information, is
considered an exceptional target for diseases that depend on the division of
malignant cells or microbes (e.g., parasites).! As mentioned in Chapter 1, di-cationic
compounds such as those synthesised in this thesis possess the ability to interact with
the DNA minor groove.? The interaction of minor groove binders (MGBs) with DNA
has the potential to block important enzymes and transcription control proteins that
are essential for the growth of protozoan parasites.! Hence, the study of this
interaction may shed light on the mechanism of antiparasitic action of these series of

compounds.

DNA MGB:s tend to be concave in shape (isohelicity that allows the adaptation to
the groove curvature), possess several aromatic rings, be cationic in nature and have
the ability to form hydrogen bonds (HB).? The lipophilicity due to the aromatic rings
performs a displacement in the structured backbone of hydration along the DNA
minor groove.* MGBs are particularly interesting compounds for the design of
antimicrobials because they are sequence-selective in contrast to intercalators.
MGBs mainly bind to the double helix of AT-rich DNA.>® This selectivity is
especially relevant in the case of pathogenic parasites such as trypanosomatids which

mitochondrial genome (kDNA) has a high percentage of AT-rich DNA sequences. !

7-9

Our group has shown previously that bis(2-aminoimidazoline) compounds such as
lead I bind AT-rich DNA with high affinity. In the crystal structure of compound I
complexed with the d(AAATTT)> DNA duplex [PDB: 5LIT], it was observed that
the drug molecules fill the central part of the minor groove of the duplexes (Figure
4.1)."° Hence, once the synthesis of the compounds discussed in Chapter 3 was
complete, we undertook biophysical and computational studies to determine their

affinity and selectivity towards DNA, and deduce their mode of binding.
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Figure 4.1: Crystallographic units of the DNA duplex d(AAATTT)z2—ligand I complex [PDB: SLIT].
The black lozenge indicates the dyad axes. Four independent single oligonucleotides chains are
shown; two of them (blue-green) form the central duplex and the other two (orange and red) form
two different DNA duplexes with their symmetrical chain. Three crystallographically independent

drug molecules are indicated (pink, green and blue).!

Biophysical assays contribute to the determination of both affinity (e.g., Kp, kinetic
and thermodynamic parameters) and mode of binding (e.g., minor groove binding
and/or intercalation) of DNA ligands. In this work, we used different optical
biophysical techniques including thermal denaturation assays (7m), ultraviolet (UV)
titrations, circular dichroism (CD), linear dichroism (LD), surface plasmon

resonance (SPR), nuclear magnetic resonance (NMR), and X-ray crystallography.

Furthermore, we measured the acid dissociation constants (i.e., pKa) of the new
compounds by a UV-based method previously developed by our group.!! The
knowledge of this physicochemical parameter is crucial to determine whether these
dibasic compounds will be protonated (i.e., cationic) at physiological pH. This is
important because the di-cationic nature of MGBs is crucial for accumulation in the
parasite (i.e., driven by the plasma and mitochondrial transmembrane potentials) and
formation of H-bonds with A-T bases at the minor groove floor, which has negative

electrostatic potential.
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In this chapter, we will describe the basic theory related to each technique and

discuss the results obtained in the different experiments.

4.2. Physicochemical evaluation of the protonation state of the compounds: pK.

determination

4.2.1. Background

The ionization constant (Ka), also known as protonation or acid dissociation constant is an
equilibrium constant defined as the ratio of the protonated and the deprotonated form of a
compound.'? This physiochemical parameter is usually reported as the negative logarithm

of Ka:

pKa = -logio K.

The pK, can be defined as the ability a molecule or ion has to keep a proton (H") at its
ionization centre(s). At pH within approximately 1.5 pH units away from the pK. of a
molecule, a fraction of both ionized and unionized species will be present in solution. At
pH > 1.5 pH units away from pK,, an acid will be charged whereas a base will be
uncharged; the contrary will occur at pH < pKa.!

The pK. has biological implications because the ionization of a compound is one of the
factors governing its partition between aqueous media and lipid membranes.'* > The
protonation state of biologically active compounds has a profound influence on their
absorption, distribution, metabolism, and excretion (ADME). The pK. of a molecule
determines its pH—dependent solubility, lipophilicity (log D), permeability, stability and
protein binding as well as binding to its biological target.!> 1618 Therefore, the accurate
measurement of pK. values is key in areas such as medicinal chemistry and drug

development.'®

In the drug design process, the protonation state of a molecule in aqueous environment at
physiological pH will be critical for the biodistribution of the compound and the ligand-
receptor interaction. When a compound is positively or negatively charged at physiological
pH, it is expected to be soluble in body fluids. However, its entry into cells by passive

diffusion may be compromised unless it is recognized by a specific cation or anion
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transporter. This is the case, for example, of diamidine drugs (i.e., pentamidine,
furamidine) that gain entry into the brain via the human organic cation transporter 1

(hOCT1) present on the blood-brain barrier.2% 2!

Regarding the DNA minor groove, its environment is considerably more electron-rich than
its surroundings,?? which means that cationic compounds will have favourable interactions
with the minor groove. For DNA MGBs, the (di)cationic nature of the ligand, in addition
to a crescent shape matching the curve of the groove, is crucial to allow the best fitting
between the MGB and the groove through van der Waals and hydrogen bonding
interactions.* For all these reasons, the pK, of all the compounds was measured by UV

spectrophotometry using the 96—wells plate methodology developed in our group.!!- 16

For the dibasic compounds under study, three possible protonation states exist that will

depend on the pH in the acidic environment?*-? of the minor groove (Scheme 4.1):

(1) both basic sites of the molecule are protonated and the molecule is di-cationic,
(2) one of the basic sites is protonated and hence the molecule is mono-cationic,

(3) none of the basic sites are protonated and the molecule is neutral.

Scheme 4.1: Possible protonation states of the synthesised compounds.
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As the structure of the synthesised compounds contains two basic guanidine-like groups,
our hypothesis is that two pKa. (pKal and pK.2) values shall be observed as represented in
Scheme 4.1. However, we were not able to measure a distinct pK, value for each basic
group using the 96-wells UV-spectrophotometric method. In its place, an average value

was observed for each molecule. These results will be discussed later in this chapter.

4.2.2. pK. measurements by UV Spectroscopy using 96-well microtiter plates:

determination of the percentage of ionization at physiological pH

42.2.1. Methodology

The pK. values of the synthesised compounds were experimentally determined by UV
spectroscopy following the 96-well plate protocol developed by Drs. Rios Martinez and

11, 16

Dardonville. pK. determination by UV spectroscopy was possible because the

compounds fulfil two requisites: they hold a chromophore next to the ionisable group, for

which the UV absorbance is modified as function of the ionization state of the molecule.

Firstly, different aqueous buffer solutions were prepared at variable pH and constant ionic-
strength (/ = 0.1 M, adjusted with KCl) covering a range between 3 and 12 (e.g., 2 or 3
different points per pH unit). Then, the compounds were prepared in 5 mM stock solutions
in DMSO. The experiment was carried out by mixing 4 pL of test compound and 196 pL
of the correspondent buffer (Figure 4.2). The spectra were collected in the UV range (200
— 500 nm) and corrected by resting the blank values (i.e., buffer + DMSO without test
compound). Then, the GraphPad programme?® was used to represent the absorbance as a

function of the pH in order to calculate the pK, of the molecule.!!-?
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Buffer (196 uL)

Buffer pH: 30 40 50 55 60 65 70 7.5 80 85 9.0 95

2 1

Compound 1 (4 uL)
Compound 2 (4 uL)

Compound 3 (4 uL)

Compound 6 (4 uL)

Compound 7 (4 uL)

LI

Blank DMSO (4 pL)

Figure 4.2: Loading of the 96 well-microtiter plate for measuring simultaneously 7 compounds pKas. With

a different loading, 3 compounds can be measured in duplicate (or 2 compounds in triplicate)

As general procedure, 12 aqueous buffer solutions are loaded in the microtiter plate (in the
pH range 3 to 12) to obtain a broad pK. value of the compound. This value can be refined

as required by using more buffer solutions of + 2 pH units around the measured pKa.
4.2.2.2. Data processing

The UV data obtained were imported to the Excel program and processed as stated in the
protocol previously reported:!! (a) the UV spectrum was corrected by subtracting the UV
spectrum of the blanks for each pH and wavelength. (b) the UV corrected spectra were
normalized by subtracting from the UV spectra the absorbance at which the compound
does not absorb (e.g., A =400 or 500 nm in most cases, (Figure 4.3a). (c) The differential
spectrum was obtained subtracting the UV spectrum of the compound at the most acidic
pH from the UV spectra obtained at every other pHs. (d) The analytical wavelengths were
determined graphically from the wavelength of the maximum and the minimum observed
in the spectral difference graph (Figure 4.3b). (e) The total absorbance for each of the pH
analysed was calculated as the sum of the absolute value of the absorbances at the
analytical wavelengths for each of the pHs used (Figure 4.3c). Finally, these values were
represented as a function of the pH and the pK. of each molecule was determined by

nonlinear regression using equation 4.1.

. . ey —ea— x[10PH-PKa)]
Equation 4.1: Total Absorbance = PRTICTr L [5,]
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Absorbance difference

Where eua and ga. are the extinction coefficients of acid and basic forms of the

compound respectively. S is the compound concentration.

4-nitrophenol b) 4-nitrophenol c) 4-nitrophenol
1.0+ 15
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Figure 4.3: Spectra analysis and pKa determination of 4-nitrophenol. (a) 4-nitrophenol UV spectra (A =250
— 500 nm) using different buffers in the pH range 3 — 11. Absorbance is normalized to zero at A = 500 nm.
(b) Differential spectra of the UV spectra at pH = 3 and the others UV spectra at different pH values.
Maximum deviation occurs at 400 nm whereas minima appears at 320 nm. (c¢) Graphic representation of the
total absorbance vs pH (the total absorbance difference is the sum of the absolute absorbance difference

values at the chosen wavelengths (i.e., 320 and 400 nm). The pK. value was determined by non-linear

regression using Equation 4.1 (lit. value'': 7.16).77
4.223. Structure—pK, relationships results

The pKa values of the 3 series of compounds were measured and the data gathered in
Tables 1-3. The percentage of ionization at physiological pH (7.4) was also calculated for

each compound according to Equation 4.2:

100

. . % ionization = —————
Equation 4.2: Yo ionization 1+10@H-PKa)

The experimental data were compared with calculated values obtained with the

Chemicalize online prediction software (https://chemicalize.com/, developed by

ChemAxon, https://www.chemaxon.com). This predictor uses wide databases of

experimental values and involves derived Quantitative Structure—Property Relationships

(QSPR) to estimate the pK, values.?8

As mentioned above, the synthesised compounds are non-symmetrical (except the
compounds having a urea, ethylene or 9H-fluorene scaffold), which means they hold two
different basic moieties and should have different — albeit relatively close — pKa. values.

However, we could only determine one (average) value for these series using the 96-well
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UV-spectroscopic method. This is probably due to overlapping pKa values. As a control
experiment, the pK, of 3a was measured by potentiometric titration using a SIRIUS T3
apparatus. Since 3a is poorly soluble in water its pK. was measured in H>O/MeOH

2930 procedure

mixtures and extrapolated to 0% co-solvent using the Yasuda—Shedlovsky
as implemented in the SIRIUS T3 Refine software. The measured pK, values (H20, 25 °C)
obtained for both protonation sites, which ranged within 0.5 pK, units (6.92 + 0.18 and
7.42 + 0.22), were in excellent agreement with the average pK. value obtained by UV-

spectroscopy (7.18 + 0.13).

4.224. Structure—pK, relationships: bis(imidazolin-2-imines)

The introduction of one halogen atom into the N-phenylbenzamide scaffold and its
influence on the pK, and anti-7. brucei activity of the molecule was previously studied
by our group.®!' This structural modification led to a reduction of the pK, and an increase
in trypanocidal activity in some cases (R1 = CL, F or R2 = F or R4 = Cl, F). In this thesis,
molecules bearing two halogen atoms were synthesized as a strategy to modulate their
physicochemical properties (pKa and logP), with the aim of improving their membrane

permeability to target intracellular parasites.

In the next section, we analyze the structure—pK. relationships for these series of
compounds. For a better understanding, we will use the general structure shown in Figure

4.4.

Figure 4.4: N-phenylbenzamide scaffold structure bearing halogen atoms (R1—R4) and different heterocyclic

substituents for each series (Rs)

All of the newly synthesised bis(imidazolin-2-imine) compounds (Table 4.1; 1b—h)
displayed lower pK, values than the unsubstituted lead I (pKa. = 9.29). However, the

presence of isopropoxy groups as substituents (R2 = R4 = OPr) led to a smaller reduction
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of the pK, in comparison to lead I (-0.2 pK, units for 1g). The largest pK, decrease (-1.09
and -1.05 pKa units for 1b and 1¢, respectively) was observed when one chlorine atom is
placed in position ortho to the imidazoline heterocycle in ring A (R = Cl), independently
from the position of the second chlorine atom. In addition, the replacement of phenyl rings
for pyridine ones also led to the reduction of 1 pK, unit versus I (pKa = 8.17 for 1h). Within
this series, the percentage of ionization ranged from 85.5 to 98.7% indicating that the

bis(imidazolin-2-imine) derivatives are mostly dicationic at physiological pH.

Table 4.1: Experimental pK,, and calculated pK. and logP values of the synthesised

bis(imidazolidin-2-imine) derivatives.”

Predicted®
pK. = SD? % lonization ”
Cmpd Structure (H;0, 25 °C) pH 7.4 g?; logP
H
POPW . 7.05
I c /@* 9.29+0.07 98.7 o 2.85
N N 2HCI
. ) HNJ 6.08
1b Q/@AQ 8.20+0.10 86.3 20 3.89
N ) 2CF3COH
le o Q " 8.24 +0.03 87.4 g‘% 3.89
cl o N:N(iq) 631
1d o @*Q 8.60 +0.25 94.1 o7 3.89
Cl
le 2 L 8.82 +0.23 96.3 6.86 3.89

Cl
. */©* N erscom e ' 6.24

N

HNJ s ; 5.88
I o /QA Q 6.95 313
N 2CF3COzH

g AO i J@V S| 9.09+0.06 98.0 652 386

2CF3COH

J\AJ/ 6.45
1h { /OA 8.17+0.07 85.5 o 1.32
H

2CF3CO,H

“Compounds were dissolved in DMSO (5 mM stock solution) and diluted with the correspondent
buffer to achieve a 0.1 mM concentration in each well (2% DMSO v/v). *Only one (average) pKa
value could be measured for both imidazoline rings. ‘Calculated using ChemAxon package
“Chemicalize”.  “Calculated using MarvinSketch ~(ChemAxon method, considering

tautomerization/resonance) Version 22.9.0. “Previously reported.’! /Not measured.
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4.2.2.5. Structure—pK. relationships: bis(2-aminobenzimidazoles)

With regard to the bisbenzimidazole derivatives (Table 4.2; 2a—h, 30, 31, and 34), the
experimental pK, values were in the range 2.77-5.93, indicating that the compounds are
mostly neutral at physiological pH (i.e. pKa <1.5 pH unit from 7.4). This shows that the
replacement of the 2-aminoimidazoline (Rs) with 2-aminobenzimidazole heterocycles
leads to a reduction of > 4 pK, units for this series. Of note, the measured pK. values were
much lower (i.e. approximately 3 pK. units) than the predicted ones (6.54-7.70),
highlighting the limits of pKa prediction tools for compounds containing a large number

of possible tautomeric states. ! 18

Table 4.2: Experimental pKa, and calculated pKa. and logP values of the synthesised bis(2-

aminobenzimidazole) derivatives®

Predicted®
pKa = SD? % Ionization J
Cmpd Structure (H:0, 25 °C) pH 7.4 pKal logP
pKaZ
R T 7.75
2a Q* o I | 449+0.08 0.12 e 5.82
H H

7.47

b | Oy Q*Q O] 3394007 0.01 0.64 6.86

7.18

2 Q. Qﬂ/@ | 2772002 0.00 6.54 6.86

2d Qxﬁ Q O] 3414006 0.01 6.91 56

7.57

2 Q. QA@ T | 3as0.6 0.01 733 6.86

6.74

2h Qv @*ﬁ | 385+0.16 0.03 g:gg 430
e 7.10

30 Q* 8 5.64+0.08 171 0 724

31 [ oY 5.93+0.05 3.8 7.70 6.23
vy v 7.09

34 @ %@ 4.12+0.25 0.05 ;:23 6.49

“Compounds were dissolved in DMSO (5 mM stock solution) and diluted with the correspondent buffer
to achieve a 0.1 mM concentration in each well (2% DMSO v/v). ?Only one pKa value could be measured
for both benzimidazole rings. “Calculated using ChemAxon package “Chemicalize”. “Calculated using
MarvinSketch (ChemAxon method, considering tautomerization/resonance) Version 22.9.0. This pKa is

more closely related to the value predicted for the pyridine rings (0.29 & 2.58).
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4.22.6. Structure—pK, relationships: bis(arylimidamides)

The pK, determination for the bis(arylimidamide) derivatives (Table 4.3; 3a—i, 36, 37, and
41) was more troublesome and only six pKa. could be measured due to inconsistent data
(i.e., 3d, 41) or the lack of sufficient amounts of the samples to run the analysis (i.e., 3c,
3h, 3i, 37). In this series, the 2-aminoimidazoline heterocycles of lead I were replaced by
pyridine-2-carboxamidine substituents in position Rs. As a result, the pKa of the molecules
dropped by >2 pK. units, giving values in the range 4.76 (3g) — 7.18 (3a). Similar to the
other two series, the presence of chlorine atoms in the N-phenylbenzamide scaffold
reduced the pK, values compared to the unsubstituted 3a (-0.72 to -1.28 for 3e and 3b,
respectively). The most striking result was obtained with the di-isopropoxy derivative (3g)
which displayed the lowest pKa of this series (4.76). This behaviour differed somewhat
from the bis(2-aminoimidazoline) analogue 1g which pKa (9.09) was close to that of lead
I (9.26). The substitution of the amide bridge between the phenyl rings (e.g., 3a, pKa =
7.18) with an ethylene bridge (36, pKa. = 6.70) led to a significant reduction of the pKa (-
0.48 units) compared to 3a. The 9H-fluorene analogue was the only compound of the series
which we could measure two different pK, values (4.23 and 6.91). To sum up, the
percentage of ionization at pH 7.4 was quite disparate in this series, from 0.2% (3g) up to

38% for 3a.
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Table 4.3: Experimental pK,, and calculated pK. and logP values of the synthesised

bis(arylimidamide) derivatives.?

Calculated®
pKa = SD? % lonization 4
Cmpd Structure (H;0, 25 °C) pH 7.4 g?; logP

i N 5.12
3a NH @NO NH 7.18+0.13¢ 37.6 3.73
@)L” 593
TI:Q 4.21

3b oo Q*Q/ N 5.90+0.14 3.1 o 4.77

We ‘ 4.14
3¢ @A@ 7 o ! ! 4.94 77
i L
| e g : S0 | 4T
foa L]
e |y @*/@ b 6.46 + 0.02 10.3 o 4.77
‘/\ N 2CF,COH .
; 8 QY@ 4.89
g QA @* L 4.76 £ 0.24 0.2 570 4.74
DR

: ﬁp ; ; 4.19

3h dd ¥ o ‘ 4.98 2.21

s |
(o} Z N
) . SR ; ; 537
o /©)L N e 472 3.12
\/ H
i L
y ) YO 575
36 Q* 6.70 £ 0.05 16.6 e 515
N NH njofn NHN f / 5.49
37 @A/@ Q, = 10 4.13
N Q" "N 423+0.1 .1
53 | OO0 5 *+0.10 0 2% 439
6.91 +0.12 245 :

“Compounds were dissolved in DMSO (0.5 mM stock solution) and diluted with the correspondent buffer to
achieve a 0.1 mM concentration in each well (2% DMSO v/v). *Only one pK. value could be measured for
both arylimidamide rings. °Calculated using ChemAxon package “Chemicalize”. “Calculated using
MarvinSketch (ChemAxon method, considering tautomerization/resonance) Version 22.9.0. ¢ Potentiometric
titration using the SIRIUS T3 apparatus allowed to measure pKi = 6.92 + 0.18 and pK>= 7.42 + 0.22. /Not

measured due to lack of sample. fInconsistent results not able to provide a pKa value.
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4.2.2.7. Conclusions

Bis(imidazolidin-2-imine) series (1) display pKa. values > 8 with a percentage of ionization
ranging from 85.5 to 98.7% indicating that these derivatives are mostly dicationic at
physiological pH. Calculated logP ranged from 1.82 to 3.89. As expected, the introduction
of two chlorine atoms (one in each of the phenyl rings of the N-phenylbenzamide scaffold)
reduced the pK, (from 0.5 to 1.1 pKa units) and increased the logP versus lead compound
I. The introduction of pyridine rings in the scaffold led to a similar pK. decrease (-1.1 pKa

units) and also a drop in lipophilicity.

Bis(2-aminobenzimidazole) derivatives showed much lower pK, values in the range 2.77—
5.93, indicating that the compounds are mostly neutral at physiological pH. This series
showed the highest calculated logP values (4.3 — 7.24), at the limit of what is desirable for
orally active compounds (logP < 5). Unsubstituted compound 2a has a pK.= 4.49, and the
effect of the introduction of chlorine atoms modulated the reduction from 1.1 to 1.64 pKa
units. In this series, the replacement of phenyl with pyridine rings led to a subtle reduction

of just -0.64 pK, units.

Bis(arylimidamide) derivatives showed disparate percentages of ionization at pH 7.4, from
0.2% (3g) up to 38% for 3a. The introduction of two chlorine atoms led to (-0.72 to -1.28
pKa units). Calculated logP values were in the mid-range (2.21-5.15).
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4.3. DNA binding studies: determination of the binding affinity of series 1-3
4.3.1. Surface Plasmon Resonance-biosensor experiments

43.1.1. Background

Surface Plasmon Resonance (SPR)-biosensor experiments were carried out in the
laboratory of Biophysical Interactions at the Medicinal Chemistry Institute (IQM—-CSIC).
SPR was used to measure the binding affinities of the 3 series of compounds to different
hairpin DNAs. One of the advantages of the SPR-technique is the possibility to measure
binding affinities and kinetics of the interaction,** thus enabling the investigation of the
interaction of molecules with specific DNA sequences and the evaluation of the

corresponding binding constants.

To measure DNA—compound interactions, the SPR technique uses a sensor chip —
normally made of a gold surface — where the DNA hairpin is immobilized. The SPR-
biosensor experiment is based on a physical characteristic of this gold sensor chip, which
will reflect the light with a different angle depending on whether the immobilized DNA is
free or bound to a ligand (Figure 4.5). Adsorption and desorption occurring on metal
surfaces change the refractive index of the near media metal-dielectric interface and
therefore change the SPR angle.® Therefore, monitoring the changes in the SPR angle can
be used to analyse adsorption—desorption activities or associations that occur on the metal

surface.

(®) Flow channel (e
S oweweo
Sensor chip

UA\\‘ with gold film

Polarized Reflected
light Prism light
\\ )
x // /
\\
ht

” Optical
detectuon
) Sensorgram <—I

Intensity

Angle ’ Time
Nature Reviews | Drug Discovery

Figure 4.5: Instrument setup for an SPR experiment. Reflection of light on the sensor chip with the hairpin
DNA and the influx of the ligand solution.**
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Multiple injections of varied quantities of chemicals (ligand) into the surface of
immobilized DNA are used to perform steady-state binding studies. The ligand solutions
are injected via the flow cell until the reaction reaches a steady state. Then, a solution of
buffer only flows over the surface of the sensor chip to separate the ligand from the DNA.
The signal, displayed as RU (response unit) is directly proportional to the amount of bound
compound, which is obtained when the response from the reference “empty” cell (i.e., chip

+ dextran matrix + streptavidin) is subtracted from the response of the cell containing DNA
(Figure 4.6).3%34

® 0
[ P [
[
) [ J [ J ®
‘ = Dextran Inmobilization
Matrix
® & = streptavidin
o o = Analyte (protein or drug)
Q = Adhesive linker layer
Q = Gold layer

Q = Glass, metal or plastic base

Figure 4.6: SPR sensor chip schematic representation (capture sensor chip).

The DNA molecular weight, the amount of DNA in the flow cell, the compound’s
molecular weight, and the refractive index gradient ratio of the compound and DNA are
used to calculate the expected maximum response per bound compound in the steady-state
region (RUmax). By registering the variations in the RU over time, a plot known as a

sensorgram can be created (Figure 4.7).
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Resonance signal (kRU)

Nature Reviews | Drug Discovery

Figure 4.7: SPR sensorgram resulting from the association-dissociation of the ligand to the

oligonucleotide.*

From the sensorgrams obtained with different concentrations of the ligand, the binding
affinity can be determined by fitting the results to a one-site or two-sites binding model

according to:
Equation 4.3: Determination of binding affinities by fitting to a two-sites binding model

(K, Cr + 2K K, CF)
r =
(1+ K, Cr + KK, CF)

where r is the moles of bound compound per mole of DNA hairpin duplex, Ct is the free
concentration at the equilibrium, and K and K> the microscopic binding constants (K> =0

for the one-site binding model).
43.1.2. SPR results

The capacity of all the compounds (series 1, 2 and 3) to bind DNA hairpin duplexes
containing CGAATTCG [“AATT”] and CGCGCGCG [“(CG)4”] sequences was
determined using a SPR-biosensor assay.>> AT-rich sequences are abundant in the

mitochondrial genome of kinetoplastid parasites.® 3¢ Hence, the study of the specific
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interaction of the compounds with each oligonucleotide sequence will inform on their
potential to target KDNA as selective MGBs.3% 34

Two biotin-labelled DNA hairpin sequences were used:

a)  57-biotin-CGAATTCGTCTCCGAATTCG-3’ [AATT], and
b)  5’-biotin-CGCGCGCGTTTTCGCGCGCG-3’ [(CG)4]

which was used as negative control (Figure 4.8). These two sequences were immobilised
on the gold microchip using the streptavidin technique as reported in the experimental

section.

mem-C-G-A-A-T-T-C-G-T-C:> e P R
3-G-C-T-T-A-A-G-C-C-T 32G-C-G-C-G-C-G-C-T-T:>

AATT (CG),

Figure 4.8: Structure of 5’-biotinilated DNA sequences (hairpin duplexes)

The compounds were initially screened at two concentrations (i.e., 5 and 100 uM) and
ranked as binders/non binders. For binders, the experiments were carried out following
this procedure: different concentrations of the synthetic compounds, in the range of 0.1 —
100 uM, were injected on the surface of the gold sensor chip having the immobilised DNA
sequences to obtain a sensorgram for each concentration. The SPR response (RU) at
equilibrium (plateau region) in the sensorgrams was converted to » (moles of bound
compound per mole of DNA hairpin duplex; » = RU/RUnax) and plotted against the free
compound concentration, Cy, flowing over the chip surface. The binding constants were
determined by fitting the values to single-site or two-site binding models according to

equation (4.3). The stoichiometry of this interaction is given by the maximum r value.

The binding constants to both DNA hairpins for the 3 series of compounds are shown in
Table 4.4. For the bis(2-aminobenzimidazole) derivatives (2a—e, 2h, 30, 31, and 34) no
binding to AATT or (CG)s oligonucleotide hairpin sequences was observed at the highest
concentration tested (100 uM). Unspecific binding to the chip dextran matrix (compounds
2a—h) or aggregation/precipitation (30, 31, and 34) was observed instead, indicating that
SPR-biosensor assays are not adequate to determine the binding affinity of this class of

compounds.
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Among the bis(arylimidamide) derivatives, compound 3a was the only compound with the
N-phenylbenzamide scaffold that bound selectively to the AT-containing sequence versus
the (CG)4 oligonucleotide, with Kp = 0.58 x10°® M (Figure 4.9). The other compounds of
this series showing DNA binding interactions were the 1,2-diphenylethane (36), and
fluorene (53) derivatives, none of which possess the same central scaffold, although they
share the bis(arylimidamide) moieties. Their Kp values for the AT-containing hairpin were
17- (53) to 40-fold (36) higher than the binding constant of 3a. As shown in Figure 4.9¢,
compounds 3a, 36, and 53 displayed a binding stoichiometry (») of two moles of bound
compound per mole of DNA hairpin duplex.

(a) 3a 36 53
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5 5 =
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2 g Y
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2 @ 20 | 2
.3 S 2
-2 ] e
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(b) 3a 36 53
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22 g 2
g7 2 10 g
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15 1.5 15
. - (CG)y -+ (CG)y = (CG)y
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Figure 4.9: SPR binding affinity. (a) Sensorgrams for binding of bis(arylimidamides) 3a, 36, and 53 to
AATT and (b) (CG)4 hairpin duplexes using increasing concentrations of the ligand in the range (from bottom
to top): 0.1-100 uM (3a), 2—-100 uM (36), and 0.1-80 uM (53). (c) SPR binding plots of 3a, 36, and 53 for
AATT and (CQG)4 hairpins: the SPR response (RU) at equilibrium (plateau) in the sensorgrams was

transformed to 7 and represented against the unbound concentration of the compounds.

The chlorine (3b—e), isopropoxy (3g), and pyridine-based (3h—i) bis(arylimidamide)
derivatives showed unspecific binding to the chip dextran matrix, making impossible the

interpretation of the data.
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In contrast, all of the N-phenylbenzamide-based bis(imidazolin-2-imine) derivatives 1f-h
bound to the AATT hairpin sequence with Kp values in the submicromolar to micromolar
range (Table 4.4), in agreement with previous results obtained with similar compounds.'®
31 Binding was selective for the AT-containing sequence as no binding to the (CG)4
oligonucleotide sequence was observed up to 100 uM for 1f, 1g, and 1h (Figure 4.10 &
Figure 4.11).

Analogues with substituents on the phenyl rings were > 2-fold weaker binders than I (Kp
= 0.17 x 10°® M) as shown by primary binding constants (i.e., high affinity site) ranging
from 0.38 x 10 M for the dipyridyl derivative 1h to 45 x 10 M for the dichloro analogue
lc. Secondary binding constants were 80- to 30-times weaker, respectively. In these
experiments, secondary binding generally accounts for non-specific binding interaction

with the DNA hairpin loop as previously reported.!?

Within this N-phenylbenzamide-based bis(imidazolin-2-imine) series, the relative position
and size of the substituents (i.e., Cl, OPr, F) had a clear influence on the binding to the
minor groove of the DNA hairpin. The compounds with chlorine (1b, 1d, 1e) or OPr (1g)
groups in position ortho to the amide bond of the scaffold had >40-times weaker binding
affinity than the molecules with the CI atoms next to the 2-aminoimidazoline group (1c¢).
The presence of fluorine atoms ortho to the amide bond (1f) hardly affected the binding to
DNA (Kp = 0.55 x 10 M), possibly due to the small size of the fluorine atoms (Figure
4.10 & Figure 4.11).
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Figure 4.10: SPR binding affinity of bis(imidazolin-2-imines). (a) Sensorgrams for binding of 1f-h to

AATT hairpin duplex using increasing concentrations of the ligand in the range 0.5-100 uM (1f, 1g) or 0.25-
100 pM (1h) (from bottom to top). (b) SPR binding plots of 1f~h for AATT and (CG)4 hairpins: the SPR

response (RU) at equilibrium (plateau) in the sensorgrams was transformed to » and represented against the

unbound concentration of the compounds.
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Figure 4.11: SPR binding affinity of bis(imidazolin-2-imines). Sensorgrams for binding of chloro analogues

1b—e to (a) AATT and (b) (CG)4 hairpin duplexes using increasing concentrations of the ligand in the range:
0.5-100 uM (1b, 1¢), 2-100 pM (1d), or 0.1-80 uM (1e) (from bottom to top).
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Table 4.4: SPR results: binding constants (Kp) determined by SPR for DNA hairpins

containing AATT and (CG)4 sequences.

Cmpd Kp x10°M
AATT* (CG)s
I K1:0.17d >100[7
K>, =2077
1b 45/ >100”
Ki1=0.75 b
le K2=96.6 ~100
Kl = 3.2 b
1d K= 95 >100
Kl =35 b
le K2=1150 ~100
Ki1=0.55 b
i K =227 ~100
1g 55/ >100”
Ki1=0.38 .
th K2=30.6 =
2a—e Unspecific binding® >5¢
2h Unspecific binding® -
30, 31 Aggrgggte or -
Precipitate
34 Aggregate >100"
Precipitate
K1=0.58 b
3a K2 = 14620 ~100
3b—e >100” >100”
3g Unspecific binding® >100”
3h-i Unspecific binding® >100”
36 23.6/ b
39 Unspecific binding® -
53 9.82/ 13.0

“Primary binding constant for fitting to a two-site binding model. *No binding observed at 5 and 100 uM.

“Unspecific binding to the chip dextran matrix. “Taken from reference [10]. “No binding observed at 5 uM.

JFitted to a one-site binding model.
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4.3.2. DNA thermal denaturation experiments

43.2.1. Background

The stability of a DNA—drug complex can be measured by a thermal denaturation
experiment. Thermal denaturation is understood as the transition from the folded (or
associated) duplex DNA to the unfolded (or dissociated) single strands (Figure 4.12),
which often leads to a conformational change reflected as a change in absorbance
properties (duplex denaturation leads to a hyperchromism). The temperature of melting
(Tm) can also be defined in a more accurate sense as the temperature of mid-transition from

the double strand conformation to the denatured single strands DNA 3738

05
04
03

o | DCONA

0.1

Absorbance

v

50 60 70 80

Temperature / °C

Figure 4.12: Example of experimental determination of oligonucleotide 7m. The 7mis the reading halfway

between the double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) plateaus.

DNA average secondary structure is in its double helix form when placed in solution under
physiological conditions. The bases are stacked away in the helix and are shielded from
the light by the external phosphate groups; thus, the bases do not absorb much light.
Nonetheless, as a sample of DNA is heated, the hydrogen bonds between the base pairs
are given enough heat energy to break. At this point the double helix begins to split apart
giving the bases freedom to rotate. Consequently, an increasing amount of light is absorbed
by the DNA bases that correlate with the gradual hyperchromic effect seen in the

spectrum.’7 3
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By measuring the absorbance of a sample of DNA as a function of temperature, thermal
denaturation curves can be obtained. Different spectroscopic techniques can be used to
obtain these curves; e.g., fluorescence emission signals, the intensity of an NMR peak,
UV-visible, Raman, or circular dichroism (CD) signals.?”>*® Thus, thermal denaturation
can be used to measure the stabilization effect (i.e., the binding affinity) produced by a
molecule on binding to duplex DNA. In our case, we used circular dichroism to analyse
the Tm increase for compound complexes with an (AT)4-containing DNA hairpin relative
to uncomplexed DNA (ATw). These denaturation experiments were performed with the

bis(imidazolin-2-imine), bis(2-aminobenzimidazole) and bis(arylimidamide) series.

4.3.2.2. Circular Dichroism fundamentals

Circular dichroism (CD) is a spectroscopic technique defined as the differential absorption
of left and right circularly polarized light.* It arises from molecular electron oscillations
that are driven by both the light’s electric and magnetic fields, where the effects are in

phase for one circular polarization and out of phase for the other (Figure 4.13).4!-42

A z] E-field

propagation

Figure 4.13: Light polarization, shown with the E-field (electric field) in red and B-field (magnetic field) in
blue. (A) Vertically polarized light. (B) E-field of right circularly polarized light (RCP) with the B-field not
shown for clarity. Modified from J. Chem. Educ. 2020, 97, 12, 4370-4376.4!

It is a technique that allows to get information regarding secondary structures of biological

macromolecules such as DNA. A one-plane-polarized beam of light can be considered as
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formed by two components circularly polarized, one to the right and the other to the left.
The interaction between one-plane-polarized beam of light and the stereogenic centre of
the irradiated molecule induces a differential absorbance of both components of circularly-
polarized light which is irradiated. This different absorption of the two components of
circularly-polarized light causes the vector sum of the electrical vectors of each component

(Er + ERr) to describe an ellipse (Figure 4.13).

The CD is defined by the relationship between the semi-major and semi-minor axis of that

ellipse. This relationship is the tangent of the angle 6, known as ellipticity.

Unpolarized Plane Circular Sample CcD
source polarizer polarizer cell spectrum
‘. - |
Ellipticity
—_— e
\/ o
v % ()l Wavelength

Figure 4.14: Scheme of CD in which a difference in absorption is measured (Taken from Chem. Biol. Drug

Des., 2009, 74, 101-120).%

In CD experiments, the difference between the absorption of circularly-polarized light to
the left and to the right (AAbs = Ar - Ar) is recorded, which is related to the ellipticity (0)
(Figure 4.14). CD data are commonly reported as ellipticity (0), which is related to
absorbance by a factor of 32.98 (6 = 32.98 AAbs). Ellipticity varies with wavelength, so
spectra can be obtained plotting ellipticity versus wavelength. Ellipticity is usually
reported in millidegrees (mdeg). Another type of experiment consists in recording the
variation of ellipticity with temperature while maintaining a fixed wavelength. In this type
of experiment, denaturation curves are obtained that allow the denaturation temperature of

the studied structure to be determined.

Molecules analysed by CD must absorb UV—visible radiation and be chiral. The chiral
character of a molecule may be due to the presence of intrinsically chiral elements or to

the location of chromophores in an asymmetric environment. There will be no spectrum if
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the molecule is achiral, because it will interact with the same amount of left and right-

handed photons.

The CD spectrum of DNA has its origin in the asymmetry of the sugars of the sugar-
phosphate backbone and in the folding that the nucleotide chain adopts. CD spectra of
nucleic acids are usually performed by varying the wavelength between 200 and 320 nm.
Electronic transitions of nitrogenous bases occur in this range of wavelengths. The position
of the positive and negative bands in the spectrum is indicative of the type of secondary
structure that the DNA or RNA molecule is forming.***¢ Furthermore, CD is used to
measure the interaction between small molecules and macromolecules (i.e., proteins or

DNA).47

Additionally, CD measures the interaction between DNA/RNA and DNA/protein
interactions which cannot be evaluated with UV spectroscopy. Achiral single stranded
DNA produces little or no spectrum. Conversely, when two strands come together to form
duplex DNA, this chirality is due to the DNA bases rearrangement inside the helix. When
DNA is in the B-form, the CD spectrum has a positive signal at 275 nm and a negative one

at 245 nm, passing zero at 258 nm.*’

One of the main uses of CD involving DNA is to probe DNA conformational changes and
its interaction with small molecules.!*?** One can monitor spectrum changes that are
indicative of structural alterations to the double helix by adding small amounts of achiral

compounds.

4.3.2.3. Thermal melting results

The thermal melting caused by the compounds from series 1, 2, and 3 were determined for
their complexes with the (AT)s-containing DNA hairpin (Tables 4.5-4.7). With the
exception of 1¢ (ATwm = 0.9 °C), the T, increases measured for bis(imidazolin-2-imines)
1b—h, which ranged from 3.1 °C (1g) to 8.2 °C (1h), were larger than AT, of lead I (1.6
°C). This showed that the introduction of Cl or nitrogen atoms in the scaffold positively
affected DNA binding affinity for these molecules. Binding to the (CG)4 hairpin was also
evaluated with one example from this series (1e), but no binding was observed. No

correlation between pK, and 7, values was observed.
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Table 4.5: DNA binding affinity (A7) for bis(imidazolin-2-imines) 1b—h.

Cmpd Structure? Tm (°C) £SD | ATwm, (AT)4 hairpin (°C)"

1 /@ 0 452404 1.6

H
NN

1b NH ONQIJ 50.9+0.3 7.3
q QAH I . . .
H Cl
Cl
©/ T
1c (NH Qﬂ A 445+13 0.9

H

[ e} N\\(NJ
| QAQ HN 49.1+0.3 5.5
I

Cl

Cl
H
c o Ny N
le - Q)k@ W) | 513407 77
N)\\N :

BN > i
N, N,
1g o2 U 467+ 0.4 3.1
ey
P
1h o Q*ﬁj 51.844.8 8.2

“The compounds are di-trifluoroacetate salts except I (dihydrochloride salt). “The increment in DNA thermal
melting (ATw, °C) was measured with the oligonucleotide hairpin (AT)4. The melting temperature of (AT)4
DNA in sodium phosphate buffer (10 mM) was 43.6 + 0.7 °C.

Bis(2-aminobenzimidazoles) 2a—e showed AT, values in the range 4.0-7.0 °C, indicating
that these benzimidazole derivatives also bind to the (AT)s-containing hairpin DNA (Table
4.6). This result is important because we were unable to observe specific DNA binding
using SPR-biosensor assays (see section 4.3.1.2). With the exception of 2a and 2¢, the
binding affinities of the bis(2-aminobenzimidazoles) were lower than that of the
bis(imidazolin-2-imines) counterparts. This may be related to the uncharged nature (pKa<

6) of this series of compounds at physiological pH (see section 6.2.2.5.).

The replacement of the amide bond linker of 2a—e by a more flexible ethylene chain (30)
produced an increase of 1.2 °C with respect to 2a (A7, = 4.9 °C). In contrast, changing the
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N-phenylbenzamide skeleton with a rigid and planar fluorene scaffold (34) resulted in an
insignificant (within the experimental error) increase in 7, versus 2a. Binding to the (CG)4
hairpin was also evaluated with compound 2a as series lead, but no binding (7w increase)

was observed.

Table 4.6: DNA binding affinity (A7m) for bis(2-aminobenzimidazoles) 2a—h, 30, 31, and
34.

Cmpd Structure Tm °C)£SD | ATw, (AT)4 hairpin (°C)*
LR | s 9

2a Q* @* 8.5+0.3 :
0 n\(/N

2b Oy Q*Q & 48.6+0.4 5.0

2¢ et Q*/Cr - 48.7+ 0.4 5.1

2d Q* Q%Q & 47.6+0.3 4.0

2e Q* /@A@ P 489+0.4 53
2h Qk /@A N 49.2+0.3 5.6

H
30 Q* - 49.7+0.5 6.1

31 Q* oy T\@L *@ 50.6+0.5 7.0
34 Q” “@ 48.7+0.4 5.1
HN/(mu)\\NH +

“The increment in DNA thermal melting (A7m, °C) was measured with the oligonucleotide hairpin (AT)a.
The melting temperature of (AT)s DNA in sodium phosphate buffer (10 mM) was 43.6 + 0.7 °C.

The larger thermal increases were obtained with the bis(arylimidamide) series, with AT,
values ranging from 1.6 to 11 °C (Table 4.7). Most of the compounds except 3i showed
larger T increases than lead I. The strongest binder was the rigid fused ring tricyclic
fluorene derivative 53 (AT, = 11.0 °C). This data agreed with the reported value (AT, =
15 °C) for poly(d(A-T)2).* In addition, the chlorinated derivatives 3b, 3d, and 3e also
showed good affinity with A7), values in the range 5.1 to 8.9 °C. In general, except 3e
which displayed one of the strongest binding affinities (A7, = 8.9 °C) of the series, the
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introduction of chlorine (3b—d) or isopropoxy (3g) substituents led to a drop in binding
affinity with respect to the unsubstituted compound 3a. The same trend was observed with
the introduction of one or two pyridine rings into the scaffold (3h, 3i). These results
differed from series 1 and 2 where pyridine rings increase the A7, value with respect to

the unmodified scaffold.

The case of 3¢ and 1¢, which have a similar substitution pattern with both chlorine atoms
in position ortho to the N-pyridylcarboxamidine groups, is striking. Both compounds
hardly stabilized (AT)s-containing duplex DNA in these experiments (1.6 and 0.9 °C,
respectively). However, 1¢ bound strongly to AATT-containing DNA duplex (Kp =

0.75x107¢ M), as shown by SPR-biosensor experiments, whereas 3¢ did not. This may
indicate that bis(imidazolin-2-imines) (1) and bis(arylimidamides) (3) interact with the

DNA minor groove in a different way.

The replacement of the central amide bridge for a more flexible ethylene bridge resulted
in a large Ty, increase (8.0 °C), whereas a more rigid (and larger) urea linker (37) provided
poor affinity. This may indicate that the two-carbon length is the most adequate or reflect
conformational restriction for optimum binding to DNA in our compounds. Previous
studies have reported that the minor groove generally assumes a narrow width that
provides for tight binding of the heterocyclic system of the dications. Also, in the narrow
AT base pair sequences, the compounds can fit tightly and deeply into the minor groove
allowing groups on the inner face of the compounds to interact with complementary groups
on the edges of the AT base pairs (i.e., through H- bonding and van der Waals

interactions).’®
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Table 4.7: DNA binding affinity (A7) for bis(arylimidamides) 3a—i, 36, 37, 41, and 53.

Cmpd Structure Tm (°C) £SD | AT, (AT)4 hairpin (°C)*

i O]
L o
3a NH N 495+£0.5 59
” QA g p 48.8+0.4 5o
d 2CF;C0H
* @Iu{;i'q zciE:HQ 452 +0.4 L6

c o Hj‘/fwj
3d o AT 48.7+ 0.4 5.1
@)&H/@/l Gl 2HCI

Cl H /‘
cl o N \N
3e e @* N 52.5+0.6 8.9
‘N\ N 2CF,CO,H
=
Py i L]
o O N

3g o /@* e 49.7+0.4 6.1

3h N J\Aj 459+0.5 23

Q)L 2CF;CO,H

: o
3i 454+0.4 1.8
O)J\ /©)J\ 2HCI

36 d 51607 8.0
Y

37 @A/@ Y@Lx@ 452+ 0.4 1.6

H [ ]

0 Nj{@
41 @)okNQ)ku@ o 49.5+0.4 5.9
> H
53 | OO 0O | s46+13 11.0

2HCI

“The increment in DNA thermal melting (AT, °C) was measured in oligonucleotide hairpin (AT)s. The
melting temperature of (AT)s DNA in sodium phosphate buffer (10 mM) was 43.6 + 0.7 °C.
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4.3.3. Ultraviolet titration experiments

As shown in section 4.3.1.2., we could not measure the binding affinity of the bis(2-
aminobenzimidazoles) series (2) by SPR—biosensor experiments because of unspecific
binding to the chip dextran matrix or precipitation/aggregation during the assay. Since
series 2 compounds appear to stabilize the (AT)s—containing DNA hairpin (as shown by
ATy values >4 °C), we decided to perform UV titrations with few compounds of this series

(i.e., 2a—h, 30, 31, and 34) to confirm the results obtained by thermal melting experiments.

4.3.3.1. Studies of the changes in the UV-Vis spectra of ligands upon the
addition of DNA

UV spectroscopy is an optical technique widely used to measure the binding affinity of
different ligands to DNA. This technique has a wide range of applications including the
determination of the sequence selectivity. UV titration experiments measure the binding
affinity based on the observation of changes in the absorption spectra as DNA aliquots are

added to the ligand to form a DNA — ligand complex (Figure 4.15).3- 2

DNA + Ligand = DNA - Ligand

Figure 4.15: DNA — ligand binding equilibrium (Adapted from Han, F. et al. Biochemistry, 2005, 44,
9785).2
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When a molecule binds to DNA, spectral changes will be observed. Generally, a
hypochromic shift will occur which represents a decrease in the concentration of the free
molecule accompanied by the formation of a new band at a different wavelength
representing the DNA—ligand complex.

The UV—Vis spectra of intercalating compounds binding DNA results in a characteristic

shift of the absorption maximum wavelength (bathochromic or hypsochromic shift) and a

)53, 54 55, 56

decrease (hypochromicity or increase (hyperchromicity) of the absorbance.
Hyperchromic and hypochromic effects are spectral features of DNA that relate to the
double helix structure. Contractions of DNA in the helix axis or conformational changes
of DNA induces hypochromism; whereas hyperchromism arises when the DNA double-

helix structure is damaged.>®->8

4.3.3.2. Results

UV titration experiments were performed by adding aliquots of salmon testes DNA (i.e.,
unspecific DNA containing 41.2% GC) to a fixed concentration of the ligand dissolved in
phosphate-buffered saline (PBS, pH =7). After each addition, an equilibration time of 1

min was allowed and the UV spectra were registered.

For these assays, the bis(arylimidamide) compound 3a was used as a reference because
this compound proved to be an excellent DNA MGB. The binding of 3a to salmon testes
DNA provoked a small hypochromic effect with Bp/D ratio up to 1.2 (a higher
hypochromic effect appeared with ratio > 1.2) and a large bathochromic shift. This showed
that the free 3a molecule formed a new DNA ligand complex (Figure 4.16).3335
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Figure 4.16: Absorption spectra of 3a (25 uM) with increasing concentrations of FS-DNA. Red arrows
indicate the hypochromic () and bathochromic (—) shifts observed upon addition of aliquots of a 0.8 mM
natural fish sperm DNA (FS-DNA) solution to (25 pM) the compound solution.

Titration of compound 2a was also carried out with aliquots of a 0.8 mM natural FS-DNA
solution added to the compound solution (25 uM). A high hypochromic shift observed
with a Bp/D ratio = 0.9 and a red shift from 315 to 320 nm at the compound Amax indicated
the formation of a new DNA-ligand species (Figure 4.17). Similar spectral changes were
also observed in the titration of the chloro derivatives from series 2. These results are

reported in the Appendix 1.

These results confirmed that compounds 2a and 3a bind to DNA, in agreement with the
data obtained in the thermal melting experiments. However, they do it in a clearly distinct
way as shown by the differences in the UV-titration spectra. Compound 2a seems to
interact more strongly with unspecific DNA than 3a, which may reflect a different binding

mode and/or selectivity.
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Figure 4.17: Absorption spectra of 2a (25 uM) with increasing concentrations of FS-DNA. Red arrows refer

to hypochromic () and bathochromic (—) effects, respectively.

In summary, the UV-Vis results indicate that the bis(2-aminobenzimidazole) derivatives
bind to DNA although they seem to do it through a different mode of binding with respect
to the bis(arylimidamides). However, further experiments will be needed (e.g., DNA-
intercalator displacement experiments using fluorescence spectroscopy; high resolution
"H-NMR spectroscopy; linear-flow LD spectroscopy; electrophoretic mobility of circular

DNA)* to get a better understanding of the binding mode of this series.
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4.4. DNA binding studies: determination of the mode of binding of series 1-3

44.1. Circular Dichroism studies

CD experiments were carried on compounds from series 1, 2 and 3 with a hairpin
oligonucleotide containing CGATATATATCG [(AT)4]. First, the CD spectrum of the
(AT)s DNA in buffer (pH = 7.0; 10 mM Na,HPO4/ 100 mM NacCl) was recorded at 60 uM
concentration. Following this, the synthesised compounds (C = 120 uM) were added and
the corresponding CD spectra were recorded at different temperatures (5-90 °C), the ratio
compound/DNA was 2:1. The free compounds are not chiral and hence display no CD
signal. On the contrary, the compounds bound to DNA have induced CD, which is usually
characterized by a strong positive CD signal (at the maximum Aabs of the bound compound)
for MGBs.* Structural changes in the DNA due to the binding of the synthesised
compounds were observed in the obtained spectra. For most of the compounds, a
bathochromic shift (approximately +5 nm) of the positive CD signal of the DNA at 270
nm was observed when the temperature increased, with the most dramatic effect being
observed at 65 and 85 °C (Figure 4.18). Within the bis(imidazolin-2-imine) series (I, 1b—
h), a substantial positive induced CD signal was observed at = 300—310 nm when working
at 25 °C (Figure 4.18 and appendix 2). For the bis(arylimidamide) series, a substantial
positive induced CD signal was observed at =~ 320 nm for 3a (Figure 4.18), whereas a weak
induced CD signal was perceived for 3b, 3g—i, 37, and 53 (see appendix 2). In contrast,
the bis(2-aminobenzimidazole) series displayed none (2a—2d, 2h) or insignificant induced

CD signal (2e, 30, 31, 34). As an example, the CD spectrum of 2a is shown in Figure 4.18.
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Figure 4.18: CD spectra of representative compounds of each series: spectra of I, 2a, and 3a (C = 120 uM)
with (AT)s oligonucleotide (60 uM) obtained at different temperatures (from 5 to 85 °C). The ratio of

compound to DNA base pairs is 2. Red arrows indicate the presence of the positive induced CD signal.

Because the CD spectra were originally recorded for the thermal denaturation assays,
where the DNA absorption band at 245 and 275 nm are the only ones of interest, the
spectral window was arbitrary restricted to 230 — 320 nm during the experiments, to avoid
excessive recording time. Since the observed induced CD signals appear at Amax > 300 nm,
new experiments with a larger spectral window and different ratio compound/DNA should

be performed to confirm these findings.
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4.4.2. Electric Flow Linear Dichroism studies

44.2.1. Fundamentals of linear dichroism

Linear Dichroism (LD) is defined as the difference in the absorption of linearly polarised
light (Aparaiel) and perpendicularly polarised light (Aperpendicular) according to the Equation
4.4. LD methodology is used for the determination of the binding mode of small molecules

to DNA.#

Equation 4.4: Linear Dichroism calculus for the canonical A and B forms.

LD = Aparallel - Aperpendicular = 38(3(:0520( - 1)

where S is the orientation factor (S = 1 if the DNA is aligned whereas S = 0 if the DNA is
not aligned), and a is the angle representing the orientation of the transition moment that

is responsible for the absorption of light.*0 6

In this experiment, the DNA is rotated so that the bases are perpendicular to the incident
light. Therefore, the bases absorb perpendicular light at 260 nm and then we observe a
large negative peak at 260 nm. When a molecule intercalates between the base pairs, the
intercalating molecule would be parallel to the bases, so the a angle would be 90°. By

solving Equation 4.4 when o = 90°, it corresponds to a negative LD signal.

If a molecule binds to the DNA minor groove, then o would be equal to 45°, which is
related to a positive induced LD signal. Therefore, LD experiments are able to provide

information of the binding mode of the ligand.

As main advantage, this method can evaluate the binding mode of a molecule irrespective
of its Aavs. For example, if a minor groove binder absorbed strongly in the DNA region, we

would observe an increase in the LD signal in that range.
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44.2.2. Results: Linear Dichroism studies of bis(imidazolin-2-imine) 1e and

bis(arylimidamide) 3a

The LD spectra were recorded for natural DNA (salmon testes) titrated with compounds
1e and 3a in phosphate buffer at 25 °C, following the methodology previously reported by
Rozas’ group.® Titrations were carried out with a DNA (blue line) concentration of 378.8
uM working with a Base pair / Drug (Bp/D) ratio of 0, 1 and 5, varying the Bp/D ratio
from 5 to 1 over 2 additions (Figure 4.19).

According to the reported technique,’ the concentrations of the DNA and the compounds
were kept constant to avoid the dilution effect. This is because the experiment was done
in a very small volume (70 pL). Each solution was then prepared individually and the

corresponding spectra were recorded.
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Figure 4.19: LD spectra for natural DNA salmon testes titrated with (a) 3a and (b) 1e using a Base pair /
Drug (Bp/D) ratio of 0, 1 and 5. DNA concentration was 378.8 uM.

Both compounds showed a notable increase in the absorbance at 310 nm (where the DNA

does not absorb) upon addition of increasing concentration of the compounds. Positive
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induced signals are indicative of minor groove binding and, hence, these LD results with
unspecific DNA indicate that the bis(arylimidamide) 3a and the (bis(imidazolidin-2-
imine) 1e bind to the minor groove of DNA. These results are consistent with the data

obtained by SPR and CD experiments with specific AT-containing DNA.
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4.5. Nuclear Magnetic Resonance studies

The NMR experiments reported in this thesis have been performed in collaboration with
Dr. Miguel Garavis and Dr. Carlos Gonzélez at the Rocasolano Institute of Physical

Chemistry — CSIC.
4.5.1. Introduction

Nuclear magnetic resonance (NMR) is based on the detection of some atomic nuclei -
which have nuclear spin — under a magnetic field. Magnetic interactions between NMR-
active nuclei along covalent bindings result in spin—spin couplings, which enable three-
dimensional structure elucidation.®! Hence, NMR is the most useful technique to elucidate
the structure of organic and inorganic compounds.®! It is also a great tool that can be used
for the determination of biophysical interactions between small molecules and

macromolecules (e.g., interaction of a MGB with DNA).62-63

NMR experiments consist in placing a sample in a magnetic field and expose it to high
frequency radiation of the appropriate frequency so the nuclei in the sample can absorb
energy. The frequency of radiation required to absorb energy depends on three factors: (1)
type of nucleus, (2) chemical environment of the nucleus and (3) spatial location in the
magnetic field.®® The nuclear Overhauser effect (NOE) is used to detect through-space

interactions.

The structure of DNA-ligand complexes can be determined in solution by 'H-NMR using
two-dimensional NOE spectroscopy (NOESY) experiments.®” With these experiments,
"H-'H coupling constants and through-space NOE-derived distances between the ligand
and the DNA can be measured. In contrast to X-ray crystallography, which is performed
in the solid state, DNA-ligand complexes are studied in solution (i.e., simulating
physiological conditions), which is the main advantage of NMR spectroscopy. NMR gives
information of the flexible nature of the DNA or oligonucleotide molecules and the
dynamic of the individual groups in motion.® %> However, such experiments have some
limitations; first, the NOE is only significant for H atoms. Hence, the phosphate geometry
is not directly defined by it, so standard '"H NMR methods provide incomplete information

of the nucleotide backbone conformation.®® %° Second, the NOE have a short-range effect,
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being significant at distances less than 5-6 A (Note that NOE intensity is proportional to

the inverse sixth power of a proton—proton distance).®’

Nevertheless, both X-ray and NMR techniques should be considered as complementary

because they provide different structural information of DNA-ligand complexes.

4.5.2. 'H-NMR studies of compound 3a complexed with AT- and GC-containing

oligonucleotides

In this work, we have evaluated the interactions of compound 3a with oligonucleotides
containing (AT)s and (CG)4 sequences to confirm its mode of binding and selectivity
towards the minor groove of AT-rich DNA. We have compared the 'H-NMR spectra of
the oligonucleotides with and without 3a —at different temperatures and concentrations—
in order to visualize the effect of ligand binding on the chemical shifts of the DNA bases.
Different "TH-NMR spectra of 3a complexed to (AT)s oligonucleotide at different Bp/Drug
ratios (1:0 to 1:2) were recorded in 90/10 H,O/D->O at room temperature (25 °C). As
observed in Figure 4.20, significant shifts in the imino (12.5-14 ppm) and aromatic (7-9
ppm) regions were observed for (AT)s, but not for (CG)4, upon successive additions of 3a
dissolved in DMSO-ds. This indicates that 3a binds selectively to the (AT)4
oligonucleotide, which is consistent with the previous data obtained from SPR and CD

studies.
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Figure 4.20: Titrations of (a) (AT)4 and (b) (CG)4 (oligonucleotides C = 400 pM, Buffer: 10 mM NazHPOu,
pH 7.1, 100 mM NaCl, 90/10 H20/D>0) with 3a (DMSO-ds) monitored by 'H-NMR spectroscopy at room
temperature. Significant changes in the imino (12.5-14 ppm) and aromatic (7-9 ppm) regions are observed

for (AT)4, but not for (CG)4, upon successive additions of 3a.

Melting studies were performed with the oligonucleotide (AT)4 and 3a using different
Bp/Drug ratios (1:1; 1:2). The presence of the imino signals in the 'TH-NMR spectra shows
the interaction between the oligonucleotide and the ligand (Figure 4.21). These signals
disappear between 35 and 45 °C in all the cases but show slightly higher intensity at 35 °C
in the presence of ligand 3a. This indicates that bound compound 3a stabilizes the DNA
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double helix on this specific (AT)s oligonucleotide. This stabilization is consistent with
the data previously obtained in the CD and LD experiments (see section 6.4.1. and 6.4.2.).
The changes in the imino region supports the hypothesis of initial binding of this drug

candidate to AT-rich regions of the minor groove of DNA.

(AT) (AT)s + 3aratio 1:1 (AT)s + 3a ratio 1:2
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Figure 4.21: Imino region of the 'H NMR spectra of (AT)4 in the absence (left) and presence of 3a at 1:1
(middle) and 1:2 (right) DNA:ligand ratios (oligonucleotide C =400 uM, Buffer: 10 mM NaHPOs4, pH 7.1,
100 mM NacCl, 90/10 H20/D:20) recorded at different temperatures (5, 15, 25, 35 and 45 °C). Signals
disappear between 35 and 45 °C in all the cases but show slightly higher intensity at 35 °C in the presence of
ligand 3a, indicating duplex DNA stabilization.

Once the selectivity to the (AT)4 sequence was set, two-dimensional NOESY experiments
were performed to elucidate the interaction of ligand 3a with DNA at atomic level (Figure
4.22). Clear NOE were detected at 8 = 9.6 ppm corresponding to amino groups (NH2) from
the adenine bases. The nature of the NH> group was confirmed by performing the same
study using deuterated water, in which these interchangeable protons are invisible. NOE
signals in the imino proton region (6 = 13.4 ppm) were also detected, indicating the
interaction of the ligand even in a 1:1 ratio. The experiments at high ligand concentration
(1:2 ratio) NOESY spectra were more difficult to analyse due to the signal overlapping

and complexity of the spectra.
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Figure 4.22: Region of the NOESY spectrum of (AT)4:3a 1:1 mixture in 90:10 H2O/D20 (black) at 5 °C
overlapped with the NOESY (red) and TOCSY (blue) of the same sample acquired in D>0O. Cross-peaks
between DNA and ligand protons are labelled in orange. Squared signals correspond to intramolecular 3a

cross-peaks.

Altogether, the NMR experiments clearly showed that compound 3a binds selectively to
the (AT)s-containing oligonucleotide, interacting with the NH> of adenine bases, even at
low concentration of ligand. The melting experiments (Figure 4.21) also proved that this
interaction increases the stability of the DNA duplex when the complex is formed. The
exact interactions as well as the coupling distances for the drug — oligonucleotide complex

has yet been solved. Work is still on progress to solve the total spectra.
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4.6. Crystallographic studies

The crystallization of macromolecular complexes is an important stage in X-ray
crystallographic investigation because it requires well-ordered single crystals of sufficient
size. Obtaining crystals does not always indicate that they are well organized and have the
proper atomic periodic arrangement required for X-ray crystallography structural
resolution. As a result, poor diffraction patterns with low resolution can arise. Getting the
correct crystallization conditions for AT-rich DNA to produce diffraction-quality crystals

is particularly difficult.”%-72

The physicochemical properties of the oligonucleotide, the purity of the samples,
concentration, pH, temperature, ionic force, precipitants and additives, control of mass
transfer (diffusion, convection), and pressure, and the presence of electric and magnetic
fields, among other factors, all play a role in the successful crystallization of

macromolecules.”!

The elucidation of the three-dimensional structure of biological macromolecules has
contributed enormously to the current understanding of many basic mechanisms involved
in life processes. X-ray diffraction from high quality crystals remains the most reliable
approach to obtain accurate structural details at atomic resolution. It provides powerful
insight into the molecular mechanisms in which macromolecules interact with each other
to form complex supramolecular assemblies capable of performing specialized biological
functions.” Moreover, knowledge of binding sites at atomic detail allows a rational drug
design, which is essential for searching of novel drugs. For this reason, X-ray
crystallography has been the main technique used for DNA-ligand structure determination

up to date.

The following steps are involved in determining the 3D structure using X-ray
crystallography: (1) obtaining the target macromolecule (design, synthesis, or expression,
and purification), (2) searching for initial crystallization conditions, (3) optimizing crystal
quality, (4) diffraction data collection, (5) data analysis and processing, (6) structure

determination, (7) 3D model refinement, and (8) validation.
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4.6.1. Crystallization Fundaments and Parameters

Macromolecule crystallization is a multi-parametric process that consists of three major

steps:

Step 1. Nucleation: is the most difficult step since it occurs when a specific number of
macromolecules combine to form a critical mass that breaks the energetic barrier of a first-
order phase transition and precipitates to the solid state as a nucleus. To avoid amorphous
precipitation, this step is performed when the solution is supersaturated and in a meta-

equilibrium known as the labile zone (Figure 4.23).7!- 72

Step 2. Crystal growth: Once formed, a nucleus serves as a scaffold centre for the
incorporation of macromolecules into a crystal network, typically from a monomeric state.
This step occurs in a supersaturated state of metaequilibrium, near the phase boundary
known as the metastable zone (Figure 4.23). A solution reaches this state as a result of
nucleation, which occurs as the concentration decreases and the solute escapes to the solid
state by forming a nucleus. The metastable phase promotes diffusion conditions for

ordered molecule incorporation as layer addition over crystallographic faces.

Step 3. Halt in growth (or cessation of growth): concentration decreases after
consumption of excess macromolecules during crystal growth, reaching equilibrium when
thermodynamic energetics are insufficient for solute to pass to solid state, resulting in the

termination of crystal growth.
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Figure 4.23: Schematic representation of a 2D phase diagram for the crystallization of macromolecules
showing the compound solubility as function of precipitant. Labile and metastable zones, where nucleation

and crystal growth respectively occur, are indicated.

A two-dimensional phase diagram (Figure 4.23) can be used to depict the entire
crystallization process, representing the stable states as a function of two crystallization
variables: macromolecule concentration and precipitant concentration. Supersaturation
occurs when the concentration of a biomacromolecule solution exceeds its solubility limit.
This zone of the diagram can be divided into three regions based on the level of
supersaturation: very high supersaturation (precipitation), where molecules form
amorphous aggregates; intermediate supersaturation (labile), where nucleation occurs; and

lower supersaturation (metastable), where only crystal growth occurs.

The crystallization system in the work presented here is constantly modified as the process
evolves by changing the concentrations in the equilibrium solution, particularly for the
precipitant. The relationship between macromolecule solubility and precipitant
concentration varies depending on the precipitant, but in general, macromolecule solubility

decreases proportionally as precipitant concentration increases.”

The crystallization of biomacromolecules is a particularly difficult process. The
concentration of components in the solution (e.g., macromolecule concentrations and ratio,

precipitants, additives), pH, temperature, ionic strength, pressure, electric fields, magnetic
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fields, properties that affect mass transfer (e.g., density, viscosity, volume, geometry,
diffusion, convection), sample integrity and purity (i.e., heterogeneity of sequence and
length, and presence of other molecules) are some variables that influence macromolecule
crystallization. There are also experimental contributions and external factors that perturb
the system (e.g., vibrations) and influence crystallization. As a result, this multi-variable
process is largely empirical in nature and necessitates patience, perseverance, and
intuition. The main parameters that are controlled before crystallization are: (1)
oligonucleotide concentration; (2) sample purity and homogeneity; (3) pH; (4) drugs
(DNA binders); (5) temperature and (6) precipitants.

In the development of this research work, crystallization conditions were based on

previous successful conditions reported by us.'°

4.6.2. Crystallization Method: Vapour Diffusion Technique

Obtaining high-quality single crystals is both the foundation and the limiting step in X-ray
structure determination. As a result, numerous macromolecular crystallization methods
have been described, each of which employs a unique approach to controlling mass
transfer and concentration of all system components in order to achieve supersaturation
for crystallization. The method used is determined by the specific requirements and the
number of macromolecule(s) available in each case. Vapour diffusion, microbatch,
evaporation, micro dialysis, and free-interface diffusion are the most commonly used

macromolecular crystallization methods.

a hanging b sitting
drop cover drop
< slide ‘;,
grease
reservoir

Figure 4.24: Vapour diffusion crystallization techniques. (a) Hanging drop and (b) sitting drop setup. (Taken
form Chem.Texts 2018, 4, 10).7
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For the purposes of this study, crystallization assays were carried out using the vapour
diffusion technique (Figure 4.24), which is the most widely used method for
macromolecular crystallization. The two typical vapour diffusion setups are hanging-drop,
where a droplet is placed on an inverted cover slip, and sitting-drop, where the droplet is
placed on a pedestal. Even though these two methods are in principle similar, the main
difference lay on the vapour diffusion path. In sitting-drop method, a droplet of a non-
supersaturated solution of macromolecules, precipitants and additives is equilibrated by
vapour diffusion against a reservoir containing precipitants and additives in high
concentrations, all within a hermetic system. In order to obtain well-ordered crystals, the
concentration of all components is gradually changed, bringing the system to a

supersaturated state over a period of time.”> 76

4.6.3. Crystallization results

Four compounds (1¢, 1g, 3a and 36) showing promising results as DNA-MGBs in the
preliminary biophysical studies were subjected to crystallization. These compounds were
selected among the two most active series 1 and 3 (i.e., best binding affinity). Following
the hanging drop-protocol, we prepared eight different solutions for each of the five tested
AT-rich DNA oligonucleotides (Table 4.8). The crystals were grown by vapour diffusion
at 12 °C on hanging-drops (Figure 4.24). The conditions used for these experiments were
previously described by our group'® 77: a pre-incubated DNA—compound complex in
sodium cacodylate buffer pH 6.5 was added to the drop with final concentrations of 0.2
mM DNA duplex, 0.4 mM compound, 25 mM sodium cacodylate (NaCac) buffer pH 6.5,
10 mM salt, 0.1 mM spermine and 5% 2-methyl-2,4-pentanediol (MPD); equilibrated
against a 20% MPD reservoir. MPD acts both as a precipitant and a cryoprotectant. The
concentration of the reservoir was increased gradually up to 50% MPD. As crystals were
growing and MPD was increased, the samples were moved to 12, 10, 8, 4 and 0 °C, to
avoid degradation. Finally, the crystals obtained with the tested compounds were flash-
frozen in the cold room (4 °C) and stored in liquid Nitrogen. This step is required ato be
performed in the cold room as fishing the right crystals require time and temperature can

destroy the formed crystals.
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Figure 4.25: Under the right conditions, 3a crystals grow in the drop as shown in the picture. Crystals with
16 mM MgClz (right) and with 6 mM MnClz (left).

The crystals obtained were continuously evaluated and scored to monitor their evolution.
The best crystals were selected at first based on a visual inspection (size, shape and
defects). A second inspection was carried out under polarized light to evaluate the
birefringence of the crystal, which is an indicator of the internal order of the crystal (Figure
4.25). It can be used additionally to identify a twinned crystal (macle) by the presence of
two polarizing domains. Selected crystals were fished from the droplet using a cryo-loop

that catches only one crystal in a thin layer of liquid by surface tension.

As the crystallization conditions already contained MPD - which works as a cryo-
protectant - the crystals were directly transferred from the cryo-loop to a Dewar with liquid
nitrogen for flash freezing immediately after fishing. Fished crystals were stored and

transported at liquid nitrogen temperature until X-ray diffraction.

Additionally, other crystals have been obtained that are growing following the described
protocol. The most suitable growing conditions are in the presence of salts like
Mg(CH3CO2)2, MnCl; and MgCl,. These new crystals are under evaluation and conserved
at the correct temperature until they are in the ideal size to be fished and frozen for X-ray

analysis.
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Table 4.8: Final concentration of hanging drops.”

Drug Oligonucleotide Buffer Salt Concentration
(0.4 mM) (0.2 mM) (25 mM) (mM)*
Mg(CH3C02)2 8
10
Cl H 6
o @”Y\“} d(CGAATTAATTCG) MnCl,
[y N N d(AATAATTATT) NaCach 8
WS H d(CGCAAATTTGCG) He 65 g
5 d(AAATATATTT) PE=E
1e d(ATTAATTAAT) NH.CH;CO, | 10
25
MgCl2 16
Mg(CH3C02)2 8
10
0 2 d(CGAATTAATTCG) MnCls °
° o Q T d(AATAATTATT) NaCac 8
o @*g d(CGCAAATTTGCG) He 65 g
NS d(AAATATATTT) PH =0
1g d(ATTAATTAAT) NH.CH;CO, | 10
25
MgCl2 16
Mg(CH3C02)2 8
10
1 d(CGAATTAATTCG) °
(o}
" QAH/@ N d(AATAATTATT) NaCac MnCh 8
Ay d(CGCAAATTTGCG) H e 6.5 5
- d(AAATATATTT) PE=o
3a d(ATTAATTAAT) NH.CH:CO. | 10
25
MgCl2 16
Mg(CH3C02)2 8
10
i L d(CGAATTAATTCG) °
N
" e d(AATAATTATT) NaCac MnCh 8
My d(CGCAAATTTGCG) He 6.5 g
- d(AAATATATTT) PE=o
36 d(ATTAATTAAT) NH.CH;CO, | 10
25
MgCl2 16

“Spermine 0.2 mM and precipitant 3 % (v/v). *Sodium cacodylate.
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4.64. X-Ray diffraction results

After the X-ray diffraction on the chosen crystals has been completed and the data has
been obtained, mathematical analysis is used to investigate the diffraction pattern. The aim
behind the examination and translation of the diffraction information is to solve the density
function to reveal the structure of the macromolecule(s) under study. The components of
the unit cell, the space symmetry and the adequacy for all diffraction directions are data
that can be extricated from the diffraction patterns. As it is not possible to determine the
diffractions phase directly (i.e., the 3-dimensional arrangement of the atoms), data analysis
is done in two stages: (1) data reduction, which involves indexing, parameter refinement
and integration; and (2) merge and scaling. Indexing the reflections (i.e., to identify the
dimensions) of the unit cell and assigning image peak to correspondent position in
reciprocal space is the first stage of the data analysis. In order to perform indexing and
integration, Dr. Campos’ group runs the analysis using the programs iMOSFLM’® and

XDS,” then REFMAC and COOT.

Crystals obtained with compound 1¢, 3a and 36 were flash-frozen and stored in liquid
nitrogen. The sample was transported to the Macromolecules crystallography laboratory
to be analysed in the beamline BL13—-XALOC at ALBA Synchrotron,®® Barcelona, Spain.
The main data collection detector was PILATUS 6M-Dectris, capable of recording up to
12 images per second. The active area is 424 x 435 mm, 6M pixels. During data collection,

the crystal was cooled with liquid nitrogen all the time (Figure 4.26).

Figure 4.26: Position of the crystal of 3a and d(AAATATATTT) decamer complex centered on the beam
just before diffracting, at Alba synchrotron. (a) and (b) crystal at 25 x 50 um scale. (c) bladed crystal fished
at 100 x 200 um scale.
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Compounds 1¢, 3a and 36 produced crystals in different conditions (see Appendix 3)
whereas solutions of compound 1g did not grow any crystal up to the date of writing of
this thesis. This could be related to the presence of the hydrophobic isopropoxy groups on
the N-phenylbenzamide scaffold. Bulky groups tend to hide inside the DNA minor groove
avoiding the interaction between the central atoms (O and NH) from the amide linker and
the A—T bases. This interaction (H-bond interaction) between the NH of the amide bridge

of our compounds and the minor groove is hypothesised as being essential for the binding

of our compounds to the oligonucleotide.

Figure 4.27: X-ray diffraction of complex 3a and d(AAATATATTT) crystallized in the presence of 16
mM MnCl..

Nevertheless, we were able to obtain some diffraction patterns for compound 3a
crystallized with d(AAATATATTT) oligonucleotide. As shown in Figure 4.27, in this
crystal structure the oligonucleotide is better ordered and stacked in columns of six
oligonucleotides in a helical arrangement. In this model, the twist in the TA base step
between neighbour duplexes is negative (approximately —22°). This is consistent with the
information reported by Campos et al. showing that the organization of AT duplexes is
regular and repetitive, mainly determined by the stacking of the terminal base pairs. As a
result, the twist in the virtual TA base step between neighbour duplexes is always negative

(~—22°).70

The unit cell parameters are: @ and b = 42 A and ¢ = 197 A; ¢ parameter is the length of
the six stacked bases on the oligonucleotide forming the helix. Although this structure is

stabilized by the interaction with compound 3a, we were not able to localize it due to the
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lack of perfect order in the crystal structure. This crystal can be indexed to a pseudo

hexagonal spatial group.
4.6.5. Conclusions

In spite of our efforts, we were not able to elucidate any crystal structure yet. Some crystals
grew twinned and other were poorly ordered. The typical X-ray diffraction pattern of B-
DNAS3! was observed on fibers obtained with 3a (Figure 4.27). However, other crystals are
still growing at UPC laboratory in Barcelona, under the supervision of Drs. Lourdes
Campos and Nuria Saperas. The X-ray diffraction of these new crystals will be carried out

at ALBA synchrotron in the second semester of 2022.
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4.7. Computational studies

The aim of the computational studies was to dock series 3 compounds into the DNA duplex
d(AAATTT)2, which crystal structure complexed with lead compound I is available from
the Protein Data Bank [PDB: 5LIT].!% 82 The docking results should shed light on the
interactions that are important for binding of series 3 compounds with the minor groove
of AT-DNA. Computational studies were performed under the supervision of Dr. Cristina

Trujillo at Trinity College of Dublin, Ireland. Computational calculations were performed

at the Irish Centre for High-end Computing (ICHEC).
4.7.1. Theoretical study - Outcome

The protonation state of the molecule will have a direct influence on its mode of binding
to the DNA minor groove via H-bonding interactions. Therefore, we started by studying

the different sites of protonation of the synthesised compounds.

=z
H |
N X
e )
NH
NH N
N H
| ] A
= f
a ()
Substructure ENj)kN

| H
=
NH /@ (b) NH
N
YN < NN
| _ Ho
Substructure

o e 1 1)
= N
@)LH
N

Possible protonation sites

Figure 4.28: Substructures of bis(N-phenyl-pyridin-2-carboxamidines) derivatives with possible protonation

sites

As bis(N-aryl-pyridin-2-carboxamidines) derivatives have three possible protonation

centres on each side of the molecule (blue nitrogen atoms), we decided to use the smaller
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(i.e., less computationally-demanding) substructures shown in Figure 4.28 (a, b or ¢) to

evaluate where the protonation is most likely to happen in the gas phase.

All possible combinations were evaluated for each compound, taking into account the
substituents and the effect it can exert on the pyridine-2-carboxamidine residue. The
relative energies of each substructure were calculated, as well as Boltzmann population,
in order to rank the most stable and abundant protonated substructure. Results in Table 4.9

show that, in the gas phase, protonation occurs preferably in position (a), in all the cases.

Table 4.9: Relative energy calculated for protonated and non-protonated substructures

. Relativeenergy = Boltzmann |
Structure Protonation
(kcal/mol) population (%)
@) Not protonated g G
(¢) NH /@
N2 (a) 0.00 100.0
| J H
© (b) 28.71 0.0
©) 21.02 00
@) Not protonated g G
(c) NH
NS N/© (a) 0.00 100.0
g o«
(b) 28.11 00
(c) 19.56 00
) Not protonated @ Z
(¢) NH
N\ NQ\CI
J B (a) 0.00 100.0
(b) 27.06 00
©) 26.16 00
(;)\ ‘S’HN Q\O L Not protonated @ b
LA (a) 0.00 100.0
(b) 26.75 00
©) 28.34 00
@ @ Not protonated a b
NH =
N N@ (a) 0.00 100.0
|
2 o) (b) 37.49 0.0
(c) 25.08 00
(d) 10.97 00

@ Value not considered in the Boltzmann population calculation. * Not calculated

Once the most stable protonation site was found, we built the entire structures of bis(/NV-

aryl-pyridin-2-carboxamidines) 3a—i, 36, 37, and 53. Optimization of these structures was
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performed with Gaussian 09% using the density functional theory (DFT) with the 6—
31+G(d)®*# basis set, to obtain a good starting point for the docking studies. Frequency
calculations have been performed at the same computational level to confirm that the

resulting optimized structures are energetic minima.

Table 4.10: Conformational analysis of compounds 3a—i, 36, 37, and 53

Relative energy Boltzmann
Structure Conformation
(kcal/mol) population (%)

o Py Closed 5.28 0.0135

3a . %HQ dmg &"
R Open 0.00 99.9865
o o L) Closed 5.15 0.0168

2 ook
SRR Open 0.00 99.9832
o L L) Closed 5.14 00171

3c N N &
C QA Open 0.00 99.9829
by o i L] Closed 5.38 0.0114

I St i
R Open 0.00 99.9886
o o S L] Closed 5.00 0.0216

3e . R, u/@ &
O H Open 0.00 99.9784
Lo o i L) Closed 5.55 0.0085

| RANATE
o8 v Open 0.00 99.9915
o () Closed 5.20 0.0154

3h . K AN et
(W Open 0.00 99.9846
o oSS Closed 5.09 0.0186

3i K, W8
i d Open 0.00 99.9814
Ve Closed 481 0.0298

36 ) %szgdfj
¥ Open 0.00 99.9702
% A B Closed 6.06 0.0036

37 ~ uOEOu o

- - Open 0.00 99.9964
% Q/«x@ Closed 7.65 0.0002
Open 0.00 99.9998

Conformational analyses were carried out using two conformations for each compound

(i.e., closed and open conformations, e.g., Figure 4.29). As shown in Table 4.10, the open
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conformations of the dicationic compounds were the most stable. Consequently, they were

chosen for the docking studies.

2
a) H |
NS
o 9 1[%11 N
M I 12NH
NH ZEON
H (iii)
N\ 2 IS’I 4
| N (ii
=

Figure 4.29: Structure of compound 3a showing atom number labels (a), and optimized open (b) and closed

(c) structures. b) Open structure refers to a non-constrained structure with the following dihedral values: (i)
NI1-C2-N3-C4 = -2.98°), (ii) C5-C6-N7-C8 = +179.55° and (iii) C9-N10-C11-N12 = -2.51°. ¢) Closed (or
constrained) structures have dihedral values: (i) N1-C2-N3-C4 = -3.59°, (ii) C5-C6-N7-C8 = -179.86°, and
(iii) C9-N10-C11-N12 = -163.45°.

4.7.2. Docking studies

Docking studies were performed using the Autodock Vina 1.1.2%¢37 program in a flexible-
rigid approach. The selected compounds (i.e., open conformation) from series 3 (3a—i, 36,
37, and 53) were docked into the DNA duplex d(AAATTT),, which crystal structure
complexed with compound I is available from the Protein Data Bank [PDB: 5LIT].!% 82

The PDB file for DNA-ligand crystal SLIT!* # was prepared by removing the solvent,
salts and metal ions using AutoDockTools 1.5.4.8% The coordinates of the binding site
around the crystallised ligand (compound I) were found using the AutoGrid function and
the ligand was removed. The macromolecule was saved as a “.pdbqt file”. Finally, two
sections of the crystal (repeated subunits) were removed and file was recorded as SLIT-
short. To ensure this action does not affect the analysis, a docking simulation using the
previous crystallised lead compound I was performed. No changes were observed, and the

same docking parameters were found. Hence, we decided to use this SLIT-short to perform
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the docking studies. The docking binding scores between the ligands and the target, are
shown in Table 4.11

Table 4.11: Docking binding score (in order of decreasing affinity) vs. binding affinity (as

determined by thermal melting experiments).

Binding score ATm

Structure .

(kcal/mol) (°O)

@42‘: ':L(D 93 11.0
i L]

NH /@jLN/(NT GG " _93 18

1 L)
Q)NLH ‘N\OHQ NHN '82 23
(N
o i L
AT 8.1 5.9
i )
/@* -8.1 5.2

0 e 7.7 8.0
. Nﬂu

e Qnﬁnﬁ " -7.7 1.6
\ N LG
Py i L]
2 OuQ T -6.9 6.1
foand

“ Not observed at a maximum concentration of 100 yM
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Compounds 53 and 3i showed the best docking affinities (-9.3 kcal/mol). For DNA minor
groove binders, Van der Waals, hydrophobic and electrostatic interactions contribute
significantly to the binding affinity of the ligands, as well as polar interactions such as H-
bonds.®* As observed in Figure 4.30a, 53 forms two H-bonds (2.34 A and 2.35 A) between
the amidino NH» groups of the ligand and the oxygen atoms of thymine 4 and sugar
backbone (03°-H310 and O2—-H303) at the minor groove floor. In contrast, docking of 3i
reveals only one H-bond interaction (2.40 A) between the amide NH group (H21) of the
ligand and the oxygen atom (O183) of the thymine 1 base (Figure 4.30b). In this case, this

strong HB interaction seems to contribute to the stabilization of the DNA-ligand complex.

Figure 4.30: Docking of 53 (left) and 3i (right) showing the main interactions (H-bonds) with the SLIT
crystalline structure. Distances between atoms are reported in A (yellow dotted lines). a) H-bonds: (03’—
H310, distance = 2.34 A), (02-H303, distance = 2.35 A). b) H-bond: (O183-H21, distance = 2.40 A).

Compounds 3d, 3h, 3a, 3b, 3e and 3¢ present similar docking scores (-8.2 to -8.0 kcal/mol)
but a dissimilar binding mode. Among the di-chlorinated derivatives (3b—e), only 3b, 3¢
and 3e share a H-bond between the anilino NH group (H12) linked to the phenyl ring of
the scaffold and O176 (3b and 3e) or O79 (3¢) (from the sugar backbone) from the
d(AAATTT): oligonucleotide (Figure 4.31).
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Figure 4.31: Docking of 3b, 3¢, and 3e showing the main interactions (H-bonds) with the SLIT crystalline
structure. a) 3b (H-bond: O176-H12, distance = 2.37 A); b) 3¢ (H-bond: 079-H12, distance = 2.61 A); and
¢) 3e (H-bond: O176-H12, distance = 2.52 A); H-bond distances between atoms (yellow dotted lines) are
reported in A.

In contrast, chlorinated derivative 3d shows a different binding mode with two H-bonds
(0216-H10, 2.03 A and O188-H41, 2.52 A) between the amidino NH» groups of the
ligand and the oxygen atoms of the sugar backbone of DNA (Figure 4.32a). Remarkably,
this is the only derivative that shows two halogen-bond interactions (C127-H166, 3.13 A
and C127-H84, 3.28 A) with the adenine 3 and thymine 1 bases (Figure 4.32b).

Figure 4.32: Docking of 3d showing the main interactions with the SLIT crystalline structure. a) 3d (O216—
H10, distance = 2.03 A and O188-H41, distance = 2.52 A); b) 3d (C127-H166, distance = 3.13 A and C127—
H84, distance = 3.28 A); Distances between atoms are reported in A (yellow).
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The dipyridine derivative (3h) only displays one H-bond (0190-H40, 2.66 A) between the
amidino NH, of the ligand (H40) and the oxygen (O190) of thymine 1, indicating a

different binding interaction with respect to the chlorinated derivatives 3b—e (Figure 4.33).

Figure 4.33: Docking of 3h showing the H-bond interaction (0190-H40, distance = 2.66 A) with the SLIT
crystalline structure. The distance between atoms is reported in A (yellow).

Compound 3a interaction with the minor groove of the DNA duplex is characterized by
the presence of a strong H-bond (H44-0434, 1.95 A) between the amide NH of the N-
phenylbenzamide scaffold (H44) and the oxygen (0O434) of thymine 4 residue (Figure
4.34a). This is different from the chlorinated derivatives 3b—e where H-bond interactions
with DNA occur via the anilino NH group directly linked to the phenyl ring of the scaffold.
A second H-bond (0467-H39, 1.43 A) between the amidine NH» of the ligand and the O
atom of the sugar backbone also helps to stabilize the complex of 3a with DNA (Figure
4.34b). Compound 3a also shows © — 7 stacking interaction (ring-to-ring distance of 5.16
A) between the phenyl ring of the scaffold [C18, C19, C20, C21, C22 & C23] and the
adenine 3 residue [C414, C415, C418, C420, N417 & N419] (Figure 4.34c). Additionally,
three aromatic H-bond interactions (0434-H45, 1.57 A), (0314-H43, 2.79 A) and (0469—
H37,2.77 A) are observed. Of note, these interactions are only observed in compound 3a,
regardless all of the proposed compounds present the same aromatic scaffold. Altogether,
these stabilizing interactions may explain the potent DNA minor groove binding affinity

observed for 3a (AT, =5.9 °C, binding score = -8.1 kcal/mol).
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Figure 4.34: Docking of compound 3a showing the H-bonds, aromatic bonds and t — & interactions with the
SLIT crystalline structure. a) Central H-bond between the amide NH of the scaffold (0434-H44, distance =
1.95 A) and aromatic H-bond interactions (0434-H45, distance = 1.57 A; 0314-H43, distance = 2.79 A);
b) Second H-bond with the amidino NH: of the scaffold (0467-H39, distance = 1.43 A) and aromatic H-
bond (0469-H37, distance = 2.77 A); ¢) © — 7 interaction with the phenyl ring of the scaffold (C18, C19,
C20, C21, C22 & C23) and the oligonucleotide ring (C414, C415, C418, C420, N417 & N419) with a ring-
to-ring distance = 5.16 A.

Docking and schematic representations of the interactions between 3a and d[AAATTT],
are shown in Figures 4.35-4.36. According to the docking results, and based on a previous
study in which lead I fit the minor groove of the d(AAATTT), in a similar way,'° the
presence of the central H-bond between the amide NH of the scaffold and the carbonyl of
thymine T4 is, in some way, director of the fitting inside the minor groove (Figure 4.35).
In the case of the fluorene derivative 53, which lacks this H-bond interaction due to the
absence of the central amide bridge in its structure, the potent binding affinity (A7, = 11
°C, binding score = -9.3 kcal/mol) may be explained by the interaction of the two amidino
NH, residues of the N-aryl-pyridin-2-carboxamidine groups with the DNA bases and the

sugar backbone.
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Figure 4.35: Molecular docking of 3a with d(AAATTT): oligonucleotide (PDB: 5LIT) showing all the

interactions.

Chain B Chain A

T
|
S

Figure 4.36: Schematic representation of the interactions between 3a and dfAAATTT]z, proposed according
to the data observed in the docking study. Symmetric chains are indicated with apostrophe. A and T indicates

Adenine and Thymine, respectively.
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Compounds 36 and 37 have the same binding score (-7.7 kcal/mol). The urea derivative
37 shares only one H-bond (063-H10, 2.16 A) between the amidino NH, group and the
carbonyl oxygen of thymine 5. Apparently, the length and rigid nature of the urea linker
does not allow the compound to match the curvature of the groove (Figure 4.37b). In
contrast, compound 36 with an ethylene linker of the same length as the original amide
bridge (3a) seems to fit better into the groove. The docking results show that 36 has two
H-bond interactions with the d(AAATTT), oligonucleotide (Figure 4.37a): the first one
(0223-H28, 1.99 A) between the anilino NH directly linked to the scaffold is similar to
that observed with halogen derivatives 3b, 3¢ and 3e. The second H-bond (O7-H37, 2.55
A) occurs between the amidino NH, group of the ligand and the oxygen atom of the sugar
backbone. Altogether, these observations may explain why 36 displays a much stronger

binding affinity to AT-containing DNA than 37 (AT, = 8 °C and 1.6 °C, respectively).

Figure 4.37: Docking of a) 36 shows two H-bonds (0223-H28, distance = 1.99 A and O7-H37, distance =
2.55 A); b) 37 H-bond (063-H10, distance = 2.16 A); with the SLIT crystalline structure. Distances between

atoms are reported in A (yellow).

As regards to derivative 3g, the lower docking score (-6.9 kcal/mol) may be due not only
to the steric clash of the large isopropoxy substituents with the curvature of the minor
groove but also to electronic repulsion. Furthermore, this steric hindrance does not allow
the correct interaction of the central amide NH of the scaffold to form an H-bond, as with

compound 3a (Figure 4.38).
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Figure 4.38: Docking of a) 3g no interaction with the SLIT.

4.7.3. Conclusions

The lack of correlation between the binding scores and the DNA binding affinities

determined by thermal melting experiments may be due to several factors:

- Docking experiments are performed in absence of solvent, which makes a big
difference, as compounds in solution are able to interact forming H-bond using
water molecules.*®

- In this study, the positive charge is fixed on the most stable ligand conformation,
offering a limited H-bond capability, even though in real conditions this is
delocalized over the surrounding N atoms.*

- For DNA binding, some drugs require divalent cations such as Mg?*.%°

We plan to perform Molecular Dynamics with these compounds in order to get better

match between the DNA binding results and the computational calculations.
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5.1. Introduction

Once the 3 series of molecules were synthesised (Chapter 3) and their DNA binding
affinity was analysed by biophysical assays (Chapter 4), the next step was to assess their

antiprotozoal activity and cytotoxicity.

Bis(imidazolidin-2-amine) (1), bis(2-aminobenzimidazole) (2) and bis(arylimidamide) (3)
derivatives were tested in vitro against Trypanosoma brucei brucei bloodstream forms
(BF) of strain Lister 427/MiTatl.2 (wild-type, Tb427WT) and the drug-resistant strain
B48 (i.e., resistant to pentamidine). The compounds were also tested against epimastigotes
of Trypanosoma cruzi CL Brener strain (DTU TcVI) and promastigotes of Leishmania
donovani HU3, and intracellular amastigote forms of both parasites members of the
Trypanosomatidae family.! Additionally, the synthesised compounds were tested in vitro
against Trichomonas vaginalis (Trichomonadidae family). 7. vaginalis is a monogenetic,
anaerobic, amitochondrial parasite and, as such, very different from kinetoplastid parasites
such as Trypanosoma and Leishmania species, which are digenetic, aerobic, and have
functional mitochondria that perform essential functions. However, the genome of these
parasites has in common a high content in AT base pairs (> 65%).%* Hence, compounds
that bind selectively to the DNA at AT-rich sites may potentially generate drugs useful for

all these parasites.

The biological assays against 7. cruzi and T. vaginalis were carried out at the Department
of Microbiology and Parasitology, Pharmacy College at the Complutense University of
Madrid, in collaboration with Prof. Drs. Alicia Gomez Barrio, Cristina Fonseca Berzal and

Alexandra Ibafiez Escribano.
Evaluation of the compounds against L. donovani was carried out at the Institute of

Parasitology and Biomedicine "Lopez-Neyra" (IPBLN) — CSIC, in collaboration with Drs.

Francisco Gamarro and Ignacio Manzano.
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Biological evaluation against 7. brucei was performed at the Institute of Infection,
Immunity and Inflammation at the University of Glasgow, in collaboration with Dr. Harry

De Koning’s group (Marzuq A. Ungogo, Maha A. Aloraini).

The nonspecific cytotoxicity of the compounds was assessed with different cell lines

according to the standardized models used in each laboratory:

(a) Human embryonic kidney (HEK) cells for 7. brucei,

(b) L1929 murine fibroblasts for 7. cruzi,

(c) Human myelomonocytic cell line (THP-1) for L. donovani, and

(d) African green monkey kidney epithelial cells (Vero CCL-81, ATCC) for T.

vaginalis.

5.2. Fundamental of the methods for biological assays

5.2.1. Resazurin-based method

This method is based on the evaluation of cell proliferation, using a cell viability dye,
resazurin (7-hydroxy-3H-phenoxazin-3-one 10 oxide), which is a blue non-fluorescent
dye. Under reducing conditions due to the proliferating cells, this dye turns into red highly
fluorescent resorufin (Figure 5.1). The amount of fluorescence is proportional to the
number of living cells. Hence, it is a good indication of the effect of the tested compounds
on cell proliferation.>® Advantageously, this method consists of a simple one step assay
and does not need cell lysis, washing or extraction procedures. It is a non-radioactive,

reliable, sensitive, reproducible method which is non-toxic to cells.’
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Figure 5.1: Reaction involved in the resazurin assay.

The procedure followed for the resazurin assays consists of the preparation in a 96-well
plate of serial drug dilutions to be tested covering a range of concentrations. Then, the

parasites or cells are added to each well and the plates are incubated at the correspondent
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temperature. Resazurin is then added to each well and the plate is incubated to allow
reduction of resazurin to resorufin in the presence of proliferating cells. Hence, the
resulting fluorescence is dependent on compound concentration and activity. The plates
are read with a microplate fluorometer using an excitation wavelength of 536 nm and an

emission wavelength of 588 nm.
5.2.2. MTT method

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2 H-tetrazolium bromide (MTT) is a dye used
to assess cell metabolic activity as an indicator of cell viability. The nicotinamide-adenine-
dinucleotide (NAD(P)H)-dependent cellular oxidoreductase enzymes may, under defined
conditions, reflect the number of viable cells present in the culture medium. These
enzymes are capable of reducing the yellow MTT dye to its insoluble, strongly coloured

and lipophilic formazan, which has a purple colour (Figure 5.2).%-14

A brief summary of the readout of the assay is as follows: after the cells have been
incubated with the test compounds, a solubilisation solution (either dimethyl sulfoxide, an
acidified ethanol solution, or a solution of the detergent sodium dodecyl sulphate in diluted
hydrochloric acid) is added to dissolve the insoluble purple formazan product. The
resulting-coloured solution in the 96-well plates is quantified by measuring absorbance at
500-600 nm using a multi-well spectrophotometer. The degree of light absorbed is
dependent on formazan concentration. Hence, a deeper purple colour (i.e., greater
formazan concentration) reflects a greater number of viable, metabolically active cells.
Tetrazolium dye assays can also be used to measure cytotoxicity or cytostatic activity of

potential medicinal compounds.
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Figure 5.2: Reaction involved in the MTT assay.
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5.2.3. B -D - Galactosidase assay (CPRG)

The B-Galactosidase Assay uses chlorophenol red-p-D-galactopyranoside (CPRG), which
is up to 10 times more sensitive than the classic o-nitrophenyl-B-D-galactopyranoside
method (ONPG).!> This increased sensitivity makes it simpler to measure B-galactosidase
activity in cells that are difficult to transfect or have low [-galactosidase activity

expression.

B-galactosidase catalyzes the hydrolysis of the galactoside analog CPRG. Cell lysates are
incubated and the B-Galactosidase converts the yellow-orange CPRG substrate into the red

chromophore chlorophenol red, yielding a dark red solution (Figure 5.3).

I 803 Na O
303 CH,OH
OH o
CH,OH
OH
OH R- galact05|dase

OH CPRG Chlorophenol red

Figure 5.3: Reaction involved in the CPRG assay

The B-galactosidase gene functions well as a reporter gene because the protein product is
extremely stable, resistant to proteolytic degradation in cellular lysates, and easily assayed.
The colorimetric reaction experienced by CPRG in the presence of [-galactosidase-
transfected strains of 7. cruzi is based on enzyme hydrolyzes the chromogenic substrate
(yellow) to chlorophenol red (red) and galactose, providing an absorbance that correlates
with the number of live parasites.'® This activity is measured spectroscopically at 570-595
nm in 48 or 96-well plates to determine the amount of converted substrate, as previously

described.!”1?
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5.3. Methodology for biological assays

5.3.1. Assays against promastigote and amastigote forms of Leishmania donovani

and cellular toxicity against human THP-1 cells

The sensitivity of promastigote forms of L. donovani HU3 line to the different compounds
was determined after incubation for 72 hours at 28 °C in the presence of increasing
concentrations of the compounds. The concentration of compound required to inhibit 50%
of parasite growth (ECso) was calculated using the MTT colorimetric assay, as described
previously (see Chapter 9 for details).?% 2! Amastigotes of L. donovani were grown in
mouse peritoneal macrophages as previously reported,?? 2* using late-stage promastigotes
to infect the macrophages at a ratio macrophage/parasite 1:10. Intracellular parasites were
detected by nuclear staining with Prolong Gold antifade reagent plus DAPI. Compound
activity against intracellular amastigotes was determined from the percentage of infected

cells and the number of amastigotes per cell in drug-treated versus non-treated cultures.

For the cellular toxicity of all compounds against THP-1 cells, the colorimetric MTT-based
assay was used, as described for Leishmania promastigotes, except for the incubation
temperature, which was 37 °C in this case. The selectivity index (SI) was calculated as: SI
= ECso (tup-1) / EC50 (L. donovani)- Each experiment was performed in triplicate. The results

are gathered in Tables 5.1-5.3.

5.3.2. Assays against Trypanosoma brucei brucei and cytotoxicity against HEK

cells

ECso values were determined for bloodstream forms of 7. b. brucei strain Lister 427** and
for the multidrug resistant strain B48, which derived from Lister 427 by knockout of the
ThATI aminopurine transporter® and in vifro adaptation to high concentrations of
pentamidine.?® Both strains were cultured in full HMI-9 media (Gibco) supplemented with
10% Fetal Bovine Serum at 37 °C and 5% CO as described.?’” The drug sensitivity was
determined using a resazurin-based (AlamarBlue™) assay in 96 wells exactly as described
previously,?® with 23 doubling dilutions and a no drug control for each compound. Each
well was seeded with 2000 cells, incubated for 70 hours with the drug before the addition
of the resazurin indicator dye and a further incubation of 24 hours. Finally, the results are

analysed by plotting obtained fluorescence values against compound concentrations. ECso
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values are calculated by non-linear regression using an equation for a sigmoidal dose—
inhibition curve with variable slope.

The cytotoxicity of the compounds was determined with human embryonic kidney (HEK)
cells, a specific immortalised cell line derived from a spontaneously miscarried or aborted
fetus grown in tissue culture.?” Each well was seeded with 3x10* cells, incubated for 24
hours for cytoadhesion, followed by 30 hours of incubation with the drug before the
addition of the resazurin (10 pL) indicator dye and a further incubation of 24 hours. Each

experiment was performed in triplicate and repeated at least two times.

5.3.3. Assays against epimastigote and amastigote forms of Trypanosoma cruzi

and cytotoxicity against L.929 cells

The activity profile of the compounds was explored on 7. cruzi, by applying the screening
procedure previously described.'® ** These assays were performed following a screening
protocol in which the activity against epimastigotes (extracellular insect vector stage of
the parasite) was firstly evaluated with cultures that had not reached the stationary phase,
as previously reported.’! Cultures of epimastigotes in LIT medium were seeded in 96-well
plates at a density of 2.5x10° parasites/ml and incubated for 72 hours at 28 °C within the
compounds. The plates were then incubated with CPRG at 37 °C for an additional 3 hours
and absorbance read at 595 nm. ECso was calculated as previously reported'® using
Benznidazole as the reference drug. Each concentration was tested in triplicate and

experiments performed similarly for three.

The cytotoxic properties of the synthetic compounds were evaluated using L.929 murine
fibroblasts (i.e., amastigotes host cells) simultaneously.’?> The 96-well plates seeded with
10,000 cells/well, were incubated in MEM medium for 3 hours at 37 °C. After cell
attachment, culture medium was replaced by compound dilutions and incubated for
additional 72 hours. Then, after addition of resazurin, the plates were further incubated for
3 hours at 37 °C and 5% COa.. Fluorescence intensity was measured with a slight variation,
using wavelengths of 535 nm (excitation) and 590 nm (emission). CCso was calculated as
indicated in the literature.!® Each concentration was tested in triplicate and experiments

performed three times in similar conditions.
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Compounds with selectivity indexes (SI) for epimastigotes (SI = CCso 1929/ ECs0 (epi).)
similar or higher than that of the reference drug benznidazole were selected for further
testing against intracellular amastigotes (i.e., mammalian host replicative forms). These
assays were carried out by applying the CPRG method. L.929 cells were seeded in 48-well
plates and infected with CL-BS5 tissue culture derived trypomastigotes at 1:6 ratio
(cell:parasite). After 24 hours of incubation at 33 °C and 5% CO», non-penetrated parasites
were removed and compound dilutions in MEM were added to treat the infected cultures
and then incubated for seven days at the same previous conditions. Finally, addition of
CPRG solution, followed by 3 hours of incubation at 37 °C allow the reading of the plates
at 595 nm. ECso was calculated as previously reported.!® SI for amastigotes was also
calculated: SI = CCso (1929)/ ECs0 ama). Each concentration was tested in triplicate and

experiments performed similarly for three.

5.3.4. In vitro screening against urogenital parasite Trichomonas vaginalis and

unspecific cytotoxicity assays against VERO CCL-81 cells.

The antiparasitic effect of the compounds was evaluated against the 7. vaginalis isolate
JH31A#4 from the American Type Culture Collection (ATCC). The parasite was cultured
in TYM (Trypticase-Yeast Extract-Maltose) medium and supplemented with 10% heat
inactivated fetal bovine serum (FBS) and antibiotics to avoid contaminations. The in vitro
screening process was executed following the sequential procedure described
previously.**3* The compounds, diluted in DMSO at different concentrations, were added
to 1x10° T. vaginalis cells/mL cultures in exponential growth phase. After 24 hours in
contact with the parasites at 37 °C and 5% CO», 200 pL of each tube were seeded in sterile
96-well flat-bottomed microplates. Then, culture media was discarded from the plates by
centrifugation and the parasites were subsequently resuspended in 200 uL of sterile

phosphate buffered saline (PBS).

The antiparasitic activity of each compound was measured by a fluorometric method using
the redox dye resazurin. For that, each well was incubated for 1 hour in contact with 20
pL of the redox dye (3 mM stock solution in PBS) at 37 °C and 5% COa.. Finally, the
fluorescence was read in an Infinite 200 TECAN fluorometer at Aexcitation 535 nm and

Aemission 590 nm. Each plate included a growth control and a positive control in which the
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reference drug metronidazole was evaluated at its MICjo0 concentration (24 uM). Each

experiment was performed in triplicate and repeated at least two times.

The cytotoxicity of the only compound with trichomonacidal effect (34) was evaluated at
the same concentrations against African green monkey kidney epithelial cells (Vero CCL-
81, ATCC). Cells were previously cultured in RPMI-1640 medium supplemented with
10% of heat inactivated FBS and antibiotics in a humidified atmosphere at 37 °C, 5% CO..

The cytotoxicity experiments were executed as reported previously.>> Briefly, 5x10*
cells/well were incubated in 96-well flat-bottom microplates for 6 h at 37 °C and 5% COa.
Then, compound 34 was added at the same concentrations used for the susceptibility
assays with T. vaginalis. After 24 hours of incubation, the plate was read after 3 hours of

incubation with the resazurin solution (1 mM stock solution, PBS) in the fluorometer.
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5.4. Structure-activity relationships results

5.4.1. SAR studies: bis(imidazolidine-2-imine) derivatives (series 1)

The in vitro activity of series 1 compounds against 7. brucei, T. cruzi, L. donovani, and T.
vaginalis is shown in Table 5.1. Similar to lead I, most of the new derivatives solely
displayed activity against 7. brucei, with the exception of the isopropoxy derivative 1g
which showed micromolar range activity (7.6 uM), similar to lead I (4.3 uM), against L.
donovani promastigotes. However, 1g was mostly inactive (> 10 pM) against intracellular

amastigotes of L. donovani.

As the in vitro evaluation against epimastigotes of 7. cruzi did not show any appreciable
activity and thus, they were not progressed to further assays on intracellular amastigote

forms.

All the chlorine derivatives (1c—1e) but 1b showed activity against both WT and drug-
resistant (B48) strains of 7. b. brucei in the low to medium micromolar range (ECso = 5.71
to 48.4 uM). Compound 1¢ (ECso = 5.71 uM), with both chlorine atoms in position ortho
to the imidazoline rings (Ri1 = R4 = Cl), was approximately 2- and 8-times more potent
than the analogues with one Cl atom (R> = Cl) ortho to the C=0O group (1d and 1e,
respectively). In fact, 1¢c was the most active and selective compound among the new

derivatives, with a selectivity index (SI) > 35.

The introduction of two fluorine (1f: R; = R3 = F) or chlorine atoms (1b: R; = R3 = Cl) in
position R; and R3 led to a drastic drop (1f) or complete loss (1b) of anti-7. brucei activity
with respect to the unsubstituted lead I. In contrast, the introduction of hydrophobic
isopropoxy moieties (1g: R» = R4 = O'Pr) in the scaffold led to a micromolar range
trypanocide (ECso = 17.6 uM). The replacement of the N-phenylbenzamide scaffold of I
with a N-(pyridin-2-yl)picolinamide skeleton (1h: X=Y = N) gave a low micromolar range
ECso value (25.5 uM, SI > 5.7). The cytotoxicity of these compounds against HEK cells
was low (> 100 uM).

None of the compounds of this series showed activity against the 7. vaginalis parasite.
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In summary, the introduction of two substituents (i.e., Cl, F, O’Pr) or N atoms in the
scaffold of the bis(imidazolidine-2-imine) series did not improve the in vitro antiparasitic
activity against extracellular (7. brucei) or intracellular (Leishmania, T. cruzi)
kinetoplastid parasites with respect to lead I or the mono-chlorinated analogues reported

earlier.®
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Table 5.1. /n vitro antiprotozoal activity (ECso pM) and cytotoxicity (CCso uM) against mammalian cells of bis(imidazolidine-2-imine) derivatives

(series 1).
R4 N H
R, O 4 A
X G,
NH N N Y

(T B

R4
Cmod T. b. brucei® HEK? T. cruzi L9297 L. donovani* THP-1V T. vaginalis®
mpd.
P WT B48’ RF SI¥ Promast. Amast.

1 0.83 +£0.08' 0.87+0.2 1.1 >200 >240 >40 >200 43 nt nt nt
1b >100" >100 nt” >200 - >40 >200 >50 nt nt >4()
1c 5.7+0.7 6.9+1.5 1.21 >200 >35 >40 >200 >50 nt nt >4()
1d 10.4 £0.8 14.8 £0.8 1.42 >200 >19 >40 >200 >50 nt nt >4()
le 47.7+13.2 48.4+3.2 1.01 >100 >2.1 >40 >200 >20 nt 38.7+1.5 >4()
1f 78.5+6.1 574 +£2.6 0.73 >100 >1.3 >40 >200 >20 nt >50 >4()

>5.6 >50 >4()
1g 17.6 £2.1 16.0+0.4 0.91 >100 >40 >200 7.6+0.4 >10
(ST >6.5)°
1h 255+£3.2 37.5+4.4 1.47 >200 >7.8 >40 >200 >50 nt nt >4()

¢ Reference drugs: Pentamidine: 0.00034 = 0.00002 pM (WT) and 0.111 £ 0.003 uM (B48; RF = 326); Diminazene: 0.010 + 0.0007 uM (WT) and 0.012 £ 0.0008 pM (B48;
RF = 1.2). * Human endothelial kidney cells. ¢ Epimastigotes of 7. cruzi strain CL-B5 lacZ; reference drug: Benznidazole: 25.3 + 2.1 uM. ¢ Cytotoxicity on L929 fibroblasts;
reference drug: Benznidazole: ECso > 200 pM, SI > 7.9. ¢ Promastigotes and intracellular amastigotes of L. donovani strain HU3; reference drug: Amphotericin B, ECso
(promastigote) = 0.07 £ 0.01 uM, EC50 amastigote) = 0.23 £ 0.05 uM. /Cytotoxicity on THP-1 cells: Amphotericin B = 28.5 + 4.5 uM, SI = 122. & Trichomonas vaginalis; reference
drug: Metronidazole: 2.56 = 0.58 uM. " Bloodstream forms trypomastigotes of 7. b. brucei wild type strain s427. " T. b. brucei strain resistant to pentamidine./ Resistance factor
= ECso (B48) / ECso (WT). ¥ Selectivity index = ECso (HEK) / ECso (WT).! Taken from reference [**]. ™ Not effective, maximum concentration tested. " Not tested. © Selectivity
index versus promastigotes = ECso (THP-1) / ECso (promastigote)
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5.4.2. SAR studies: bis(2-aminobenzimidazole) derivatives (series 2)

The activity of the series 2 compounds was tested in vitro against four parasites: 7. brucei,
T. cruzi, L. donovani, and T. vaginalis (Table 5.2). Compound 30 was the sole product to
show leishmanicidal effect in the low micromolar range against promastigotes of L.
donovani (ECso = 8.67 uM). However, its cytotoxicity against THP-1 cells was more
pronounced than the rest of the series (except 34) resulting in a poor selectivity index (1.6).

Hence, the leishmanicidal effect could reflect a general cytotoxicity for this compound.

None of the tested compounds showed appreciable activity against epimastigotes of 7.
cruzi and thus, they were not progressed to further in vitro assays on intracellular
amastigote forms. Moreover, only one compound (34) displayed marginal trichomonacidal
activity (ECso = 33.2 uM). According to the sequential procedure in this antiparasitic
model,*® the unspecific cytotoxicity of compound 34 was tested against Vero CCL-81
cells. After 24 hours in contact with mammalian cells, 34 caused the reduction of about

50% of the cell culture at the highest concentration evaluated (40 uM).

In contrast, the compounds were active in the micromolar range against 7. b. brucei (Table
2). Six compounds (2b—e, 30, and 34) displayed ECso values < 6 uM against both the WT
and B48 strains, with selectivity indexes ranging from 2.9 (2d) to 12.1 (2¢). This
represented a >15-fold increase in activity compared to unsubstituted compound 2a (ECso
= 85.6 uM). Chlorine atoms ortho to the 2-aminobenzimidazole moieties (2¢: R1 = R4 =
Cl) produced the best anti—7. brucei compound of this series (ECso = 1.68 uM, SI = 12.1).
In contrast, the presence of one chlorine atom ortho to the carbonyl group (2d, 2d, R, =
Cl) was unfavourable with a loss of activity (1.5-fold and 3.5-fold, respectively) and
selectivity (3—4 fold) relative to 2c¢. This effect was similar to that observed with the

bis(imidazolidine-2-imine) series 1 (see 5.4.1.).

Replacement of the N-phenylbenzamide scaffold with N-(pyridin-2-yl)picolinamide (2h:
X =Y =N) also resulted in a loss of activity against 7. brucei, as well as a decrease of the
cytotoxicity against mammalian (HEK) cells (CCso = 80.9 uM). Replacement of the N-
phenylbenzamide scaffold with a 1,2-diphenylethane (30) or 9H-fluorene (34) skeleton
maintained the potency against 7. brucei compared to the best compound 2¢. In contrast,

a 1,3-diphenylurea scaffold (31) led to an almost complete loss of activity vs 2¢, as well
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as the lowest cytotoxicity against HEK cells. With the exception of 34, which was
marginally more active against B48 (RF 0.71), the compounds were equipotent against the
multi-drug resistant strain B48 (i.e., RF = 1) indicating that the P2 and aquaporin-2
transporters are not involved in their uptake, in contrast to diamidine MGBs.® This is
consistent with the substrate-binding SAR of these transporters, which does not allow
substitutions on the terminal imidazole moieties.’” 38 The non-dependence on the known
drug transporters ensures that no cross-resistance with the existing diamidine and

melaminophenyl arsenical trypanocidal drugs is likely to occur.?

In summary, the replacement of the 2-aminoimidazoline groups by 2-aminobenzimidazole
heterocycles afforded compounds that are slightly more active against 7. brucei but also
more cytotoxic, resulting in lower SI. However, this structural modification did not
improve the activity against the parasites Leishmania (promastigotes and amastigotes) and
epimastigotes of 7. cruzi with respect to lead I. Interestingly, the main SAR results seem
to apply for both series 1 and 2. For instance, the effects on the anti-7. brucei activity of

incorporating Cl atoms in the scaffold were similar in both series.
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Table 5.2. In vitro antiprotozoal activity (ECso M) and cytotoxicity (CCso uM) against mammalian cells of bis(2-aminobenzimidazole) derivatives

(series 2).
Oy U D Qr Japewas @ —
Ly *
g
30: X = CH,CH
31: X = NHCONH 34
Cmod T. brucei® HEK®’ T. cruzic | L9294 L. donovani* THP-V || T. vaginalis®
mpd.
P WT” B48’ RF SI Promast. | Amast.
2a 85.6+£2.3 81.9£8.5 0.96 >100 >1.2 nt/ nt nt nt nt nt
2b 1.96 = 0.03 1.93 £0.04 0.99 16.8 £ 0.9 8.6 >40 <50 >20 >20 >500 >4()
2¢ 1.68 = 0.06 1.81 £0.06 1.08 20.3+1.9 12.1 >40 <50 >20 >20 >500 >4()
2d 5.56 £0.26 5.75+£0.11 1.03 16.2 £ 0.5 2.9 >40 <50 >20 >20 >500 >4()
2e 2.64 +0.09 2.93+0.17 1.11 10.2 +£0.3 3.9 >40 <50 >20 >20 >500 >4()
2h 11.3+£0.2 11.6 £0.3 1.03 80.9+2.7 7.2 >40 >200 >20 >20 >500 >4()
14.1+44
30 23+0.2 22+0.2 0.95 13.5+0.1 5.9 >40 <50 8.67 £3.84 >10 >4()
(SI=1.6)"

31 57.1+1.4 68.8+1.4 1.20 >200 >3.5 >40 >200 >20 >20 >500 >4()
34 2.44+0.18 1.73 £0.06 0.71 9.15+0.35 3.8 >40 <50 >20 nt 12.1+2.6 33.2

¢ Reference drugs: Pentamidine: 0.00034 = 0.00002 pM (WT) and 0.111 £ 0.003 uM (B48; RF = 326); Diminazene: 0.010 = 0.0007 uM (WT) and 0.012 + 0.0008 pM (B48;
RF = 1.2). * Human endothelial kidney cells. ¢ Epimastigotes of 7. cruzi strain CL-B5 lacZ, reference drug: Benznidazole: 25.3 + 2.1 uM. ¢ Cytotoxicity on L929 fibroblasts;
reference drug: Benznidazole: ECso > 200 pM, SI > 7.9. ¢ Promastigotes and intracellular amastigotes of L. donovani strain HU3; reference drug: Amphotericin B, ECso
(promastigote) = 0.07 £ 0.01 pM, ECs0 (amastigote) = 0.23 £ 0.05 uM. /Cytotoxicity on THP-1 cells: Amphotericin B = 28.5 + 4.5 uM, SI = 122. & Trichomonas vaginalis; reference
drug: Metronidazole: 2.56 + 0.58 uM. " Bloodstream forms trypomastigotes of 7. b. brucei wild type strain s427. " T. b. brucei strain resistant to pentamidine.’ Resistance factor
=ECso (B48)/ECso (WT). * Selectivity index versus WT = ECso (HEK) / ECso (WT). ! Not tested. ” Selectivity index versus promastigotes = ECso (THP-1) / ECso (promastigote).
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5.4.3. SAR studies: bis(arylimidamide) derivatives (series 3)

The activity of the series 3 compounds was tested in vitro against four parasites: 7. brucei,

T. cruzi, L. donovani, and T. vaginalis (Table 5.3).

Within this series, the anti-7. brucei activity was disparate. Three compounds (3a: R1—R4
=H, 3¢: Ri1=R4=Cl, and 3h: X =Y = N) displayed submicromolar ECso values against 7.
brucei WT (0.4, 0.25 and 0.12 uM, respectively) with SI > 118. The rest of the compounds
were either effective in the micromolar range and poorly selective (3b, 3d, 3e, 3g, 3i, and
53) or inactive (36, 37, and 41). With the exception of 3a, 3e, 3g, and 36, which were
marginally more active against B48 (RF < 0.81), the rest of the active compounds (3b, 3c,
3d, and 3h) were less potent against the multi-drug resistant strain B48 (i.e., RF > 1.2)
indicating that the P2 and/or aquaporin-2 transporters are involved in their uptake,
although the modest levels of resistance, compared to pentamidine controls (RF = 326),
appear to indicate that other, as yet unknown uptake mechanisms are also involved.
Compound 3a, which displayed high efficacy and selectivity (ECso = 0.16 uM, SI>1250)
similar to the control drug pentamidine (0.11 uM) against the multi-drug resistant strain

B48, emerged as a very interesting lead compound against 7. brucei.

All of the bis(arylimidamides) but 3d inhibited the growth of promastigotes of L. donovani
with ECso values ranging from 0.26 (3a) to 3.0 uM (3g). This represented an improvement
in antileishmanial activity versus lead compound I (Table 1, ECso = 4.29 uM). In general,
the leishmanicidal activity against intracellular amastigotes was maintained, although with
a small loss of potency (approximately 1.5 to 3-fold) for 3a, 36, 53, 3e and 3g (ECso = 0.65
—4.19 uM). These activities were in the same range as the reference drug amphotericin B
(0.19 uM). In contrast, the N-(pyridin-2-yl)picolinamide derivative 3h (ECso = 0.55 pM)
and the chlorine-containing compounds 3b (0.91 uM) and 3¢ (0.78 M) were nearly twice
as potent against amastigotes vs promastigotes. Apparently, the presence of chlorine atoms
ortho to the 4-picolinimidamido groups (e.g., 3b: R1 = Cl, 3¢: R; = R4 =Cl) or two nitrogen
atoms next to the amide linker (3h) promoted the antileishmanial activity against
intracellular amastigotes. Remarkably, the closely related N-(pyridin-2-yl)benzamide
analogue 3i was ineffective (ECso >10 uM) against amastigotes of L. donovani. The
compounds displayed good selectivity versus THP-1 cells with selectivity indexes from >

11.9 for the least active compound 3g to > 76.9 for the most effective (3a). Thus,
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compound 3a, which displayed submicromolar efficacy against amastigotes of L. donovani
and excellent selectivity, emerged as a new antileishmanial hit compound.

Regarding the activity on the parasite 7. cruzi (Table 3), series 3 stands out with activities
on epimastigotes in the mid-nanomolar range for the chlorine-containing derivatives 3b,
3c, and 3e (SI from 159 to 3454). Other compounds displayed activities in the
submicromolar (3a, 3h, 53) and low micromolar (3g, 36) range. In general, the anti-7.
cruzi activity against intracellular amastigotes was maintained, although with a loss of
potency of approximately 6 to 20-fold for 3a—¢ and 3e (ECso = 0.26 — 1.28 uM).
Remarkably, the activity of compound 3g, which has two large hydrophobic isopropoxy
groups (R, = Rz = O'Pr), was twice as good against intracellular amastigotes vs
epimastigotes. On the other hand, the rigid tricyclic fluorene derivative 53 was as almost
equally active against epimastigotes and intracellular amastigotes (0.84 and 1.26 uM,
respectively). Importantly, all the compounds were selective towards the parasite with
selectivity indices between 17.3 (3¢) and 399 (3e) against intracellular amastigotes.
Compound 3e, which is twice as potent as the reference drug benznidazole against

amastigotes (0.54 uM), emerged as a new lead compound against 7. cruzi.

As shown in Table 5.3, none of the tested derivatives from series 3 showed
trichomonacidal activity at the highest concentration studied (100 uM). Hence, none of the
derivatives passed to the next screening phase and their non-specific cytotoxicity in

mammalian cells was not determined.

In summary, the bis(arylimidamide) series are very potent inhibitors of 7. brucei, T. cruzi
and Leishmania growth, with adequate selectivity. The unsubstituted compound 3a (close
analogue of I) is definitively the best in class as is shows excellent activity and selectivity
against these 3 kinetoplastid parasites. Compound 3h is another good lead candidate
against 7. brucei whereas 3e (but also 3a, 3b, and 53) is the best in terms of activity and
selectivity against intracellular amastigotes of 7. cruzi. As regards to L. donovani, 3a, 36

and 53 (and also 3e) are the new antileishmanial lead compounds.
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Table 5.3. In vitro antiprotozoal activity (ECso uM) and cytotoxicity (CCso uM) against mammalian cells of bis(arylimidamide) derivatives

(series 3).
IV R Nen et
R, O ~
. Qm% e 2% w&uw
N (AJ Rs 36: X = CH,CH, ;Y =NH
O)kﬁ 37:X = NHCONH ; Y = NH
= Ri  3a-i 41:X=CONH ;Y=0
Cpd T. brucei’ HEK?” T. cruzi L9297 SI¢ L. donovani' THP-18 SI” T. vaginalis'
WwWT B48* RF’ SI™ Epi. Ama. Epi | Ama. Pro. Ama. Ama
3a 0.40 + 0.02 0.16 + 0.03 0.4 >200 >500 {ff 0.21 £0.02 1.28 +0.34 89.1 +£8.3 4241 69.6 0.26 +0.05 | 0.65+0.20 >50 >76.9 >4()
3b 10.5£1.9 12.5+2.0 1.2 46.0 £0.1 4.3 0.03+0.00 | 0.58+0.09 449+7.6 1495 717.3 1.63£0.29 | 091030 | 18.6+24 20.4 >40
3¢ 0.25 +0.04 0.69+0.16 | 2.76 | 33.4+3.1 134 0.06+0.00 | 0.55+0.17 9.55+1.50 159.2 17.4 1.44+£0.13 | 0.78£0.11 | 16.4+1.3 21.1 25.7
3d 15.5£2.7 28.1+2.6 1.81 >100 >6.5 32.7+1.8 nt” >200 >6.1 >20 >50 >40
3e 9.4+0.96 7608 | 081 | 35135 | 3.7 Il 0.03£0.00 | 026+0.04 | 103.6+103 | 3454 | 3986 [l 0.89+022 | 2.56+0.41 | 49.4+6.8 | 19.3 35.1
3g 5.07 £0.03 396+0.22 | 0.78 | 69.0+1.7 | 13.6 [l 7.52+0.26 | 3.51+0.08 85.2+4.8 11.3 24.3 3.00£0.51 | 4.19+0.57 >50 >11.9 >40
3h 0.12 £0.01 0.35+0.02 | 2.92 142 +£0.8 118 0.35+0.07 nt 0.79 = 0.08 2.26 097+0.24 | 0.55+£0.06 | 11.2+3.3 20.3 32.5
3i 23.7+£0.7 24.0+0.4 1.01 >100 >4.2 >40) epi nt >200 1.47 £ 0.46 >10 >50 >4()
36 >100 50.1£2.7 | <0.51 >100 4.33 +0.65 7.66 = 0.75 >200 >46.2 | >26.1 (|| 0.33+0.06 | 1.11+0.23 >50 >45.0 >40
37 >100 >100 nt nt nt nt nt nt nt nt
41 >100 >100 >100 >40 nt >200 >20 nt nt >40
53 54+03 5.0+0.3 093 | 585+6.2 | 10.8 ||| 0.84+0.13 1.26 £ 0.30 59.8 £8.4 71.2 47.5 0.77+0.19 | 0.98£0.12 | 46.5+3.5 47.4 >40

“ Reference drugs: Pentamidine: 0.00034 + 0.00002 uM (WT) and 0.111 + 0.003 uM (B48; RF = 326); Diminazene: 0.010 + 0.0007 uM (WT) and 0.012 + 0.0008 uM (B4S;
RF = 1.2). ®* Human endothelial kidney cells. ¢ Epimastigotes and intracellular amastigotes of 7. cruzi strain CL-B5 lacZ; reference drug: Benznidazole: ECso (epimastigote) = 25.3
£2.1 uM, EC50 (amastigote) = 0.54 £ 0.01 uM. ¢ Cytotoxicity on 1929 fibroblasts; reference drug: Benznidazole: ECso > 200 uM, SI>7.9. ¢ Selectivity index versus epimastigotes
and amastigotes = ECso (L929)/ ECso (epimastigote or amastigote). ¢ Cytotoxicity on THP-1 cells: Amphotericin B = 28.5 + 4.5 uM, SI = 122. ’ Selectivity index versus
amastigotes = ECso (THP-1) / ECso (amastigote). ' Trichomonas vaginalis; reference drug: Metronidazole: 2.56 + 0.58 uM. / Bloodstream forms trypomastigotes of 7. b. brucei
wild type strain s427. % T. b. brucei strain resistant to pentamidine. ' Resistance factor = ECso (B48) / ECso (WT). ™ Selectivity index versus WT = ECso (HEK) / ECso (WT). "
Not tested.
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5.5. Preliminary pharmacological studies of lead compound 3a

188

5.5.1. Microsomal stability assay

5.5.1.1. Background

Liver metabolism is the most important pathway for elimination of most of the drugs in
mammals. The hepatic enzyme’s native ability for metabolizing a drug is commonly
referred to as “intrinsic clearance”, used to determine the hepatic clearance. The
microsomal stability assay provides a means to measure the rate of disappearance of a test
compound over time. This technique is primarily used to investigate the in vitro intrinsic
clearance or identify the metabolites formed upon first path metabolism (Phase I,
metabolism of cytochrome P450 (P450) and reduced nicotinamide adenine dinucleotide
phosphate (NADPH) as enzyme co-factor).*>** However, liver microsomes can also be

used to study Phase II metabolism if the correct incubation conditions are used.*?

Metabolic and Microsomal stability of 3a toward metabolism by cytochrome P450 (Phase-
I metabolism) and Uridine Glucuronosyl-Transfererase (UGT) (Phase-II metabolism) was
studied in the presence of the cofactors NADPH and uridine diphosphate glucuronic acid
(UDPGA), respectively. These studies were carried out in collaboration with Dr. Tomas

Herraiz at the Institute of Food Science, Technology and nutrition (ICTAN)-CSIC.
5.5.1.2. Results

The results of these studies are reported in Table using diclofenac as a positive control

drug.

Compound 3a was not apparently metabolized by human liver microsomes (HLM) and
mouse liver microsomes (MLM), as no significant metabolite was found in the reaction up
to 120 minutes. Therefore, 3a is stable towards hepatic metabolism with a half-life time of
more than 2 hours. In comparison, diclofenac was rapidly metabolized by HML (high
intrinsic clearance) under the same conditions, with a half-life time of less than 30 minutes.

In contrast, MLM (CD-1) slowly metabolized the drug diclofenac (Table 5.4).
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Compound 3a was not apparently modified in human serum and it was stable for 1 hour

of incubation. Compound 3a was not apparently metabolized by enzymes using the

cofactor UDPGA (glucuronosyl transfereases) (Phase II enzymes) of mouse liver and

human liver microsomes.

Then, it is concluded that under the experimental conditions used, compound 3a is

metabolically stable against microsomal fractions of human and mouse and in human

serum.

Table 5.4: Microsomal stability of 3a and diclofenac with mouse (MLM) and human
liver microsomes (HLM)

. Cmpd. 3a Diclofenac
Fraction Phase V1T % Remaining % Remaining
Microsomal assay Control (without fraction) 100.0
MLM CD-1¢ P450-NADPH” )
Metabolism Assay (60 min) 92.0
Microsomal assay P450-NADPH" Control (without fraction) 100.0
HLM® )
Metabolism Assay (60 min) 89.0
0 min 100.0 100.0
HLM® 15 min 93.2 48.8
. P450-NADPH” 30 min 94.6 24.5
Microsomal
stability 60 min 100.0 7.16
120 min 93.8 -
HLM UGT-enzymes | Control (without UDPGA) 100 -
d .
Metabolism (UDPGA) Assay (60 min) 95.0 -
0 min 100.0 100.0
MLM CD-1¢ 15 min 99.2 87.4
. P450-NADPH" 30 min 94.6 75.1
Microsomal
stability 60 min 94.8 67.3
120 min 93.3 -
MLM CD-1" UGT-enzymes | _Control (without UDPGA) 100.0
d .
Metabolism (UDPGA) Assay (60 min) 91.7
Human serum Control (without serum) 100.0
(20 pL) Assay (60 min) 89.1

“MLM CD-1: Mouse (CD-1) liver microsome. P450-NADPH: Cytochrome P450 monooxigenase - Reduced

nicotinamide adenine dinucleotide phosphate. ‘HLM: Human liver microsomes. “UGT-enzymes (UDPGA):

Uridine Glucuronosyl-Transfererase (Uridine diphosphate glucuronic acid).
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5.6. Conclusions
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Herein, we have evaluated the biological activity of the three synthesised series (1-3)
against three kinetoplastid parasites (i.e., 7. brucei, T. cruzi and L. donovani) and the
urogenital parasite 7. vaginalis. Furthermore, unspecific cytotoxicity against three
different mammalian cell lines (i.e., HEK, L.929 fibroblasts and THP-1) was tested and the

selectivity indexes were determined.

Series 1 showed activity against 7. brucei only, with ECso values in the micromolar range
(5.71 to 78.5 uM) and selectivity indexes (SI) in the range 1.3 to >35. Chlorine derivative
1c was the most active and selective from this series. The potencies of this compound
series against both wild-type (WT) and pentamidine-resistant (B48) strains were in the
same range. The cytotoxicity evaluated against HEK cells and L929 fibroblasts showed
that the bis(imidazolidin-2-amino) derivatives are non-toxic to mammalian cells as was
previously observed.?® 4+ 4 With regard to Leishmania, compound 1g was the only one
that was active (ECso = 7.64 uM) against promastigotes of L. donovani. Finally, the whole

series was inactive against 7. cruzi and 7. vaginalis.

Series 2 displayed micromolar activity on 7. brucei whereas it was mainly inactive against
T. cruzi and Leishmania parasites. Hence, the replacement of the 2-aminoimidazoline
groups by 2-aminobenzimidazole heterocycles did not improve the activity against the
parasites Leishmania (promastigotes and amastigotes) and epimastigotes of 7. cruzi with
respect to lead I as hypothesised. Compound 30 was the sole compound to show
leishmanicidal effect against promastigotes (ECso = 8.67 uM), albeit with a poor selectivity
(SI = 1.6). Thus, a general cytotoxic effect could be related to the leishmanicidal activity
of 30. The rest of this series showed disparate cytotoxicity values against HEK and THP-
1 cells. Furthermore, only 34 (ECso = 33.2 pM) had weak trichomonacidal efficacy with
poor selectivity (CCso = 50 uM).

Series 3 compounds are very potent inhibitors of 7. brucei, T. cruzi and Leishmania
growth, with adequate selectivity. The unsubstituted compounds 3a, which is the closest
analogue of I, proved to be the best antiparasitic compound with submicromolar activity
and high selectivity against these 3 kinetoplastid parasites. Compound 3h (ECso (wt)=0.12
uM, SI = 118) emerged as another good candidate against 7. brucei. In contrast, 3e (but

also 3a, 3b, and 53) displayed better activity and selectivity against intracellular
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amastigotes of 7. cruzi (ECso (amastigote) = 0.26, 1.28, 0.58, and 1.26 uM, respectively). As
regards to L. donovani, 3a, 36 and 53 (and also 3e) can be considered as new

antileishmanial lead compounds.

In summary, compound 3a appears as a new lead compound active in the submicromolar
range against BSF trypomastigotes of 7. brucei, and intracellular amastigotes of L.
donovani and T. cruzi. This compound shows high selectivity indexes against the
mammalian cells tested (i.e., HEK, THP-1, and L929) and it is metabolically stable
towards liver metabolism (i.e., HLM and MLM) and in human serum. Therefore, 3a is a

good candidate to perform further in vivo assays.
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6. Chapter 6: Drug delivery of compound 3a using nanostructured lipid carriers.

6.1. Introduction

6.1.1. Drug delivery systems using nanoparticles

Nano delivery systems are a relatively new but rapidly evolving science that utilizes
materials at nanoscale level. These systems are used not only as diagnostic tools but also
to deliver therapeutic agents to specific target sites in a controlled manner." 2
Nanotechnology offers multiple benefits in treating chronic human diseases by site-
specific and target-oriented delivery of precise medicines (e.g., antifungal,® anti-HIV,*
antineoplastic drugs,’ etc.).! Drug delivery systems based on nanoparticles (NP) have been
successfully employed in the delivery of drugs to its target sites, largely based on
enhancing the solubility, absorption, bioavailability, and controlled-release of drugs.®

Other advantages of such systems include a high drug payload, an extended drug half-life,

and an improved therapeutic index along with reduced immunogenicity and toxicity.’

Nanostructured lipid carriers (NLC) are versatile nanoparticles made of a mixture of solid
lipid, liquid lipid and an aqueous phase containing a surfactant or a mixture of surfactants.
They form a lipid matrix that can be loaded with both lipophilic and hydrophilic drugs
(Figure 1).2 8 NLC present several advantages: their production is relatively simple and
scalable, they have long-term stability and they can be sterilized by filtration. Furthermore,
NLC can be administered by different routes (e.g., oral, transdermal, ocular, intranasal,
intravenous) and show very favourable toxicity profiles.>? NLC are a second generation of
lipid carriers that lack a definite crystalline structure. They have increased loading capacity
and improved potential of controlled drug release compared to first generation solid lipid
nanoparticles (SLN) which are crystalline nanostructures made of either glycerides or

waxes (or mixtures of both) stabilized by a surfactant.3-10

After endocytosis, the release of the encapsulated bioactive compound from NLC is
believed to occur by simultaneous diffusion from the NLC and degradation of the lipid
particles in the late endosome (Figure 6.1). The in vivo fate of lipid-based nanoparticles
depends on various factors including the particle size, lipid composition and surface

decoration.® The particle size is determinant in the biodistribution because NPs smaller
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than 100 nm are able to escape capture by circulating macrophages. As a consequence,

11-13

they can circulate in the blood for a longer time.
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Figure 6.1: a) Folate receptor-mediated endocytosis of NLC folate-drug conjugates. The NLC folate-drug
conjugate is taken up into cells by binding of folate to the folate receptor. Invagination of the plasma
membrane results in receptor mediated endocytosis. The action of lipases of the endosome results in
dissociation of the drug cargo and the folate receptor is recycled to the cell surface once more. b) Design of

NLC covered with folate residues (Adapted from Curr. Med. Chem. 2018, 25, 2675-2708).1

Several examples of application of NLC to the delivery of leishmanicidal drugs have been
reported.’>!7 For instance, NLC were used to deliver a diselenide leishmanicidal
compound in a mouse model of visceral leishmaniasis. In this study, the authors showed
that is was possible to control the release of the associated cargo by modification of the

NLC lipid matrix.'®

During the course of this thesis, different families of DNA MGBs were synthesised and
tested against different kinetoplastid parasites. Several compounds showed in vitro activity
against the trypanosomatid parasites L. donovani, T. cruzi and T. b. brucei. As mentioned
in Chapter 1 & 5, a compound targeting the kDNA of Leishmania or T. cruzi will have to
cross 4 membranes to reach its biological target (i.e., host cell plasma membrane,
parasitophorous vacuole membrane,!® Leishmania plasma membrane, and mitochondrial
membrane). Hence, we envisioned the use of NLC to improve the delivery of these

kinetoplast-targeting compounds to the intracellular Leishmania parasites. Compound 3a,
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which was the most active and selective compound against L. donovani (see Chapter 4 &

5), was chosen as the cargo to be inserted in a nanostructured lipid carrier.

The synthesis of nanoparticles presented in this chapter, was carried out in collaboration
with Dr. Ana Gonzélez Paredes and her research group, at the Medicinal Chemistry

Institute — CSIC.
6.1.2. Role of macrophages in Leishmania infection

Macrophages are specialized phagocytic cells that attack external agents such as infectious
microbes (e.g., parasites) and cancer cells.?’ They are originated by the differentiation of
blood monocytes (leaving the circulation and differentiated in different tissues). They have
two main functions: (i) innate or non-specific immunity and (ii) adaptive specific-
immunity. Macrophages are divided into two categories: pro-inflammatory or traditionally
activated macrophages (M), and anti-inflammatory or alternatively activated
macrophages (Mz). M1 macrophages are immune effector cells that are aggressive towards
microorganisms and have a greater ability to engulf and digest damaged cells, whereas M»
macrophages help with wound healing, tissue repair, and immune system activation by

generating anti-inflammatory cytokines.’

Macrophages are important in the course of leishmaniasis infection because resident
macrophages of reticulo-endothelial organs such as the spleen and the liver serve as safe
havens for Leishmania amastigotes in the mammalian hosts.” 2! Leishmania promastigotes
have proven to survive and be able to proliferate within the phagolysosome of
macrophages, by differentiating into amastigotes (See Chapter 1). It is this amastigote form
which is able to escape from the host cell and reinfect other cells (e.g., macrophages,
dendritic cells, fibroblasts, etc). Hence, amastigotes are the main form responsible for

spreading the disease and they are accountable for acute disease and chronic infections.?!

22

Leishmania amastigotes are able to internalize both low molecular weight molecules and
large macromolecules to fulfil their nutritional requirements. Low molecular weight

substances are acquired via plasma membrane transporters, used also for the transport of
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cations (Fe*", Mg?"), as well as the phagolysosome membrane transporters. In the case of
g phagoly p

large macromolecules, they are internalised by endocytosis.?% 2!

As macrophages are key to the Leishmania life-cycle, a targeting approach that uses
macrophage’s ability to internalize specific biomolecules (e.g., folic acid) appeared as a

promising strategy to improve the delivery of anti-leishmanial compounds to the parasite.

6.1.3. Folic acid receptor as a target for drug delivery of DNA minor groove

binder drugs to Leishmania parasites

Activated macrophages show an over-expression of the folic acid receptor, named folate
receptor-f3 (FR-B), which has high affinity for folic acid (FA). Therefore, folate-based NPs
can be exploited to target therapeutic agents (e.g. leishmanicidal drugs) to activated
macrophages; NPs functionalized with FA are effectively internalized by macrophages by
receptor-mediated endocytosis, without promoting their uptake by other healthy cells and
tissues.” We rationalized that FA-based NLC loaded with compound 3a would be taken up
effectively in macrophages, which should increase its absorption in the target cell (i.e.,
Leishmania amastigotes). Once internalized into the macrophage, the drug must be

released effectively in order to act on the therapeutic target.'

As part of this research work, we decided to prepare nanoparticles targeting the folate
receptor, which is present in the macrophages. The aim was to improve the cellular

penetration of lead compound 3a, therefore its activity and selectivity against Leishmania.

6.2. Methods

6.2.1. Synthesis of Nanostructured Lipid Carriers

As a first step, NLC were prepared with compound 3a loaded inside the lipid matrix. Due
to the use of octadecylamine in their composition, NLC expose free amine residues on its
external surface. These amines are able to react with carboxylic acids (e.g., folic acid) and

form covalent bonds, resulting in NLC conjugates that carry folate residues (Figure 6.2).
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Figure 6.2: Composition of nanostructured lipid carriers (NLC) consisting of solid lipid (yellow), liquid
lipid (oil, pink), drug, surfactant and aqueous phase (Adapted from Molecules 2022, 27, 289)*

Nanostructured lipid carriers (Figure 6.2) were synthetized using a microwave reactor by
a modification of the warm microemulsion method previously described.?* Briefly, all
components shown in Table 6.1 were weighted in a microwave tube. The reaction was
carried out in a microwave reactor (Biotage® Initator®) at 68 °C for 20 minutes, obtaining
a clear microemulsion. This was dispersed in water at the same temperature (68 °C) at a
ratio 1:20 (v/v) under magnetic stirring (1250 rpm), then it was left to cool down under

magnetic stirring. A temperature < 25 °C was achieved after 30 minutes.

Obtained NLC dispersion were then washed 3 times by tangential flow filtration (TFF),
using this technique also for NLC concentration by volume reduction up to 10 mL. In the
case of NLC synthesized for later functionalization, NLC dispersion was only concentrated

by tangential flow filtration (TFF) until reduction of initial volume to 10 mL.
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Table 6.1: Microemulsion composition for the synthesis of NLC

Blank formulation

Loaded formulation

Component
(mg) (mg)
Lauroglycol 90 20 20
Sunsoft 750C (GML) 60 60
Lipoid S75 54 54
Octadecylamine 6 6
Tween 20 100 100
Myrj S40 20 20
Compound 3a 1.5 -
H>0 milliQ 890 890

The physicochemical characterization of NLC was carried out using a Zetasizer nano ZS90
(Malvern Panalitical, UK). The Hydrodynamic diameter and polydispersity index (PDI) of
blank and loaded NLC were assessed by photon correlation spectroscopy (PCS). All
measurements were performed in triplicate at room temperature. The determination of zeta
potential, NLC’s surface charge, were carried out by electrophoretic Light Scattering
(ELS) by NLC dilution in sodium chloride 100 mM (1:50) prior to the analyses. Each

sample was analyzed in triplicates at room temperature.

6.2.2. Determination of the encapsulation efficiency of 3a

The concentration of 3a in loaded-NLC was determined before and after the purification
process via HPLC-MS analysis using a SunFire C18 3.5 pm 2.1 x 50 mm column. The
chromatography was carried out at a flow rate 1 mL/min, using a gradient of
water/acetonitrile (containing 0.02 % formic acid) from 95/5 to 5/95 in t = 5 minutes. A
calibration curve was obtained by dissolving 3a in ethyl acetate and diluting it in

acetonitrile at different concentrations (1 pug/mL — 1 mg/mL). The theoretical
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concentration of compound 3a loaded in the NLC is 170 pg/mL (10 mL of reaction
volume). 3a—NLC analytical samples were prepared by dilution (1:50, v/v) of final NLC
dispersion (0.02 pL), with acetonitrile (0.98 pL) and then filtered with a 0.2 pm
polyethersulfone (PES) filter before analysis. This dilution step is required in first instance
to destroy the NLC and release the encapsulated compound 3a (analyte), using the selected
dilution factor in order to fit the concentration of the analytical samples within the
concentration range of the calibration curve. Entrapment efficiency (EE %) was calculated

using the following formula:

C
EE % = —= x 100
Cpp
where Cap is the concentration of 3a obtained after the purification process, and Cgpis the

concentration of 3a before the purification process.
6.2.3. Functionalization with folic acid

NLC surface was functionalized with folic acid (FA) by covalent linkage to the amine
residues present on the NLC surface.?> 26 For this, folic acid was added in a molar ratio
2:1 with octadecylamine (ODA) in HEPES 1M (pH 7.5 — 8.0) in the presence of N-Ethyl-
N'-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCl) and sulfo-N-
hydroxysuccinimide (sulfo-NHS). The molar ratio between folic acid, EDC and sulfo-
NHS was 1:3:3.3. The reaction was left under magnetic stirring (700 rpm) for 4 hours. At
pre-established time points (0, 1, 2, 3 and 4 hours), a sample was taken (0.5 mL) to evaluate
the incorporation of folic acid. For this, the sample was washed 3 times with Amicon 100
KDa and the zeta potential was measured, because the effective addition of folic acid

should cause an inversion of NLC zeta potential, from positive to negative.

At the end of the reaction, FA-functionalized NLC were purified by washing 3 times by
tangential flow filtration in order to remove the excess reagents. Finally, the sample was

concentrated to obtain a final volume of 10 mL.
The amount of folic acid attached to the NLC was determined spectrophotometrically at

280 nm using a Clariostar Plus Microplate reader with a UV detector. To do so, the FA-
functionalized NLC was destroyed by dilution (1:20, v/v) with a polar solvent (i.e.,
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methanol) in order to release attached folic acid. Then, the concentration of folic acid in
FA-functionalized NLC was calculated with a calibration curve of folic acid in methanol

(1 pg/mL — 42 pg/mL).

6.24. Stability studies

NLC colloidal stability was evaluated on storage at room temperature and in the culture
medium selected for biological studies. For this, measurements of the hydrodynamic
diameter, polydispersity index and zeta potential at preestablished time-points were carried

out during 60 days.

6.3. Results

6.3.1. Nanostructured Lipid Carriers characterization

The synthesized NLC, either loaded with compound 3a or blank, showed particles’
hydrodynamic size around 200 nm with polydispersity index (PDI) values < 0.3, which
indicates quite homogeneous size distribution. As expected, zeta potential was positive

confirming the presence of octadecylamine in the surface.

The incorporation of compound 3a in both loaded (C = 12 uM) and FA-loaded (C = 10
uM) formulations was measured by means of HPLC quantification, showing a small
detriment in the concentration (= 2 uM) due to the functionalization process. However,
these active compound concentrations were >10-fold higher than the ECso value of 3a
against intracellular amastigotes of Leishmania donovani (0.65 uM, see Chapter 5),
indicating that the loading was adequate to carry out the biological assays against

Leishmania.
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Figure 6.3: Monitoring folic acid functionalization process by changes in zeta potential

The incorporation of folic acid on the NLC surface was achieved by incubation of NLC
with folic acid in the presence of EDC and sulfo-NHS at slightly basic pH (7.5 — 8.0).
Optimization of the incubation time needed for completing the functionalization was

determined by monitoring zeta potential during 4 hours.

As shown in Figure 6.3, the addition of folic acid caused an inversion in zeta potential
from positive to negative, reaching a plateau after 2 hours of incubation, whereas the NP
size did not change due to the incubation process. The concentration of folic acid on the
NLC was determined spectrophotometrically (162 + 3 pg/mL). Although this
concentration represented 15% of the initial amount of folic acid used in the incubation
process, it proved to be enough to ensure particle functionalization, as demonstrated by the
zeta potential inversion. Table 6.2 shows in detail the characterization data of the

formulations synthesized.
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Table 6.2: Characterization data of NLC prepared (n = 3—6 = SD)

Size Z potential
NLC type PDI
(nm) (mV)
Loaded 3a-NP 193 £18 0.315+0.035 +35.0+4
Loaded,
folic acid 3a-FA-NP 125+ 18 0.257 £0.022 -16 £2
functionalized
Blank B-NP 160 £ 15 0.289 + 0.024 +33+3
Blank, folic acid
B-FA-NP 131 £ 16 0.263 +0.039 -18+£2
functionalized

NP: nanoparticle: FA: folic acid: B: blank
6.3.2. Storage stability

Blank NLC showed good colloidal stability during 60 days of storage at room temperature.
As shown in Error! Reference source not found., the size did not change over the period
of study, whereas positive zeta potential decreased and, after 40 days, turned negative,
indicating the denaturation of the NLC. The same behavior was observed for NLC loaded
with 3a (Figure 6.4b).

On the other hand, folic acid-functionalized NLC have limited stability, and after 21 days
of storage at room temperature, a yellow precipitate was observed at the bottom of the vial.
Storage at room temperature was selected because the composition of the NLC formulation
contains fatty acids. Hence, storage at lower temperatures could produce a faster
precipitation. However, these are only preliminary results and further studies will be

needed to improve the storage stability of these NPs.
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Figure 6.4: (a) Evolution of size and zeta potential of blank NLC over time at room temperature. (b)

Evolution of size and zeta potential of 3a loaded NLC over time at room temperature.

6.4. Conclusion and outlook

We successfully prepared NLC loaded with compound 3a, the storage stability of which
depends on the decoration of the NPs. Blank NLC were very stable at room temperature
(60 days), whereas folic acid-functionalized NLC displayed limited stability (<21 days).
This storage stability should be taken into account for the sake of biological studies.
However, the ease of synthesis of these NLC is clearly an advantage that can outweigh

this shortcoming.

The biological evaluation of the NCL will be performed at Teesside University (United
Kingdom), in collaboration with Dr. Godwin Ebiloma. The synthesized NLC will be
evaluated against intracellular amastigotes and axenic amastigotes of Leishmania sp. Four
series of NLC are going to be tested: (1) Blank NLC, (2) Blank FA-functionalized NLC,
(3) 3a-loaded NLC and (4) 3a-loaded FA-functionalized NLC. As control, the ECso value

of compound 3a alone will be evaluated.
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7. Chapter 7: Discussion

In this thesis, the synthesis of three new families of asymmetrical dicationic derivatives
(i.e., series 1, 2, 3) with structural characteristics related to the trypanocidal lead compounds
I and II (Scheme 7.1)! was proposed in order to obtain new DNA minor groove binding
molecules active against the intracellular parasites 7. cruzi and Leishmania. Dicationic
compounds have a high ability to interact with DNA? especially to the AT-rich double
strand of DNA. Because DNA MGB are “sequence-selective” and kinetoplastid parasites
have a mitochondrial genome containing a high proportion of AT bases,** this class of

compounds has shown a great promise as anti-kinetoplastid drugs.? >-!!

The rationale behind the chemical modifications proposed was to optimise the access of
these compounds to their intracellular target (i.e., KDNA) through the reduction of their
highly polar character (e.g., by means of pK, reduction and lipophilicity increase). Different
strategies were proposed using the introduction of two halogen atoms' (i.e., Cl or F) or

large isopropoxy groups.

Synthesis and physicochemical characterization of series 1-3

The synthesis of the proposed series 1-3 was carried out using the same diamino precursor
15 obtained by reduction of the dinitro precursor 9 (Scheme 7.1). The latter were prepared
by coupling commercial anilines with the corresponding acid chlorides following the
methodology we had developed previously.! The common diamino precursor 15 was
connected by a coupling reaction with the respective heterocyclic moiety using previously
reported methodologies (i.e., imidazolidine,!? benzimidazolidine! '#) or a new reagent (44)
developed during this research project. The latter proved useful for the synthesis of
bis(arylimidamidines) from poorly nucleophilic (halogen-containing) anilines. Since some
steps involved Boc protected groups, the last step of the synthesis consisted in the

deprotection of the molecules to obtain the corresponding salts of the compounds.
As regards to the ionization state, the synthesized series displayed lower pKa. values than

the unsubstituted lead I (pKa= 9.29).1: 15 This agreed with previous results on analogous

series containing one chlorine atom.! Within the bis(imidazolin-2-imino) series 1, the
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percentage of ionization at pH 7.4 ranged from 85.5 to 98.7% indicating that these
derivatives are mostly dicationic at physiological pH. As stated earlier (Chapter 4), DNA
MGBs tend to be concave in shape, possess several aromatic rings, be cationic in nature
and have the ability to form hydrogen bonds.!® Hence, series 1 compounds fulfil all the
criteria to be good DNA MGBs. In contrast, the bisbenzimidazole derivatives (2a—h, 30,
31, and 34), showed experimental pK. values in the range 2.77-5.93, indicating that the
compounds are mostly neutral at physiological pH. The predicted pK. values for this series
(6.54-7.70) were discordant with the measured values approximately 3 pKa units. This data
evidenced the limits of certain pK, prediction tools for compounds containing a large
number of possible tautomeric states.!” 1* The pK, measurement for the bis(arylimidamide)
derivatives (3a—i, 36, 37, and 41) was troublesome and only six pK, could be measured in
this series due to inconsistent data (i.e., 3d, 41) or the lack of samples to run the analysis
(i.e., 3¢, 3h, 3i, 37). The measured pK, values ranged from 4.76 (3g) — 7.18 (3a), indicating
that this series of compounds is partially charged at physiological pH (percentage of
ionization at physiological pH ranging from 0.2% (3g) up to 38% for 3a).

As a whole, the three series of compounds possessed the basic structural features of MGBs
including positive charges. Even though series 2 compounds did not fulfil this last criterion,
most of the compounds bound to DNA as shown by ATy, values > 5 °C with the (AT)4
hairpin duplex (see below). Hence, the lower in vitro antiparasitic activity of series 2
compounds (see below) may be linked to the lack of cationic character which will decrease

the uptake of the compounds in the parasite’s mitochondrion.
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Scheme 7.1: Summary of the synthetic route to prepare series 1-3.
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DNA binding affinity

The DNA binding affinity of the three series of compounds was determined with different
biophysical methods as reported in Chapter 4. SPR—biosensor assays performed with two
oligonucleotides sequences (i.e., CGAATTCG [“AATT”] and CGCGCGCG [“(CG)+s"]"
proved that compounds of series 1 and a few compounds of series 3 bind selectivity to AT-
containing DNA, as was observed with related molecules.! 2922 In contrast, the chlorine
(3b—e), isopropoxy (3g), and pyridine-based (3h—i) bis(arylimidamide) derivatives showed
unspecific binding which made it difficult to analyse and interpret the obtained data.
Similarly, bis(2-aminobenzimidazole) derivatives (2a—e, 2h, 30, 31, and 34) showed no
binding to AATT or (CG)s oligonucleotide hairpin sequences at the highest concentration
tested (100 puM). As unspecific binding to the chip dextran matrix (2a—h) or
aggregation/precipitation (30, 31, and 34) was observed, we conclude that SPR-biosensor
assays are not adequate to determine the DNA binding affinity of the bis(2-

aminobenzimidazole) class of compounds.

The SPR—biosensor assays on the bis(arylimidamide) derivatives showed that 3a (Kp =
0.58 uM) was the only compound with the N-phenylbenzamide scaffold that bound to the
AT-containing sequence and was selective versus the (CG)s oligonucleotide. The 1,2-

diphenylethane (36), and fluorene (53) derivatives, none of which possess the same central
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scaffold, also bound to DNA. However, 53 was not sequence selective and bound to AT
and GC-containing oligonucleotide with similar Kp values (9.82x10° M and 13x10° M,
respectively). These three compounds (3a, 36, and 53) displayed a binding stoichiometry
(r) of two moles of bound compound per mole of DNA hairpin duplex, which is similar to
lead I and other related bis(imidazolin-2-imine) derivatives.!® 2% 22 These compounds
clearly stabilize the DNA duplex as reported by thermal melting experiments, where the

larger thermal increases were obtained for 53, 36 and 3a, respectively.

As regard of the bis(imidazolin-2-imine) derivatives (series 1), compounds holding
substituents on the phenyl rings were > 2-fold weaker binders than I (Kp = 0.17 uM) as
shown by primary binding constants (i.e., high affinity site) ranging from 0.38 uM for the
dipyridyl derivative 1h to 45 puM for the dichloro analogue 1c¢. On the other hand,
derivatives 1f—h bound selectively to the AATT hairpin sequence with Kp values in the
submicromolar to micromolar range. No binding to the (CG)4 oligonucleotide sequence
was observed up to 100 uM. These results were consistent with previous results obtained
with similar compounds.!-2% 23 Importantly, the relative position and size of the substituents
(i.e., Cl, O'Pr, F) had a clear influence on the binding mode to the minor groove of the DNA
hairpin. We observed that compounds with chlorine (1b, 1d, 1e) or OPr (1g) groups in
position ortho to the amide bond of the scaffold had >40-times weaker binding affinity than
the molecules with the CI atoms next to the 2-aminoimidazoline group (1¢). This may be
due to the conformational restriction and/or steric clash imposed by the presence of chlorine
or O'Pr groups near the amide bridge of the molecule. The fact that the fluorine atoms ortho
to the amide bond (1f) hardly affected the binding to DNA (Kp = 0.55 uM) compared to I
is consistent with the hypothesis that small size groups are preferred in this position. It has
been reported that even small structural changes can affect the DNA binding affinity of
MGBs.?#2¢

Since SPR-biosensor experiments were inconclusive for several compounds of series 2 and
3, thermal denaturation experiments were performed with an (AT)s-containing DNA
hairpin. Significant 7, increases were observed for most of the compounds of series 1-3
indicating that all of these compounds bind to DNA, including the bis(2-
aminobenzimidazole) derivatives 2 (see chapter 4.3.2.3 for a detailed discussion of the

results). For the bis(imidazolin-2-imine) derivatives 1b—h (except 1¢: ATm = 0.9 °C), the
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T'm increases (from 3.1 °C (1g) to 8.2 °C (1h)) were larger than AT, of lead I (1.6 °C)
indicating that the introduction of CI, O'Pr or nitrogen atoms in the scaffold positively
affected DNA binding affinity for these molecules. Similar SAR trends were observed with
the bis(2-aminobenzimidazoles) 2a—e which showed AT, values in the range 4.0-7.0 °C.

The large difference between the value reported for lead I with poly(dA-dT) (AT, =47.1
°C)?” and our value may be attributed to the different oligonucleotide used in both
experiments. DNA containing an A-tract has a narrow minor groove and can bind minor-
groove agents without a significant average change in groove width or local helix axis
bends in solution. In contrast, straight alternating AT sequences (i.e., (AT)4 used in our
assays) require the minor groove to narrow with bending of the helix upon binding minor-

groove agents.’

It has been reported that optimization of the central linker allows two symmetric bis-
benzimidazole motifs to maintain hydrogen-bonded contacts with the DNA minor
groove.!%-28-30 The different T, increases displayed by the planar fluorene derivative 34, the
urea-bridged (31) or the ethylene-bridged scaffold (30) with respect to 2a may reflect this

trend.
Mode of binding to DNA

The determination of the mode of binding of compounds from series 1-3 was studied by
circular (CD) with the (AT)s oligonucleotide and flow linear dichroism (LD) with
unspecific DNA. For the bis(imidazolin-2-imine) derivatives (I, 1b—h) and the
bis(arylimidamide) 3a, a substantial positive induced CD signal was observed at =~ 300—
320 nm at 25 °C, which is characteristic of MGB. Compound 3a had also shown by LD
experiments a positive induced band at 310 nm, been indicative of binding the DNA minor
groove. It was also observed by UV-Vis experiments that 3a has a different binding mode

than series 2 derivatives.

Additionally, a weak induced CD signal was perceived for 3b, 3g—i, 37, and 53. In contrast,
the bis(2-aminobenzimidazole) series displayed no (2a—d, 2h) or an insignificant induced
CD signal (2e, 30, 31, 34), which could be related to the lower number of hydrogen-bond
contacts with the floor of the DNA minor groove for these uncharged analogues.?®

According to the UV titrations results, where a pronounced hypochromic effect was
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observed — being different to the slight hypochromic effect observed for the MGB 3 —, this
could also indicate that the bis(2-aminobenzimidazole) compounds have a different mode
of binding to DNA (e.g., intercalation or mixed MGB/intercalation). However, further

experiments will be needed to confirm these findings.

To investigate further the mode of binding to DNA, LD spectra were recorded with two
representative compounds from series 1 and 3 following the protocol reported in the
literature.?!> 32 Titration of natural DNA (salmon testes) with compounds 1e and 3a were
recorded at 1:1 and 1:5 Bp/Drug ratios. Positive induced LD signals were observed at 310
nm (where the DNA does not absorb) indicating that compounds 1e and 3a bind to the
minor groove of DNA. These results were consistent with the data obtained by SPR and

CD experiments with specific AT-containing DNA.

The 'H-NMR experiments also confirmed that compound 3a binds selectively to the minor
groove of the (AT)4 oligonucleotide, interacting with the NH; of the adenine bases, even at
low concentration of ligand. This interaction appears to increase the stability of the DNA

duplex as was observed in the melting studies performed by 'H-NMR.

Crystallographic studies were performed using five different AT-containing
oligonucleotides [i.e., d(CGAATTAATTCG), d(AATAATTATT),
d(CGCAAATTTGCG), d(AAATATATTT) and d(ATTAATTAAT)] to elucidate the
mode of binding of the compounds at atomic resolution. Crystallization experiments were
conducted using four compounds (1¢, 1g, 3a and 36) from the bis(imidazolidin-2-imines)
and bis(arylimidamides) series that showed good DNA binding affinities in the preliminary
biophysical studies. Crystals were obtained with compounds 1¢, 3a and 36 and the X-ray
diffraction was performed at ALBA synchrotron. However, we were not able to elucidate

any structure so far.

The docking studies carried out with series 3 derivatives using the crystal structure of I
complexed with d(AAATTT), (PDB: 5LIT)?* 33 showed that 3a fits the minor groove of
the d(AAATTT); oligonucleotide in a similar way as lead 1.2° The presence of the central
H-bond between the amide NH of the scaffold and the carbonyl of thymine T4 is, in some

way, director of the fitting inside the minor groove. Compound 3a interaction with the
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minor groove of the DNA duplex is characterised by the presence of a strong H-bond (1.95
A) between the amide NH of the N-phenylbenzamide scaffold (H44) and the oxygen
(O434) of thymine 4 residue. It shows m — 7 stacking interaction (ring-to-ring distance of
5.16 A) between the phenyl ring of the scaffold and the adenine residues, and three aromatic
H-bond interactions (0434-H45, 1.57 A), (0314-H43, 2.79 A) and (0469-H37, 2.77 A).
Of note, these interactions were observed with 3a only; regardless all of the proposed
compounds present the same aromatic scaffold. Therefore, these stabilizing interactions
may explain the potent DNA minor groove binding affinity of 3a. The elucidation of the
crystal structure of 3a complexed with AT-containing oligonucleotides would answer this

question.
Biological evaluation

The three families of derivatives (i.e., series 1, 2, 3) were tested against the kinetoplastid
parasites 7. brucei, T. cruzi and L. donovani, and against the urogenital parasite 7.
vaginalis. Unspecific cytotoxicity against three different mammalian cell lines (i.e., HEK,
L929 fibroblasts and THP-1) was also tested in order to determine the selectivity indexes.
The introduction of two substituents (i.e., Cl, F, O'Pr) or N atoms in the scaffold of the
bis(imidazolidine-2-imine) series 1 did not improve the in vitro antiparasitic activity against
T. brucei, T. cruzi or Leishmania with respect to lead I or the mono-chlorinated analogues
reported earlier.! Series 1 compounds showed ECso values in the micromolar range and
selectivity indexes (SI) in the range 1.3 to >35. Thus, this chemical modification appeared
to bring no advantage versus the introduction of one chlorine atom in the N-
phenylbenzamide scaffold. From this series, the chlorine derivative 1¢, which was the most
active and selective against both wild-type (WT) and pentamidine-resistant (B48) strains,
was approximately 7-times less potent than I against 7. brucei. Importantly, the cytotoxicity
assays against HEK cells and L929 fibroblasts showed that the bis(imidazolidin-2-amino)

derivatives are non-toxic to mammalian cells as was previously observed.!27-34

The replacement of the 2-aminoimidazoline groups by 2-aminobenzimidazole heterocycles
afforded series 2 compounds that were active in the micromolar range against 7. brucei but
also more cytotoxic, resulting in lower SI than series 1 compounds. None of series 2
compounds showed activity against 7. cruzi or L. donovani, except 30 which had marginal

activity against promastigotes of L. donovani (ECso = 8.7 uM), albeit with low selectivity
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(SI = 1.6). For lead I, the effect of replacing the 2-aminoimidazoline rings with 2-
aminobenzimidazole heterocycles was even more dramatic with a 100-fold lower activity
against 7. brucei for analogue 2a (85.6 uM) with respect to I (0.83 uM). Interestingly, the
main SAR results seem to apply for both series 1 and 2. For instance, the effect on the anti-
T. brucei activity of incorporating Cl atoms in the scaffold were similar in both series. As
a whole, the chemical modification 2-aminoimidazoline <« 2-aminobenzimidazole
provided no improvement in antiprotozoal activity nor in DNA binding affinity. This is
probably related to the low pK. of these compounds, which will be unionized at
physiological pH and will not accumulate in the mitochondrion of the parasites. This could
finally lead to an insignificant concentration of the drugs, not being able to exert the

pharmacological effect.

In contrast, the bis(arylimidamide) series were very potent inhibitors of 7. brucei, T. cruzi
and Leishmania growth, with excellent selectivity. These results were consistent with the
data reported in the literature for molecules sharing the N-(pyridine-2-carboxamidine)
moiety (i.e., arylimidamide) with different aromatic and heteroaromatic scaffolds.’>%° In
fact, the N-(pyridine-2-carboxamidine) group seems to be a privileged scaffold to obtain
highly potent anti-trypanosomatid compounds that are effective against intracellular forms

of T. cruzi and Leishmania.3% 38 3% 41-47

The bis(arylimidamide) derivatives were very effective in the L. donovani-infected
macrophage assay. Derivatives 3a, 36 and 53 (and also 3h), which display submicromolar
ECso values and SI > 20 against intracellular amastigotes of L. donovani, can be considered
as new antileishmanial lead compounds. Series 3 compounds also showed the best activity
against intracellular amastigotes of 7. cruzi in the submicromolar (3b, 3¢, and 3e) and
single-digit micromolar range (3a, 3g, 53) with SI indexes between 17.3 (3¢) and 399 (3e).
These values are in the same range as bis(arylimidamide) DB766* and show superior
activity and selectivity to analogues modified on the terminal group® (Figure 1.17).
Compound 3e, which is twice as potent as the reference drug benznidazole against
intracellular amastigotes (0.54 uM), can be considered as a new lead compound against 7.
cruzi. Among this series, compounds 3a, 3h, and 3¢ were the most active and selective

against 7. brucei with ECsp < 0.4 uM and SI > 118.
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All of the compounds were tested against the amitochondriate parasite 7. vaginalis because
its genome has a high content in AT base pairs which may potentially be targeted by DNA
MGBs. In previous studies, Crowell et al. showed that aromatic diamidines, which are
dicationic DNA MGBs at AT sites, have potential as antitrichomonal agents with activities
in the micromolar range.*°

Among all the series synthesised in this Thesis, only the bis(2-aminobenzimidazole)
derivative 34 showed a weak trichomonicidal effect (ECso = 33.2 uM) but with poor
selectivity (CCso~ 50 uM). Series 1 and 3, as well as the rest of bis(2-aminobenzimidazoles)
derivatives resulted to be inactive against 7. vaginalis at the highest concentration studied
(100 uM). We do not have an explanation for the lack of trichomonacidal activity of these
compounds which are DNA MGBs. This may be related to a poor uptake of these dicationic
compounds in 7richomonas. In kinetoplastid parasites, cationic compounds accumulate in
the parasite mitochondrion driven by the plasma and mitochondrial negative transmembrane

potential. This will be different in 7richomonas which is an amitochondriate parasite.

We did not observe a correlation between the antiparasite activity of the 3 series and the
DNA binding affinity as determined by thermal melting experiments. However, such
correlation between the cellular activity and the binding affinity for the target depends on
several factors (e.g., cell uptake differences, distinct cellular targets) and is not always easy
to demonstrate. Soeiro and co-workers showed that the trypanocidal activity of
bis(arylimidamide) related to compound DB766 compounds did not correlate with their
binding affinity to Trypanosoma cruzi kinetoplast.’! In their study, they observed that a
strong affinity with kDNA per se was not sufficient to generate and trigger the trypanocidal
activity of the studied diamidines. For lead compound I, we were able to confirm that
kDNA is the cellular target against 7. brucei by evaluating the in vitro and in vivo effect of
the compound by a combination of flow cytometry, imaging techniques, and biophysical
experiments.?’ Work is in progress to try to corroborate KDNA as the cellular target of the

compounds of this Thesis.

As a major result of the biological evaluations, the unsubstituted compound 3a - the closest
analogue of I - proved to be the best antiparasitic compound with submicromolar activity
and high selectivity against these three kinetoplastid parasites, including the intracellular

therapeutically-relevant amastigote forms. Thus, 3a arises as a new lead compound. This
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bis(arylimidamide) derivative shows submicromolar activity against BSF trypomastigotes
of T. brucei, and intracellular amastigotes of L. donovani and T. cruzi. Compound 3a has
also shown high selectivity against the mammalian cells tested and it proved to be
metabolically stable towards liver metabolism (i.e., HLM and MLM) and in human serum.
Therefore, 3a is a suitable candidate to carry out in vivo assays of pharmacodynamics and

efficacy in mouse models of leishmaniasis and Chagas disease.

An attempt to optimize the delivery of this class of kinetoplast-targeting compounds to the
intracellular Leishmania parasites using nanostructured lipid carrier (NLC) was carried out.
Compound 3a, the most active and selective compound against L. donovani, was chosen as
the cargo to be inserted in the NLC. NLC were prepared with compound 3a loaded inside
the lipid matrix, exposing free amine residues on its external surface due to the use of
octadecyl amine. These amino groups allowed the functionalization of the NLC surface
with folate residues that can be recognized by the folate receptor of macrophages. The
incorporation of compound 3a in both blank and FA-loaded formulations

was achieved successfully with compound concentrations >10-fold the ECso value of 3a
(L. donovani amastigotes) in both NLC formulations. A slight loss of 3a loading was
observed with the FA-covered NLC due to the functionalization process. However, the final
loading was adequate to carry out the biological assays against Leishmania, which are

planned in the next months.
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8.1. Conclusions

e Three series of compounds structurally related to I were synthesised

Three new families of derivatives (i.e., series 1-3) structurally related to the dicationic lead
compounds I and II were successfully prepared as potential DNA minor groove binders
and its SAR was studied. The synthetic routes, which were carried out from the same
dianiline precursors for the 3 series, were successful in spite of the poor nucleophilic
character of the starting material dianilines. The synthetic procedure using the classical di-
tert-butyl 2-thioxoimidazolidine-1,3-dicarboxylate (5) was fine-tuned to obtain the
bis(imidazolidin-2-imine) analogues (1b-h) via their Boc-protected synthetic
intermediates (25b—h) whereas the nine bis(2-aminobenzimidazole) derivatives (2a—e, 2h,
30, 31, 34) were successfully synthesised from their isothiocyanate precursors. The most
challenging compounds to synthesise were the bis(arylimidamide) derivatives (3a—e, 3g—
i, 36, 37, 53) for which a new synthetic protocol was developed. This procedure, using the
novel reagent N-(fert-butoxycarbonyl)pyridine-2-carbimidothioate (44), allowed the
access to (electron-poor) halogen-containing bis(arylimidamides) which could not be
obtained via other described synthetic strategies. Hence, this protocol complements the
synthetic toolbox available for the synthesis of this important class of bioactive

compounds.
e Series 1-3 bind selectively to AT-rich DNA

The SPR results allowed to rank the compounds as binders/non binders for series 1 and
most compounds of series 3. The measured DNA binding constants ranged from 0.38 to
55x10% M (series 1) and 0.58 to >100x10° M (series 3). Compounds 3a, 36, and 53
displayed a binding stoichiometry () of two moles of bound compound per mole of DNA
hairpin duplex. For series 2, binding to DNA was not clear from the SPR results due to the
precipitation of the compounds or non-specific binding to the chip dextran matrix. The
SPR experiments also provided an indication of the sequence selectivity of the compounds.
Most of them, except the fluorene derivative 53, did not bind to (CG)4 hairpin indicating

that the compounds are AT-selective like lead compound I.
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Then, different biophysical techniques were used to confirm the DNA binding affinity of
the three series. Thermal melting experiments with the (AT)s-containing DNA hairpin
showed that all of the compounds (series 1-3) stabilize the DNA duplex upon binding. The
Tm increases measured for the bis(imidazolidin-2-imine) derivatives (1) ranged from 3.1
°Cto 8.2 °C versus 1.6 °C for lead I. Bis(2-aminobenzimidazole) 2a—e showed AT, values
in the range 4.0-7.0 °C, indicating that these derivatives also bind to AT-rich DNA. For
the bis(arylimidamide) series, thermal increases ranged from 1.6 to 11 °C, with most of the
compounds (except 3i) showing larger 7, increases than I. These experiments also
confirmed the specificity of binding to AT sequences for this series. The UV-Vis titrations
in the presence of unspecific (salmon testes) DNA confirmed that series 2 compounds bind

to DNA.

Regarding the crystallization studies, crystals were obtained for 1¢, 3a and 36 with
d(AAATATATTT) oligonucleotide further confirming that these compounds bind to AT-
rich DNA. However, no satisfactory diffraction patterns were obtained up to the date of
writing this thesis. Hence, no precise structural information could be gained from these

studies up to now.
e Series 1 compounds and 3a are DNA minor groove binders

The binding mode of series 1-3 was studied using three techniques: CD, LD and 'H NMR.
For series 1, a substantial positive induced CD signal was observed at ~ 300-310 nm upon
complexation with the (AT)s hairpin DNA, which is typically indicative of minor groove
binding. This result was confirmed unequivocally for le using LD experiments with
unspecific DNA. These results were consistent with the SPR data showing AT base-pair

specificity versus CG, and hence, minor groove preference for these ligands.

For series 3, the CD experiments with the (AT)s oligonucleotide showed a substantial
positive induced CD signal at = 320 nm for 3a, indicative of minor groove binding, and a
weak induced CD signal for 3b, 3g—i, 37, and 53. LD experiments with unspecific DNA
confirmed the minor groove mode of binding of compound 3a. "H-NMR experiments also
showed clearly that compound 3a binds selectively to the (AT)s-containing
oligonucleotide, interacting with the NH> of adenine bases, even at low concentration of

ligand.
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In contrast, the mode of binding for the rest of the series (3b—i, 36) was not determined
unambiguously. In particular, the fused ring tricyclic fluorene derivative 53, which is not
AT-selective (as shown by SPR) and displays the largest stabilization effect upon binding
to DNA (AT, = 11.0 °C), may have a mixt mode of binding. This was shown earlier with
similar guanidinium compounds that have the ability to bind to the minor groove of certain

DNA sequences and intercalate to others.!
e Serie 2 mode of binding to DNA remains to be determined

The bis(2-aminobenzimidazole) compounds displayed none (2a—2d, 2h) or minor induced
CD signal (2e, 30, 31, 34) in the experimental conditions used for the thermal assays.
However, since the spectral window used in these experiments was not optimal (230-320
nm) to observe the induced CD band, further experiments will be needed to get a better

understanding of the binding mode of this series.

For compound 2a, which showed a 71, increase of 4.9 °C with the (AT)s hairpin and none
with the (CG)s oligonucleotide, the intercalative mode of binding — which is sequence-
independent — does not seem probable. Hence, 2a is probably a MGB although further

experiments will need necessary to corroborate this hypothesis.

e Bis(imidazolidin-2-imines) (1) and bis(arylimidamides) (3) are (di)cations whereas

bis(2-aminoimidazole) (2) are uncharged at physiological pH

The measured pK. values for bis(imidazolidin-2-imine) series (1) are > 8, indicating that
they are mostly dicationic at physiological pH (85.5 to 98.7%). Calculated logP ranged
from 1.82 to 3.89. Bis(arylimidamide) derivatives show pK, values in the range 4.76—7.18,
with percentages of ionization at pH 7.4 from 0.2% (3g) to 38% for 3a. Calculated logP
values were in the range 2.21-5.15. Bis(2-aminobenzimidazole) derivatives have lower
pKa values in the range 2.77-5.93, indicating that the compounds are mostly neutral at

physiological pH. This series has the highest calculated logP values (4.3-7.24).

The cationic nature of the molecule is an important feature of DNA MGB but it is not
critical for DNA binding. In fact, we did not observe any correlation between the pK, and
the DNA affinities (A7m). For example, series 1-3 display different ionization states at pH
7.4 and they all bind strongly to AT-rich DNA.
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On the other hand, the cationic nature of these compounds seems important for their
antiparasitic activity because cationic compounds accumulate to high levels into the
mitochondrion of kinetoplastid parasites. This accumulation depends in part on the charge
and the lipophilic character of the molecule. A subtle equilibrium between the charge, the
lipophilicity and the DNA binding affinity seems to determinate the in vitro antiparasitic
activity of the compounds. This is in illustrated with the bis(2-aminobenzimidazoles) 30
and 31, for example, which have similar pK, (5.64 and 5.93), logP (7.24 and 6.23), and
DNA binding affinities (A7Twm = 6.1 and 7.0 °C, respectively) but very different in vitro
activity against 7. brucei (ECso = 2.3 and 57.1 uM) and L. donovani promastigotes (ECso
= 8.67 and >200 uM, respectively).

e Bis(imidazolidin-2-imines) 1 and bis(2-aminobenzimidazoles) 2 are active against

brucei in vitro

Series 1 and 2 showed moderate activity against wild-type and pentamidine-resistant
strains of 7. brucei with ECso values in the micromolar range (5.71-78.5 uM and 1.68-
88.6 uM, respectively) and modest selectivity indexes (SI) in the range 1.3 to >35 (1) and
>1.2 to 12.8 (2). The cytotoxicity evaluated against HEK cells and L929 fibroblasts
showed that the bis(imidazolidin-2-imine) derivatives and, to a lesser extent, the bis(2-
aminobenzimidazole are non-toxic to mammalian cells.

With regard to Leishmania, compounds 1g and 30 were the only compounds that were
active (ECso = 7.64 and 8.67 uM, respectively) against promastigotes of L. donovani. The
whole series were inactive against 7. cruzi and 7. vaginalis. Hence, the replacement of the
2-aminoimidazoline groups by 2-aminobenzimidazole heterocycles did not improve the
activity against the parasites Leishmania (promastigotes and amastigotes) and
epimastigotes of 7. cruzi with respect to lead I as hypothesised. In fact, all these new

derivatives were less active than I against the three kinetoplastid parastites.

e Bis(arylimidamide) series (3) are very effective antiparasitic agents against the

kinetoplastid parasites 7. brucei, T. cruzi and L. donovani

These compounds are very potent inhibitors of 7. brucei, T. cruzi and Leishmania growth,
with adequate SI. Compound 3h emerged as a good candidate against 7. brucei (ECso (wr)
= 0.12 uM, SI = 118) and L. donovani amastigotes (ECso = 0.55 uM, SI = 20.3).
Chlorinated compounds 3e (ECso = 0.26 uM, SI = 399) and 3b (ECso = 0.58 uM, SI =
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77.3), and the fluorene analogue 53 (ECso = 1.26 uM, SI = 47.5) displayed the best
activities and selectivity against intracellular amastigotes of 7. cruzi. As regards to
intracellular amastigotes of L. donovani, 3a, 36 (ECso = 1.1 uM, SI > 45), and 53 (ECso =

0.98 uM, SI = 47.4) can be considered as new antileishmanial lead compounds.

e Compound 3a is an AT-selective MGB active against extracellular (7. brucei) and

intracellular parasites (7. cruzi and L. donovani)

The unsubstituted compound 3a, which is the closest analogue of I, was the best
antiparasitic compound with submicromolar activity and high selectivity against these
three kinetoplastid parasites. Compound 3a appears as a new lead compound active in the
submicromolar range against BSF trypomastigotes of 7. brucei (ECso = 0.40 uM, SI> 500)
and intracellular amastigotes of L. donovani (ECso = 0.65 uM, SI > 76.9) and T. cruzi
(ECso =1.28 uM, SI = 69.6). This compound shows high selectivity indexes against the
mammalian cells tested and it is metabolically stable towards liver metabolism (i.e., HLM
and MLM) and in human serum. Therefore, 3a is a good candidate to perform further in

VIVO assays.
e Series 1-3 are inactive against 7. vaginalis

All of the compounds were tested against the amitochondriate parasite 7. vaginalis because
its genome has a high content in AT base pairs which may potentially be targeted by DNA
MGBs. Only one compound (34, ECso = 33.2 uM) among the three series had weak
trichomonacidal efficacy with poor selectivity (CCso = 50 uM). We do not have an
explanation for the lack of trichomonacidal activity of these compounds which are DNA

MGBs.

e The effect of the N-phenylbenzamide scaffold modification on the antiprotozoal

activity depends on the series

For series 1, the introduction of Cl, OPr, pyridine rings, 1,2-diphenylethane,? or 1,3-

diphenylurea? did not improve the antikinetoplastid activity of compound I.

For series 2, modification of the N-phenylbenzamide scaffold with C1, O'Pr, pyridine rings,
1,2-diphenylethane, fluorene or 1,3-diphenylurea led to up to 50-fold increase in anti-7.

brucei activity with respect to the unmodified N-phenylbenzamide analogue 2a.
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For series 3, the introduction of pyridine rings in the scaffold (3h) increase the anti-T7.
brucei and antileishmanial activity very efficiently, as was shown earlier with diamidines.?
The substitution of the N-phenylbenzamide scaffold with two lipophilic groups such as
chlorine atoms (3b, 3¢, 3e) or O'Pr groups (3g) appears as a good strategy to improve the
activity against intracellular amastigotes of 7. cruzi and Leishmania parasites. The fluorene
(53) is another interesting scaffold which displayed excellent activities and selectivity
against intracellular amastigotes of 7. cruzi, whereas the 1,