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Abstract

De Souza e Silva, Alessandra Carvalho; Cukierman, Daphne Schneider (Co-
Advisor); Rey, Nicolas Adrian (Advisor). Further development of the new
generation of N-acylhydrazones containing the 1-methylimidazole group
and their evaluation against models of endocrine and neuroendocrine
aggregopathies. Rio de Janeiro, 2024. 139p. Tese de Doutorado -
Departamento de Quimica, Pontificia Universidade Catdlica do Rio de
Janeiro.

Both Alzheimer’s disease (AD) and type-2 diabetes mellitus (T2DM) are
considered metal-enhanced aggregopathies, in which the anomalous interactions
between copper(ll) and the AP and IAPP peptides, respectively, lead to protein
misfolding, aggregation and oxidative stress. In this scenario, our research group
proposed the wuse of 1-methylimidazole-containing N-acylhydrazones as
metallophores, aiming to compete with the interaction of this metal ion with
amyloidogenic proteins, intervening in the process of aggregation and restoring
metal homeostasis. In the present work, two new compounds of this series were
proposed, based on the structure of mescaline and nicotine: X1TMP and X1NIC.
The first was evaluated in biophysical models of AD using the AB1-40 peptide and
its fragment APi.16 and was compared to its unsubstituted analogue X1Benz.
X1INIC, on the other hand, was synthesized separately as its (E) and (Z) isomers,
and they were in turn studied using the coordinating hlIAPP1s-2> fragment in the
context of T2DM. X1TMP and X1Benz were both able to lessen the copper-
mediated production of ROS and prevent AP aggregation in the presence and
absence of this metal. The formation of ternary species with different stabilities
was clearly demonstrated for the studied compounds in both AD and T2DM
systems using different techniques. In the case of T2DM, however, only X1NIC-
(E) seemed able to remove copper(ll) from hlAPP1g.2, at ligand excess conditions,
which is consistent with its higher affinity for this ion. It is worth mentioning that
all tridentate hydrazones [X1TMP, X1Benz and X1NIC-(E)] presented similar,
moderate, apparent affinity constant values, while X1INIC-(Z) had a weaker
interaction with copper since it performs as a bidentate ligand. In general, these
new compounds demonstrated promising metallophoric activity and proved ability

to interfere with the anomalous copper-peptide interactions. It is possible that the



ternary species are enough to partially passivate the metal, avoiding deleterious
redox cycling effects.
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Resumo Expandido em Portugués

De Souza e Silva, Alessandra Carvalho; Cukierman, Daphne Schneider; Rey,
Nicolds Adrian. Desenvolvimento adicional da nova geracdo de N-acil-
hidrazonas contendo o grupo 1-metilimidazol e sua avaliacdo contra
modelos de agregopatias enddcrinas e neuroendocrinas. Rio de Janeiro,
2024. 139p. Tese de Doutorado - Departamento de Quimica, Pontificia
Universidade Catolica do Rio de Janeiro.

O termo agregopatia é utilizado para definir doencas relacionadas ao
dobramento incorreto e consequente agregacdo patolégica de proteinas. A doenca
de Alzheimer (DA) caracteriza-se pela agregacdo do peptideo B-amiloide (Ap),
enquanto o diabetes mellitus tipo 2 (DMT2) esta relacionado ao polipeptideo
amiloide das ilhotas pancreaticas (IAPP). O dobramento defeituoso de proteinas e
peptideos leva a formacao de oligbmeros sollveis e toxicos, que eventualmente
acarretam morte celular. Além disto, ambas doencas apresentam uma componente
enddcrina (ou neuroenddcrina no caso da DA), devido ao papel da insulina em
suas fisiopatologias. Uma vez que a interacdo entre certos ions metalicos, como
cobre(ll), e determinados peptideos é considerada uma das causas agravantes da
agregacdo proteica, busca-se impedir ou atenuar as interacdes andmalas metal-
proteina através da utilizacdo de metal6foros hidrazénicos. Estes sdo compostos
com afinidade moderada por biometais, desenvolvidos com o intuito de restaurar a
homeostase metalica e reduzir o estresse oxidativo presente nestas doencas. Neste
contexto, o presente trabalho descreve o desenvolvimento de dois novos
metaléforos cujas estruturas foram inspiradas em moléculas que se ligam a
receptores celulares: X1TMP (1-metil-1H-imidazol-2-carboxaldeido 3,4,5-
trimetoxibenzoil hidrazona), baseado na mescalina, que se liga seletivamente a
receptores cerebrais, e XINIC (1-metil-1H-imidazol-2-carboxaldeido nicotinoil
hidrazona), pensado com base na estrutura da nicotina, que apresenta receptores
funcionais nas ilhotas pancreaticas e em células 3. Na primeira parte do trabalho,
avaliou-se o potencial metaloforico do X1TMP frente a modelos biofisicos de
DA, utilizando o peptideo APis0 € seu fragmento coordenante APi-s,
comparando-o com seu derivado ndo-substituido X1Benz (1-metil-1H-imidazol-

2-carboxaldeido benzoil hidrazona). Os valores de log P calculados e



experimentais foram semelhantes para ambos e dentro da faixa ideal e, de maneira
geral, todos os pardmetros fisico-quimicos avaliados estdo de acordo com as
diretrizes para farmacos orais direcionados ao sistema nervoso central. A partir do
método de Job, foi verificado que ambas hidrazonas apresentaram interacdo com
cobre(ll) com estequiometria do tipo ML. Os valores aparentes de log K foram de
5,74 £ 0,15 e 5,87 £ 0,11 para X1 TMP e X1Benz respectivamente, indicando que
a presenca das metoxilas ndo influencia na estabilidade do complexo formado.
Ambos 0s compostos foram capazes de diminuir a producéo de espécies reativas
de oxigénio pelo sistema Cu(AP) sob condi¢des pseudo-fisiolégicas, com o
X1TMP sendo ligeiramente mais eficaz do que o X1Benz. Além disto, as
hidrazonas foram capazes de inibir a agregagdo de Ap em condigdes equimolares
na presenca e, surpreendentemente, na auséncia de cobre(ll). Utilizando a técnica
'H-1N HSQC foi possivel verificar que o X1Benz interage diretamente com o
peptideo, o que justifica o efeito observado. Por outro lado, a inibicdo da
agregacdo mediada por cobre pode ocorrer através da formacdo de um complexo
ternario, como evidenciado por experimentos de *H NMR. Na segunda parte do
trabalho, estudou-se o efeito do XINIC no modelo de DMT2. Entretanto, uma
mistura de estereoisbmeros geométricos foi obtida durante a sintese, o que
direcionou o estudo para comparacdo desses isbmeros, € como ambos interagem
com o sistema Cu?*—~hIAPP. Uma vez purificados e caracterizados, determinou-se
experimentalmente os valores de coeficiente de particdo octanol-agua
respectivamente como 0,62 + 0,01 e 0,87 = 0,02 para X1NIC-(E) e X1INIC-(2).
Mais uma vez a afinidade aparente ligante-metal foi determinada, com valores de
log K = 5,82 + 0,16 para o isdbmero tridentado (E) e 5,04 £ 0,04 para o isdbmero
bidentado (Z). O fragmento coordenante hlAPP1g> foi utilizado para avaliar a
interacdo do peptideo com o cobre(ll) e o efeito dos ligantes neste sistema.
Através de experimentos de RMN de alto campo, a coordenacdo do tipo N3O foi
confirmada para o peptideo, evidenciando a histidina como sitio de ancoragem do
metal. Ambos os isébmeros formaram complexos ternarios, embora com
estabilidades diferentes, conforme demonstrado tanto por RMN quanto por
voltametria ciclica. Por outro lado, a adicdo de um excesso de X1INIC-(E) se
mostrou eficaz na remoc¢édo de cobre ligado ao peptideo, enquanto 0 mesmo néo
foi observado para X1INIC-(Z), evidenciando a necessidade de um sitio tridentado

para uma boa acdo metaloforica por parte destes ligantes. Vale ressaltar que



provavelmente os préprios complexos ternarios sejam capazes de parcialmente
neutralizar os efeitos deletérios relacionados a quimica redox do metal. O presente
trabalho complementa o conhecimento acerca da nova geracdo de metal6foros
hidrazénicos contendo 1-metilimidazol, trazendo novas perspectivas para suas

aplicagdes em futuros trabalhos direcionados tanto para DA quanto para o DMT2.

Palavras-chave

N-acil-hidrazonas; cobre(ll); doenca de Alzheimer; diabetes mellitus tipo 2.
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" A scientist is not a person who gives the right answers;
they are one who asks the right questions.” (Claude Leévi-Strauss)



1. Introduction

1.1. Protein aggregation

Proteins are composed of amino acids that are linked together through
peptide bonds and are responsible for numerous essential functions in the
organism. In a physiological environment, they participate in the construction of
cellular architecture, in defense and signaling systems, in the transport of
molecules, among other functions (Contessoto et al., 2018).

Under pathological conditions, the native structure of proteins may undergo
alterations such as aberrant folding, which has been associated with the
development of diseases often referred to as aggregopathies (Hartl, 2017). Protein
misfolding leads to the formation of different types of aggregates that, in turn,
may induce cellular death and, consequently, organ malfunction. Examples of
such pathologies are Alzheimer’s (AD) and Parkinson’s diseases, as well as type 2
diabetes mellitus (T2DM), certain forms of heart disease and cancer, among others
(Almeida et al., 2010).

Changes in the native conformation of a protein can occur from different
factors, which impair its stability. The loss of the conformational stability of a
protein results in partial unfolding and transformation of the a-helix structure into
a B-sheet, due to hydrophobic interactions and hydrogen bonds between amino
acids (Kopito, 2000).

The resulting structures can usually be characterized as amyloid or non-
amyloid aggregates. The first exhibits a structure organized into parallel or anti-
parallel B-sheet-rich fibers and can be distinguished from other types of
aggregates based on colorimetric tests using Congo red dye, in which amyloid
aggregates show a green birefringence under polarized light (Chiti & Dobson,
2017; Yakupova et al., 2019). The term “amyloid” was first used by the botanist
Matthias Schleiden, who described plant starch. This nomenclature was later used
to describe abnormal macroscopic deposits in the mid-19" century by Rudolf
Virchow, who used a combination of iodine and sulfuric acid to stain these

aggregates in the diseased organs of his patients. Virchow discovered that, like
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starch, the tissues of the organs he analyzed showed a blue color, and were
therefore called amyloid (Makowski, 2009).

According to the guidelines of the International Society of Amyloidosis
(ISA), it was established that the term amyloid is used to define, in general, any
fibrillar structure formed by B-sheets. In addition, the ISA introduced the new
expression “functional amyloid” to better specify the use of the term (Buxbaum et
al., 2022).

The formation of aggregates (Figure 1) is a type of polymerization reaction,
which starts from a nucleation phase, followed by a growth step (Falcéo, 2015), in
which the formed nucleus associates with monomers until the formation of
soluble and toxic oligomeric species (Chiti & Dobson, 2006). Finally, there is the
formation of mature, insoluble fibers after all the monomeric protein in the
medium is consumed (Zapadka et al., 2017). It is currently well accepted that the
oligomeric species that are formed at the beginning of the aggregation process
cause more severe cellular deterioration when compared to insoluble fibers and
aggregates (Huang & Liu, 2020; Lee et al., 2016; Wang et al., 2019).
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Figure 1. Protein aggregation mechanism. (A) Native structure. (B) Beginning of -sheet
formation. (C) Formation of nucleus. (D) Formation of oligomers. (E) Formation of mature fibers.
Adapted from (Theillet et al., 2014).

The protein aggregation mechanism may result from chemical or physical
alterations, in a process highly dependent on certain conditions, such as protein
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concentration, pH, temperature, and also the presence of metal ions (Chiti &
Dobson, 2006; Mabhler et al., 2009; Wang et al., 2010).

Depending on the protein involved and the region of the body affected, there
are different symptomatic manifestations and respective progressions associated
with each disease (Hull et al., 2004; Vilar et al., 2008).

1.2. Alzheimer’s disease (AD)

Alzheimer’s disecase (AD) is a neurodegenerative condition most often
related to advanced age, which represents the major cause of dementia in the
world. It is considered an aggregopathy since it is characterized by the misfolding
of the B-amyloid peptide (AB), which leads to the formation of soluble and toxic
oligomers that disrupt synaptic function, leading to neuronal death (Lee et al.,
2017; Wang et al., 2020).

Recent studies have shown that approximately 50 million people suffer from
AD worldwide (Xiong et al., 2021), and the World Health Organization estimates
that the number of cases is expected to triple within 30 years (Mitchell et al.,
2020). In the United States alone, about 6.7 million elderly Americans are
currently living with AD, and the number of cases is projected to double by 2060,
as reported by Alzheimer’s Association, 2023.

In Brazil, epidemiological data on AD were collected from 2013 to 2022
and, as a result, it was observed that the highest incidence of cases is in the
Southeast region of the country, which may be related to the greater population
number in this region. As shown in Figure 2, the SUS (Unified Health System,
from Portuguese Sistema Unico de Sadde) reported that the Southeastern region of
Brazil had more than 7 thousand hospitalizations due to AD during the studied
period, which is much more than other regions of the country (Araujo et al.,
2023).
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Figure 2. Hospitalizations due to AD in each region of Brazil in the period between 2013 and
2022.
Adapted from (Aradjo et al., 2023).

Alzheimer’s disease was described for the first time by the German
physician and neuropathologist Alois Alzheimer who, in 1901, received Auguste
Deter, aged 50, at the hospital where he worked in Frankfurt, presented symptoms
such as memory loss, confusion, paranoia and disorientation (Stelzmann et al.,
1995). In 1906, Auguste died and, during the autopsy, Alzheimer observed the
presence of two types of lesions in the brain, currently known as senile or neuritic
plaques and neurofibrillary tangles. Studies performed by the physician
demonstrated that such lesions were related to the deposition of proteins that are
found in the brain (Maurer et al., 1997). Neuritic plaques are formed by the
accumulation of AP, which is deposited in the extracellular environment of
neuronal tissues. In contrast, neurofibrillary tangles result from the intracellular
deposition of hyperphosphorylated tau protein (Selkoe & Hardy, 2016).

The AP peptide is a fragment derived from the proteolysis of the amyloid
precursor protein (APP). APP can be cleaved via 3 secretases: the action of the a-
secretase enzyme produces a non-amyloidogenic peptide that has neuroprotective
activity. However, through y and B-secretases, there is the production of A,
which is an amyloidogenic peptide (Figure 3) (Cavalcanti & Engelhardt, 2012).
The breakage, at different positions, of APP by the y and p-secretase enzymes
give rise to fragments of different sizes, with 40 and 42 amino acid residues,
respectively, also referred to as APi-40 and APi-42. The first is the most abundant

and soluble, while the latter presents greater neurotoxic potential and is more

13



susceptible to aggregation, being found in high concentration in senile plaques
(Chang & Chen, 2014; Chiang et al., 2008; Soreghan et al., 1994; Zhang et al.,
2002).
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Figure 3. Scheme of APP cleavage through non-amyloidogenic and amyloidogenic pathways.
Adapted from (Heppner et al., 2015).

For a long time, the mature fibers were considered the root cause of the
pathogenesis of Alzheimer’s disease. These aggregates, that form the senile
plaques, were considered responsible for blocking the reception of nervous stimuli
to cholinergic neurons, associated with the construction of memories and
cognition (Lacor et al.,, 2004). However, more recent studies point to the
oligomeric hypothesis, in which the soluble oligomeric intermediates generated
during protein aggregation are more toxic (Ochiishi et al., 2019; Vadukul et al.,
2020). Currently, it is well-accepted that AP oligomers can seriously damage
neuronal synapses (Gulisano et al., 2018; Li et al., 2018; Marcatti et al., 2022;
Verma et al., 2015).
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On the other hand, the tau protein has the function of facilitating the
polymerization of tubulin in the cell, for the maintenance of neuronal
microtubules’ structure (Figure 4A). Microtubules are formed by tubulin units and
the tau protein acts as the “glue” that provides stability (Cavalcanti & Engelhardt,
2012). In AD patients, tau protein accumulates in a non-physiological, twisted and
hyperphosphorylated form, and this implies a loss of stability and impairs its
ability to bind to microtubules (Figure 4B). Consequently, the disintegration of
the neuronal cytoskeleton occurs, as well as the formation of neurofibrillary
tangles, formed intracellularly by tau protein aggregates, in the region of the
temporal lobe and hippocampus (Figure 5). This leads to the loss of the ability of
neurons to transmit electrical signals and also to transport nutrients, leading to

irreversible neurodegeneration (Morales et al., 2010).
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Figure 4. (A) Healthy neuron representation. (B) Neuron affected by AD.
Adapted from (Alirezaei et al., 2020).

15



Amyloid plaques
(AB peptide)

Neurofibrillary
tangles
(tau protein)

Figure 5. Scheme of the protein deposits in neurons affected by Alzheimer’s disease: extracellular
AB peptide and intracellular tau protein.
Adapted from (De Falco et al., 2016).

An etiological hypothesis regarding the pathogenesis of AD considers this
disease as a neuroendocrine condition, presenting a link with diabetes, and
therefore receiving the terminology “type 3 diabetes” (De La Monte & Wands,
2008; Steen et al., 2005). More recently, in the literature, AD has been correlated
with insulin resistance and its dysregulation at the neuronal level (Kellar & Craft,
2020), which have been described as anomalies that precede or occur together
with the prodromal phase of the disease, in which there are the first signs of
cognition impairment. This is due to the fact that the hormone insulin binds to
specific receptors in the brain that are associated with cognition (De La Monte &
Wands, 2008; Steen et al., 2005). This hypothesis gained strength from
epidemiological studies that correlated diabetes with AD, and that damage to
insulin signaling in the brain would be the main reason, in which the deficiency in
the response of this hormone to its receptors in the brain causes neurotoxic
problems (Nguyen et al., 2020).

Insulin in the brain has an important function, which is to activate the
extracellular secretion of the AP peptide. However, it is also responsible for
preventing its accumulation intracellularly, through the activation of the insulin-
degrading enzyme (IDE) (Gasparini et al., 2001; Nguyen et al., 2020). A failure in
this process increases the neurotoxic effects of AP on neurons, ultimately leading
to memory and learning deficits, which are linked with AD (Freude et al., 2009;
Gasparini et al., 2001; Nguyen et al., 2020).
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As evidence, De Felice et al. (2022) report assays carried out on mice using
intracerebroventricular injection of insulin, which showed an improvement in the
animals’ memory through a passive avoidance task, which is based on the
association formed between a specific environmental context in which the animal
learns to avoid doing something through nerve impulses such as small shock
(Chang & Chen, 2014, Park et al., 2000).

1.3. Type 2 diabetes mellitus (T2DM)

Another disease that affects a great number of people is type 2 diabetes
mellitus (T2DM), which is characterized by hyperglycemia (increased blood
glucose), and may result from defects in the secretion or action of the hormone
insulin, produced by B-cells of the pancreatic islets (Del Prato et al., 2017;
Tripathy & Chavez, 2010). T2DM is strongly associated with a sedentary lifestyle
and obesity. This can lead to the body’s inability to respond to insulin stimulation,
generating resistance to this hormone, which is one of the main characteristics of
this pathology (Lyssenko et al., 2008; Schwartz & Porte, 2005; Tuomi et al.,
2014).

The International Diabetes Federation (IDF) published, in its 10" edition
magazine (IDF Diabetes Atlas 10th Edition, 2021), a study in which they reveal
the number of people, between the ages of 20 and 79, affected by diabetes (types 1
and 2), along with a forecast until the year 2045. The IDF used 2021 population
data from the United Nations Population Division to estimate the number of
people with diabetes in a global panorama, as well as separated in continental
regions. As shown in Figure 6, it is possible to conclude that developing countries,
that usually present bad healthcare systems, are expected to present a much higher
increase in the number of DM cases. It is worth noting that 90% of the cases in the
study are related to T2DM.
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Figure 6. Diabetes cases globally and divided by continents in 2021, and predictions until 2045,
considering individuals in the range of 20 to 79 years old.
(IDF Diabetes Atlas 10th Edition, 2021).

Interestingly, T2DM can also be considered an aggregopathy, as it is also
characterized by the presence of aggregated pancreatic islet amyloid polypeptide
(IAPP), responsible for both the regulation of food intake and the transmission of
signals to the central nervous system (CNS) (Patel & Jhamandas, 2012). IAPP,
also known as amylin, was first observed by Eugene Opie in 1901, and was

described as hyaline deposits found in the pancreatic islets of postmortem T2DM
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patients (Opie, 1901). Only in 1986 was IAPP structurally characterized as an
amyloidogenic peptide associated with this disease (Paulsson et al., 2006;
Westermark et al., 1986)

This peptide is derived from the PreProlAPP precursor, consisting of 89
amino acid residues, in which the signal sequence (22 amino acid residues) is
hydrolyzed in the endoplasmic reticulum, originating ProlAPP, which has 67
amino acid residues. Prol APP then undergoes enzymatic cleavage, resulting in the
mature peptide IAPP, with 37 amino acid residues (Figure 7), which is secreted by
the B-cells of the pancreatic islets (Meng et al., 2007; Raimundo et al., 2020).
IAPP is prone to structural misfolding, forming plaques that are deposited in the
extracellular space of islets. The aggregation process, which is similar to that of
the AD-related AP peptide, also generates toxic and soluble oligomeric species
(Pilkington et al., 2016; Rowles et al., 2020).

N-terminal pro- C-terminal pro-

Signal peptide (22 aa) peptide (11 aa) IAPP region (37 aa) peptide (19 aa)
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Signal peptidase
| MGILKLQVFLIVLSVALNHLKA

TPIES::: HQ\IEKRH’ KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY HGKRNA\IEVLKREPLNYLPL'

Prohormone convertase 1
+
Prohormone convertase 2 TPIES:::HQVEKR‘ dljj ‘GKRNAVE\ILKREPLNYLPL‘

KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY ‘

Post-translational modification l

Mature native IAPP

Figure 7. Processing of PreProl APP to form the mature human IAPP.
Adapted from (Ahmad et al., 2011).

The 1APP family of peptides presents some differences in the sequencing of
amino acid residues (Figure 8), which can be correlated with the peptide’s ability
to form amyloid aggregates or not. These differences are mainly located in the
region of residues 20 to 29 (Ahmad et al., 2011; Asthana et al., 2018).

Unlike in mammals, this peptide in rodents (rIAPP) is not amyloidogenic
due to the presence of the amino acid proline in positions 25, 28 and 29, which is

responsible for breaking the pattern of B-sheet formation (Ahmad et al., 2011;
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Westermark et al., 2011). Based on this knowledge, a peptide called Pramlintide
was synthesized and showed the ability to maintain the hormonal activity of
hIAPP in combination with the low propensity to form amyloidogenic fibers
(Ryan et al., 2008). In 2004, the American Food and Drug Administration (FDA)
approved Pramlintide for use in diabetic patients (Ryan et al., 2008) as a treatment
in conjunction with the use of insulin, aiming the decrease postprandial glucagon
secretion, delaying gastric emptying and inducing satiety (Kommera et al., 2024).
Pramlintide was well accepted clinically, as it can replace 1APP, since the latter is
an insoluble hormone prone to aggregation, different from its soluble and non-
aggregating analog (Alrefai et al., 2010).

1 18 28 37
Human KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY(C=0)NH,
Rat KCNTATCATQRLANFLCRSSNNLGPVLPPTNVGSNTY(C=0)NH,

Pramlintide KCNTATCATQRLANFLVHSSNNFGPILPPTNVGSNTY(C=0)NH,

Figure 8. Comparison between the peptides hIAPP, rIAPP and Pramlintide. Blue: region with high
affinity for copper(ll) ions (18-22); Gray: amyloidogenic region (22-28); Red: substituted amino
acid residues in IAPP analogues.

Adapted from (Alghrably et al., 2019).

Besides protein aggregation, widespread oxidative stress caused by cellular
redox imbalance is another feature common to T2DM and AD, in addition to
impaired insulin signaling in the CNS, which is associated with memory
formation and learning (Patel & Jhamandas, 2012). Recently, studies have shown
that IAPP can cross the blood-brain barrier (BBB) and deposit together with Af
plaques in the brain, thus forming more complex aggregates that can lead to
increased neuronal death when compared to the non-associated peptides (Rowles
et al., 2020).
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1.4. Relationship between aggregopathies and metals

Metal ions play a vital role in the correct functioning of the human body, in
which they perform several roles. An example is iron, which forms a complex
called oxyhemoglobin when O2 molecules bind to it in hemoglobin, thus making
it possible to transport oxygen in the blood (Radovi¢-Janosevi¢ et al., 2020;
Yiannikourides & Latunde-Dada, 2019). Copper plays, among other, an important
role in glucose metabolism and its deficiency can lead to growth disorders in
children for example (Avram et al., 2021), while zinc proves to be important in
cell transport, protein and collagen synthesis, aiding in the cicatrization of skin
wounds, and is also an important neurotransmitter (Chasapis et al., 2020).
Furthermore, these and other metals constitute the active site of several
metalloenzymes.

High levels of copper not only increase oxidative stress in T2DM, but it can
also lead to pB-cell death, in addition to upholding insulin resistance and
hyperglycemia (Park et al.,, 2009). As a consequence, it promotes the
glycosylation of proteins, with the formation of free radicals, which contribute to
greater complications related to the disease (Eaton & Qian, 2002). It is worth
mentioning that copper has a high affinity for these glycosylated substances. A
study developed by Hasanato (2020), which assessed the metal levels, such as
copper, in the blood of diabetic patients, concluded that there was dyshomeostasis
of these metals with variation in glycemic control.

Iron, zinc, and copper also play important roles in the brain, including
neurotransmitter synthesis and neuronal transmission. The deficit of these metals
can generate disorders related to learning and memory (Kawahara et al., 2020).
These metals are considered essential to the functioning of the body, so deficiency
or excess can lead to harmful effects on health. Therefore, it is fundamental to
maintain their homeostasis, that is, the concentration and distribution of these
metals must be well-regulated in the body (Wood et al., 2012).

Work carried out in recent years has progressively evidenced the
collaborative role of dyshomeostasis of endogenous metals, such as zinc, copper
and iron, in neurodegenerative diseases (Hane & Leonenko, 2014; Kabir et al.,
2021; Karpenko et al., 2018; Lopes de Andrade et al., 2021; Metaxas, 2021). Due

to the rich redox chemistry of these last two biometals, their deregulation leads to
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oxidative stress in the brain, as a consequence of the production of reactive
oxygen species (ROS) and reactive nitrogen species (RNS).

In Alzheimer’s disease, the AP peptide and its fragments are of particular
interest because they bind to biometals with high affinity, especially in the N-
terminal region. It has been shown that metal homeostasis is disturbed in the
brains of AD patients (Wang et al., 2020). Metal ion binding leads to
conformational changes in the peptide (Rana & Sharma, 2019). Specifically, AB-
Cu interactions lead to the formation of toxic oligomeric species (Sharma et al.,
2013; Smith et al., 2006), besides the catalytic production of ROS (Parthasarathy
et al., 2014), which are responsible for the widespread oxidative damage observed
in this pathology. In the specific case of copper(ll), a distorted square-planar
geometry is observed, involving, at lower pH values (Figure 9A), the amine of
Aspl, the carbonyl from Aspl-Ala2 amide bond and imidazole nitrogen atoms
from two histidine residues, His6é and Hisl3 or Hisl4 (Dorlet et al., 2009;
Kowalik-Jankowska et al., 2003). At a more basic medium (Figure 9B), the
nitrogen from Aspl-Ala2 amide bond is deprotonated, and binds copper, along
with the terminal Aspl amine, the carbonyl from the Ala2-Glu3 peptide bond and
an imidazole nitrogen from one of the His residues (Syme et al., 2004). Unlike the
human Ap peptide, the rodent peptide is not amyloidogenic, resulting in no Af
deposition in the brain of these animals. This is probably due to substitutions of
certain amino acid residues (Arg5, Tyrl0 and His13) as shown in Figure 10
(Kowalik-Jankowska et al., 2003), which may also affect its binding properties

towards copper(ll).
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Figure 9. Coordination patterns of AB1.16 binding to Cu?* at (A) slightly acidic medium (pH ~ 6.3-
6.9) and at (B) slightly basic medium (pH ~ 8).
Adapted from (Dorlet et al., 2009).

1 24
Human Asp Ala Glu Phe Arg His Asp Ser Gly Tyr Glu Val His His GIn Lys Leu Val Phe Phe Ala Glu Asp Val

Rat Asp Ala Glu Phe Gly His Asp Ser Gly Phe Glu Val ArgHis GIn Lys Leu Val Phe Phe Ala Glu Asp Val

25 42
Human Gly Ser Asn Lys Gly Ala lle lle Gly Leu Met Val Gly Gly Val Val lle Ala
Rat Gly Ser Asn Lys Gly Ala lle lle Gly Leu Met Val Gly Gly Val Val lle Ala

Figure 10. Amino acid sequence of human and rat A peptide.
Adapted from (Kiiz et al., 2013).

In the case of T2DM, it has been shown that an imbalance of essential
metals can initiate problems in the pancreatic islets, leading to the development of
diabetes, and such an imbalance can lead to the production of ROS (Khan &
Awan, 2014). Tests carried out in diabetic mice showed that treatment with a
copper chelator decreased plasma levels of ROS, indicating the importance of its
use in the treatment of T2DM (Lowe et al., 2017).

As mentioned above, metal ions such as Cu?* and Zn?* have the ability to
interact with proteins and peptides, leading to the formation of aggregates. In the
case of Cu®, its interaction with hIAPP is directed towards the inhibition of
mature fibers, and the formation of oligomeric species, increasing the toxicity of
this peptide (Tomasello et al., 2015; Yu et al., 2010). In the rodent analogue
(rlAPP), the His18 amino acid residue is replaced by an Arg18 (Pappalardo et al.,
2007), causing the peptide to lose its main Cu?* binding site, thus preventing the
formation of B-sheets, and consequently the aggregation of the peptide (Alghrably
et al., 2020). In addition, the relationship between IAPP aggregation and high
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serum copper levels in diabetic patients constitute another indication of the role of
metal dyshomeostasis in T2DM (Naka et al., 2013).

The slightly acidic environment (pH 5.5-6) inside the B-cells prevents the
formation of aggregates within the pancreas, that is, before the secretion of the
peptide into the extracellular environment, which is at a physiological pH, a
medium in which hlIAPP is prone to aggregation (Tomasello et al., 2015).
Rivillas-Acevedo and collaborators used different spectroscopic techniques and
hIAPP fragments to elucidate the structural basis of the interaction between Cu?*
and this peptide (Rivillas-Acevedo et al., 2015). Their studies showed that this
metal ion binds to the imidazole nitrogen of the His18 residue and to the amide
groups of subsequent amino acids, thus forming a N3O-type complex at
physiological pH. Later, it was demonstrated that the O-binding may be to the
hydroxyl or the carbonyl oxygen (Figure 11), both through the Ser20 residue
(Sanchez-Lopez et al., 2016).

Ser o B Ser o o
(o] >—4 Ser o} )—4 NH
N N N N
HN \CU/ )N HN \CU/
N—term/ / \O LC-term N-term/ / \{l_)I
N N
D (D
H N

Figure 11. N3O coordination patterns of Cu?*-hlAPP complex binding to the carbonyl oxygen
(left) and to a hydroxyl group (right).
Adapted from (Rivillas-Acevedo et al., 2015).

Sanchez-Ldpez et al. used several models of the Cu?*-h1APP1s.2, complex to
better understand the metal-hlAPP interaction through theoretical calculations
(Sanchez-Ldpez et al., 2016). Their studies showed that the binding of Cu?* with
the hydroxyl group of Ser20 is more favorable due to its stronger character. This
was also demonstrated by its shorter distance of 2.12 A, compared to the binding
to the carbonyl group which is 2.40 A and constitutes a weaker and more distorted
connection.

Due to the relationship between these diseases and metal-enhanced protein
aggregation, the use of a therapy based on the mechanism of specific and selective

metal sequestration has been proposed (Scott & Orvig, 2009). However, since
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these metals play an intrinsic physiological role in human health, this approach is
directed to their redistribution and not to their elimination from the organism, that

is, to the restoration and maintenance of their homeostasis.

1.5. Metallophores

To avoid the accumulation of metal-enhanced toxic oligomeric species, a
new therapeutic strategy has been proposed, that aims to properly redistribute the
metal ions essential to the functioning of the body. The class of compounds
usually called Metal-Protein Attenuating Compounds (MPACs), or metallophores,
have been proposed to potentially delay or even prevent the progression of
neurodegenerative diseases. The proposition is based on their activity as chelators
with moderate affinity and selectivity for certain metal ions (Scott & Orvig,
2009). In other words, these compounds can compete with the protein or peptide
for the binding of the metal ion, thus lessening the oligomerization process,
restoring metal homeostasis, and reducing oxidative stress (Cukierman & Rey,
2022).

An example of the use of chelators as a therapeutic strategy was the case of
clioguinol, a compound that was initially considered a promising drug candidate
for AD. This compound has the ability to coordinate copper and zinc, in addition
to being able to cross the blood-brain barrier. Clioquinol has been shown to
decrease the amount of AP peptide deposits in clinical trials and would have the
advantage of its possible oral administration (Adlard et al., 2008; Bareggi &
Cornelli, 2012). However, after certain serious side effects were observed still in
the clinical phase, the development of this compound was finally suspended
(Budimir, 2011). Therefore, a new generation derivative, PBT2 {5,7-dichloro-2-
[(dimethylamino)methyl]quinolin-8-ol}, with a better toxicological profile, in
addition to greater penetration of the blood-brain barrier was proposed (Adlard et
al., 2008). Regardless of having shown promising preliminary clinical results, its
development as a drug for AD was also suspended, as the company communicated
that PBT2 had not achieved its purpose of considerably reducing amyloid plaques
in the brains of patients affected by the disease (Lannfelt et al., 2008; Villemagne
etal., 2017).
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The structures of the aforementioned compounds, clioquinol and PBT2, are
shown in Figure 12 below.

Clioquinol PBT2
cl cl
A AN
N
N cl N7 ™~
OH OH

Figure 12. Structures of clioguinol (5-chloro-7-iodo-quinolin-8-ol) and PBT2 {5,7-dichloro-2-
[(dimethylamino)methyl]quinolin-8-ol}.

It is important to note that both clioguinol and PBT2 are strong chelators,
designed to eliminate metal ions instead of aiming at their redistribution.
Moreover, the clinical trials focused on the clearance of amyloid plaques rather
than on the toxic oligomeric species. These factors could be, among others, behind
the observed failures.

In this sense, and given the importance of developing metallophores as
moderate chelating agents for the potential treatment of diseases related to the
formation of protein aggregates, our research group has been, since 2012,
studying, developing and testing a versatile class of compounds that have shown
promising in vitro, in cell and in vivo activity within the scope of these
aggregopathies: the N-acylhydrazones (Cukierman et al., 2017, 2018, 2019, 2020,
2022; De Falco et al., 2020; Hauser-Davis et al., 2015; Pedrozo-Pefafiel et al.,
2020).

The first compound described by our group in the context of AD was the
hybrid 8-hydroxyquinoline/hydrazone named INHHQ (8-hydroxyquinoline-2-
carboxaldehyde isonicotinoil hydrazone) (De Freitas et al., 2013), which has the
ability to compete in vitro with the A peptide for binding copper(Il) and zinc(II)
(Hauser-Davis et al., 2015). The same capacity was proven for the a-synuclein
protein, with the compound competing for copper(l) and copper(ll), in the context
of Parkinson’s disease. INHHQ was detected in the brain of Wistar rats after
intraperitoneal injection and is non-toxic for these animals at high concentrations.

Moreover, the ligand does not act as an unspecific chelator in healthy rats
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(Cukierman et al., 2017). It was also demonstrated that this compound is able to
prevent AP oligomer-induced memory deficit in Swiss mice, as well as to
decrease in vitro copper-mediated ROS production (De Falco et al., 2020). For all
these reasons, the synthesis and application of INHHQ in the context of
neurodegenerative diseases was the subject of patent applications in Brazil and
Europe and is already patented in the United States (US 10.189.811 B2 and US
10.316.019 B2).

Although INHHQ has, in its structure, the 8-hydroxyquinoline group in
common with clioquinol and PBT2, it has been demonstrated that the ligand
coordinates metal ions through the N-acylhydrazonic moiety (Cukierman et al.,
2018). This observation led to the prospect of expanding the research and
developing new and even improved metallophores. Since the aqueous solubility of
INHHQ was not ideal, a new generation of N-acylhydrazones containing the 1-
methylimidazole moiety was described by our research group, showing a better
pharmacological profile than the parent ligand (Cukierman, 2021) . From this new
family, X1INH, which has in common with INHHQ the isoniazid-derived portion
of the structure, demonstrated the ability to modulate protein aggregation in a
cellular model of synucleinopathy, with implications to Parkinson’s disease
(Cukierman et al., 2020). Other imidazolic analogues, containing the 2-furan and
the 2-thiophene rings, were evaluated regarding their propensity to prevent the
Cu-catalyzed oxidation of a prion protein fragment, which is relevant in the
context of transmissible spongiform encephalopathies (Cukierman et al., 2022).

Figure 13 shows the structure of the parent N-acylhydrazone INHHQ, along
with those of the members of the 1-methylimidazole family mentioned above,
X1INH, X1Fur and X1Thio.
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Figure 13. Structures of INHHQ (8-hydroxyquinoline-2-carboxaldehyde isonicotinoyl hydrazone),
X1INH (1-methyl-1H-imidazole-2-carboxaldehyde isonicotinoyl hydrazone), X1Fur (1-methyl-
1H-imidazole-2-carboxaldehyde 2-furoyl hydrazone) and X1Thio (1-methyl-1H-imidazole-2-
carboxaldehyde 2-thiophenyl hydrazone).
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2. Work Proposal

Currently, 16 million people live with diabetes mellitus in Brazil, being 90%
of these diagnoses are related to T2DM (Almeida-Pititto et al., 2022), while
around 1.2 million people suffer from Alzheimer’s disease in the country (Janior
et al., 2024; Silva et al., 2023). Both pathologies constitute public health
problems, especially for years to come, due to the progressive increase in life
expectancy of the Brazilian and world population. Despite this, the medications
currently available are not effective (Matthews et al., 2019; Yiannopoulou &
Papageorgiou, 2020). Although treatments are prescribed, there is currently no
disease-modifying therapy for such conditions.

For the people affected by T2DM to achieve an ideal long-term metabolic
control, they must combine lifestyle changes, such as healthy eating and physical
activity, with the use of pharmacological treatment (Schnurr et al., 2020). The
therapeutical approach focuses on the maintenance of glycemic control, for
example by the use of metformin, which has an anti-hyperglycemic effect (Lv &
Guo, 2020) and can be administered in combination with sulfonylureas as an oral
medication that acts stimulating p-cells to assist in the endogenous release of
insulin in the body (Marin-Pefalver et al., 2016).

With respect to Alzheimer’s disease, some small molecule-based drugs,
such as donepezil, galantamine and rivastigmine, help control cognitive and
behavioral symptoms in cases considered mild to moderate, while memantine is
prescribed for moderate to severe cases, and is recommended for use in the most
advanced stages of the disease (Barthold et al., 2020). These treatments, in spite
of not reversing or stopping the progression of the disease, can alleviate
symptoms and thus contribute to a better quality of life for the patients.

In this context, this work represents an effort to explore new treatment
perspectives for these pathologies, through the development of efficient
metallophores that can modulate the deleterious copper-related effects in models
of Alzheimer’s disease and type 2 diabetes mellitus, and which are also active in
reducing the oxidative stress to which patients with these diseases are subjected.

Thus, the present work comprises the synthesis, characterization and
evaluation of the metallophoric potential of two new hydrazones derived from 1-

methyl-1H-imidazole-2-carboxaldehyde, which will compose the new generation
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of the 1-methylimidazolic N-acylhydrazone family. The aim is to explore the
activity of these new compounds in different biophysical models of
neuroendocrine and endocrine copper-enhanced aggregopathies.

AD and T2DM can both be considered aggregopathies, that is, both present
amyloidogenic aggregation of certain peptides. The oligomerization of these
peptides can be catalyzed by their interactions with physiological metal ions such
as copper(Il) that, in addition to accelerating the formation of oligomers, increases
their toxicity and the production of ROS (Quintanar & Lim, 2019; Rana &
Sharma, 2019; Yu et al., 2010).

As in vitro models for the pathologies, we decided to employ not only the
peptide itself (such as the APi-40 peptide in the case of AD), but also the peptide
fragments related to the main coordinating portion of the complete protein: Ai-16
for AD and 1APP1g-2, for T2DM.

The new hydrazones have been proposed based on the structure of
molecules that have known receptors in the human body, with the aim of
obtaining compounds with greater biocompatibility and, consequently, a better
pharmacological profile. The trimethoxy-containing derivative, X1TMP, is
structurally similar to mescaline, a natural hallucinogenic protoalkaloid, which
occurs in some species of cacti, particularly the one known by the name peyote
(Lophophora williamsii) (Cassels & Séaez-Briones, 2018). This compound, 3,4,5-
trimethoxyphenethylamine, selectively binds and activates brain serotonin
receptor 5-HT2A with high affinity (Stork et al., 2014), acting as a partial agonist.
X1INIC, on the other hand, is derived from the nicotinic acid hydrazide, based on
the structure of nicotine. Nicotinic receptors are present, in addition to the brain,
also in B-cells (Yoshikawa et al., 2005), which is the reason why this compound
was directed to the study of T2DM. Moreover, XINIC is an isomer of the most
promising compound from the original series of 1-methylimidazolic hydrazones
from our research group, X1INH, which makes it an even more interesting
compound to study and develop.

Figure 14 shows the structures of the two proposed new compounds,

compared with those of their original inspirations.
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Figure 14. Structures of the new N-acylhydrazones considered in this work. (A) X1TMP: 1-
methyl-1H-imidazole-2-carboxaldehyde 3,4,5-trimethoxy-benzoyl hydrazone. Comparison with
mescaline is highlighted in orange. (B) X1NIC: 1-methyl-1H-imidazole-2-carboxaldehyde
nicotinoyl hydrazone. Comparison with nicotine is highlighted in blue.

These compounds can be easily synthesized through a Schiff base
condensation reaction between 1-methylimidazole-2-carboxaldehyde and the

respective hydrazide, that occurs in a single step and is depicted in Figure 15.
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Figure 15. Generic scheme for the synthesis of the N-acylhydrazones X1 TMP and X1NIC.
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3. Objectives

3.1. General objective

To expand and develop the new generation of bioactive N-acylhydrazones
derived from 1-methylimidazole-2-carboxaldehyde, and to evaluate the potential
of these new compounds in biophysical models of copper-enhanced
neuroendocrine and endocrine aggregopathies.

3.2. Specific objectives

e To synthesize the proposed N-acylhydrazones;

e To structurally characterize the new hydrazonic ligands in solution and in the
solid state through nuclear magnetic resonance, infrared spectroscopy,
thermogravimetry and melting point determination;

e To evaluate the stability of the ligands in buffered solution;

e To determine the experimental values of the octanol-water partition
coefficients of the considered N-acylhydrazones;

e To verify the preferred stoichiometry of the copper(ll) complexes involving the
synthesized compounds in solution and estimate their apparent affinity
constants through calculations based on the Job method;

e To study the effect of the trimethoxy-containing compound (X1TMP) in the
Cu?*-Ap system using *H-*N HSQC NMR experiments;

e To carry out aggregation assays with the full-length ABi40 peptide and
X1TMP in the presence and absence of Cu?*, and to characterize the final state
of aggregation using transmission electron microscopy;

e To evaluate, through the ascorbate consumption assay (UV-Vis), the ability of
X1TMP to inhibit the copper-catalyzed production of ROS in the presence of
the APi-16 peptide fragment;

e To confirm the interaction between IAPP and Cu?* using the hlAPPis2:
peptide fragment, and to evaluate the impact of X1NIC in this system, using
1D H NMR (700 MHz) experiments;

e To study the IAPP-Cu-X1NIC system through cyclic voltammetry.
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4. Methodology

All reagents and solvents used in this work were purchased from
commercial sources in the highest purity available and employed without any
additional purification. All solutions were prepared using ultra-pure water.

4.1. In silico pharmacological analyses

The descriptor parameters molecular weight, cLog P, cLog S, HBA, HBD,
PSA and Druglikeness were calculated using the program Osiris Property
Explorer: DataWarrior™, software freely available for download at

http://www.organic-chemistry.org/prog/peo/, last accessed on February 1%, 2024.

4.2. Syntheses of the ligands

The hydrazonic ligands were obtained through Schiff base condensation
reactions between 1-methylimidazole-2-carboxaldehyde and its respective N-
acylhydrazide. The aldehyde was weighed into a round bottom reaction flask and
dissolved in ethanol. The hydrazide (3,4,5-trimethoxybenzoic acid hydrazide for
X1TMP and nicotinic acid hydrazide for X1NIC) was weighed in order to attain
the 1:1 molar ratio and solubilized in the same solvent. Syntheses were performed
in the 0.5 to 3.0 mmol range, using the least volume of solvent necessary for the
dissolution of each reagent. The hydrazide was then dropwise added to the
aldehyde, under constant stirring and gentle heating (up to 50 °C). Concentrated
HCI was added as a catalyst to the mixture, which was then kept under constant
stirring and reflux for 4 hours. The precipitates were isolated through filtration
after cooling (X1NIC) or slow evaporation of the solvent (X1TMP), washed with
cold ethanol and dried at room temperature.

The unsubstituted analogue of X1TMP, namely 1-methyl-1H-imidazole-2-
carboxaldehyde benzoyl hydrazone (X1Benz), was employed as a comparative
ligand in the studies involving the AP system. This ligand was prepared as
described in (Cukierman, 2021).

For the specific synthesis of the (Z)-isomer of the nicotinic-inspired ligand,
XINIC-(Z), after the addition of nicotinic acid hydrazide onto 1-

methylimidazole-2-carboxaldehyde, no acid was added, and the reaction mixture
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was kept under constant stirring and reflux for 24 hours. Precipitate was isolated
through filtration after cooling of the solution, washed with cold ethanol and dried

at room temperature.

4.3. Characterization

New ligands were characterized in the solid state by mid-infrared vibrational
spectroscopy  (IR), thermogravimetry (TG) and melting point (MP)

determinations, and in solution through nuclear magnetic resonance (NMR).

4.3.1. Infrared Vibrational Spectroscopy (IR)

The analyses were carried out in an absorption spectrophotometer in the
mid-infrared region, either in the 100 FT-IR or 400 FT-IR models, Perkin-
Elmer™, and the data were collected in the range of 4000-400 cm™. Pellets of the

samples were prepared in potassium bromide.

4.3.2. Thermogravimetry (TG)

These studies were conducted in a Perkin-Elmer™ analyzer, model Pyris 1
TGA, under nitrogen atmosphere, in the range of 25-900 °C, using a heating rate
of 10 °C min™,

4.3.3. Melting Point (MP)

The determinations of the melting points of the organic ligands were

performed in a Fisatom™ model 431 apparatus, in triplicate.

4.3.4. Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance spectra of hydrogen and carbon, as well as
NOESY correlation maps were obtained on a Bruker™ Avance III HD-400
spectrometer (operating at 400 MHz for *H and 100 MHz for *C) at 298 K.
Samples were dissolved in 0.5 mL of deuterated dimethylsulfoxide (DMSO-ds)
and the spectra were calibrated based on the residual solvent signal (quintet at
2.50 ppm for the H nucleus and septet at 39.52 for the **C nucleus). These
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analyses were performed at the Analytical Facilities “Pe. Leopoldo Hainberger”,
from the Department of Chemistry at PUC-Rio.

4.3.5. Electrospray lonization Mass Spectrometry (ESI-MS)

ESI-MS(+) spectra were collected on a Perkin-Elmer™ SQ-300 mass
spectrometer. Stock solutions of the samples were prepared by dissolving 1.0 mg
of the compounds in 1.0 mL of methanol. Aliquots of 20 puL of these solutions
were diluted in 980 puL of methanol and analyzed by direct infusion. Standard
configuration parameters were used. These analyses were performed at the
Multiuser Mass Spectrometry Laboratory of the Federal Fluminense University
(LAMEM - UFF, Niterdi, Brazil).

4.4. Stability assay in buffered solution

The compounds were initially prepared in 100% DMSO (stock solutions of
5 x 10 mol L"1) and were then diluted to 5 x 10° mol L™ in solutions containing
1% DMSO/Tris 10 mmol L (pH 7.4). The spectra of the N-acylhydrazones were
acquired at regular intervals for 12 hours. A single spectrum of the precursor
aldehyde and each hydrazide was registered under the same solvent and
concentration conditions for comparison purposes. All spectra were acquired
between the wavelengths of 200 and 800 nm at room temperature, in an Agilent™

Cary 100 spectrophotometer.

4.5. XI1INIC-(E) / XINIC-(Z2) temperature stability

Both isomers were prepared at 0.018 mol L™ [0.0025 g for XINIC-(E) and
0.0020 g for XINIC-(Z)] in 500 uL DMSO-de and transferred to 5 mm NMR
tubes. *H NMR spectra (Bruker™ Avance 11l HD-400) were acquired, for each
isomer, at different, increasing temperatures (25, 35, 45, 55 and 65 °C). A final
spectrum was then obtained, after cooling the sample from 65 to 25 °C. This assay
was performed at the Analytical Facilities “Pe. Leopoldo Hainberger”, from the

Department of Chemistry at PUC-Rio.
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4.6. Octanol-water partition coefficient (log P)

The partition coefficient (log P) in the 1-octanol/water system was
calculated using the shake-flask method. Tris buffer 102 mol L™ pH 7.4 was used
as the aqueous phase. Both phases, organic and aqueous, were prepared separately
with the hydrazone at low concentrations (5 x 10 mol L) from 2 x 10 mol L
stock solutions. Then, the UV-Vis spectrum (Agilent™ Cary 100
spectrophotometer) was recorded for each phase before mixing them. The flask
containing the mixture was shaken vigorously at 37 °C, protected from light, for 3
hours (ThermoShaker, KASVI™). At the end of the incubation, the mixture was
centrifuged for 10 min at 3000 rpm, and the layers separated with Pasteur pipettes.
Concentrations in both phases were measured at the wavelength of higher
absorption for each hydrazone, through a calibration curve. Each compound was
analyzed in triplicate, and log P was calculated as the logarithm of the mean
Co/Cw concentration ratio, in which Co is the final concentration in the organic

phase and Cw is the final concentration in the aqueous phase.

4.7. Method of continuous variations (Job Plot)

The apparent affinity of the ligands for copper(l1) ions and the stoichiometry
of the reactions were evaluated, in solution, using the Method of Continuous
Variations (Job’s method) monitored through UV-Vis (Agilent™ Cary 100
spectrophotometer), in triplicates. While this method is mainly used for
determining complex stoichiometries, under some specific conditions, such as the
formation of only one complex species, little or no overlapping of free and
complexed ligand bands, and strong metal-ligand affinity, an apparent constant
(Kapp) can be obtained from the data. To do so, initially, the molar absorptivity of
the ligand was determined through a calibration curve in HEPES buffer (50 mmol
L, pH 7.4). Then, mixtures of different ligand to metal molar fractions were
prepared as usual, from stock solutions of each ligand and CuCl. - 2 H20, also in
HEPES, at a concentration of 5 x 10° mol L. The mixtures were stirred at 25 °C
and 500 rpm until the moment of analysis. A “theoretical” molar absorptivity for
the formed complex is calculated at the point of intersection of the lines using the

Lambert-Beer equation. The complex concentration at the equilibrium is then
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estimated from this € value according to the maximum experimental absorbance
of its band. The free ligand concentration at the equilibrium, on the other hand, is
determined from the remaining absorbance of the hydrazone band in the sample of
molar fraction related to the observed stoichiometry. Finally, an apparent affinity
constant can be characterized considering the equilibrium concentrations of

complex, ligand, and metal (calculated considering the reaction stoichiometry) by

the fundamental equation K, = % valid for a 1:1 complex.

4.8. Simultaneous Cu?* interactions with X1NIC-(E) and X1NIC-
(2)

Stock solutions of the ligands were prepared at 0.025 mol L™ [0.0021 g for
X1INIC-(E) and 0.0017 g for XINIC-(Z)] in 300 uL DMSO-de each. 0.0021 g of
CuClz - 2 H20 was dissolved in 200 puL D20, attaining a stock concentration of
0.0617 mol L. In the same 5 mm NMR tube, 250 L of each isomer were added,
and a 'H spectrum (Bruker™ Avance 11l HD-400) of this mixture was acquired
for comparison purposes. Then, 5 pL (0.05 eq) of the metal solution was added

and another *H spectrum was recorded. Measurements were performed at 298 K.

4.9. Ascorbate consumption assay

The ascorbate consumption assay was performed by measuring the
absorbance of ascorbate at 265 nm (& = 14,500 L mol™* cm™) as a function of time,
using an Agilent™ Cary 100 spectrophotometer. A kinetic method was employed,
with measurements being registered every 0.1s. The APi.16 peptide fragment
(GenScript™, amino acid sequence DAEFRHDSGYEVHHQK) was employed
since it constitutes the coordinating portion of the A peptide.

Stock solutions of the N-acylhydrazones (5 mmol L), copper(Il) chloride
(2.25 mmol L) and peptide (2.50 mmol L) were prepared in ultrapure water,
while ascorbate (5 mmol L™?) was prepared in HEPES buffer (50 mmol L, pH
7.4), before each measurement. For every experiment, to a 1.0 cm pathlength 3
mL quartz cuvette, 2450 pL of buffer was added, followed by the addition of 50
uL of ascorbate stock solution and, after two minutes, 10 uL of ABi-16 peptide. 10
uL from Cu?* stock solution was added two minutes later. When the compounds
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were involved, when absorbance reached ~1 A.U., either 5, 15 or 25 puL were
added for 1, 3 and 5 eq. respectively. Thus, final concentrations in the cuvette
were: [ascorbate] = 100 umol L, [Cu?*] = 9 pmol L%, [AB116] = 10 umol L7,
[ligand] = 0, 10, 30 or 50 umol L and [HEPES] = 50 mmol L. Measurements
were performed in triplicate. Statistics (t-tests with a significance level of p <
0.05) were performed in GraphPad™ Prism software.

4.10. ApBi-20 aggregation

The peptide stock solution (577.39 umol L) was prepared by dissolving 1
mg of lyophilized synthetic human ABi.40 peptide (GenScript™) in 400 pL of
NaOH (10 mmol L), divided into 20 pL aliquots and stored at -20 °C until
analyses. CuCls - 2 H,0 stock solution (500 pumol L) was prepared in ultrapure
water, while stock solutions of ligands (500 pmol L) were prepared in HEPES
buffer (20 mmol L, pH 6.6) containing 150 mmol L NaCl.

The turbidity assay was conducted in flat-bottomed 96-well assay plates, in
triplicate, in which the final volume of each well was 100 pL. The final plate
concentration was: [AB1-40] = 25 umol L, [Cu?*] = 25 umol L7, [ligand] = 25 or
75 pumol L. To prevent biological contamination of the samples, sodium azide
(7.7 mmol L) was added to all wells. The solutions were incubated for 3 hours at
37 °C under constant agitation at 1100 rpm (ThermoShaker, KASVI™) and
absorbance was measured at 405 nm using a Varioskan™ LUX Thermo Scientific
plate reader. Ligands, metal and buffer were subtracted correspondingly.

Alternatively, for the copper-containing samples, the same preparation was
assembled in black 96-well plates, with the addition of 10 pmol L? thioflavin-T
(ThT), and measured with excitation at 450 nm and emission spectra recorded
between 460 and 600 nm after 3 hours of incubation at 37 °C and 1100 rpm.

4.11. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) images were performed with
pooled samples obtained at the end of the aggregation assay. Samples were
adhered to a formvar/carbon coated grid and then stained with 2% uranyl acetate

solution. A FEI Tecnai™ T20 electron microscope was used to obtain the images,
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at the National Center for Structural Biology and Bioimaging (CENABIO —
UFRJ, Rio de Janeiro, Brazil).

4.12. 1H and 'H-1>N HSQC NMR of the Cu?*-AB1-40-X1Benz system

Non-labeled and N isotopically enriched A1 peptide samples were
purchased from EZBiolab™ (Carmel, IN) and Alexotech™ (Oslo, Norway),
respectively. NMR spectra were acquired on a 600 MHz Avance |1l (Bruker™,
Billerica, MA) equipped with a cryogenically cooled triple-resonance *H(*3C/*°N)
TCI probe. Heteronuclear NMR experiments were performed with pulsed-field-
gradient-enhanced sequences on 80 pmol L™ °N-labeled peptide samples in 20
mmol L Tris buffer (pH 7.3) at 15 °C containing 1% of DMSO. 1D 'H NMR
experiments, on the other hand, were acquired on unlabeled AB1-40 Samples under
the same experimental conditions. Aggregation did not occur at such low
temperature and in the absence of stirring.

For the mapping experiments, H-®N heteronuclear single quantum
correlation (HSQC) amide cross-peaks affected during hydrazone titration were
identified by comparing their chemical shifts with those of the same cross-peaks
in the data set of samples lacking the compound. Mean weighted chemical shift
displacements (*H-'*N MWCS) were calculated as [(AS H)? + (A8 ®N)?/25]%
(Cavanagh et al., 2007). Acquisition and processing of NMR spectra were
performed using TOPSPIN 7.0 (Bruker™ Biospin). 2D spectra analysis and
visualization were performed with CCPN™,

These studies were carried out in collaboration with the research group of
Prof. Dr. Claudio O. Fernandez (IBR-CONICET), Max Planck Laboratory,

Rosario, Argentina.

4.13. 'H NMR of the Cu?*-hlAPP1s22 and the Cu?*-hIAPP1s.22-X1NIC

system

All NMR spectra of the hlIAPP1s.2> fragment peptide (GenScript™, amino
acid sequence HSSNN - 2 TFA, molecular weight 785.56 g mol™) were collected
at 25 °C on a Bruker™ Avance Il 700 MHz spectrometer using a TXI inverse

detection triple resonance probe (*°N, 3C, *H). This equipment is located in the
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Jiri Jonas National Nuclear Magnetic Resonance Center from the National Center
for Structural Biology and Bioimaging (CENABIO), UFRJ, Rio de Janeiro,
Brazil. A 20 mmol L Tris-d11 buffer was prepared in ultrapure water, adjusted to
pH 7.4, and filtered with the help of a 0.22 um syringe filter. Then, 0.5 mg of the
peptide was dissolved in 520 pL of this buffer, with the addition 50 uL. D>O and
25 uL DMSO-ds, resulting in a 1.0 mmol L* peptide solution, which was
transferred to a 5 mm NMR tube. A H spectrum was initially acquired for the
free hIAPP1g.22, then with the addition of 0.1 equivalent of Cu?*, from a stock
solution of 0.0318 mmol L* CuCl, - 2 H,0 in D,O. After that, 0.1 and 1.0
equivalents of either XINIC-(E) or X1INIC-(Z) were successively added and new
spectra acquired for each condition. Ligands were prepared as 0.0636 mol L*
DMSO-ds stock solutions. All spectra were acquired and processed using TopSpin
3.5 software (Bruker™),

4.14. Cyclic Voltammetry (CV) of the Cu?*-hIAPP1g22 and the Cu?*-
hIAPP1s-22-X1NIC system

Electrochemical analyses were performed on a Basi™ Epsilon potentiostat
with a C3 cell holder. A three-electrode system was used that was composed of a
glassy carbon working electrode, an Ag/AgCI reference electrode, and a platinum
auxiliary electrode. The hlAPP1s.2> peptide (GenScript™, amino acid sequence
HSSNN - 2 TFA, molecular weight 785.56 g mol™) stock solution (0.5 mmol L)
was prepared in 50 mmol Lt HEPES pH 7.4, with 100 mmol L NaCl. The CuCl,
- 2 H,0 stock solution was prepared at a concentration of 5 mmol L in ultrapure
water. Stock solutions of the ligands were also made at a concentration of 5 mmol
L%, but in anhydrous DMSO, due to the low solubility of the (Z) isomer. The
analyses were made with 3 mL of buffer containing 5% anhydrous DMSO in the
cell. The peptide was diluted to a final concentration of 0.1 mmol L. Then, 1
equivalent of Cu?* was added, followed by the titration of the ligands from 0.1 to
2 equivalents. CVs were collected at a scan rate of 100 mV s over a potential

range of 500 mV to -500 mV, under nitrogen atmosphere.
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5. Results and Discussion

The main goal of this work was to continue developing, in order to expand
our knowledge, the new family of N-acylhydrazones derived from the 1-
methylimidazole-2-carboxaldehyde, which was the subject of patent applications
by our research group in 2020 (BR1020200054236 and PCT/BR2021/050107), as
well as to evaluate such compounds in different biophysical models of
neuroendocrine and endocrine copper-enhanced aggregopathies. In this context,
two new bioinspired ligands were designed: X1TMP, based on the structure of
the natural psycho-active agent mescaline, and X1NIC, considering its similarity
to nicotine. The first compound was evaluated in the context of Alzheimer's
disease, since mescaline can easily reach the brain and selectively bind and
activate serotonin receptors (Stork et al., 2014). On the other hand, XINIC was
tested in models of type Il diabetes mellitus, in view of the existence of nicotinic
receptors in pancreatic islets and p-cells (Yoshikawa et al., 2005). Thus, for the
sake of simplicity, the Results and Discussion section was divided into two parts,
one for each compound/disease.

5.1. Part | — New mescaline-related N-acylhydrazone and its
unsubstituted benzoyl derivative as metallophores towards

copper-associated models of Alzheimer’s disease

The results described in this section were the subject of a publication in the
Journal of Inorganic Biochemistry (Carvalho et al., 2023).

In order to evaluate whether the presence of the three methoxyl substituents
in X1 TMP would impact some pharmacologically relevant parameters such as the
partition coefficient, the coordinating ability towards Cu?*, and, consequently, the
metallophore potential of this N-acylhydrazone, we decided to include in the study
its unsubstituted benzoyl derivative, X1Benz, as a related model. The synthesis,
characterization, and evaluation of this compound in a cell model of Parkinson’s
disease was already reported in a previous doctoral thesis developed in our
research group (Cukierman, 2021). However, its preparation was only now
published, together with the promising anti-Alzheimer’s activity that was assessed
in this project.
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Since X1Benz was synthesized again by the author of the present work,

some of its structural characterizations will also be discussed within this section.

5.1.1. Syntheses and characterization

Both hydrazones were isolated as white, polycrystalline solids in good
yields (83% and 72%, respectively for X1TMP and X1Benz). The latter was also
obtained as single crystals, which confirmed its (E)-configuration around the C=N
bond, with no intramolecular H bonds (Carvalho et al., 2023; Cukierman, 2021).
X-ray diffraction measurements also demonstrated the presence of three water
molecules in the structure, and that the compound is in its hydrochloride form
(HX1Benz*Cl - 3H20, C12H19N40O4Cl, 318.71 g mol?, M. P. = 128 + 1 °C), since
the imidazole nitrogen is protonated in the synthesis due to the acidic conditions
employed.

In order to confirm the state of hydration and protonation of X1TMP, for
which it was not possible to obtain single crystals, a thermogravimetric curve was
recorded. Two mass losses, between 150 and 290 °C, were observed,
corresponding to the release of a hydration water molecule, followed by the loss
of HCI, thus yielding the formula HX1TMP*CI™ - H20 (C1sH21N4OsCl, 372.80 g
mol?, M. P. = 205 °C — dec.).

Obtention of the compounds was also confirmed through ESI-MS, with a
peak at m/z* 319.30 for HX1TMP* and at m/z* 229.16 for HX1Benz" (Figure 16A
and B).
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Figure 16. ESI-MS spectra (positive mode) of (A) X1 TMP and (B) X1Benz in methanol.

Solid state characterization of the two compounds was also performed
through mid-infrared spectroscopy, as shown in Figure 17A and B, respectively
for XITMP and X1Benz. Both compounds show typical N-acylhydrazonic bands,
such as v(N-H), v(C=0), v(C=N) and v(N-N), as well as specific bands related to
the presence of water molecules and the imidazole ring. Main absorptions and
their assignments are detailed in Table 1. The existence of distinct bands, resulting
from the presence of the substituents in the aromatic ring derived from the 3,4,5-
trimethoxybenzoic acid hydrazide, was verified, which constitutes the main

difference between the ligands: the methoxyl v(C—H) absorption, occurring at

2965 and 2944 cmt, and its v(C—0) at 1226 and 1130 cm™.
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Table 1. Selected infrared frequencies of the N-acylhydrazones X1 TMP and X1Benz, along with
their assignments. Samples were prepared as KBr pellets.

Assignment X1TMP X1Benz
IR (cm™) IR (cm™)

V(O—H)water 3426 3508, 3438 and 3422
V(N*™—H)imidazole 3125 3153
v(N=H)hydrazone 3105 3102
V(C—H)methoxyi 2965 and 2944 -

V(C=0)amide 1664 1680
V(C=N)azomethine 1605 1619
Skeletal modes, 1552 1562 and 1557

imidazolium cation

V(C—C)benzene

1504, 1466 and 1452

1602, 1494 and 1446

Coupled v(C—N) /
V(C—C)imidazole

1524 and 1418

1525, 1481 and 1419

V(N-N) 1100 1131
V(C—O)methoxyl 1226 and 1130 -
5(H20) i 1648

Typically, hydrazones have a rich solution chemistry involving (E)/(Z)
isomers, anti/syn conformations and amido/iminol tautomers, that can be studied
through *H NMR spectroscopy (Cukierman et al., 2018). However, the great
experience of our research group indicates that the hydrochloride forms of N-
acylhydrazones containing 1-methylimidazole usually display only one set of
signals in DMSO-ds, suggesting the presence of only one major constituent in
solution. This is also the case for both studied ligands herein, X1TMP and
X1Benz, as can be seen in Figure 18A and B, respectively. The main difference
between the spectra is related to the signals at 3.74 (3H) and 3.88 (6H) ppm,
which were attributed to the three methoxyl substituents in X1TMP. This also
implies a lesser number of aromatic signals for this compound. NMR
spectroscopy shows that both compounds were obtained at a high purity level.
Chemical shifts and signal assignments are described in Table 2, and carbon NMR
spectra are shown in Figure 19A and B.
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Figure 18. 'H NMR spectra (400 MHz) of the studied N-acylhydrazones in DMSO-dg at 25 °C.
(A) XITMP and (B) X1Benz.
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Table 2. *H (400 MHz) signal attribution for X1 TMP and X1Benz (DMSO-dg at 25 °C).

X1TMP X1Benz
H 6 (ppm) o (ppm)
1 7.71 (s, 1H) 7.72 (s, 1H)
2 7.80 (s, 1H) 7.81 (s, 1H)
4 8.89 (s, 1H) 8.80 (s, 1H)
8.02 (d, 2H,
7 7.38 (s, 2H)*
3Jun =5.92 Hz)*
6 7.56 (t, 2H,
3Jun = 7.48 Hz)**
o 7.65 (t, 1H,
3Jun = 7.76 Hz)
7.56 (t, 2H,
10 -
3Jun = 7.48 Hz)**
8.02 (d, 2H,
11 7.38 (s, 2H)*
3Jun = 5.92 Hz)*
12 4.00 (s, 3H) 4.01 (s, 3H)
13 3.88 (s, 6H)** -
14 3.74 (s, 3H) -
15 3.88 (s, 6H)** -
NH 12.97 (s, 1H) 12.90 (s, 1H)

Signal multiplicity: (s: singlet; d: doublet; t: triplet). (*) and (**) stands for equivalences.
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Figure 19. *C NMR spectra (100 MHz) of the studied N-acylhydrazones in DMSO-dg at 25 °C.
(A) dxatme: 35.73, 56.29, 60.16, 105.80, 120.35, 125.60, 127.18, 131.77, 139.09, 141.02, 152.78,
162.87 ppm. (B) dx1Benz: 35.85, 120.84, 125.71, 128.01, 128.64, 129.08, 132.28, 132.48, 139.07,
163.45 ppm.

5.1.2. Stability towards hydrolysis in buffered solution

Since N-acylhydrazones are usually prone to hydrolysis in water, we
assessed the compounds’ stability in a buffered medium (10 mmol L Tris pH
7.4) containing 1% DMSO, at a ligand concentration of 5 x 10° mol L™,

The UV-Vis absorption spectrum of X1TMP showed only one band,
centered at 317 nm, which loses less than 1% of absorbance during the 12 hours
of experiment (Figure 20), demonstrating that the compound is very stable under

the studied conditions.
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Figure 20. UV-Vis absorption spectra of X1TMP and its precursors (5 x 10° mol L) in 1%
DMSO/Tris (10 mmol L, pH 7.4), obtained over a period of 12 h, at room temperature.

The X1Benz ligand presents a very similar absorption spectrum, with a
single apparent band in this region, centered at 315 nm. Just like the trimethoxy-
substituted analogue, X1Benz is highly stable in an aqueous medium, with

practically insignificant hydrolysis, well below 1% (Figure 21).
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Figure 21. UV-Vis absorption spectra of X1Benz and its precursors (5 x 10° mol L) in 1%
DMSO/Tris (10 mmol L™, pH 7.4), obtained over a period of 12 h, at room temperature.
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5.1.3. Pharmacological parameters

For the theoretical prediction of the oral bioavailability profile and
permeability of compounds through cellular membranes and the blood-brain
barrier, a preliminary in silico analysis was performed. Lipinski’s Rule of Five has
been widely employed as a guideline to assess if the studied compound has ideal
physicochemical properties for the development as a drug candidate for oral
administration (Lipinski et al., 2001). In this context, both compounds are in
accordance to Lipinski’s Rule of Five, i.e., log P <5 (partition coefficient), MW <
500 g mol™ (molecular weight), HBA < 10 (hydrogen bond acceptors) and HBD <
5 (hydrogen bond donors) (Lipinski et al., 2001). Calculated values for log P and
other important descriptors are shown in Table 3.

Table 3. Calculated (OSIRIS Property Explorer: DataWarrior™) descriptors of pharmacological
relevance for X1 TMP and X1Benz. MW: molecular weight, cLog P: calculated partition
coefficient, cLog S: calculated water solubility, PSA: polar surface area.

MW (gmol?) cLogP cLogS PSA (A?) Druglikeness DrugScore

X1TMP 318.00 1.17 -1.54 86.97 12.08 93%

X1Benz 228.00 1.38 -1.48 59.28 6.03 95%

A smaller MW is related to easier cellular membrane crossing. In this
sense, the majority of drugs orally administered currently in the market present
MW in the range of 200-450 g mol? (Leeson & Young, 2015), like the
synthesized N-acylhydrazones X1TMP and X1Benz. Log P represents the
hydrophilic-lipophilic balance of the molecule that, combined with the solubility
of the compound in aqueous solution (log S), is of extreme importance in the
context of cellular permeability. A compromise between them must be reached in
order for the potential drug to cross the lipid bilayer of the membranes (Van de
Waterbeemd et al., 1998). Finally, PSA is the polar surface area, which evaluates
the degree of polarity of the molecule. Regarding blood-brain barrier crossing, it
has been reported that compounds should exhibit a PSA of < 90 A% (Van de
Waterbeemd et al., 1998). In this sense, both metallophores are in agreement with

such guidelines.
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Other parameters that can be taken into account in the analysis of a drug
candidate are the Druglikeness and the DrugScore. The first is determined from
the comparison of compound fragments with databases of both commercially
available drugs and non-drug compounds. The latter, on the other hand, is a
combination of the previously mentioned properties and expected toxicity risks in
one value that is used to estimate the compound’s overall potential to qualify for a
drug. No indication of mutagenicity or tumorigenicity was found for the N-
acylhydrazones X1TMP and X1Benz, nor any warnings for irritating or
reproductive effects. For this reason, DrugScore values obtained were above 90%.

Apart from the calculated log P parameter, we determined its experimental
values for both synthesized N-acylhydrazones through the shake flask method. A
Tris buffer pH 7.40 was employed as the aqueous phase and 1-octanol was used as
the organic phase. Nowadays, the optimal range of log P values for blood—brain
barrier crossing is considered between 0 and 3 (Pajouhesh & Lenz, 2005).The
values obtained for X1 TMP and X1Benz are, respectively, 1.55 £ 0.17 and 1.49 +
0.13, close to the predicted values and inside the ideal range. It is important to
note that, from the calculations, a lower log P was expected for the mescaline
derivative X1TMP, which was not experimentally observed, since both
hydrazones presented virtually the same value for this parameter. Moreover,
despite the similarity of the calculated log S, a lower water solubility was
experimentally observed for X1TMP, indicating that the presence of the methoxyl
substituents somewhat impairs its solubility in the biological fluid. This trend is
contrary to what would be expected from the theoretical relative PSA values.
Nevertheless, X1TMP still presents enough solubility that allowed us to work in

physiological-like conditions for most of the experiments.

5.1.4. Interactions with copper(ll) in buffered pH 7.4, aqueous solution

The Method of Continuous Variations (Job Method), using UV-Vis
spectroscopy as a suitable monitoring technique, was applied to estimate the
apparent affinity of both ligands towards copper(Il) ions. As shown above, the
electronic spectra of X1TMP and X1Benz display only one main intra-ligand
band each, centered at 318 nm (g = 23,950 + 110 L mol*? cm™) and 315 nm (g =

25,660 + 125 L mol™* cm™), respectively. Upon complexation those absorptions

51



undergo strong bathochromic shifts to 380 and 372 nm, correspondingly (Figure
22A and B). On the other hand, no copper(ll) characteristic d-d band was

observed due to the low concentration employed in this assay.
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Figure 22. Method of continuous variations to evaluate the binding affinity of the new hydrazones
(A) X1TMP and (B) X1Benz towards copper (I1) — representative electronic spectra of ligand
molar fractions from 0.5 to 1.0. Insets: absorbance versus molar fraction plots (R? = 0.998 for A
and B). HEPES buffer at pH 7.4, 50 mmol L%, 25 °C.

In both cases, the maximum absorbance was achieved at the molar fraction
of 0.5 (Figure 22A and B, insets), suggesting the formation of ML stoichiometry
complexes. X1TMP and X1Benz seem to interact with copper(ll) ions in a
similar manner and with analogous affinities. While X1TMP showed an apparent
log K of 5.74 £ 0.15, X1Benz presented a slightly higher apparent log K value,
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equal to 5.87 £ 0.11. The fact that both constants were obtained under exactly the
same experimental conditions make a direct comparison between them perfectly
reliable. Thus, we can conclude that the electronic effects derived from the
inclusion of methoxyl substituents in the phenyl group do not appear to cause
major changes in the affinity of the ligands for copper(ll) ions, which, for both
hydrazones, is in the moderate range expected for a functional metallophore.

The group’s previous works involving 1-methylimidazole-containing N-
acylhydrazones have shown that these compounds exhibit a higher water
solubility and remarkable resistance towards hydrolysis (Cukierman et al., 2020;
Cukierman et al., 2022). This allowed us to work in buffered 100% aqueous
media for ROS production and AP aggregation assays, a more physiological

condition.

5.1.5. Interactions with the Cu?*-AB system: effect on ROS production

Free copper is highly effective in the generation of ROS through the
cycling between its two physiologically available oxidation states (White et al.,
1999). Although certainly less than free copper, the Cu(Ap) complex is still quite
competent in catalyzing the production of ROS in the presence of dioxygen and
ascorbate. In fact, ascorbate consumption mirrors ROS production and can be
employed as a useful assay to determine the efficacy of copper-targeted
metallophores in reducing oxidative stress (Atrian-Blasco et al., 2018; Conte-
Daban et al., 2016). N-acylhydrazones X1TMP and X1Benz showed the ability to
reduce copper-mediated ROS production in the preliminary study performed in
the presence of APi-16 (Figure 23). This fragment was used as a model for copper
coordination with respect to the full-length peptide, since it comprises the binding

region for the oxidized form of this metal (Faller & Hureau, 2009).
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Figure 23. Cu(Ap)-induced ascorbate consumption. (A) Left: Plots showing ascorbate
consumption through absorbance decrease at 265 nm for Cu(Ap) (black), Cu(AB) + 1 eq. XITMP
(red) and Cu(AP) + 3 eq. XITMP (blue). The sharp increase observed after compound addition in

excess is due to the intrinsic absorbance of the resulting Cu(X1TMP) interaction. Inset: Linear
segment of the ascorbate consumption curve for 0.80 < Azgs < 0.65. Figures of merit: black line
slope: -0.09018 + 0.00009, R% = 0.999; red line slope: -0.05430 + 0.00009, R? = 0.996; blue line
slope: -0.036210 + 0.000008, R? = 1.000. Right: Bar graph representing the normalized mean
slopes of the linear segment, which parallel ROS production, for each condition tested. Significant
differences (t-tests) are characterized by (*) for p < 0.05. (B) Right: Representative plots showing
ascorbate consumption through absorbance decrease at 265 nm for Cu(Ap) (black), Cu(Ap) + 1 eq.
X1Benz (red) and Cu(AP) + 3 eq. X1Benz (blue). The sharp increase observed after compound
addition in excess is due to the intrinsic absorbance of the resulting Cu(X1Benz) interaction. Inset:
Linear segment of the ascorbate consumption curve for 0.70 < Azs < 0.55. Figures of merit: black
line slope: -0.08240 + 0.00005, R? = 1.000; red line slope: -0.05267 + 0.00007, R? = 0.997; blue
line slope: -0.03997 + 0.00004, R? = 0.997. Left: Bar graph representing the normalized mean
slopes of the linear segments.

The addition of copper(Il) to a solution containing ascorbate and Af1-16 at
pH 7.4 triggers an intensity reduction of the ascorbate absorption band centered at
265 nm. The initial consumption rate was estimated as 37.9 + 4.1 pmol L™* min™,
After addition of 1 eq. of each hydrazone, it was observed that the consumption
profile does not change appreciably until the ascorbate concentration reaches 50%
of its original value. From that moment on, a clear divergence can be noticed
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(gray box in Figure 23). The slope of the consumption curves (inset), normalized
with respect to the Cu(A) control condition, was employed as a measurement of
the ascorbate oxidation rate at 25 °C. The bar graphs indicate that both
compounds are able to reduce the ROS production by around 30-40%, being
X1TMP slightly more active. The addition of a hydrazone excess (3 eq.) further
prevents ascorbate oxidation. At this ratio, X1TMP is able to inhibit up to 60% of
the reaction, against the 50% of hampering related to X1Benz. Another indication
of the protective effect of the compounds can be assessed by the time needed to
reach the equilibrium (when a variation in absorbance is no longer noticeable).
While the Cu(Ap) system stabilizes after 20 min, addition of X1TMP delays
stabilization to around 30 min (1 eg.) and 35 min (3 eq.). Concerning the
unsubstituted X1Benz, the values are around 25 min (1 eq.) and 35 min (3 eq.).
Taken together, and in spite of the inherent limitations of the method, these data
indicate that the presence of the studied N-acylhydrazones hinders ascorbate
oxidation and, therefore, Cu(Ap)-mediated ROS production.

5.1.6. Inhibition of AB aggregation via turbidity assay

Besides catalyzing the production of ROS, copper binding to AP also
accelerates its amyloidogenic aggregation, as well as increases neuronal toxicity
(Hane & Leonenko, 2014). Therefore, the next step in our investigation was to
evaluate whether the synthesized N-acylhydrazonic metallophores would be able
to interfere with this essential process as well. Since protein aggregates are known
to scatter light in the visible region, we carried out a turbidity assay to determine
the impact of the ligands in copper-mediated APi-40 aggregation (Hall et al.,
2016). The pH of the medium was adjusted to slightly acidic (buffer solution at
pH 6.6), since it has been described that optimal metal-binding leading to
aggregation occurs under these specific conditions (Atwood et al., 1998; Syme et
al.,, 2004). TEM and thioflavin-T fluorescence spectroscopy were used as
supporting techniques in order to characterize the aggregates formed.

First, the effects of the compounds in the absence of copper(ll) ions were
evaluated. Interestingly, equimolar amounts of both N-acylhydrazones were able
to radically prevent aggregation, as can be observed in Figure 24A (bars 1-3). This

was confirmed through TEM images, which show the characteristic fibril
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formation in the untreated AP sample (panel 24B) and its absence upon treatment
with 1 eq. of X1TMP (24C) or X1Benz (24D).

Regarding the metal-induced process, it is important to note that copper is
known to preferably stabilize intermediate oligomeric species over the well-
structured, insoluble amyloid fibrils (Przygonska et al., 2019; Sharma et al., 2013;
Stefaniak et al., 2021). Thus, the presence of this physiological metal slightly
increases solution turbidity in comparison to free AP, being the precipitate clearly
characterized as mainly amorphous by TEM (dotted bar on Figure 24A and image
in panel 24E) and confirmed through thioflavin-T assay, which indicates a
fibrillization lessening of > 50% (Figure 25). The addition of 1 eq. of N-
acylhydrazones X1TMP or X1Benz significantly reduces absorbance at 405 nm
(p < 0.05), indicating a hampering of the aggregation process (light gray bars in
Figure 24A). Representative microscopy images of the aggregates formed can be
observed in panels 24F-G, which seem to present a similar nature to those
generated in the absence of the metallophores, although in fewer amounts. Once
again, thioflavin-T tests confirm a further reduction in fibrils’ development
(Figure 25A).

Finally, when an excess (3 eq.) of ligand is present, there is an a priori
unexpected increase in the media turbidity for both metallophores, in comparison
to the samples treated with only 1 eq. of the compounds (dark gray bars in Figure
24A), probably due to precipitation of the uncharged, poorly water soluble
bis(hydrazone)copper(ll) species, as described recently by our group for the
related system Cu?*-HPCFur, in the presence of a decapeptide at pH around 7
(Cukierman et al., 2023). In fact, this can also be observed in TEM, through the
presence of regions with material accumulation consisting of crystals of the
putative neutral [Cu(X1TMP);] (needle-like) or [Cu(X1Benz):] (sheet-like)
complexes associated with mostly amorphous protein precipitation (panels 24H-I,
respectively). Thioflavin-T fluorescence assays (Figure 25B) show a slight
fibrillization increase in these samples, close to that observed for the Cu(Ap)

sample itself.
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Figure 24. AB1-40 aggregation in the absence and presence of copper(l1) and the compounds, in
HEPES buffer at 20 mmol L™, containing NaCl 150 mmol L, pH 6.6, 37 °C and 1100 rpm after 3
hours. (A) Aggregation as measured by turbidity at 405 nm. Data are reported as mean and
standard deviation. (B-1) Transmission Electron Microscopy (TEM) of the different conditions of
the assay: (B) AB (C) AR+ 1 eq. XITMP (D) AB + 1 eq. X1Benz (E) AP + Cu?*, hereafter
referred to as Cu(AP) (F) Cu(AB) + 1 eq. XITMP (G) Cu(AB) + 1 eq. X1Benz (H) Cu(AB) +3
eq. XITMP (1) Cu(AB) + 3 eq. X1Benz.
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Figure 25. Effect of the synthesized N-acylhydrazones on Ap1.40 aggregation in the presence of
copper(ll) ions in HEPES 20 mmol L1, NaCl 150 mmol L™, pH 6.6. Thioflavin-T fluorescence
curves after 3 hours incubation at 37 °C and 1100 rpm. (A) AB, AB(Cu) and AB(Cu) + 1 eq.
X1TMP or X1Benz. (B) AB, AB(Cu) and AB(Cu) + 3 eq. XITMP or X1Benz.
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5.1.7. Mechanistic insights through 1D- and 2D-NMR experiments

As NMR spectroscopy requires higher compound concentrations,
experiments were performed only with X1Benz, the most water soluble
hydrazone.

Since both metallophores seem to impair AP aggregation, even in the
absence of copper(ll), we decided to investigate this system by firstly analyzing
the interactions of X1Benz directly with AB1-40, using *H->N heteronuclear single
quantum correlation (HSQC) spectroscopy. The central region of the spectrum of
an 80 pumol L™ sample of uniformly N-labeled AB is shown in Figure 26A
(black contours). Resonances are well resolved and sharp, with a limited
dispersion of chemical shifts, reflecting the disordered nature and the high degree
of mobility of the backbone. Upon titration with increasing concentration of
X1Benz, the H-1°>N HSQC spectra retained the excellent resolution of the free
peptide but presented measurable chemical shift changes in a discrete number of
residues distributed throughout its amino acid sequence (Figure 26A -blue/red
contours- and 26B). Close analysis of the backbone amide signals exhibiting
chemical shift changes upon interaction with X1Benz revealed that they
correspond to amino acids located in the proximity of aromatic residues, namely:
a Phe residue in position 4, a Tyr residue in 10, as well as two Phe residues
(positions 19 and 20). Altogether, these results unequivocally demonstrate that
X1Benz binds to the monomeric form of ABi-40, With aromatic residues possibly
playing a very important role as anchoring moieties for binding of this compound
to the peptide. It is worth noting that such a behavior was quite unexpected, not
observed for other N-acylhydrazones previously described by our research group
(Cukierman et al., 2018; Hauser-Davis et al., 2015).

Additional experiments are clearly needed to determine if the identified
X1Benz binding sites at positions F4, Y10, and F19-20 constitute independent,
non-interactive motifs, consistent with the binding of at least three X1Benz
molecules per peptide unit, and to fully characterize the interaction modes and

binding strengths.
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Figure 26. NMR analysis of X1Benz binding to ABi-40. (A) Overlaid contour plots of *H-15N
HSQC spectra of AP in the absence (black) and presence of increasing X1Benz concentrations: 3
eg. (blue) and 5 eq. (red). Most affected residues are labelled (for the sake of simplicity, the one
letter amino acid code was employed). (B) Differences in the mean weighted chemical shift
(MW!H-15NACS) displacements between free and X1Benz-bound AP at molar ratios of 1:1 (gray),
2:1 (green), 3:1 (blue) and 5:1 (red). Experiments were recorded at 15 °C (80 pmol Lt AB in Tris
20 mmol L pH 7.3).

The copper(ll) sequestering potential of X1Benz towards Afi40 was
explored at single residue resolution by 1D *H NMR spectroscopy. As reported
earlier (Hauser-Davis et al., 2015), addition up to 1 eq. of Cu?* to APi-40 Samples
caused the severe broadening of specific resonances, clearly indicating their
involvement as metal coordinating sites for this physiological ion (Figure 27A and
B). Interestingly, increasing amounts of X1Benz were not efficient at removing
the metal-induced perturbations in A backbone amides, even upon the addition

of 5 eq. of the compound (Figure 27C). However, the broadening effects observed
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on the signals belonging to X1Benz might be an indicative of copper(ll)
coordination by this compound, probably generating a ternary Af-copper-X1Benz
species. Such a result is in perfect agreement with previously reported findings by
the group regarding the formation of ternary complexes involving N-
acylhydrazones, Cu?* and small prion protein fragments (Cukierman et al., 2019;
Cukierman et al., 2022). In the context of the present work, it seems that this
ternary species is the one responsible for impairing ROS production and

preventing AP aggregation.
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Figure 27. 'H NMR of the aromatic side chains of Api.40 in the presence of copper(ll) and
X1Benz. Spectra were registered at 15 °C in Tris buffer 20 mmol L pH 7.3 of samples containing
(A) AB (80 umol L) (B) AR + 1 eq. Cu?* (C) AB + 1 eq. Cu®* + 5eq. X1Benz (D) AB + 1 eq.
Cu?* + 5 eq. X1Benz followed by addition of 10 mmol L™ EDTA. Spectral region with the
resonances of 400 pmol Lt X1Benz are shown in (E) along with the signals’ assignment. For the
sake of simplicity, the one letter amino acid code was employed.

In order to verify the formation of a ternary AB-copper-X1Benz complex
trough a different experimental technique, we obtained UV-Vis spectra of freshly
prepared 1:1 (Cu:ABiis), 1:1 (Cu:X1Benz) and 1:1:1 (Cu:APi-16:X1Benz)
mixtures in 20 mmol L%, pH 7.3 Tris buffer solution (Figure 28). While the binary
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Cu(Ap) species virtually does not absorb light in the studied region, the
Cu(X1Benz) system showed an overlapped multi-band absorption pattern
centered at 360 nm. The ternary AB-copper-X1Benz mixture, instead, exhibited a
different spectral profile, with the most prominent band centered at 320 nm. Very
similar results were obtained by May, Jancsé & Enyedy (May et al., 2021) for a
ternary complex involving copper(ll), the tetrapeptide DAHK and the

thiosemicarbazone Triapine.
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Figure 28. Intra-ligand and CT absorption bands of different equimolar Ap-16, CuCl, - H20 and
X1Benz mixtures in 20 mmol L Tris buffer (pH 7.3) at 25 °C.[ ]=5x 10°mol L™

On the other hand, addition of EDTA completely abolishes metal-
interactions with both Ap and X1Benz (Figure 27D). Nevertheless, some signals
of the free peptide (Figure 27A) and the hydrazone (Figure 27E) cannot be
recovered, especially, in the latter, those related to the imidazole moiety. In fact,
the spectrum in Figure 27D is exactly the same obtained for a sample containing
only AB + 5 eq. X1Benz, suggesting that AB-X1Benz interactions are preserved.
Thus, the general broadening observed on AP resonances upon addition of EDTA
is consistent with the occurrence of a peptide’s self-association process, probably
mediated by X1Benz.
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5.2. Part Il = Comparison between the (E) and (Z) isomers of a
nicotinic-inspired N-acylhydrazone towards the Cu?*-bound
hlIAPP1s22 fragment in the context of type 2 diabetes

mellitus

The original goal of the second part of this work was to evaluate the effect
of a new N-acylhydrazone that was inspired by the structure of nicotine, using a
fragment of the human IAPP bound to copper(ll) as a model of the endocrine
metal-enhanced aggregopathy type-2 diabetes mellitus. Nicotine is a naturally
occurring alkaloid that is best known for its use as an insecticide and a
recreational drug. This exogenous molecule acts as an agonist of many nicotinic
acetylcholine receptors found in the central and peripheral nervous system
(Fagerstrom, 2013; Tomizawa & Casida, 2005; Weiland S. et al., 2000).
Moreover, pancreatic [-cells also present functional nicotinic receptors, which
impact insulin secretion (Eliasson et al., 1996). Therefore, XINIC was designed
to present greater biocompatibility and a good pharmacological potential.
However, when performing the synthesis of the proposed compound, the *H NMR
spectrum of the resulting solid revealed the existence of a mixture of geometric
stereoisomers, which redirected the study to compare these isomers and how they
both interact with the Cu?*-hl1APP system.

5.2.1. Syntheses and characterization

When synthesizing X1INIC starting from 3.0 mmol of the reagents,
although still in the presence of HCI and at reflux for 4 hours, the white solid
obtained corresponded to a mixture of two species, evidenced by the existence of
two sets of signals in the *H NMR spectrum, shown in Figure 29. Two deshielded
singlets can be seen for the two hydrazonic -NH protons, at 12.98 and at 14.84
ppm. The first is in agreement with the usual chemical shift region for the -NH
group of hydrochlorides of 1-methylimidazole-containing N-acylhydrazones
(Cukierman, 2021). The second, in turn, is in consonance with the position of -NH
groups involved in intramolecular hydrogen bonding, a feature that was already
described by our research group in an ortho-pyridine-containing ligand

63



(Cukierman et al., 2018), but can easily occur with 1-methyl-1H-imidazole-2-

carboxaldehyde-derived hydrazones (Figure 30).
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Figure 30. Structural proposal of the (Z) isomer of XINIC with an intramolecular H-bond
(highlighted in yellow) that probably stabilizes the compound and causes deshielding of the -NH
signal in the *H NMR spectrum.

The two isomers were then synthesized separately: X1NIC-(E) was
obtained as a white and elongated solid (60% yield), after reflux for 4 hours in the
presence of HCI, while XINIC-(Z) was isolated also as a white, thin solid (30%

yield), in the absence of acid and after reflux for 24 hours.
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The *H NMR spectrum of X1NIC-(E) in DMSO-ds (Figure 31) shows only
one set of signals, indicating the obtention of a pure sample. The characteristic
proton resonance of the hydrazonic -NH group was attributed at 13.19 ppm, a
strong indication that the compound is in its hydrochloride form (Cukierman,

2021). The complete signal assignment is summarized in Table 4.

—13.19
—9.19

I
=
-

11
ELTEL: LS
@ W@~~~ N
A\
2 2 39 A
! L N 4
| Voo |
| | \\7/ oy
2 9
, 48 0 1 0
7 i Py
L N
92 9.0 88 86 pprln I 780 775 770 765 ppll'n
o] o o \ ‘“f of )
g [ - 12 g
1
NH ‘ g H,0
I ! []
i o :

-
w
-
)
-
oy
a
=)
©
o
~
@
2]
&

3 ppm

N
L~

= = Mt = = (==
2 el b = B e

Figure 31. 'H NMR spectrum (400 MHz) of XINIC-(E) in DMSO-ds at 25 °C.

309

The *H-'H NOESY experiment (Nuclear Overhauser Effect Spectroscopy)
is a powerful tool to identify isomers and determine the conformation of
compounds in solution, since it relies on dipolar couplings, i.e., the transfer of
magnetization among the spins occurs through space. The 2D spectrum of
XINIC-(E) is shown in Figure 32 (top). The -NH proton showed a correlation
with H4, as expected for the (E) isomer, but also with H7 and H10, which proves
that the compound is present in its antiperiplanar conformation, as shown in the
bottom part of the figure. Moreover, the interaction between H1 and CH3z allowed
for the unequivocal assignment of the imidazolic signals.
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Figure 32. *H-'H NOESY NMR spectrum (400 MHz) of X1NIC-(E) in DMSO-ds at 25 °C (top).
The proposed structure of the (E) isomer in an anti-conformation and its spatial correlations are
shown on the bottom. Blue arrows indicate relevant expected dipolar couplings.

The *H NMR spectrum of X1NIC-(Z), in turn, shows the highly deshielded
(14.84 ppm) -NH signal (Figure 33), indicating that this proton is involved in an
intramolecular H-bond with the nitrogen of the imidazole ring, as mentioned
before. The chemical shift value of the -NH hydrogen signal observed in our *H
NMR spectra is similar to those found in the literature, which report that (E)
isomers of hydrazones usually present 6 values for the -NH proton at a higher
field than the respective (Z) isomers (Cukierman et al., 2018; Palla et al., 1986;
Tisovsky et al., 2020).
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Figure 33. *H NMR spectrum (400 MHz) of X1NIC-(Z) in DMSO-dg at 25 °C.

Once again, we used *H-H NOESY (Figure 34) to confirm that the solution

was indeed related to the (Z) isomer of X1NIC, since the -NH proton only showed
correlations with H7 and H10 (due to the rotation of the ring), but not with H4.
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Figure 34. *H-'H NOESY NMR spectrum (400 MHz) of X1NIC-(Z) in DMSO-dg at 25 °C (top).

The proposed structure of the (Z) isomer in an anti-conformation and its spatial correlations are
shown on the bottom. Blue arrows indicate relevant expected dipolar couplings.
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Table 4. H (400 MHz) signal attribution for XINIC-(E) and X1NIC-(Z) (DMSO-ds at 25 °C).

X1NIC-(E) XINIC-(2)
H 6 (ppm) o (ppm)
1 7.82 (s, 1H) 7.45 (s, 1H)
2 7.72 (s, 1H) 7.37 (s, 1H)
4 8.83 (s, 1H) 7.82 (s, 1H)
7 9.19 (s, 1H) 9.10 (s, 1H)
8 8.83 (d, 1H)* 8.82(d 1M,
3Jun = 4.50 Hz)
7.63 (dd, 1H 7.64 (dd, 1H,
9 3un = 4.96 Hz,  3Jun = 4.50 Hz,
3pn=7.16 Hz)  3Jun = 7.48 Hz)
0 8.43 (d, 1H, 8.28 (d, 1H,
3pn=7.16 Hz)  3Jun = 7.48 H2)
11 4.02 (s, 3H) 3.91 (s, 3H)
NH 13.19 (s, 1H) 14.84 (s, 1H)

Signal multiplicity: (s: singlet; d: doublet; dd: doublet of doublets).
(*) doublet is overlap with H4.

To confirm the hydration state of the compounds, thermogravimetric
analyses were conducted. For the (E) isomer, an intricate process related to the
release of 0.5 hydration water molecules and HCI derived from its hydrochloride
condition was observed until 215 °C. After this, organic degradation takes place.
Therefore, the proposed chemical formula for this compound is HX1INIC-(E)*CI™
- ¥ H,0 (C11H1sNsO15Cl, 274.71 g mol™, M. P. = 164 + 5 °C). XINIC-(Z), on
the other hand, is completely stable until 210 °C, temperature in which organic
degradation begins (C1:H11NsO, 229.24 g mol, M. P. = 202 + 2 °C).

Solid state characterization of both hydrazones was also carried out using
mid-infrared spectroscopy, as shown in Figure 35A and B, respectively for
XINIC-(E) and (Z). The broad bands observed at high frequencies in both spectra
are probably related to humidity in the highly hygroscopic KBr pellets.
Nevertheless, the band in the spectrum of X1NIC-(E) is clearly more intense, and
this can be due to the presence of hydration water in this isomer, which spectrum

also shows a band at 3185 cm™ assigned to v(N*—H) of the protonated imidazole
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ring. The hydrazonic amide v(N—H) mode of both compounds absorb at 3150 and
3128 cm, respectively for XINIC-(E) and XINIC-(Z). This downshift is
expected for the latter due to the intramolecular H-bond, which weakens the N-H

linkage. Table 5 shows the main absorptions and assignments for both isomers.

Table 5. Selected infrared frequencies of the N-acylhydrazones X1INIC-(E) and X1NIC-(Z), along
with their assignments. Samples were prepared as KBr pellets.

Assignment X1INIC-(E) X1INIC-(2)
IR (cm™) IR (cm™)
V(N*=H)imidazole 3185 -
V(N—H)hydrazone 3150 3128
V(C=0)amide 1696 1685
V(C=N)azomethine 1621 1640
v(N-N) 1100 1093
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Figure 35. Mid-infrared spectra of (A) XINIC-(E) and (B) X1INIC-(Z). Samples were prepared as
KBr pellets.

5.2.2. Stability towards hydrolysis in buffered solution

Although our experience has shown that 1-methylimidazole-containing N-
acylhydrazones are highly stable in aqueous solutions (Cukierman, 2021), it is
important to individually assess each synthesized hydrazone to confirm such
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properties. Thus, we evaluated the stability of the X1INIC-(E) and X1NIC-(Z)
ligands towards hydrolysis in a 1% DMSO/Tris pH 7.4 medium, at a hydrazone
concentration of 5 x 10° mol L.

Only one, intense band, centered at 316 nm, was observed in the UV-Vis
spectrum of XINIC-(E), which can be seen in Figure 36 along with the
absorptions of the precursor aldehyde and hydrazide. Absolutely no change was
observed in the absorbance of the spectra taken over 12 hours, demonstrating the

high stability of the evaluated hydrazone.

1.2
—— XINIC{E) O h
1.0 - —— XINIC{E) 1h
SN __ XINIC{E)2h
; \  XINIC{E) 3 h
' XINICHE) 4 h
0.8 - J XINIC{E)5h
; XINIC{E) 6 h
‘  XINIC{E) T h
a K — XINIC{E)&h
< 06+ ; - XINICH{E)9h
' X1INIC{E) 10 h
K X1INICHE) 11 h
—— X1INIC{E) 12h
0.4 - J," -~ %1 1)
- — -NIC
0.2 4=
0.0 1 . bl LTy L e Y s, -

I 1 I I 1 I I
260 280 300 320 340 360 380 400
2 (nm)

Figure 36. UV-Vis absorption spectra of XINIC-(E) and its precursors (5 x 105 mol L) in 1%
DMSO/Tris (10 mmol L%, pH 7.4), obtained over a period of 12 h, at room temperature.

Similarly to XINIC-(E), the (Z) isomer of the nicotine-inspired hydrazone
possesses only one intense absorption band centered at 319 nm (Figure 37).
Although slightly less stable (small increase in the precursor-related band at
around 265 nm), X1INIC-(Z) is still extremely resistant towards hydrolysis, as

shown in the spectra acquired over time.
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Figure 37. UV-Vis absorption spectra of XINIC-(Z) and its precursors (5 x 105 mol L?) in 1%
DMSO/Tris (10 mmol L™, pH 7.4), obtained over a period of 12 h, at room temperature.

5.2.3. Thermal stability of the isomers in solution

'H NMR spectroscopy is a powerful tool widely employed in the assessment
of isomerization of compounds in solution. With this technique, we conducted a
study to examine the conversion of XINIC isomers as a function of temperature.
An initial measurement was performed at 25 °C (orange spectra in Figure 38 and
Figure 39). Then, spectra were acquired every 10 °C increase (yellow, purple and
dark green spectra), until 65 °C (blue), which is the limit of the spectrometer.
Finally, temperature was reduced back to 25 °C and a final spectrum (shown in
red in both figures) was registered.

We first analyzed the stability of X1NIC-(E), which can be seen in Figure
38. The figure also shows the spectrum of XINIC-(Z) at the initial temperature in
light green, for comparison purposes. From 45 °C on, the appearance of signals
related to the (Z) isomer can be seen. In Figure 38A, for example, which shows
the spectral window of 2.0-5.0 ppm, the resonance of H11 (imidazolic methyl) of
the (Z) isomer appears at 3.91 ppm, at a proportion of around 11%. In the
aromatic range of the spectra (Figure 38B), all signals can also be observed,
especially with increasing temperature. It is worth mentioning that the NH signal
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of the (Z) isomer (14.84 ppm), only appears when the sample is cooled back to 25
°C (Figure 38C), due to fast exchange with the solvent. At 65 °C, the average
proportion of the species in solution is 84% (E) and 16% (Z). When the
temperature is brought back to 25 °C, the (Z) isomer that was formed during the
assay is still present (18%), and the final solution corresponds to a mixture of both
stereoisomers, dominated by X1NIC-(E).
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Figure 38. Thermal stability analysis of XINIC-(E) assessed by *H NMR, with spectra taken
every 10 °C, from 25 to 65 °C. A final spectrum was collected after cooling the sample back to
room temperature (25 °C). Selected spectral windows: (A) 2.0 — 5.0 ppm; (B) 7.0 — 9.5 ppm; (C)
12.0 — 15.0 ppm.
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X1INIC-(Z), on the other hand, does not seem to undergo thermally induced
isomerization (Figure 39), which indicates that this is probably the
thermodynamically favored product. One possible contributing factor to this
stability, although certainly not the only one, may be the presence of the strong

intramolecular H-bond in the (Z) isomeric form of X1NIC.
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Figure 39. Thermal stability analysis of X1INIC-(Z) assessed by 'H NMR, with spectra taken
every 10 °C, from 25 to 65 °C. A final spectrum was collected after cooling the sample back to
room temperature (25 °C). Selected spectral windows: (A) 2.0 — 5.0 ppm; (B) 7.0 — 9.5 ppm; (C)
12.0 — 15.0 ppm.
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5.2.4. Pharmacological parameters

The Osiris Property Explorer: DataWarrior™ software was employed as a
tool for the in silico predictions of some properties considered important for the
design and development of new commercial drugs (Lipinski et al., 2001).
However, since the stereochemistry and atom connectivity are not considered in
these calculations, the same values were obtained for both isomers, which are

summarized in Table 6.

Table 6. Calculated (OSIRIS Property Explorer: DataWarrior™) descriptors of pharmacological
relevance for XINIC. MW: molecular weight, cLog P: calculated partition coefficient, cLog S:
calculated water solubility, PSA: polar surface area.

MW (g molY) cLogP cLogS PSA (A?) Druglikeness DrugScore

XINIC 229.00 0.38 -0.69 72.17 7.01 97%

The first verified property was the molecular weight of the compound, for
which a smaller value represents an easier passage through cellular membranes.
According to Lipinski’s rule of five, XINIC is in the ideal range (MW < 500 g
mol™t). Then, log P is calculated, which is related to the hydrophilic-lipophilic
balance of the molecule. In this context, the compound should be neither too
hydrophilic or nor too lipophilic, as this can hinder its ability to penetrate the lipid
bilayers and thus be absorbed by the body. Although Lipinski’s original
suggestion regarding log P values is that it stays below 5, new guidelines
regarding the specific passage of a compound through the blood-brain barrier state
that the values should be between 0 and 3 (Pajouhesh & Lenz, 2005). Log S, in
turn, refers to the aqueous solubility of a compound which, together with the log P
value, makes the analysis of cell permeability more complete and reliable.
Regarding these two parameters, XINIC is in consonance with the current
guidelines, presenting good water solubility that allows it to be studied in pseudo-
physiological media, but still some lipophilicity that will, most likely, facilitate its
cellular penetration.

The polar surface area (PSA) is a parameter commonly used for evaluating
the degree of polarity of a molecule and, for drugs targeting the central nervous
system, PSA should be less than 90 A? according to Van de Waterbeemd et al.

(1998).
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Additionally, a good in silico pharmacological analysis of a drug candidate
usually considers the Druglikeness parameter, in which fragments belonging to a
database of traded drugs and commercially available compounds is used to
compare the structure of the molecule in question, to determine similarities. A
positive value in Druglikeness, such as the one calculated for XINIC, means that
the studied compound contains mainly fragments which are usually seen in
commercial drugs. However, it is important to note that it does not necessarily
mean that these fragments are well balanced concerning other properties.

Finally, the DrugScore parameter combines all the previous values and
includes an evaluation of the toxicity risks of the analyzed compound, resulting in
a percentage merit that can be used to judge the candidate’s overall potential to be
developed as a drug. XINIC had an estimated DrugScore of 97%, since it did not
show any signs of possible mutagenic, tumorigenic, irritant, or reproductive
effects.

Regarding the log P parameter, we also determined the experimental values
for both hydrazones, using Tris buffer pH 7.4 as the aqueous phase and 1-octanol
as the organic phase. It is important to note that these compounds are expected to
be neutral in the selected (physiological) pH: the pKa of the 1-methylimidazole
nitrogen, which is protonated in the solid state of XINIC-(E), is 5.3 in this type of
hydrazones (Cukierman et al., 2022), while that for the nicotinic nitrogen it is
around 4.4 (Benkovi¢ et al., 2016) , which means that both of these atoms are
deprotonated, and therefore neutral, at pH 7.4. Moreover, the pKa of the amide
nitrogen of 1-methylimidazolic N-acylhydrazones is above 9.5 (Cukierman et al.,
2022), thus being in the non-ionic, protonated form at the evaluated medium.

The values obtained for the (E) and the (Z) isomers were 0.62 + 0.01 and
0.87 £ 0.02, respectively. Both are in the optimal range considered for the blood-
brain barrier crossing (0-3). Interestingly, X1NIC-(Z) is slightly more lipophilic
than XINIC-(E), a fact that was also experimentally observed when comparing
the water solubility of the compounds. The presence of an intramolecular
hydrogen bond can, in fact, cause an increase in the apparent lipophilicity of the
molecule (Ashwood et al.,, 2001; Emami et al., 2021). Nevertheless, both
compounds still present good water solubility and a great hydrophilic-lipophilic

balance.
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5.2.5. Interactions of both isomers with copper(ll) ions in solution

The interactions of each ligand with copper(Il) were initially studied using
the Job method, monitored through UV-Vis. Representative electronic spectra of
the mixtures from 0.5 to 1.0 hydrazone molar fraction (Figure 40A and B) show
the intra-ligand absorbance [315 nm for X1NIC-(E) and 319 nm for X1INIC-(Z)]
that undergo bathochromic shifts upon complexation. Interestingly, this change is
much more significant for the (E) isomer (372 nm) than for the (Z) compound
(332 nm). Nevertheless, a Job plot (absorbance versus molar fraction) was
constructed for both hydrazones at a wavelength in which only the complex
absorbs [372 nm for XINIC-(E) and 380 nm for XINIC-(Z)], as shown in the
insets of Figure 40. The maximum absorbance achieved by the complexes of both
isomers was at the 0.5 molar fraction, which indicates that the complex with ML
stoichiometry is the most stable. It is important to highlight that no copper(ll)
characteristic d-d band was observed due to the low concentration employed in
this assay.

Although this method does not provide an absolute value for the stability
constant of the complexes, a comparison between similar compounds that were
evaluated under the same experimental conditions can be performed, with the
calculation of an apparent constant value, Kap. Thus, the apparent affinity
constants for complex formation between the studied N-acylhydrazones and
copper(l1) were estimated from their Job plots. XINIC-(E) presented a log Kapp Of
5.82 = 0.16, while X1NIC-(Z) presented a lower log Kapp value, equal to 5.04 +
0.04, both calculated from triplicates of the experiments. The higher value
obtained for the (E) isomer is in perfect agreement with the fact that this
compound can act as a tridentate ligand, while X1INIC-(Z) may only coordinate
the copper(ll) ions in a bidentate manner.

Moreover, these values can readily be compared to other structure-related 1-
methylimidazole-containing N-acylhydrazones previously reported by our
research group, or even synthesized in the first part of this work. For example, the
mescaline-inspired X1TMP showed an apparent log K of 5.74 + 0.15, while its
unsubstituted analogue X1Benz presented a slightly higher log Kapp value, equal
to 5.87 £ 0.11, both in the same range of the tridentate XINIC-(E).

78



An interesting comparison is that with X1INH (structure shown in Figure
13), which has a Kapp value of 5.66 = 0.08, calculated under similar conditions.
This compound is a positional isomer of the studied nicotine-inspired hydrazone
and has a proven capacity to affect the aggregation state of an amyloidogenic
protein in a cellular model of parkinsonism. Additionally, the ligand had its
metallophoric activity demonstrated for both Cu?* and Cu* ions, by high field
NMR spectroscopy (Cukierman et al., 2020). Thus, one can conclude that, since
the herein studied hydrazones, especially XINIC-(E), present a similar formation
constant towards copper(ll) ions as those of other ligands with indubitably
metallophoric potential, these too might be promising MPACSs, and certainly
deserve further investigation in this sense.

It is worth noting that a moderate affinity is desired for these compounds,
since the metallophore is expected to remove the metal from the amyloidogenic
protein, but also to redistribute it throughout the affected organ or region, instead
of completely eliminating it from the body as a strong chelator would, thus

reducing the deleterious effects of metal dyshomeostasis.
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Figure 40. Method of continuous variations to evaluate the copper(ll) binding affinity of the two
isomers of XINIC: (A) XINIC-(E) and (B) X1NIC-(Z). Representative electronic spectra of

ligand molar fractions from 0.5 to 1.0. Insets: absorbance versus molar fraction plots. Conditions:
HEPES buffer (50 mmol L, pH 7.4), 25 °C.
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To further understand the coordination modes of these ligands towards
copper(l1), we performed a *H NMR analysis on a solution containing a mixture
of both isomers at a 1:1 ratio, followed by the addition of 0.05 eq. CuCl». Only a
substoichiometric amount of the paramagnetic metal ion was added in order to
avoid excessive broadening of the signals. Nevertheless, the presence of only 0.05
eq. of copper(ll) caused the disappearance of practically all the (E) ligand signals
(Figure 41). The remaining identified signals are marked in red in the figure,
while proton attribution of the mixture prior to copper addition can be seen in
orange for XINIC-(E) and green for XINIC-(Z). The signals related to the
imidazole hydrogen atoms (H1 and H2) of the (E) isomer, as well as its methyl
protons (H11), are completely broadened, suggesting that this ring constitutes an
anchoring site for copper(ll) ions in this compound. The same signals, however,
are not much affected in X1INIC-(Z), confirming the bidentate nature of this latter
ligand, and suggesting that the intramolecular hydrogen bond is maintained in this
solution. In both cases, azomethine hydrogen (H4) and amide -NH signals are also
broadened upon metal addition, due to the N,O-coordination mode of the
hydrazonic moiety.

Interestingly, the signals related to the pyridine ring are also affected by the
presence of copper, suggesting a possible contact through this monodentate site.
In fact, the HC=N-NH—CO- group is an efficient electron withdrawing group,
affecting the ortho and para positions of the hydrazide-derived ring. Thus, the
nitrogen of the m-pyridine ring (derived from nicotinic acid hydrazide) is more
basic than that of the p-pyridine (derived from isonicotinic acid hydrazide — or

isoniazid), which explains why this effect was observed for X1NIC.
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Figure 41. Simultaneous X1NIC-(E)/X1NIC-(Z)—copper(Il) interactions studied through 'H
NMR (400 MHz) spectroscopy, at 25 °C. Black: Mixture of both X1NIC isomers at E/Z ratio 1:1,
in DMSO-dg. Red: Same mixture after addition of 0.05 eq. copper(ll) resulting in a solution of
DMSO-dg containing 1% D-0.

5.2.6. Interactions of XINIC isomers with the Cu?*-hlAPPig2; system
through high-field NMR

The use of protein or peptide fragments is a valid approach to study
different aspects of such intricate systems and has been especially helpful in
deciphering the coordinating features of amyloidogenic proteins and peptides
towards endogenous metal ions such as copper(ll) and zinc(ll) (S6vago et al.,
2023). It allows us, for example, to study these proteins at higher concentrations
without the concerns related to their aggregation. In the case of diabetes-related
amylin, the hlIAPP1g.22 fragment has been proposed as the coordinating portion of
the peptide (Rivillas-Acevedo et al., 2015; Sanchez-Lépez et al., 2016), and was
employed in our studies of the interactions involving both X1NIC isomers with
the copper(I)-peptide system. The chemical structure of the amino acid sequence

of this fragment (HSSNN) can be seen below in the schematic Figure 42.
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Figure 42. Structure of the hIAPP1g.5> peptide fragment (HSSNN) employed in this work. Side
chains are marked in blue for H (histidine), red for S (serine) and green for N (asparagine).

First, we evaluated the interactions of hlAPPis.; with copper(ll) ions
through *H NMR spectroscopy using a high-field spectrometer (700 MHz). The
spectrum of the free peptide is shown in Figure 43A. The signals related to
histidine (H18) were assigned as a triplet at 4.00 ppm (Ha), a multiplet between
3.08 and 3.02 ppm (HP) and two singlets at 7.01 and 7.80 ppm, associated with
the 6 and € hydrogens of the imidazole ring, respectively. Regarding the two
serine residues (S19/S20), their Ha signal compose a multiplet at 4.36 — 4.45 ppm,
while the Hp signal was attributed as another multiplet at 3.76 — 3.83 ppm. The -
OH group was identified through a singlet at 8.51 ppm. Finally, the amide -NH>
protons from the side chain of the two asparagine residues (N21/N22) were
observed at 7.92 and 8.39 ppm. The signals related to Ha and Hp of these residues
were attributed as multiplets at 4.36-4.45 ppm and 2.55-2.78 ppm respectively.
However, the proximity of the irradiation site to the hydrogen nuclei for water
suppression affects the Ha signals of the serine and asparagine residues (S19/S20

and N21/N22), making them less intense and therefore difficult to observe.
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Figure 43. 'H NMR spectra (700 MHz) of (A) pure hIAPP1g.22 and (B) hlAPP1g.2; + 0.1 eq. Cu?*, both acquired at 25 °C. Samples were prepared in 20 mmol L™
Tris-d11 at pH 7.4, with 8.5% D,0 and 4% DMSO-ds. Histidine residues are highlighted in blue, while red was used for serine and green for asparagine. (**)
indicates the most affected signals upon copper(l1) addition, while (*) is showing signals moderately modified in this context.
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Figure 43B shows the 'H NMR spectrum of this peptide after the addition of
0.1 eq. of copper(Il). Once again, substoichiometric amounts of the metal were
employed. As expected, the most affected signals (represented by ** in the figure)
were those of H18, confirming that this is the main anchoring site for the metal
ion. This preference of copper(ll) towards histidine is consistent with the
prediction by Pearson’s classification, in which histidine and Cu?* are considered
borderline base and acid, respectively. All hydrogen atoms of this residue are
affected, especially those from the aromatic ring (Hé and He), which are directly
related to the metal coordination site. A decrease in signal intensity can be
observed, in addition to their broadening, due to the paramagnetic relaxation
enhancement effect of copper(ll). Serine-related signals are also affected,
although to a lesser extent (marked with * in the figure), which lead us to propose
an equatorial N3O coordination mode similar to that reported by Rivillas-Acevedo
et al. (2015). Sanchez-Ldpez et al. (2016) demonstrated through spectroscopic
analyzes and theoretical studies using models of the Cu?*~hIAPP1s.22 complex that
coordination through the -OH is more favorable than through the carbonyl group
of S20. This is explained by the fact that the first binding is stronger, with a bond
distance to copper(ll) of 2.12 A, while the latter is weaker and distorted, with a
bond distance of 2.40 A. Finally, asparagine residues do not seem to be involved
in coordination. Figure 44 shows a schematic representation of the Cu?*~hlAPP1g.

22 complex, as proposed above.

Figure 44. Proposed coordination sphere for the Cu?*~hlAPP1g.2; complex. The peptide’s main
chain is highlighted in bold gray, while the side chains are marked in blue for H (histidine), red for
S (serine) and green for N (asparagine).

This complex was then studied in the presence of 0.1 and 1.0 equivalents of
each N-acylhydrazone, i.e. XINIC-(E) and X1NIC-(Z), as shown in Figure 45A
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and B, respectively. The *H NMR spectra, acquired under the same experimental
conditions, of each free hydrazone (black, top), the free peptide (black, bottom)
and the copper(I1)-peptide complex (blue), were added for the sake of comparison.

Interestingly, the addition of either 0.1 eq. or 1.0 eq. XINIC-(E) not only
does not recover the peptide’s signal intensities but it also seems to broaden them
even further (Figure 45A, dark yellow and orange spectra). Blue arrows identify
this effect upon histidine-related signals while the color red was used for serine.
All signals associated with the N21 and N22 amino acid residues remained
unchanged, i.e., apart from not participating in coordination with copper(ll), they
also do not interact with X1NIC-(E). This result is very similar to the one
observed in the first part of this work, for the Alzheimer’s related
AB—-Cu?—X1Benz system (Carvalho et al., 2023), being a strong indicative of the
formation of a ternary hlAPP15.2>-Cu?*~X1NIC-(E) complex. In fact, our research
group has already demonstrated, in 2019, the effect of a ternary peptide-metal-
hydrazone complex on the intensity of the *H NMR signals, as well as thoroughly
characterized, in 2022, such ternary interactions with 1-methylimidazole-
containing hydrazones in aqueous solution (Cukierman et al., 2019; Cukierman et
al., 2022). It is worth noting that, although there is a 10-fold ligand excess with
respect to copper in the 1.0 eq. XINIC-(E) sample, the signals related to the
hydrazone are not observed at all, indicating fast exchange of the small molecule
in this ternary complex.

Similarly to the experiment with the (E) isomer, the addition of X1INIC-(Z)
also caused a decrease in the intensity of histidine- and serine-related signals and,
once again, metal abstraction can be ruled out in favor of the formation of a
ternary species. However, an important difference with the previous set of
experiments was observed: the appearance of XINIC-(Z) signals, which can be
seen highlighted by red dotted lines in the spectra shown in Figure 45B. At the
copper:X1INIC-(Z) equimolar condition 0.1 eq., this is a clear indicative that the
interactions of this bidentate hydrazone with the Cu?*~hIAPPis.22 System are
weaker than those of the (E) isomer. However, when the hydrazone is present in
excess (1.0 eq.) with respect to the metal ion, it shows that the exchange of the
ligand with the ternary complex is quite slow and both conditions (i.e., free and
bound ligand) can be identified in the NMR timescale. This could mean that,

although the ternary complex with the (Z) isomer is thermodynamically less stable
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(weaker interactions), it is probably kinetically more inert (slower change rates
between the free and bound states).
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Figure 45. Interactions of (A) XINIC-(E) and (B) X1NIC-(Z) with the Cu**~hlAPP1s.5; system. For each compound, from bottom to top: *H NMR spectra (700
MHz) of h1APP1g.22, hIAPP1g2; + 0.1 eg. Cu?*, hIAPP1s.22 + 0.1 eq. Cu?* + 0.1 eq. compound, h1APPg2, + 0.1 eq. Cu?* + 1.0 eg. compound, and pure
compound spectrum for comparison purposes. All spectra were acquired at 25 °C. Samples were prepared in 20 mmol L™ Tris-di1 pH 7.4, with 8.5% D,0O and
4% DMSO-ds. Arrows point to relevant spectral changes: red is used for changes in serine-related signals while blue refers to histidine. Red dotted lines
highlight compound signals that remained unchanged. Black dotted lines, on the other hand, were used to point out unaffected peptide signals.
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5.2.7. Cyclic voltammetry study of both binary (Cu*-hlAPPs.,, and
Cu?=X1NIC) and ternary (XINIC-Cu?*-hIAPP1s.22) systems

Since copper is an electroactive element, due to the ready availability of the
+1 and +2 oxidation states in an accessible potential range, we decided to follow
the interactions of this metal both in the binary and in the ternary systems
involving each X1INIC isomer and hlAPP1s.22 through cyclic voltammetry (CV).
As this technique is mainly focused on the metal, it can be considered a
complementary way to confirm the conclusions taken from the ligand-oriented

NMR assays.

Cu*—hIAPP18 2 binary system
On one hand, the voltammogram of CuCl, in buffer (50 mmol L™ HEPES

pH 7.4, 100 mmol L NaCl) shows a quasi-reversible process at Ey, = + 160 mV
vs. Ag/AgCl, corresponds to the redox pair Cu?*/Cu*, as can be seen in the dark
gray dotted line at the bottom of Figure 46. When present in a similar medium
containing 5% of the coordinating solvent DMSO, on the other hand, the quasi-
reversible process observed in the CV of CuClz occurs at Ex, = + 90.5 mV (black
line in the top of Figure 46). Another anodic process can also be seen at — 53 mV.
Together, these evidences suggest the existence of more than one metal species,
possibly with one or more DMSO molecules coordinating copper in all of them.

The peptide on its own is not electroactive, as shown in red in Figure 46.
However, in the presence of equimolar amounts of copper(ll) (blue line), a quasi-
reversible process at Ex = + 90.5 mV can be seen, indicating that there are still
“free” metal ions in solution, i.e., not bound to the peptide itself. Nevertheless, the
anodic peak at — 53 mV is no longer observed and, in turn, another peak at — 115
mV arises. This was attributed to a process related to the binary complex
Cu?*—hIAPP1s-22. A diffuse cathodic process could also be detected around — 200
mV, corresponding to the reduction of Cu®" into Cu*. This profile somewhat
differs from the one reported by Seal and Dey (2018). However, although they
employed both the complete human IAPP and its N-terminal region, the latter
only contained the amino acid residues from 1 to 19, which may explain such
difference, since it does not involve the same coordination set as the one in
h1APP1g-2.
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Figure 46. Cyclic voltammetry of the binary system involving Cu?* and the human IAPP
coordinating fragment hIAPP15.5; (HSSNN). Top: CVs of Cu?* at 0.1 mmol L (black), hIAPP1g.2
at 0.1 mmol L (red) and a 1:1 molar mixture of hIAPP1s.22 and Cu?* (blue). Conditions: 5%
DMSO / buffer (50 mmol Lt HEPES pH 7.4, 100 mmol L NaCl) solution, at room temperature.
Bottom: CV of Cu?* (0.1 mmol L) in the absence of DMSO (50 mmol L-* HEPES pH 7.4,

containing 100 mmol L NaCl), at room temperature.

Cu?*—X1NIC binary systems

Similarly to the peptide, in the absence of copper, the (E) isomer of XINIC
is not electroactive (black line, Figure 47). When present at 1:1 stoichiometry with
copper, two waves, one cathodic and the other anodic, can be clearly identified at
the potentials of — 135 mV and + 195 mV, respectively, shown in yellow in the

figure. These processes were attributed to the ML complex. Nevertheless, there is,
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once again, a small amount of “free” copper in solution, as evidenced by the
residual wave indicated by arrows in the figure. Upon complexation, Cu?*
becomes harder to be reduced in comparison to its “free” form, as can be stated by
the displacement of the reduction process to a more negative potential. This is in
accordance with the fact that tridentate X1NIC-(E) ligand probably occupies three
of the four equatorial positions in the coordination sphere of the metal. Thus, in
order to reduce it to Cu*, a XINIC-(E)-related coordinated donor atom must be
lost, so that the coordination sphere can be adjusted from square planar to
tetrahedral. Once acting as a bidentate ligand, rearrangement of the geometry is
easier for the oxidation process, which explains why this displacement is smaller

for the anodic peak.
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Figure 47. Cyclic voltammetry of the binary system involving Cu?* and X1NIC-(E). Conditions:
5% DMSO / buffer (50 mmol Lt HEPES pH 7.4, 100 mmol L* NaCl) solution, at room
temperature. [Cu?*] = 0.1 mmol L. [XINIC-(E)] = 0.1-0.5 mmol L. “Free” copper (at

concentration of 0.1 mmol L) voltammogram included for the sake of comparison (gray line).

Upon addition of a second equivalent of ligand, the remaining “free” copper
appears to be completely consumed, and a mixture of the ML and ML, complexes
compose the solution. Further increase in X1NIC-(E) concentration reduces the
presence of the ML complex, favoring ML stoichiometry until finally, with 5 eq.
of ligand, this seems to be the main complex in solution, characterized by a quasi-
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reversible process at E;, =— 102 mV (red CV in Figure 47). It is worth mentioning
that the need for a great excess of ligand to force ML formation indicates that this
complex is not thermodynamically favored, which is more than probably due to
the Jahn-Teller effect observed for copper(ll).

The same study was performed for the (Z) isomer, and the voltammograms
are shown in Figure 48. Upon addition of the first equivalent of X1INIC, “free”
copper can anew be observed, and seems to still be present, at a lesser amount,
even after the second addition (2 eq.) of XINIC-(Z). An important feature of this
system that is not seen in that of the (E) isomer is the presence of two reduction
(located at — 242 mV and — 350 mV) and two oxidation (at — 9 mV and + 225
mV) processes, suggesting an equilibrium involving different species generated
by the substitution of the labile sites in the complex. A mixture of ML and ML
complexes is discarded since this pattern remains even in the presence of 5 eq. of
ligand, condition in which the ML species should no longer exist. In fact, very
little variation is observed with the addition of 3 eq., in which “free” copper is not
present anymore, or 5 eq. So, as indicated by other techniques discussed above,
such as UV-Vis and 'H NMR, and confirmed by CV, the ligand X1NIC-(Z) is
very different from its tridentate (E) isomer in terms of its coordination chemistry

in solution.
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Figure 48. Cyclic voltammetry of the binary system involving Cu?* and X1NIC-(Z). Conditions:
5% DMSO / buffer (50 mmol Lt HEPES pH 7.4, 100 mmol L* NaCl) solution, at room
temperature. [Cu?*] = 0.1 mmol L. [XINIC-(Z)] = 0.1-0.5 mmol L. “Free” copper (at

concentration of 0.1 mmol L) voltammogram included for the sake of comparison (gray line).

X1NIC—Cu**—hIAPP1s.2, ternary systems

After studying the binary systems individually, we decided to evaluate the
metallophoric potential of the hydrazones by titrating the hIAPP1s2—Cu?" mixture
with increasing amounts of each N-acylhydrazonic ligand. Additions
corresponded to 0.1 eq., until the 1:1:1 ternary system was reached. A final CV
was also recorded in the presence of an excess (2 eq.) of the small molecules.

For XINIC-(E), data are reported in Figure 49. Upon addition of increasing
amounts of the ligand, not only the wave related to the remaining copper in
solution progressively vanishes but also that of the Cu?*~hIAPPis22 complex
(represented by the anodic process at — 115 mV). When the 1:1:1 stoichiometry is
reached (pink CV), a ternary complex can be proposed, characterized by a
cathodic peak at around — 175 mV and an anodic one, observed at + 160 mV.
Thus, we can conclude that both binary complexes, either with the (E)-hydrazone
or with the peptide, are not completely favored, since in both cases there is still
copper in solution. However, when the three components are present at equimolar

amounts, this does not occur, and neither binary complex is observed individually
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in this condition as well. This is in perfect agreement with the NMR results
discussed above and indicate that the binding of X1NIC-(E) and hlAPP1s.2 to
copper(Il) is a cooperative process.

Finally, an excess of the tridentate (E) N-acylhydrazonic ligand (purple
CV) seems to be able to start to promote the clearance of Cu?* from hIAPP1s.52, as
can be observed by the partial disappearance of the ternary complex-related
process (at + 160 mV) and the shift of the cathodic wave to more negative
potentials which, by comparison to the one in the Cu?*-X1NIC-(E) binary system,
may be related to the formation of the ML species. Nevertheless, an even greater
excess of hydrazone would be necessary to completely abolish the metal-peptide

interaction.
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Figure 49. Titration of the Cu?*~hIAPP1s.22 system with increasing amounts of X1INIC-(E).
Conditions: 5% DMSO / buffer (50 mmol L' HEPES pH 7.4, 100 mmol L NaCl) solution, at
room temperature. Red: free hIAPP1s2, (0.1 mmol L). Dark gray: “free” Cu?* (0.1 mmol L2).

Blue: Cu?*~hIAPP13.2; at 1:1 stoichiometry. From yellow to dark orange: additions of 0.1 eq.

X1NIC-(E) (concentration range: 0.01-0.09 mmol L%). Pink: [XINIC-(E)] = 0.1 mmol L.

Purple: [XINIC-(E)] = 0.2 mmol L. “Free” copper (at concentration of 0.1 mmol L)
voltammogram included for the sake of comparison (gray line).

The titration of the Cu-hlAPP1g2> complex with XINIC-(Z) (Figure 50),
on the other hand revealed a much more intricate system. Although the same

initial results are observed, i.e. the progressive reduction of the waves related to
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“free” copper and Cu?*~hIAPP1g.22 complex, two, instead of one, new cathodic (—
225 mV and — 380 mV) and anodic (at + 5 mV and + 260 mV) processes arise,
which are different from those observed for the binary Cu?*—X1NIC-(Z) system.
For this reason, they were attributed to the formation of ternary species involving
copper coordination by the azomethine nitrogen and the carbonyl oxygen from
X1INIC-(Z) and the imidazole nitrogen from the histidine residue in the h1APP1g-
22 peptide. The fourth, available equatorial position in the coordination sphere of
the metal can be responsible for the presence of more than one complex in
solution.

Interestingly, addition of an excess of ligand (2 eq., represented in purple)
does not induce any change in the voltammogram compared to the 1:1:1 system
(shown in pink), indicating that the (Z) isomer, different from its (E) counterpart,
cannot abstract copper(ll) from hlAPP1g2., and, thus, that the ternary species are
somewhat stable. Once again, this is in agreement with the observations from
NMR experiments, which point to an inert ternary complex when X1NIC-(Z) is

involved.
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Figure 50. Titration of the Cu?*~hIAPP1s.5; System with increasing amounts of XINIC-(2).
Conditions: 5% DMSO / buffer (50 mmol Lt HEPES pH 7.4, 100 mmol L* NaCl) solution, at
room temperature. Red: free hIAPP15.5, (0.1 mmol L1). Dark gray: “free” Cu?* (0.1 mmol L%).

Blue: Cu?*~hIAPP1s.; at 1:1 stoichiometry. From light to dark green: additions of 0.1 eq. XINIC-

(2) (concentration range: 0.01-0.09 mmol L. Pink: [X1INIC-(Z)] = 0.1 mmol L%, Purple:

[XINIC-(Z)] = 0.2 mmol L.
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To the best of our knowledge, this is the first in depth description of the
interactions of the coordinating fragment hlAPP1g.2> with copper(ll) using this
technique. Moreover, this work also reveals in great detail, and for the first time
via cyclic voltammetry, the only recently proposed mechanism of action of
tridentate hydrazonic metallophores that form stable ternary complexes at a 1:1:1
molar ratio, before disrupting the anomalous metal-protein interactions when
present in molar excess. Nevertheless, it is important to mention that the ternary
species are already enough to partially passivate the metal, avoiding deleterious
redox cycling effects.

Copper is an essential metal for the normal functioning of the body, and
changes in its concentration are associated with several diseases, including
diabetes (Gembillo et al., 2023). Since free copper can catalyze the formation of
ROS through the cycling between its two oxidation states (+1 and +2), this metal
is tightly regulated in living organisms. In the circulatory system, copper is bound
to carrier proteins such as serum albumin, while its transport into cells is mediated
by CTR1. Once in the cytoplasm, copper — in its reduced state copper(l) — is
bound to ATOX1 protein, and in healthy, physiological circumstances, any excess
of the metal is excreted in bile. Under pathological conditions, however, copper
can be found bound to other proteins, including amyloidogenic peptides, such as
IAPP. In this context, Qiu et al. (2017) performed a meta-analysis of plasma and
serum copper concentrations and observed that patients affected by diabetes
mellitus had higher levels of copper than healthy people, indicating that this
pathology is related to an increase or improper distribution of this metal in the
body. Therefore, the search for metallophores that can impair such abnormal
interactions, either through metal sequestering, or through inactivation of its redox

cycle is a valid approach that certainly deserve further investigation.
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6. Conclusions

In this work, two new N-acylhydrazones derived from 1-methylimidazole-
2-carboxaldehyde were proposed based on the structure of molecules with known
receptors in the human body (mescaline and nicotine): X1TMP (1-methyl-1H-
imidazole-2-carboxaldehyde 3,4,5-trimethoxybenzoyl hydrazone) and X1NIC (1-
methyl-1H-imidazole-2-carboxaldehyde nicotinoyl hydrazone), respectively. The
unsubstituted  derivative of X1TMP, i.e. 1-methyl-1H-imidazole-2-
carboxaldehyde benzoyl hydrazone (X1Benz), was also prepared and employed as
a comparative model. The synthesis of X1NIC afforded a mixture of (E) and (Z)
isomers. For this reason, conditions were optimized in order to prepare them
individually as X1NIC-(E) and X1NIC-(Z). Thus, all four compounds were
isolated in moderate to good yields (30-83%) and high purity. With the exception
of XINIC-(Z), which was obtained as the free-base with an intramolecular H-
bond between the amide -NH and the imidazolic nitrogen, all the hydrazones were
obtained as hydrochlorides, presenting only one set of signals in their *H NMR
spectra, related to the (E)-amido tautomer. The compounds were characterized in
the solid state through mid-IR, thermogravimetry and melting points. Moreover,
the four N-acylhydrazones were completely stable in 1% DMSO/Tris pH 7.4
solution. The experimental log P values were determined as follows - X1TMP:
1.55 £ 0.17; X1Benz: 1.49 + 0.13; XINIC-(E): 0.62 + 0.01 and X1INIC-(Z): 0.87
+ 0.02, values which are all within the ideal range considered for oral
administration and BBB crossing.

The isomerization of XINIC-(E) and (Z) as a function of temperature was
evaluated by H NMR spectroscopy. While the (E) isomer is irreversibly
converted into X1NIC-(Z), the latter did not undergo thermally induced
isomerization, indicating that it is the thermodynamically favored product.

Upon interaction with copper(ll) ions, which is relevant in the context of
both Alzheimer’s disease and type-2 diabetes mellitus, all ligands preferably
generate ML complexes, as demonstrated by the Job Method from UV-Vis
measurements. Regarding the related X1 TMP and X1Benz, comparable ligand-
to-metal affinities were obtained, with log Kapp values in aqueous buffered
medium of 5.74 + 0.15 and 5.87 = 0.11, respectively, indicating that the presence

of methoxyl substituents in the former does not greatly influence the stability of
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the complex formed. On the other hand, the nicotine-inspired ligands presented
log Kapp values of 5.82 £ 0.16 and 5.04 + 0.04, for the (E) and the (Z) isomers,
correspondingly. The higher value (almost a logarithmic unit) obtained for
X1INIC-(E) indicates greater affinity of this hydrazone for copper(ll), which is
consistent with the fact that it can perform as a tridentate ligand, while X1NIC-
(Z) can only coordinate in a bidentate manner.

The metallophoric potential of these hydrazones was assessed in the
context of copper-enhanced endocrine and neuroendocrine aggregopathies. As
mescaline can selectively bind serotonin receptors in the brain, X1TMP (and its
derivative X1Benz) was studied in models of Alzheimer's disease, using the ABi-
40 peptide and its coordinating fragment ABi.16. In this sense, both compounds
were able to lessen the production of ROS by the Cu(Ap)-system under pseudo-
physiological conditions, with X1TMP being slightly more effective than
X1Benz. Additionally, the hydrazones showed the capacity of preventing Ap
aggregation at equimolar conditions in the presence and, quite unexpectedly, in
the absence of copper. 2D *H-®N HSQC NMR experiments demonstrated a direct
interaction between AP and X1Benz, which can be at the core of this
phenomenon. On the other hand, the activity behind the inhibition of copper-
mediated AP aggregates formation may be related to a 1:1:1 ternary species, as
demonstrated for X1Benz by 1D *H NMR. Although X1TMP presented relatively
low solubility compared to X1Benz, this probably does not represent a problem
for its potential use as a metallophore, since the concentrations required to exert
such a function in the CNS are generally very small, of the order of a few
milligrams per kilogram of weight.

Regarding X1NIC, since nicotine has functional receptors in the pancreas
and a close relationship with type-2 diabetes mellitus, its isomers were assessed in
biophysical models of the human islet amyloid polypeptide, using the
coordinating fragment h1APP1g2. First, a copper(ll) N3O-coordination mode was
confirmed for this peptide using high-field NMR spectroscopy. CV measurements
showed that this complex is characterized by an anodic peak at — 115 mV. The
susceptibility of the Cu?*~hIAPPig.2, System to the presence of each X1NIC
isomer was then studied by both NMR and CV. Interestingly, the addition of
either stereoisomer seemed to strengthen the interaction between peptide and

metal and, in both cases, copper(ll) abstraction was ruled out at low hydrazone
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concentrations in favor of the formation of the correspondent ternary species.
However, CV assays in a solution containing a 1:1:2 (peptide:metal:ligand)
stoichiometry indicated that XINIC-(E) is able to remove copper from hlAPP1g.
22, While addition of (Z) isomer excess does not induce any apparent change. It is
important to mention that the ternary species are already enough to partially
passivate the metal, avoiding deleterious redox cycling effects.

In general, these new compounds that belong to the 1-methylimidazole
family of N-acylhydrazones demonstrated a promising metallophoric activity,
presenting moderate affinity towards copper(ll) ions (in the same order of
magnitude than other hydrazones previously reported by our research group), and
proved ability to interfere with anomalous, deleterious copper-peptide
interactions. Nevertheless, further investigation must be made to determine the
toxicity of the ternary species identified and characterized in the present study.

Altogether with previous works by the group, these findings may suggest
the need to adapt the current definition of metallophore in order to include not
only those ligands that compete with the protein for the metal ion, but the ones
that exercise their activity by the formation of stable, mostly inert, ternary species
as well. More work needs to be done in order to understand the structural features

that lead some N-acylhydrazones to exert their activity through this pathway.
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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease (AD) is related to the presence of extracellular aggregated amyloid-f peptide (Ap), which
Mescaline binds copper(Il) with high affinity in its N-terminal region. In this sense, two new 1-methylimidazole-containing
N-acylhydrazones N-acylhydrazonic metallophores, namely, X1TMP and X1Benz, were synthesized as hydrochlorides and char-
I(\:/Ic;li Elel:)(;gores acterized. The compound X1TMP contains the 3,4,5-trimethoxybenzoyl moiety present in the structure of
ROS mescaline, a natural hallucinogenic protoalkaloid that occurs in some species of cacti. Single crystals of X1Benz,

the unsubstituted derivative of X1TMP, were obtained. The experimental partition coefficients of both com-
pounds were determined, as well as their apparent affinity for cu®* in aqueous solution. Ascorbate consumption
assays showed that these N-acylhydrazones are able to lessen the production of ROS by the Cu(Ap)-system, and a
short-time scale aggregation study, measured through turbidity and confirmed by TEM images, revealed their
capacity in preventing Ap fibrillation at equimolar conditions in the presence and absence of copper. 'H—°N
HSQC NMR experiments demonstrated a direct interaction between Ap and X1Benz, the most soluble of the
compounds. The Cu®* sequestering potential of this hydrazone towards A was explored by 'H NMR. Although
increasing amounts of X1Benz were unexpectedly not efficient at removing the metal-induced perturbations in
Ap backbone amides, the broadening effects observed on the compound’s signals indicate the formation of a
ternary Ap-copper-X1Benz species, which can be responsible for the observed ROS-lessening and aggregation-
preventing activities. Overall, the N-acylhydrazones X1TMP and X1Benz have shown promising prospects as
agents for the treatment of AD.

Alzheimer’s disease

“The man who comes back through the Door in the Wall will never be
quite the same as the man who went out.”
The Doors of Perception — Aldous Huxley (1894-1963)

1. Introduction

Alzheimer’s disease (AD) is the foremost cause of dementia world-
wide. This age-related neurodegenerative condition is characterized by

* Corresponding author.
E-mail address: nicoarey@puc-rio.br (N.A. Rey).

https://doi.org/10.1016/j.jinorgbio.2022.112033

memory loss and impaired cognitive function, as well as by behavioral
and personality alterations [1]. These are the results of chronic neuro-
inflammation and synapse loss, which are thought to be related to
activated microglia [2]. From a mechanistic point of view, AD is
considered to be the result of an intricate interplay between both genetic
and environmental components. Classic neuropathological hallmarks of
AD are the presence of different aggregation states of extracellular am-
yloid-f (Ap) peptide, as oligomers and fibrillar plaques, and intracellular
accumulation of  neurofibrillary  tangles, composed of
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hyperphosphorylated tau protein [3]. Concerning Af, its monomeric
forms have been associated with memory consolidation [4]. However,
its functional role is limited to low, picomolar physiological concen-
trations [5]. At the nanomolar range, Af starts to aggregate into toxic
oligomers (ABOs) [6]. It is now widely accepted that the formation of
soluble oligomeric Ap species is the key event in AD pathogenesis [7,8].

In terms of their bioinorganic chemistry, the Af peptide and its
fragments are particularly interesting since they bind biometals with
high affinity, especially in the N-terminal region. In the specific case of
copper(ID), a distorted square-planar geometry is observed, involving, at
lower pH values, the amine of Aspl, the carbonyl from Aspl-Ala2 amide
bond and imidazole nitrogen atoms from two histidine residues, His6
and His13 or His14 [9,10]. At more basic medium, the nitrogen from
Aspl-Ala2 amide bond is deprotonated, and binds copper, along with
the terminal Aspl amine, the carbonyl from the Ala2-Glu3 peptide bond
and a imidazole nitrogen from one of the His residues [11].

It has been shown that metal homeostasis is disturbed in the brains of
AD patients [12]. Metal ion binding leads to conformational changes in
the peptide [13]. Specifically, Ap-Cu interactions lead to the formation
of toxic oligomeric species [14,15], besides the catalytic production of
reactive oxygen species (ROS) [16], which are responsible for the
widespread oxidative damage observed in this pathology. Thus, target-
ing abnormal metal-protein interactions through the use of metal-
lophores, also known as Metal-Protein Attenuating Compounds
(MPACs), has become a relevant query in the literature. These are
compounds that bind selectively and moderately to copper(Il) ions,
employed with the goal of preventing Af oligomerization through the
competition for in vivo binding to this physiological metal, as well as
redistributing and normalizing its basal levels, thus restoring homeo-
stasis, and reducing copper-mediated oxidative damage [17].

Over the last decade, our research group has shown the suitability of
metallophores belonging to the class of N-acylhydrazones as modulators
of abnormal metal-protein interactions for a series of metal-enhanced
aggregopathies [18-25]. In the context of AD, our lead-compound
INHHQ is able to compete in vitro with the Ap peptide for the binding
of copper(II) and zinc(II) [18]. The compound was detected in the brain
of Wistar rats after intraperitoneal injection and is non-toxic at high
concentrations for these animals [19]. Not long ago we showed that
INHHQ is able to prevent Af oligomer-induced memory deficit in Swiss
mice, as well as to decrease in vitro copper-mediated ROS production
[22]. However, INHHQ aqueous solubility is not ideal. In this sense, we
have recently pointed to novel 1-methylimidazole-containing N-acyl-
hydrazones as a next generation family of compounds with improved
pharmacological prospect and as promising agents for the management
of neurodegenerative diseases. We have already shown the suitability of
the new lead X1INH in synucleinopathies, with implications to Parkin-
son’s disease [23].

In his notorious 1954 best-seller “The Doors of Perception”, the En-
glish writer and philosopher Aldous Huxley recounted the controlled
experience he had on the use of natural hallucinogenic protoalkaloid
mescaline, which occurs in some species of cacti, particularly the one
known by the name peyote (Lophophora williamsii) [26]. This compound,
3,4,5-trimethoxyphenethylamine, selectively binds and activates brain
serotonin receptor 5-HT2A with high affinity [27], acting as a partial
agonist. As part of a bioinspired approach aiming to the obtention of
metallophores with improved pharmacological properties, we designed
a new 1-methylimidazole-containing N-acylhydrazone, X1TMP, which
contains the trimethoxybenzoyl moiety present in the structure of
mescaline. For the sake of comparison, the unsubstituted benzoyl de-
rivative X1Benz was also synthesized (Scheme 1).

Thus, this report intends to evaluate whether the presence of the
three methoxyl substituents in X1TMP would impact some pharmaco-
logically relevant parameters such as the partition coefficient, the
coordinating ability towards copper(II), and, consequently, the metal-
lophore potential of this N-acylhydrazone.
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Scheme 1. Structure of (A) 1-methyl-1H-imidazole-2-carboxaldehyde 3,4,5-
trimethoxybenzoyl hydrazone (X1TMP) and (B) 1-methyl-1H-imidazole-2-car-
boxaldehyde benzoyl hydrazone (X1Benz). Potential coordinating atoms are
highlighted in color.

2. Materials and methods
2.1. Syntheses and characterization

All reagents and solvents used in this work were purchased from
commercial sources in the highest purity available and were employed
without further purification.

Ligands were prepared through Schiff base condensations between 1-
methyl-2-imidazolecarboxaldehyde (0.110 g, 1.0 mmol) and either
3,4,5-trimethoxybenzoic acid hydrazide (0.226 g, 1.0 mmol), for
X1TMP, or benzoic acid hydrazide (0.136 g, 1.0 mmol), for X1Benz, in
10 mL ethanol. Two drops of concentrated HCl were added as catalyst to
the mixture, which was kept under reflux for 4 h (Scheme S1, Supple-
mentary Material). The precipitates were isolated through filtration
after slow evaporation of the solvent, washed with cold ethanol and
dried at room temperature.

1-methyl-1H-imidazole-2-carboxaldehyde 3,4,5-trimethoxybenzoyl
hydrazone hydrochloride monohydrate (X1TMP-HCl-H50); Yield:
83%; M.p.: 153 + 2 °C; IR (KBr, em™ 1) — main bands (Fig. S1): 3426
(VOHyater); 3125 (UNHimidazole); 3105 (WNH); 2965 and 2944
(VCHmethoxyl)§ 1664 (VCOamide); 1605 (WCNazomethine); 1552 (skeletal
mode, imidazolium cation); 1504 1466 and 1452 (VCCpenzene); 1524
and 1418 (coupled VCN / VCCimidazole); 1100 (WNN); 1226 and 1130
(WVCOmethoxyl)- ESI-MS(+): m/z = 319.30.

1-methyl-1H-imidazole-2-carboxaldehyde benzoyl hydrazone hy-
drochloride trihydrate (X1Benz-HCl-3H30); Yield: 72%; M.p.:
128 +1 °G; IR (KBr, cm™!) - main bands (Fig. S2): 3508, 3438 and 3422
(VOHwater); 3153 (VNHiTnidazole); 3102 (VNthdrazone); 1680
(VCOamide); 1648 (8H20); 1619 (WCNazomethine); 1602, 1494 and 1446
(VCCpenzene); 1562 and 1557 (skeletal modes, imidazolium cation);
1525, 1481 and 1419 (coupled vCN / vCCimidazole); 1131 (WNN). ESI-MS
(+): m/z = 229.16.

The mass spectra of X1TMP and X1Benz are displayed in Fig. S3.

The descriptor parameters Molecular Weight, cLog P, cLog S, PSA,
Druglikeness and Drug Score were determined with Osiris Property
Explorer: DataWarrior™, software freely available for download at htt
p://www.organic-chemistry.org/prog/peo/.  Melting  point  de-
terminations were performed in a Fisatom™ model 431 apparatus, in
triplicate. Infrared vibrational spectroscopy (IR) was performed in a 100
FT-IR Perkin-Elmer™ spectrophotometer, and the data was collected in
the region 4000-400 cm L. Pellets of the samples were prepared in
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potassium bromide. Hydrogen and carbon nuclear magnetic resonance
spectra were obtained in a Bruker™ Avance III HD-400 spectropho-
tometer at 25 °C. N-acylhydrazones were dissolved in 0.6 mL of
deuterated dimethylsulfoxide (DMSO-dg) and the spectra, calibrated
based on the residual solvent signal (quintet at 2.50 ppm for 'H and
septet at 39.52 for 130, Electrospray ionization mass spectrometry [ESI-
MS(+)] analyses were collected on a Perkin-Elmer SQ-300 mass spec-
trometer. Stock solutions of the samples were prepared by dissolving
1.0 mg of the ligands in 1.0 mL of methanol. Aliquots of 20 pL of these
solutions were diluted in 980 pL of methanol and analyzed by direct
infusion. Standard configuration parameters were used.

The single crystal XRD data were collected in an Oxford-Rigaku
Gemini A Ultra diffractometer, using MoKa (A = 0.71073 ./7\) radiation
at 293(2) K. Data collection, reduction and cell refinement were per-
formed using CRYSALISPRO software [28]. The structures were solved
by direct methods through SIR program [29] and refined by SHELXL-
2018/3 [30], with the WinGX system [31]. All non-hydrogen atoms
were refined with anisotropic thermal parameters. H atoms connected to
carbon were placed in idealized positions and treated by rigid model,
with Uiso(H) = 1.2Ueq (C or N) for aromatic rings, CH groups and NH of
imine group, and Uiso(H) = 1.5Ueq (C) for the methyl group.
Figures were drawn using ORTEP-3 for Windows [32] and Mercury [33].

2.2. Experimental octanol-water partition coefficient

The distribution coefficient (P) in the 1-octanol/water system was
calculated using the shake flask method. Tris buffer pH 7.4 (1 02 M) was
used as the aqueous phase. The organic and aqueous phases were pre-
pared containing low concentrations of hydrazone (5 x 107> M). The
analyses were performed in triplicate and P was calculated as the
average concentration ratio Co/Cw, in which Co is the final concentra-
tion in the organic phase and Cw is the final concentration in the
aqueous phase. Concentrations were estimated from calibration curves
using an Agilent™ Cary 100 spectrophotometer.

2.3. Method of continuous variations

The apparent affinity of both ligands for copper(Il) ions and the
stoichiometry of the reactions were evaluated, in solution, using the
Method of Continuous Variations (Job’s method) monitored through
UV-Vis (Agilent™ Cary 100 spectrophotometer), in triplicates. While
this method is mainly used for determining complex stoichiometries,
under some specific conditions, such as the formation of only one
complex species, little or no overlapping of free and complexed ligand
bands, and strong metal-ligand affinity, an apparent constant (Kapp) can
be obtained from the data. To do so, initially, the molar absorptivity of
the ligand was determined through a calibration curve in HEPES buffer
(50 mM, pH 7.4). Then, mixtures of different ligand to metal molar
fractions were prepared as usual, from stock solutions of each ligand and
CuCly-2 H,0, also in HEPES, at a concentration of 5 x 10~ M. The
mixtures were stirred at 25 °C and 500 rpm until the moment of analysis.
A “theoretical” molar absorptivity for the formed complex is calculated
at the point of intersection of the lines using the Lambert-Beer equation.
The complex concentration at the equilibrium is then estimated from
this € value according to the maximum experimental absorbance of its
band. The free ligand concentration at the equilibrium, on the other
hand, is determined from the remaining absorbance of the hydrazone
band in the sample of molar fraction related to the observed stoichi-
ometry. Finally, an apparent affinity constant can be characterized
considering the equilibrium concentrations of complex, ligand, and
metal (calculated taking into account the reaction stoichiometry) by the

fundamental equation Kgpp = %, valid for a 1:1 complex.
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2.4. Ascorbate consumption assay

The ascorbate consumption assay was performed by measuring
ascorbate absorbance at 265 nm (e = 14,500 M~ ! em™1) as a function of
time, in an Agilent™ Cary 100 spectrophotometer. A kinetics method
was employed, with measurements being registered every 0.1 s. The
fragment AP;_16 (GenScript™, amino acid sequence DAEFRHDS-
GYEVHHQK) was employed since it constitutes the coordinating portion
of the AP peptide. Stock solutions of the evaluated N-acylhydrazones
(5.00 mM), copper(II) chloride (2.25 mM) and Ap;_1¢ peptide (2.50 mM)
were prepared in ultrapure water, while ascorbate (5.00 mM) was
freshly prepared in HEPES buffer (50 mM, pH 7.4) before each mea-
surement. For every experiment, to a 1.0 cm pathlength 3 mL cuvette,
2450 pL of buffer was added, followed by the addition of 50 pL of
ascorbate stock solution and, after two minutes, 10 pL of Ap;_1¢ peptide.
10 pL from Cu®* stock solution was added two minutes later. When the
compounds were involved, when absorbance reached ~1 A.U., either 5,
15 or 25 pL were added for 1, 3 and 5 eq. respectively. Thus, final
concentrations in the cuvette were: [ascorbate] = 100 uM,
[Cu*t]1 =9 uM, [AB1_-16] = 10 pM, [ligand] = 0, 10, 30 or 50 pM and
[HEPES] = 50 mM. Measurements were performed in triplicate. Statis-
tics (t-tests with significance level of p < 0.05) were performed in
GraphPad Prism software.

2.5. Aggregation experiment

A peptide stock solution (577.39 pM) was prepared by dissolving
1 mg of lyophilized synthetic human Af; 49 (GenScript™) in 400 pL
NaOH 10 mM, separated into 20 pL aliquots and kept in —20 °C until
analyses. CuCly-2 H30 stock solution (500 pM) was prepared in ultra-
pure water, while stock solutions of ligands (500 pM) were prepared in
HEPES buffer (20 mM, pH 6.6) containing NaCl 150 mM. The turbidity
assay was conducted in triplicate in flat-bottomed 96-well assay plates.
The reaction mixture (100 pL final volume) in the wells were composed
of this buffer solution. Final concentration on the wells were:
[AP1-40] =25 pM, [Cu2+] =25pM, [ligand] = 25 or 75 pM. Aggregation
was performed in the presence of 7.7 mM sodium azide to prevent
biological contamination. The solutions were incubated for 3 h at 37 °C
under constant agitation (1100 rpm, KASVI) and absorbance was
measured at 405 nm using a Varioskan™ LUX Thermo Scientific™ plate
reader. Ligands, metal and buffer were subtracted correspondingly.
Alternately, for the copper-containing samples, the same preparation
was assembled in black 96-well plates, with addition of 10 puM
thioflavin-T, and measured with excitation at 450 nm and emission
spectra recorded between 460 and 600 nm after 3 h incubation at 37 °C
and 1100 rpm.

Transmission electron microscopy (TEM) images were performed
with pooled samples obtained at the end of the aggregation assay.
Samples were adhered to a formvar/carbon coated grid and then stained
with 2% uranyl acetate solution. Images were acquired with a FEI
Tecnai™ T20 electron microscope (National Center for Structural
Biology and Bioimaging — CENABIO, UFRJ, Rio de Janeiro, Brazil).

2.6. Protein NMR spectroscopy

These experiments were performed only for the more soluble com-
pound X1Benz.

Non-labeled and '°N isotopically enriched Api_so peptide samples
were purchased from EZBiolab (Carmel, IN) and Alexotech (Oslo, Nor-
way), respectively. NMR spectra were acquired on a 600 MHz Avance III
(Bruker, Billerica, MA) equipped with a cryogenically cooled triple-
resonance 'H(*3C/!°N) TCl probe. Heteronuclear NMR experiments
were performed with pulsed-field-gradient-enhanced sequences on
80 pM '°N-labeled peptide samples in 20 mM Tris buffer (pH 7.3) at
15 °C containing 1% of DMSO. 1D 'H NMR experiments, on the other
hand, were acquired on unlabeled Af; 40 samples under the same
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experimental conditions. Aggregation did not occur at such low tem-
perature and in the absence of stirring.

For the mapping experiments, 'H—!'°N heteronuclear single quan-
tum correlation (HSQC) amide cross-peaks affected during X1Benz
titration were identified by comparing their chemical shifts with those of
the same cross-peaks in the data set of samples lacking the compound.
Mean weighted chemical shift displacements (*H—'>N MWCS) were
calculated as [(AS 'H)? + (As °N)?/25]1” [34]. Acquisition and pro-
cessing of NMR spectra were performed using TOPSPIN 7.0 (Bruker
Biospin). 2D spectra analysis and visualization were performed with
CCPN.

3. Results and discussion
3.1. Characterization of the ligands

Both hydrazones were obtained in the hydrochloride form since the
N2 imidazole nitrogen is protonated in the synthesis due to the acidic
conditions employed.

X1Benz, the simpler, unsubstituted X1TMP derivative, was isolated
as a white crystalline solid, which adopts the monoclinic system, space
group P2;/c. Crystal, data collection and refinement parameters are
summarized in Table 1, while selected bond distances, as well as
important bond and dihedral angles, can be found in Table 2. The
ORTEP representation is displayed in Fig. 1A. As expected, X1Benz
exhibits an (E)-configuration around its C4-N3 double bond. There are
no intramolecular H bonds. Each unit cell (Fig. 1B) contains four
X1Benz-derived cations, four chloride anions and twelve water mole-
cules. The only direct hydrazone-hydrazone interactions are r-n stacking
contacts involving 1-methylimidazole and hydrazide-derived benzene
rings of two neighboring HX1Benz' units (centroid-centroid distance:
3.532 10\). On the other hand, an intricate network of conventional and
unconventional H bonds connects, in a rather indirect manner, these
pairs through crystallization water molecules and chloride counter-ions,
giving rise to unidimensional zig-zag chains parallel to the crystallo-
graphic axis b. Geometric parameters for such interactions are displayed
in Table 3.

Typically, hydrazones have a rich solution chemistry involving (E)/
(Z) isomers, anti/syn conformations and amido/iminol tautomers, that
can be studied through 'H NMR spectroscopy [20]. Nevertheless, our
own experience indicates that the hydrochlorides of N-acylhydrazones
containing 1-methylimidazole usually display just one set of signals in

Table 1

Crystal, data collection and refinement parameters for compound X1Benz.
Formula C12H19N404Cl
Formula weight (g mol™) 318.76
Crystal system Monoclinic
Space group P2,/c
a(A) 9.4095(6)
b (A) 23.9779(10)
c®) 7.4947(5)
a=y() 90.00
B () 110.961(8)
V(&% 1579.05(18)
Z 4

Temperature (K)
Crystal size (mm)

293(2)
0.42 x 0.52 x 1.00

(Mo Ka) (mm™1) 0.263

Refl. measured/ independent 20,662 / 4022
Rint 0.0322
Refined parameters 191

Robs [Fo > 26(Fo)] 0.0436

Ran 0.0668

WRgps [F2 > 26(Fo)%] 0.1043

WRan 0.1185

S 1.020

Apimaxs Apmin (e A73) 0.310 / -0.226
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Table 2
Selected geometric parameters for compound X1Benz.

Bond distance (A) Bond angle (°) Torsion angle (°)

C3-C4 1.447(2) C3-C4-N3 115.6(1) C3-C4-N3-N4 —178.9(1)
C4-N3 1.272(2) C4-N3-N4 118.2(1) C4-N3-N4-C5 176.7(1)
N3-N4 1.356(2) N3-N4-C5 117.6(1) N3-N4-C5-C6 —178.9(1)
N4-C5 1.365(2) N4-C5-C6 116.4(1) N3-N4-C5-01 1.2(2)
C5-01 1.223(2) N4-C5-01 121.5(1) C7-C6-C5-01 —14.2(2)
C5-C6 1.489(2) C6-C5-01 122.5(1)

DMSO-dg solution, suggesting the presence of only one major constitu-
ent in solution. This is also the case for both studied ligands herein,
X1TMP and X1Benz, as can be seen in Fig. 2A and B, respectively. The
main difference between both spectra is related to the signals at 3.74
(3H) and 3.88 (6H) ppm, assigned to the three methoxyl substituents in
X1TMP. This also implies a lesser number of aromatic signals for this
compound. NMR spectroscopy shows that both compounds were ob-
tained at a high purity level. On the other hand, carbon NMR spectra are
shown in Fig. S4.

3.2. Pharmacological parameters

Both compounds are in accordance with the Lipinski’s Rule of Five, i.
e., log P < 5 (partition coefficient), MW < 500 g mol~! (molecular
wight), HBA < 10 (hydrogen bond acceptors) and HBD < 5 (hydrogen
bond donors) [35]. These rules allow for a good theoretical prediction of
the oral bioavailability and permeability of new molecules. Calculated
values for log P and other important descriptors, are shown in Table 4.

A smaller MW is related to easier cellular membrane crossing. In this
sense, the majority of drugs orally administered currently in the market
present MW in the range of 200-450 g mol 1 [36], like the synthesized
N-acylhydrazones X1TMP and X1Benz. Log P represents the
hydrophilic-lipophilic balance of the molecule that, combined with the
solubility of the compound in aqueous solution (log S), is of extreme
importance in the context of cellular permeability. A compromise be-
tween them must be reached in order for the potential drug to cross the
lipid bilayer of the membranes. Finally, PSA is the polar surface area,
which evaluates the degree of polarity of the molecule. Regarding blood-
brain barrier crossing, it has been reported that compounds should
exhibit a PSA of <90 A2 [37]. In this sense, both metallophores are in
agreement with such guideline.

Other parameters that can be taken into account in the analysis of a
drug candidate are the Druglikeness and the DrugScore. The first is
determined from the comparison of compound fragments with databases
of both commercially available drugs and non-drug compounds. The
latter, on the other hand, is a combination of the previously mentioned
properties and expected toxicity risks in one value that is used to esti-
mate the compound’s overall potential to qualify for a drug. No indi-
cation of mutagenicity or tumorigenicity was found for the N-
acylhydrazones X1TMP and X1Benz, nor any warnings for irritating or
reproductive effects. For this reason, DrugScore values obtained were
above 90%.

Apart from the calculated log P parameter, we determined its
experimental values for both synthesized N-acylhydrazones through the
shake flask method. A Tris buffer pH 7.40 was employed as the aqueous
phase and 1-octanol was used as the organic phase. Nowadays the
optimal range of log P values for blood-brain barrier crossing is
considered between 0 and 3 [38]. The values obtained for X1TMP and
X1Benz are, respectively, 1.55 + 0.17 and 1.49 + 0.13, close to the
predicted values and inside the ideal range. It is important to note that,
from the calculations, it was expected a lower log P for the mescaline
derivative X1TMP, which was not experimentally observed, since both
hydrazones presented virtually the same value for this parameter.
Moreover, despite the similarity of the calculated log S, a lower water
solubility was experimentally observed for X1TMP, indicating that the
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Fig. 1. Crystal structure of N-acylhydrazone X1Benz. (A) ORTEP representation. Ellipsoids were drawn at the 50% probability level. (B) Unit cell packing and

intermolecular interactions.

Table 3

H-bonding parameters for compound X1Benz.
D-HA D-H (A) H-A (A) DA (A) D-H--A (°)
N2-H2 02w 0.86 1.87 2.727(2) 173.0
N4-H4 03w 0.80 2.05 2.818(2) 159.0
02w-H2a CI! 0.91 2.22 3.130(2) 174.0
02w-H2b 01 0.83 2.15 2.959(2) 163.0
02w-H2b N3 0.83 2.47 2.975(2) 120.0
03w-H3a 04w 0.88 1.91 2.786(2) 174.0
03w-H3b Gl 0.85 2.30 3.141(2) 170.0
O4w-H4a Cli 0.79 2.44 3.223(2) 174.0
04w-H4b CI¥ 0.84 2.34 3.178(2) 174.0

Symmetry code: i (1 + X, y, z); ii (—x, —y, —2);iii (—x, 2 +y, Vo—2); iv (—%, -y, 1
- 7).

presence of the methoxyl substituents somewhat impairs its solubility in
the biological fluid. This trend is contrary to what would be expected
from the theoretical relative PSA values. Nevertheless, X1TMP still
presents enough solubility that allowed us to work in physiological-like
conditions for most of the experiments.

3.3. Interactions with copper(Il) in buffered, pH 7.4, aqueous solution

The Method of Continuous Variations (Job Method) using UV-Vis
spectroscopy as a suitable monitoring technique, was applied to estimate
the apparent affinity of both ligands towards copper(II) ions. The elec-
tronic spectra of X1TMP and X1Benz display only one main intra-ligand
band each, centered at 318 nm (¢ = 23,950 + 110 M! cm’l) and

315nm (e = 25,660 + 125 M em™)), respectively. Upon complexation,
those absorptions undergo strong bathochromic shifts to 380 and
372 nm, correspondingly (Fig. 3A and B). On the other hand, no copper
(I1) characteristic d-d band was observed due to the low concentration
employed in this assay.

In both cases, the maximum absorbance was achieved at the molar
fraction of 0.5 (Fig. 3A and B, insets), suggesting the formation of ML
stoichiometry complexes. X1 TMP and X1Benz seem to interact with
copper(Il) ions in a similar manner and with analogous affinities. While
X1TMP showed an apparent log K of 5.74 + 0.15, X1Benz presented a
slightly higher apparent log K value, equal to 5.87 + 0.11. The fact that
both constants were obtained under exactly the same experimental
conditions makes a direct comparison between them perfectly reliable.
Thus, we can conclude that the electronic effects derived from the in-
clusion of methoxyl substituents in the phenyl group do not appear to
cause major changes in the affinity of the ligands for copper(Il) ions,
which, for both hydrazones, is in the moderate range expected for a
functional metallophore.

Our previous works involving 1-methylimidazole-containing N-
acylhydrazones have shown that these compounds exhibit a higher
water solubility and a remarkable resistance towards hydrolysis [23,24].
This allowed us to work in buffered 100% aqueous media for ROS
production and A aggregation assays, a more physiological condition.

3.4. Interactions with the copper(II)-Ap system: Effect on ROS production

Free copper is highly effective in the generation of ROS through the
cycling between its two physiologically available oxidation states [39].
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Fig. 2. 1H NMR spectra (400 MHz) of the studied N-acylhydrazones in DMSO-dg at 25 °C. (A) dx1tmp: 3.74 (s, 3H), 3.88 (s, 6H), 4.00 (s, 3H), 7.38 (s, 2H), 7.71 (s,
1H), 7.80 (s, 1H), 8.89 (s, 1H), 12.97 (s, 1H). (B) x1Benz: 4.01 (s, 3H), 7.56 (t, 2H), 7.65 (t, 1H), 7.72 (d, 1H), 7.81 (s, 1H), 8.02 (d, 2H), 8.80 (s, 1H), 12.90 (s, 1H). s:
singlet; t: triplet; d: doublet.
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Table 4

Calculated (OSIRIS Property Explorer: DataWarrior™) descriptors of pharma-
cological relevance for X1Benz and X1TMP. MW: molecular weight, cLog P:
calculated partition coefficient, cLog S: calculated water solubility, PSA: polar
surface area.

MW cLog cLogS  PSA Druglikeness ~ DrugScore
(gmol ™) P A%
X1TMP 318.00 1.17 —1.54 86.97 12.08 93%
X1Benz 228.00 1.38 —-1.48 59.28 6.03 95%
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Fig. 3. Method of continuous variations to evaluate the binding affinity of the
new hydrazones (A) X1TMP and (B) X1Benz towards copper(Il) — representa-
tive electronic spectra of ligand molar fractions from 0.5 to 1.0. Insets: absor-
bance versus molar fraction plots. HEPES buffer (50 mM, pH 7.4), 25 °C.

Although certainly less than free copper, the Cu(Ap) complex is still
quite competent in catalyzing the production of ROS in the presence of
dioxygen and ascorbate. In fact, ascorbate consumption mirrors ROS
production and can be employed as a useful assay to determine the ef-
ficacy of copper-targeted metallophores in reducing oxidative stress
[40,41]. N-acylhydrazones X1TMP and X1Benz showed the ability to
reduce copper-mediated ROS production in the preliminary study per-
formed in the presence of Ap;_ 16 (Fig. 4). This fragment was used as a
model for copper coordination with respect to the full-length peptide,
since it comprises the binding region for the oxidized form of this metal
[42].

The addition of copper(Il) to a solution containing ascorbate and
ABy-16 at pH 7.4 triggers an intensity reduction of the ascorbate
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absorption band centered at 265 nm. The initial consumption rate was
estimated as 37.9 + 4.1 pM min !, After addition of 1 eq. of each
hydrazone, we observed that the consumption profile does not change
appreciably until the ascorbate concentration reaches 50% of its original
value. From that moment on, a clear divergence can be noticed (gray box
in Fig. 4). The slope of the consumption curves (inset), normalized with
respect to the Cu(Ap) control condition, was employed as a measure-
ment of the ascorbate oxidation rate at 25 °C. The bar graphs indicate
that both compounds are able to reduce the ROS production by around
30-40%, being X1TMP slightly more active. The addition of a hydra-
zone excess (3 eq.) further prevents ascorbate oxidation. At this ratio,
X1TMP is able to inhibit up to 60% of the reaction, against the 50% of
hampering related to X1Benz. Another indication of the protective ef-
fect of the compounds can be assessed by the time needed to reach the
equilibrium (when a variation in absorbance is no longer noticeable).
While the Cu(Ap) system stabilizes after 20 min, addition of X1TMP
delays stabilization to around 30 min (1 eq.) and 35 min (3 eq.). Con-
cerning the unsubstituted X1Benz, the values are around 25 min (1 eq.)
and 35 min (3 eq.). Taken together, and in spite of the inherent limita-
tions of the method, these data indicate that the presence of the studied
N-acylhydrazones hinders ascorbate oxidation and, therefore, Cu(Ap)-
mediated ROS production.

3.5. Inhibition of Ap aggregation via turbidity assay

Besides catalyzing the production of ROS, copper binding to Ap also
accelerates its amyloidogenic aggregation, as well as increases neuronal
toxicity [43]. Therefore, the next step in our investigation was to eval-
uate whether the synthesized N-acylhydrazonic metallophores would be
able to interfere with this essential process as well. Since protein ag-
gregates are known to scatter light in the visible region, we carried out a
turbidity assay to determine the impact of the ligands in copper-
mediated Af; 40 aggregation [44]. The pH of the medium was
adjusted to slightly acidic (buffer solution at pH 6.6), since it has been
described that optimal metal-binding leading to aggregation occurs
under these specific conditions [11,45]. TEM and thioflavin-T fluores-
cence spectroscopy were used as supporting techniques in order to
characterize the aggregates formed.

First, we assessed the effect of the compounds in the absence of
copper(Il) ions. Interestingly, equimolar amounts of both N-acylhy-
drazones were able to radically prevent aggregation, as can be observed
in Fig. 5A (bars 1-3). This was confirmed through TEM images, which
show the characteristic fibril formation in the untreated Ap sample
(panel 5B) and its absence upon treatment with 1 eq. of X1TMP (5C) or
X1Benz (5D).

Regarding the metal-induced process, it is important to note that
copper is known to preferably stabilize intermediate oligomeric species
over the well-structured, insoluble amyloid fibrils [46,47]. Thus, the
presence of this physiological metal slightly increases solution turbidity
in comparison to free Af, being the precipitate clearly characterized as
mainly amorphous by TEM (dotted bar —4- on Fig. 5A and image in
panel 5E) and confirmed through thioflavin-T assay, which indicates a
fibrillization lessening of >50% (Fig. S5). The addition of 1 eq. of N-
acylhydrazones X1TMP or X1Benz significantly reduces absorbance at
405 nm, indicating a hampering of the aggregation process (light gray
bars —5 and 7- in Fig. 5A). Representative microscopy images of the
aggregates formed can be observed in panels 5F-G, which seem to pre-
sent similar nature to those generated in the absence of the metal-
lophores, although in fewer amounts. Once again, thioflavin-t-tests
confirm a further reduction in fibrils’ development (Fig. S5A).

Finally, when an excess (3 eq.) of ligand is present, there is an a priori
unexpected increase in the media turbidity for both metallophores, in
comparison to the samples treated with only 1 eq. of the compounds
(dark gray bars —6 and 8- in Fig. 5A), probably due to precipitation of
the uncharged, poorly water soluble bis(hydrazone)copper(Il) species,
as described recently by us for the related system Cu?*-HPCFur, in the
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Fig. 4. Cu(Ap)-induced ascorbate consumption. (A) Left: Representative plots showing ascorbate consumption through absorbance decrease at 265 nm for Cu(Af)
(black), Cu(Ap) + 1 eq. X1TMP (red) and Cu(Ap) + 3 eq. X1ITMP (blue). The sharp increase observed after compound addition in excess is due to the intrinsic
absorbance of the resulting Cu(X1TMP) interaction. Inset: Linear segment of the ascorbate consumption curve for 0.80 < Ayes < 0.65. Figures of merit: black line
slope: —0.09018 + 0.00009, R? = 0.999; red line slope: —0.05430 + 0.00009, R? = 0.996; blue line slope: —0.036210 + 0.000008, R? = 1.000. Right: Bar graph
representing the normalized mean slopes of the linear segments, which parallel ROS production, for each condition tested. Significant differences (t-tests) are
characterized by (*) for p < 0.05. (B) Right: Representative plots showing ascorbate consumption through absorbance decrease at 265 nm for Cu(Ap) (black), Cu
(AB) + 1 eq. X1Benz (red) and Cu(AB) + 3 eq. X1Benz (blue). The sharp increase observed after compound addition in excess is due to the intrinsic absorbance of the
resulting Cu(X1Benz) interaction. Inset: Linear segment of the ascorbate consumption curve for 0.70 < Ages < 0.55. Figures of merit: black line slope:
—0.08240 + 0.00005, R? = 1.000; red line slope: —0.05267 + 0.00007, R? = 0.997; blue line slope: —0.03997 + 0.00004, R? = 0.997. Left: Bar graph representing

the normalized mean slopes of the linear segments.

presence of a decapeptide at pH around 7 [48]. In fact, this can also be
observed in TEM, through the presence of regions with material accu-
mulation consisting of crystals of the putative neutral [Cu(X1TMP);]
(needle-like) or [Cu(X1Benz);] (sheet-like) complexes associated with
mostly amorphous protein precipitation (panels 5H-I, respectively).
Thioflavin-T fluorescence assays (Fig. S5B) show a slight fibrillization
increase in this samples, close to that observed for the Cu(Af) sample
itself.

3.6. Mechanistic insights through 1D- and 2D-NMR experiments

As NMR spectroscopy requires higher compounds’ concentrations,
experiments were performed only with X1Benz, the most water soluble
hydrazone.

Since both metallophores seem to impair Ap aggregation, even in the
absence of copper(Il), we decided to investigate this system by firstly
analyzing the interactions of X1Benz directly with Af; 49, using
!H—I5N heteronuclear single quantum correlation (HSQC) spectros-
copy. The central region of the spectrum of an 80 pM sample of uni-
formly °N-labeled Ap is shown in Fig. 6A (black contours). Resonances
are well resolved and sharp, with a limited dispersion of chemical shifts,
reflecting the disordered nature and the high degree of mobility of the
backbone. Upon titration with increasing concentrations of X1Benz, the
'H—!5N HSQC spectra retained the excellent resolution of the free

peptide but presented measurable chemical shift changes in a discrete
number of residues distributed throughout its amino acid sequence
(Figs. 6A -blue/red contours- and 6B). Close analysis of the backbone
amide signals exhibiting chemical shift changes upon interaction with
X1Benz revealed that they correspond to amino acids located in the
proximity of aromatic residues, namely: a Phe residue in position 4, a
Tyr residue in 10, as well as two Phe residues (positions 19 and 20).
Altogether, these results unequivocally demonstrate that X1Benz binds
to the monomeric form of AP; 49, with aromatic residues possibly
playing a very important role as anchoring moieties for binding of this
compound to the peptide. It is worth noting that such a behavior was
quite unexpected, not observed for other N-acylhydrazones previously
described by our research group [18,20].

Additional experiments are clearly needed to determine if the iden-
tified X1Benz binding sites at positions F4, Y10, and F19-20 constitute
independent, non-interactive motifs, consistent with the binding of at
least three X1Benz molecules per peptide unit, and to fully characterize
the interaction modes and binding strengths.

The copper(Il) sequestering potential of X1Benz towards Ap;_40 was
explored at single residue resolution by 1D 'H NMR spectroscopy. As
reported earlier [18], addition up to 1 eq. of Cu?" to ABq_49 samples
caused the severe broadening of specific resonances, clearly indicating
their involvement as metal coordinating sites for this physiological ion
(Figs. 7A and B). Interestingly, increasing amounts of X1Benz were not
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Fig. 5. APy_40 aggregation in the absence and pres-
ence of copper(Il) and the N-acylhydrazones, in
HEPES 20 mM, NaCl 150 mM, pH 6.6, 37 °C and
1100 rpm after 3 h. (A) Aggregation as measured by
turbidity at 405 nm. Data are reported as mean and
standard deviation. (B-I) Transmission Electron Mi-
croscopy (TEM) of the different conditions of the
assay: (B) Ap (C) AB + 1 eq. X1ITMP (D) Ap + 1 eq.
X1Benz (E) Ap + 1 eq. Cu®", hereafter referred to as
Cu(AB) (F) Cu(Ap) + 1 eq. X1ITMP (G) Cu(Ap) + 1 eq.
X1Benz (H) Cu(Ap) + 3 eq. X1TMP (I) Cu(Ap) + 3 eq.
X1Benz.

Ab + Cu?* + 1eq X1Benz
B4 Ab + cu®* + 3eq X1Benz

efficient at removing the metal-induced perturbations in Ap backbone
amides, even upon the addition of 5 eq. of the compound (Fig. 7C).
However, the broadening effects observed on the signals belonging to
X1Benz might be an indicative of copper(II) coordination by this com-
pound, probably generating a ternary Ap-copper-X1Benz species. Such
a result is in perfect agreement with our previously reported findings
regarding the formation of ternary complexes involving N-acylhy-
drazones, Cu?>' and small prion protein fragments [21,24]. In the
context of the present work, it seems that this ternary species is the one
responsible for impairing ROS production and preventing Ap
aggregation.

In order to verify the formation of a ternary Af-copper-X1Benz
complex trough a different experimental technique, we obtained UV-Vis
spectra of freshly prepared 1:1 (Cu:AB;_16), 1:1 (Cu:X1Benz) and 1:1:1

(Cu:Ap1-16:X1Benz) mixtures in 20 mM, pH 7.3 Tris buffer solution
(Fig. S6). While binary Cu(Ap) species virtually does not absorb light in
the studied region, the Cu(X1Benz) system showed an overlapped multi-
band absorption pattern centered at 360 nm. The ternary Ap-copper-
X1Benz mixture, instead, exhibited a different spectral profile, with the
most prominent band centered at 320 nm. Very similar results were
obtained by May, Jancsé & Enyedy [49] for a ternary complex involving
copper(Il), the tetrapeptide DAHK and the thiosemicarbazone Triapine.

On the other hand, addition of EDTA completely abolishes metal-
interactions with both Ap and X1Benz (Fig. 7D). Nevertheless, some
signals of the free peptide (Fig. 7A) and the hydrazone (Fig. 7E) cannot
be recovered, especially, in the latter, those related to the imidazole
moiety. In fact, the spectrum in Fig. 7D is exactly the same obtained for a
sample containing only Af + 5 eq. X1Benz (not shown), suggesting that
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Fig. 6. NMR analysis of X1Benz binding to Ap;_40. (A) Overlaid contour plots
of 'H—'°N HSQC spectra of AP in the absence (black) and presence of
increasing X1Benz concentrations: 3 eq. (blue) and 5 eq. (red). Most affected
residues are labeled (for the sake of simplicity, the one letter amino acid code
was employed). (B) Differences in the mean weighted chemical shift
(MW'H-'>NACS) displacements between free and X1Benz-bound Ap at molar
ratios of 1:1 (gray), 2:1 (green), 3:1 (blue) and 5:1 (red). Experiments were
recorded at 15 °C (80 pM A in Tris 20 mM pH 7.3).

ApB-X1Benz interactions are preserved. Thus, the general broadening
observed on Af resonances upon addition of EDTA is consistent with the
occurrence of a peptide’s self-association process, probably mediated by
X1Benz.

4. Conclusions

The N-acylhydrazones X1TMP and X1Benz were obtained in the
hydrochloride form, with good yields and high purity. Calculated and
experimental log P values are very similar for both compounds, and
within the ideal 0-3 range. Theoretical PSA were, respectively, 87.0 and
59.3 A2. In general, all physico-chemical parameters evaluated are in
accordance with the guidelines for drugs targeting the CNS.

Upon interaction with copper(Il) ions, relevant in the context of
Alzheimer’s disease, both hydrazones preferably generate an ML com-
plex, as demonstrated by the Job Method. Comparable ligand-to-metal
affinities were obtained, with apparent log K values in aqueous buff-
ered medium of 5.74 + 0.15 and 5.87 + 0.11, respectively, for X1TMP
and X1Benz, indicating that the presence of methoxyl substituents in the
former does not greatly influence the stability of the copper(II) complex
formed.

Both compounds are able to lessen the production of ROS by the Cu
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Fig. 7. 'H NMR of the aromatic side chains of Ap;_4 in the presence of copper
(II) and X1Benz. Spectra were registered at 15 °C in Tris 20 mM pH 7.3 of
samples containing (A) Ap (80 uM) (B) AP + 1 eq. Cu®>" (C) AP + 1 eq. Cu®" +
5 eq. X1Benz (D) Ap + 1 eq. Cu*" + 5 eq. X1Benz followed by addition of
10 mM EDTA. Spectral region with the resonances of 400 pM X1Benz are
shown in (E) along with the signals’ assignment. For the sake of simplicity, the
one letter amino acid code was employed.

(Ap)-system under pseudo-physiological conditions, with X1TMP being
slightly more effective than X1Benz. Additionally, the hydrazones have
the capacity of preventing Ap aggregation at equimolar conditions in the
presence and, quite unexpectedly, in the absence of copper. 2D H—!°N
HSQC NMR experiments demonstrated a direct interaction between Ap
and X1Benz, which can be at the core of this phenomenon. On the other
hand, the activity behind the inhibition of copper-mediated Ap aggre-
gates formation may be related to a 1:1:1 ternary species, as demon-
strated for X1Benz by 1D 'H NMR.

The data reported herein certainly reinforce the relevance of ternary
species in the mode of action of N-acylhydrazones as metallophores in
the context of metal-enhanced neurodegeneration. The formation of
such complexes can impair the production of ROS through steric- or
kinetic-related mechanisms. Regarding the peptide’s aggregation, once
again, the formation of AB-copper-hydrazone adducts seems to drive the
emergence of “off-pathway” aggregates, which cannot mature into fi-
brils, as supported by TEM images and thioflavin-T assays. Altogether
with our previous works, these findings may suggest the need to adapt
the current definition of metallophore in order to include not only those
ligands that compete with the protein for the metal ion, but the ones that
exercise their activity by the formation of stable, mostly inert, ternary
species as well. In fact, the relative reactivity / toxicity of this kind of
aggregates is under investigation and will be the subject of future
reports.

Finally, the relatively low solubility of X1TMP in comparison to that
of X1Benz will probably not represent a problem to its potential use as a
metallophore, since the concentrations required to exert such a role in
the central nervous system are usually very small, of the order of a few
milligrams per kilogram of weight.

Overall, the novel 1-methylimidazole-containing N-acylhydrazones
X1TMP and X1Benz have shown promising prospects as agents for the
treatment of AD, and deserve further studies in biophysical and pre-
clinical models of the disease.

Accession code

CCDC 2195202 contains the supplementary crystallographic data for
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X1Benz. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or
by contacting Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
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