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Abstract

A defective protein folding and its abnormal aggregation and accumulation is the
central pathogenic event in Protein Conformational diseases (PCDs), such as Alzheimer’s
Disease (AD) and Type Il Diabetes Mellitus (T2DM), which are characterized by the
accumulation of the amyloid-B (AB) peptide in neuronal tissues and islet amyloid
polypeptide (IAPP) in pancreatic B-cells, respectively.! So far, all the designed anti-
aggregating drugs (amyloid hypothesis) have failed in clinical trials and the latest studies
suggest that pathological conditions occur when the equilibrium between production and
clearance of the involved protein results unbalanced.? For this reason, currently, new drugs
are designed to restore the proteostasis network (PN) targeting any of its components and
not just simple anti-aggregating compounds. However, due to the multifactorial nature of
protein diseases, it may be difficult to find effective drugs by screening molecules on a
single target, and very few molecules, if any, selected by using this strategy, have shown to
have the potential to be pipelined to clinical trials.

Due to the significant interconnection between AD and T2DM which share common
pathogenic mechanisms, we have proposed here a new multi-target strategy against both
diseases, to profile small molecules for their potential to be used as AB/hIAPP proteostasis
rescuers. In particular, we have investigated the cytoprotective effect of two natural
compounds (Silybin A and Silybin B) extracted from the plant Silybum marianum.

Both compounds have shown to halt and rescue the cytotoxicity of A oligomers in
differentiated SH-SY5Y neuroblastoma cells, a neuron-like cell system. The use of several
spectroscopic, biophysical, biochemical, and computational techniques has allowed us to
establish with high-level of accuracy the molecular reasons that entail their cytoprotective
effect and the important role of the stereochemistry in this processes; in particular, silybins
may i) inhibit AB/hIAPP aggregation; ii) counteract amyloid-mediated membrane
disruption, iii) enhance 20S proteasome activity, iv) foster ubiquitin signaling and v) protect
from oxidative stress.

However, despite the high potential of silybins as anti-AD and -T2DM drugs, their
use is limited due to their scarce solubility and bioavailability. We have overcome these
limitations by conjugating silybins with a trehalose moiety through a phosphate linker,
following a pro-drug approach. This approach allows the administration of higher amounts
of the pro-drug and the progressively release of the parental compound on a time scale of
days. In addition, the synthesized pro-drugs are not devoiced of activity but, rather,
partially maintain or, in some cases, even increase the ability of silybins against the studied
targets. The activity of the pro-drugs represents an additional advantage, addressing not
only the solubility related problem and permitting the delivery of the drug, but
furthermore, being a part of the whole drug system where both drug and pro-drug present
desirable activities in restoring proteostasis.
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1. Introduction

Chapter 1. Introduction

1.1. Protein misfolding and amyloid diseases

In the last two decades, an increasingly large body of evidence has pointed to
the misfolding, aggregation, and accumulation of structurally abnormal proteins,
termed amyloids, as the common pathogenic mechanism of more than 50 degenerative
diseases, known as protein conformational diseases (PCDs) or proteopathies.* These
disorders include Alzheimer’s disease (AD), Parkinson’s disease (PD), type Il diabetes

mellitus (T2DM), and systemic amyloidosis (SA), among others (see table 1).

Each one of these diseases is associated with the aggregation of a specific protein
that might occur in a specific or multiple organs. The first group includes maladies as AD
or PD, in which amyloid-B/tau or a-synuclein deposits, respectively, are found in the
brain, or T2DM, characterized by the accumulation of amylin in the pancreas. By
contrast, in systemic amyloidosis, protein aggregates affect multiple organs as the liver
or the heart, among others.! Depending on the disease, these amyloid deposits are
found extracellularly, in the cytosol, or in both intra- and extracellular species. Usually,

they are found in the same cellular space where the protein is secreted or resides.?

These diseases can be sporadic or familial. Most of the PCD cases belong to the
first group and are caused by the stochastic misfolding and aggregation of the protein,
which is promoted by an age-dependent decline of the proteostasis network (PN), the
cellular machinery responsible for maintaining the proteome integrity. Differently, in
some cases, a genetic disorder, i.e. a heritable mutation, causes the misfolding and
aggregation of the protein.> Despite the advances achieved in our understanding of the
complex network of biological mechanisms involved in PCDs, currently, there is no cure

for any of these diseases.
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Amyloid protein

Clinical syndromes

Amyloid-B peptide (AB)

Amylin or Islet amyloid
polypeptide (IAPP)

Alzheimer’s disease, hereditary cerebral hemorrhage with
amyloidosis
Type 2 diabetes mellitus, insulinoma

a-Synuclein ( as)

Prion protein (PrP)

Tau protein

Huntingtin (polyQ expansion)®
Lysozyme (LYS)
B.-Microglobulin ( B2-m)
Transthyretin (TTR)

Serum amyloid A (SAA)
Immunoglobulin light chains
Immunoglobulin heavy chains
Insulin

Cystatin C

ABri peptide

ADan peptide
Apolipoprotein A-I (ApoAl)
Apolipoprotein A-ll (ApoAll)
Apolipoprotein A-1 V(ApoAlV)
Apolipoprotein C-1l (ApoCll)
Apolipoprotein C-lll (ApoClll)
Gelsolin

Fibrinogen a-chain

Calcitonin

Atrial natriuretic factor
Prolactin (PRL)

Medin

Lactotransferrin

Odontogenic ameloblast-
associated protein (ODAM)

Pulmonary surfactant associated

protein C (SP-C)
Leukocyte cell-derived
chemotaxin-2 (LECT-2)
Galactin 7 (Gal-7)

Corneodesmosin (CDSN)
Kerato-epithelin (Big-h3)
Semenogelin-1 (SGI)
Proteins SI00A8/A9
Enfuvirtide

Parkinson’s disease, Multiple system atrophy, Dementia with
Lewy bodies

Transmissible spongiform encephalopathies (Creutzfeldt-Jakob
disease, Fatal insomnia, Gerstmann-Straussler-Scheinker disease,
variant Creutzfeldt-Jakob disease, Kuru, among others)®
Tauopathies (Alzheimer’s Disease, progressive supranuclear
palsy, corticobasal degeneration, frontotemporal dementia with
parkinsonism-17, among others)’

Huntington’s disease

Lysozyme systemic amyloidosis
Dialysis-related amyloidosis, hereditary visceral amyloidosis

Senile systemic amyloidosis, familial amyloid polyneuropathy,
familial amyloid cardiomyopathy, leptomeningeal amyloidosis
AA amyloidosis

Light-chain amyloidosis

Heavy-chain amyloidosis
Injection-localized amyloidosis
Hereditary cystatin C amyloid angiopathy (HCCAA)®
Familial British dementia

Familial Danish dementia

ApoAl amyloidosis

ApoAll amyloidosis

ApoAVI amyloidosis

ApoCll amyloidosis

ApoClll amyloidosis

Familial amyloidosis, Finnish type
Fibrinogen amyloidosis

Medullary carcinoma of the thyroid
Atrial amyloidosis

Pituitary prolactinoma

Aortic medial amyloidosis

Gelatinous drop-like corneal dystrophy
Calcifying epithelial odontogenic tumors

Pulmonary alveolar proteinosis
Renal amyloidosis

Lichen amyloidosis, macular amyloidosis

Hypotrichosis simplex of the scalp

Lattice corneal dystrophies (type I, type 3A and Avellino type)
Seminal vesicle amyloidosis

Prostate cancer

Injection-located amyloidosis

Table 1. Peptides involved in the formation of amyloid deposits and related proteins.
This table has been adapted from Chiti et al. 2017.%



1. Introduction

1.1.1. Alzheimer’s disease

AD is a neurodegenerative disorder of the central nervous system (CNS)
characterized by a gradual loss of cognitive function which, finally, leads to a loss of
autonomy and total dependence of medical care. From all the dementia cases, 60-70%
are associated with AD.9 It is the most common cause of dementia in elderly people and
is strongly associated with aging (32% of people age 85 and older have AD).!! This
pathology is the main cause of disability and dependency of aged people,'? and it has
been listed as the seventh cause of death worldwide and one of the principal causes of
morbidity.!! Nowadays, AD affects a large number of people, and estimations lead to
expect a progressively increasing number of cases in the next decades. In fact, according
to World Health Organization (WHO), around 50 million people are living with dementia,
with an increase of nearly 10 million new cases every year; WHO estimations for the
next decades are overwhelming and suggest that worldwide dementia cases will reach
82 million people in 2030 and 152 million in 2050.%° In addition to the so daunting human
costs occasioned by the disease in terms of lost lives, reduction of quality of life, and
disability, AD results in dramatic social and economic costs. In point of fact, total global
economic costs of dementia were estimated in 2015 at around $ 818 billion, which

constitutes 1.1% of global gross domestic product (GDP).1°

The accumulation of the amyloid-B (AB) peptide and the protein tau in neuronal
tissues, forming neuritic/senile amyloid plaques (SPs) and neurofibrillary tangles (NFTs)
outside and inside neurons, respectively, are considered the hallmarks of AD (see figure
1). In physiological conditions, AB peptide is soluble and contributes to the normal
function of the brain regulating the activity of hippocampal synapses by stimulating
glutamatergic and cholinergic receptors.’> However, when AD pathology occurs, AB
peptides self-assemble and accumulate forming SPs. Tubule-associated unit (tau)
protein belong to the microtubule-associated protein (MAP) group and its physiological
role is to induce and stabilize the assembly of tubulin proteins into microtubules in the
brain, allowing the extension of neurites.'* Once tau protein is expressed, it undergoes
different post-translational modifications; however, its abnormal hyperphosphorylation

has been identified in AD, with cytosolic hyperphosphorylation levels 3-4 fold higher
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than in healthy brains.? The ability of tau to bind with microtubules is decreased when
tau is phosphorylated. Thus, its abnormal hyperphosphorylation leads to an increase of
unbonded tau, being more available for aggregation.® Eventually, hyperphosphorylated
tau evolves in the formation of insoluble fibers, known as paired helical filaments (PHFs),
which accumulate in NFTs, leading to an impaired microtubule assembly, hampering
axonal transport and contributing to neurodegeneration.” In AD synapses information
transfer begins to fall, the number of synapses declines, and neurons death is observed.
Itis believed that AP aggregates interfere in the neurons communication and tau tangles

block the transport of nutrients contributing to cell death.!

/ Healthy Alzheimer’s Disease \

tau tangles

A8 plaque

healthy ) v
stabilizing microtubule Dementia disintegrating
tau protein Neurodegeneration microtubule

Figure 1. Comparison of a neuron in the healthy brain and Alzheimer's disease with
amyloid plaques and tau tangles.

This syndrome is marked by a great complexity at cellular and molecular level,
with different brain cells (neurons, microglia, astroglia, and oligodendrocytes) involved
and interacting with each other.'” AB deposition is an early event in the development of
the disease, preceding brain structural changes and cognitive decline, while tau tangles
are formed after AB accumulation but also previously to clinical symptoms.* Cognitive
decline occurs progressively, and it can take much time, even decades, to show the
patient recognizable symptoms because of the compensation mechanisms of the brains,
making it difficult to identify the disease in its preclinical phase. Thus, when dementia is
identified, the pathological development of the disease has already been progressing

for many years.?®
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1.1.2. Type Il Diabetes Mellitus

Diabetes mellitus (DM) is a chronic metabolic disorder that presents
physiological dysfunctions as hyperglycemia, insulin resistance, and insulin deficiency.?°
Depending on the cause of the pathology, it is classified in Type | (TIDM) or Type Il
Diabetes Mellitus (T2DM), being the second one the most common (90% of all the DM
cases).’! TIDM (also denominated juvenile diabetes or insulin-dependent diabetes) is
an autoimmune condition whereby the immune system destroys the pancreatic B-cells,
responsible for the secretion of insulin and therefore leading to the lack of this
hormone.?? Differently, T2DM (also known as non-insulin-dependent diabetes or adult-
onset diabetes) belongs to the family of PCDs because it is mainly associated with the
accumulation of islet amyloid polypeptide (IAPP; also known as amylin) deposits in
pancreatic islet cells (see figure 2). IAPP accumulation is believed to cause B cells failure

and, in turn, a reduced response to insulin in peripheral tissues (i.e. insulin resistance).?

f Healthy Type Il Diabetes Mellitus \

Insulin resistance
Hyperglycaemia
Insulin deficiency

pancreatic (-cell

IAPP (amylin) plaque J

Figure 2. Comparison of pancreatic B-cell in the healthy pancreas and Type Il Diabetes
Mellitus with amylin plaques.

T2DM is widely associated with obesity and a sedentary lifestyle and its
complications lead to premature mortality and lower quality of life. The International
Diabetes Federation (IDF) considers diabetes a pandemic, affecting nowadays the
alarming number of 463 million people (9.3% of the global population) and estimates
that the number of affected people will continue growing to achieve 578 million people
in 2030 and 700 million people in 2045.%* It is in the top ten global causes of mortality,
with an estimation of 11.3% global deaths associated with diabetes. Furthermore, the
direct economic cost of diabetes health care achieved only in 2019 $ 760 billion, and IDF

estimates that will continue growing.?* As in AD, the great magnitude of the devasting

10
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human, social and economic costs associated with this disease, that still has no known
cure, makes imperative the research on this field, allowing to understand the
biochemical mechanisms involved in its pathological development, a fundamental issue

to face this disorder.

1.1.3. Cross-disease analysis and comorbidities in AD and T2DM

Both AD and T2DM present an overlap of pathogenic mechanisms characterized
by the accumulation of abnormal protein aggregates, impairment of the Ubiquitin-
Proteasome System (UPS), oxidative stress, mitochondrial dysfunction, lipid
dysmetabolism, apoptosis, impaired insulin signaling, and insulin resistance.
Intriguingly, recent epidemiological data have shown that patients suffering from T2DM
have an increased risk to develop AD and vice versa.?>?® Both AD and T2DM are
multimorbidity diseases, with patients presenting in most cases another (or more)
chronic condition, thus making much more difficult any therapeutic treatment. T2DM is
the most common disease which presents comorbidity with AD.?” As in T2DM, the
impairment of glucose metabolism is also present in AD, even in the early stage of the
disease, decades before the manifestation of symptoms.?® Moreover, AR and IAPP are
present in some biological fluids at comparable concentrations, and mixed IAPP and AR
aggregates have been found in the brain of T2DM and AD patients.?° Furthermore, tau
and AP deposits have been localized in pancreatic B cells, as well as IAPP deposits have
been found in the hippocampus of both AD or T2DM patients without
neuropathologies.3° Moreover, cognitive impairment has been observed in T2DM, brain
insulin resistance and insulin deficiency models, while treatment with insulin or insulin
sensitizer compounds produces cognitive improvement in patients with AD.3 The degree
of interrelation between AD and T2DM is so extended that AD has been considered as

the diabetes of the brain and has been denominated “type 3 diabetes”.3

All this evidence supports the hypothesis that AD and T2DM are multifactorial
diseases sharing common pathogenic mechanisms. Currently, no effective treatment
exists for both diseases and their incidence is substantially increasing due to their link
with factors associated with the modern lifestyle such as the above-mentioned

sedentary lifestyle, obesity, and/or aging. Driven by this imperative medical need, a

11
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substantial effort has been made in the last 30 years to develop AD and T2DM therapies.
The strong interconnections between these pathologies suggest that it may be
convenient to group AB and IAPP in a unique research project aimed at designing a
therapy suitable for both the two diseases. For this reason, the design of new
therapeutic strategies with multitarget/multifunctional to prevent amyloid-related

disorders is becoming more important than ever.

1.2. From the “amyloid hypothesis” to the
proteostasis imbalance

Both AD and T2DM are characterized by the accumulation of amyloid proteins in
cells, implicitly suggesting that targeting protein misfolding and self-assembly would
prevent the diseases (“The Amyloid Hypothesis”).! However, the failure of all clinical
trials focusing on anti-aggregating drugs has demonstrated that a deeper understanding

of the mechanisms involved in proteome maintenance is needed.

It is widely known that cells express an integrated array of proteolytic machinery
that controls protein homeostasis (proteostasis) in a given range of adverse
environmental conditions. As a matter of fact, the latest studies suggest that
pathological conditions occur when the equilibrium between the production and the
clearance of the involved proteins results unbalanced, or, in other words, when

proteome surveillance by the proteolytic machinery of the cell is compromised.?

The synthesis, folding, disaggregation or aggregation, trafficking, and
degradation of proteins are controlled and regulated by a combination of an intricate
network of many intertwined of biochemical pathways. The system that coordinates the
whole process is the proteostasis network (PN).? In a healthy cell, the expression of PN
components is regulated by the different proteomic demands, but in presence of
physiological alterations or stress, the activity of the PN is permanently altered evolving
in a pathology3! (see figure 3). For this reason, new drugs are designed to restore the

whole proteostasis network (PN), and not just as simple anti-aggregating compounds.

12
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ita A

Protein Protein Protein misfolding
production . clearance and aggregation .
Proteostasis Disease
Balance state Imbalance state

Protem productlon Protein misfolding and aggregatlon Protein clearance

i _ _ protein
: @ native protein aggregates

1 i @
Q X lysosome
ribosome =7 ﬂ 3 ‘

misfolded protein ] proteasome

Figure 3. The proteostasis balance.

The PN deterioration is age-related leading to degenerative disorders.? Even if
the cause of the decline of the PN is complex, it seems to be related to a lack of
evolutionary pressure in its preservation once the organism has had progeny and thus
the genome has already been passed to the offspring.3? In fact, studies performed in C.
elegans suggest the existence of a programmed aging event in the onset of
reproduction, associated with a decline in proteostasis because of the competitive
requirement of resources between the germline and soma.3® The high resources
expenditure with could imply the full maintenance of the soma in a fail-safe manner,
considering the extrinsic mortality of organismes, is inefficient from an evolutionary point
of view; thus, the soma proteostasis is error-prone and the resources aimed to its
maintenance are limited when are also required for reproduction.3* This theory is known
as “disposable soma theory of aging” and suggest a high expenditure to maintain the
proteostasis of the germline is in detriment of somatic cells, causing a decreased somatic

protein quality control (PQC).3

PQC network comprises the set of mechanisms that maintain the integrity of the
proteome, by assisting the correct folding of nascent proteins, controlling proteins

folding status, and clearing misfolded and aggregated proteins.?3> Albeit the ubiquitin-

13
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proteasome system (UPS) and the autophagy-lysosome pathway (ALP) are the major
PQC pathways, other factors such as folding chaperones and metalloproteases are
known to play a significant role in proteome maintenance. UPS is the primary proteolytic
route for misfolded and damaged proteins, while ALP acts as a bulk recycling system,
removing dangerous cellular components, including large protein aggregates;
ubiquitination is utilized as a protein degradation signal being involved in both
pathways. Both systems form part of the PQC system and are closely interconnected,
taking part of an adaptive mechanism allowing the cell to properly regulate protein

homeostasis against cellular stress.3®

Within this frame, in the research of drugs for PCDs, many researchers have
screened several molecules targeting different components of the UPS?” and the
ALP.3%39 However, very few molecules, if any, selected by using this strategy, have
shown to have the potential to be pipelined to clinical trials. Actually, due to the
multifactorial nature of protein diseases, it may be difficult to find effective drugs by

screening molecules on a single target.

Indeed, in the last 25 years, many Big Pharma companies including Monsanto,
Novartis, Pfizer, and Eli Lilly, have endeavored a large number of expensive research
projects focusing on finding therapies for amyloid diseases. Despite all efforts in this
regard, an alarming huge failure of all clinical trials has occurred (99.6%),%° and to date,
only symptomatic medications have been approved.*! This has resulted in a massive
shift of Big Pharma companies to other topic projects.*> This massive exodus of
pharmacological companies from neurodegenerative research makes that studies in the
academic area are becoming more and more relevant for the treatment of these
diseases and the implementation of alternative approaches becomes indispensable due

to the complexity of these diseases along with the high risk of failure.

1.2.1. Amyloids monomers and their structural plasticity

AB and IAPP, as well as main amyloid proteins, are largely unstructured, lacking
a defined globular folded and exhibiting extraordinary conformational flexibility. A large

percentage of proteins (around 50%) present this behavior and are known as intrinsically

14
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disordered proteins (IDPs).*>4* Others, however, contain an intrinsically disordered
region (IDR) that is intersected with structured ones.* It is now accepted that the lack
of stable tertiary and/or secondary structure does not preclude proteins from being
biologically active. The conformational flexibility of these proteins (intrinsic disorder),
i.e. the possibility to adopt different conformations depending on their physiological
ligand, defines the ability of these proteins to exert different functions. Furthermore,
the “disorder” level found in eukaryotic proteins (52—67% proteins have long IDRs) is
higher than in prokaryotic (26—-51 and 16—45% proteins contain long IDRs in archaea and
bacteria, respectively) highlighting the relationship between these proteins and the
complexity of organisms and their functions and suggesting that disordered proteins are

the result of evolutionary pressure.*3

The free energy landscape of folded proteins shows a potential energy profile
with a unique global energy minimum corresponding to the protein native structure,
while IDPs present several energetically similar minimums with small barriers between
them. This results in structural instability and conformational flexibility, wherefore the
protein could adopt a large number of conformations (see figure 4). The interconversion
between all of them is strictly regulated by the PN and an imbalance of proteostasis can
lead to the formation of intra- or extra-cellular pathological aggregates, which mainly

are amyloids fibrils and, to a lesser extent, amorphous aggregates.*

a b

Folded Intrinsically
protein disordered protein

Free energy
Free energy

Conformation Conformation

Figure 4 - Free energy landscape representation. (a) Free energy landscape of a
folded protein. (b) As (a) except for an intrinsically disordered protein.
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1.2.1.1. Amyloid 3 (AB)

Amyloid B (AB) peptide is a small hydrophobic peptide originated by the cleavage
of a transmembrane protein called amyloid precursor protein (APP) by B- and y-
secretases. In vivo, different AP peptides can be found, from 36 to 43 amino acids, but
ABi-a0and APi.42 are the most common isoforms; the first one is the most abundant ( the
APB1-20 /AB1-a2 molar ratio in the cerebrospinal fluid (CSF) is 9:1) while the second one is
the most fibrillogenic.*® APP is located in the cell membrane but also in intracellular
membranes (mitochondrial, trans-Golgi, endoplasmic reticulum, endosomal and
lysosomal membranes) and therefore, AB is released in both extra- and intracellular
spaces.*’ Furthermore, the uptake of extracellular A and its internalization in neurons
has been observed* and the accumulation of AB inside the cell seems to be an early

event in the pathology, preceding the extracellular accumulation of amyloid plaques.*’

It is important to remark that, despite its detrimental role widely associated with AD, AB
has also an important physiological role in the CNS (e.g. in the control of synapsis) and

its pathological effects are evidenced only if its levels become excessive.*1

Central
N-terminus hydrophobic cluster  Turn

DAEFRHDSGYE|VHHQKLVFFAEDV|GSNKG AIIGLMVGGVV

Figure 5 — Schematic representation of amyloid B1-a20. N-terminus, Central
hydrophobic cluster, turn and C-terminus regions are highlighted in different colors.

The AB secondary structure is related to its toxicity, in with the B-sheet rich
conformations playing a major role. The stretch V12-V24 of AB is known as “central
hydrophobic cluster” (CHC) and is considered essential for peptide aggregation; this
hydrophobic region and the hydrophobic residues from the C-terminal region (residues
130-V40) form a parallel B-sheet structure thanks to the turn region (residues G25-G29)
which permits intermolecular hydrogen bonding between both B-strands (see figure
5).°2 The isoform AB42 contains two more hydrophobic residues in the C-terminus than

ABao, 141 and A42, entailing higher propensity of the peptide to aggregate.>?
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1.2.1.2. Human islet amyloid polypeptide (hIAPP)

hIAPP (human islet amyloid polypeptide or human amylin) is a hydrophobic
peptide of 37 amino acids that encompasses a disulfide bridge between residues C2 and
C7 which is required to the biological activity of the peptide. It is co-expressed and co-
secreted with its synergistic partner insulin, in B-cells pancreatic islets, in response to
glucose stimulation due to nutrients intake; the molar ratio IAPP/insulin varies from 1:10
to 1:100.°* IAPP is expressed as a pre-prohormone and it is posteriorly cleavage by
peptidases in the endoplasmic reticulum (ER) generating the prohormone and then, in
the Golgi apparatus, it is processed by the prohormone convertase2 (PC2), prohormone
convertase 1/3 (PC1/3) and carboxypeptidase E (CPE) generating the final mature form,

which finally is C-terminally amidated leading to the active hormone.>

IAPP exerts autocrine actions in B-cell signaling.”®>” Both insulin and IAPP play an
important role in metabolism and glucose homeostasis. While insulin controls the
transport of glucose from the blood into insulin-dependent tissues, amylin is involved in
the control of glucose uptake from the digested carbohydrates by regulating the gastric
emptying.>® Furthermore, IAPP acts as a satiation signal in the CNS suppressing appetite,
controlling the intake of food as well as the body weight.>® However, a malfunction in
cellular proteostasis machinery can generate IAPP misfolding and, eventually, the

formation of amyloid deposits in pancreatic islets, leading to type-2 diabetes.>?

N-terminus Amyloid core

KCNTATCATQRLANFLVHS [SNNFGAILSS|TNVGSNTY

1 ! 20 29 37
;5573

Figure 6 — Schematic representation of the human amylin sequence. The disulfide
bridge is indicated as S-S. N-terminus, amyloid core, and C-terminus regions are
highlighted in different colors.

As above mentioned, hlAPP is an IDP, presenting a wide conformational variety
and may adopt many diverse structures, although the random coil structure is
predominant when hlAPP is in its monomeric state. In fact, several experimental CD

studies and computational calculations on hIAPP have allowed to characterize a large
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variety of elements of secondary structure: unstructured coil, disordered conformation
with transient a-helix structure, mixed a-helix, and short antiparallel B-sheet, extended
antiparallel B-hairpin, and a compact helix-coil structure.®® As indicated in figure 6, the
stretch S20-S29 is known as the amyloidogenic core region, which is essential for
amyloid aggregation; conformational transitions of this region toward B-rich states seed
protein aggregation, fibrillogenesis and, eventually, lead to toxicity. As a matter of fact,
the non-amyloidogenic rat IAPP (rIAPP) differs from hIAPP in 6 residues, 5 of them sited
on of the amyloid core, which are responsible for the lack of aggregation tendency of
the peptide.b%%2 Three of these residues (in positions 25, 28, 29) of rIAPP are prolines
and have been identified as B-sheet breakers, destabilizing and inhibiting B-sheet
secondary structure, which explains the different aggregation behavior of both hIAPP
and rlAPP.®3 The amyloidogenic ability of the C-terminal region T30-Y37 has been also
described as a key player in IAPP fibril formation.®* The N-terminal stretch K1-S19 is
involved in the initial interaction of the peptide with lipid membranes, poorly
contributing to aggregation when lipid bilayers are present;®>®® however, in their
absence, the ability of the stretch A13-H18 to play a role in amyloid formation has been
also described.®’” Despite the disulfide bridge does not participate in amyloid core
structure, it contributes to fibril aggregation; in fact, its absence reduces the secondary

nucleation fibrillation kinetics.5®
1.2.2. Aggregation of amyloid peptides and amyloid fibrils

Amyloid aggregation is a process by which amyloid peptides self-assemble
forming fibrillar aggregates (see figure 7). Amyloid fibrils are highly structured, since as
they possess a B-rich secondary structure, organized in parallel or antiparallel strands
arranged perpendicularly to the longitudinal axis of the fibril. These highly ordered
structures contain a large number of H-bonds between the B-sheets, providing high
stability and mechanical strength. Amyloidogenic proteins are smaller in length in
comparison with the average length of all the human proteins. Several pieces of
evidence indicate that the ability to aggregate of these peptides is not related to their
sequence per se, but instead is associated with their physical characteristics, playing the

hydrophobicity of these peptides a key role in the aggregation process. In fact, the
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peptide regions with belong to the B-rich amyloid core contain a high level of

hydrophobic residues.?32

The morphology of amyloid fibrils has been widely characterized by SEM,®°
TEM,”%72 AFM,”2 Cryo-EM, %74 X-ray diffraction,’*’> and solid-state NMR.>%7%7174 Highly
heterogeneous structures have been characterized which could differ depending on the
growth conditions.”® However, despite the polymorphism presented in amyloid fibrils,
they also share some common structural features. All of them are composed by 2 or
more protofibrils of 2-5 nm width,’’ the basic building blocks, which are integrated by
amyloid molecules stacked perpendicularly to the longitudinal axis of the fibril,
organized in parallel in-register cross-B structures, forming fibrils from around 7-8 nm
to some nm width, depending on the number of involved protofibrils, with few hundred

nm of length.
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Figure 7. Representation of amyloid fibrils formation.

To study the amyloid aggregation, Thioflavin T (ThT) assays are commonly used.
These studies are based on the assumption that the fluorescent dye ThT increases its
fluorescence upon binding to B-rich structures, as amyloid fibrils, allowing the study of
fiber growth kinetics. ThT contains a benzylamine ring and benzothiazole ring which
freely rotate mutually thorough a C-C bond, quenching the fluorescence. Upon binding

to amyloid structures, the free rotation of these rings is not allowed, delocalizing m-
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electrons, increasing the fluorescence, and producing a redshifting (Aexc from 385 nm to
450 nm and Aem from 455 nm to 482 nm).”® ThT is a highly specific probe of fibrillar
structures, showing no changes in its fluorescence when other kinds of structures are
present as, for example, the monomer or amorphous aggregates. The typical ThT profile
is sigmoidal; it presents a lag phase where oligomerization processes take place but the
amyloid formation is yet minimal; this phase is followed by an elongation phase that
starts when oligomeric nuclei achieve a critical concentration from which fibrils begin to
grow; the elongation phase continues while fibrils continue growing up to a maximum,

termed “plateau” (see figure 8).
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Figure 8. Typical amyloid aggregation kinetics obtained by using the ThT assay.

The rate-limiting step of amyloid growth is the nucleation process. Nuclei are the
smallest species able to promote the growth of fibrils. The most extended mechanism
by which amyloid fibrils are formed is the nucleation-dependent polymerization
pathway where the structurally disordered monomers assemble converting to nuclei in
a thermodynamically unfavorable process and adopting a defined conformation that is
prone to aggregate forming the fibrils.”® Nuclei interact with other monomers, working
as templates, initiating the fibril elongation, a process that is considered
thermodynamically favorable. Fibril growth leads to an increase of the B-sheet structure,

resulting in higher compactness and an increase of stability.! This mechanism is based
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on the classical nucleation theory (CNT) widely used to study the growth of crystals,
which also presents the thermodynamically unfavorable nucleation process. In fact, a
crystallization-like model (CLM) has been proposed to describe amyloid growth, showing
good fitting with experimental data.®° According to this model, the overall amyloid
kinetics are predominantly determined by both nucleation and elongation kinetics; the
most common sigmoidal profile occurs when the nucleation rate is significantly smaller
than the elongation rate. However, when nucleation represents the most important
step, hyperbolic kinetics are observed.&°

Nevertheless, some evidence, as the presence of poorly structured oligomers, or
a fibril elongation rate proportional to the number of oligomers, suggested an
alternative multi-step nucleation mechanism to explain the amyloid formation: the
nucleated conformational conversion (NCC) pathway. In this case, monomers ensemble
forming misfolded prenucleation clusters that are not able to form fibrils, but instead
are nucleation precursors.” These clusters are unstable and, eventually, an internal
reorganization turns them in stable oligomeric species, by acquiring a B-sheet rich
structure, i.e. the nuclei structure; this reorganization is the rate-determining step.
These nuclei induce the conformational change of other misfolded oligomers to the
amyloid conformation, acting as a template, thus giving rise to the fibril growth (see

figure 9).1
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Figure 9. Amyloid fibrillation models.
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Other secondary processes as fragmentation of fibrils or secondary nucleation
reactions can also take place. When fibrils break, the smaller fragments can act like
seeds, catalyzing the aggregation process; this process has been denoted as secondary
nucleation to differentiate it from the primary nucleation, which happens in the absence

of fibrils.8!

It has been proposed that depending on the chemico-physical characteristics of
the peptide and the biological milieu, peptides can aggregate following one of the two
nucleation mechanisms. In particular, the nucleation mechanism is determined by the
relationship between intermolecular interactions and structural order. Peptides that
contain numerous hydrophobic residues present a high propensity to interact with other
peptides forming pre-nucleation oligomers; in this case, the intermolecular interactions
responsible for oligomer formation occur before the structural rearrangement
responsible for nuclei behavior and nucleation follows a two-step mechanism termed
the NNC pathway. By contrast, when intermolecular interactions and gain of structural
order occurs simultaneously, the nucleation follows a 1-step mechanism named the

nucleation-dependent polymerization pathway (see figure 10).7°
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Figure 10 — Representations of one-step and multi-step amyloid nucleation. (a)
Schematic free energy representation of a one-step nucleation mechanism
corresponding to the nucleation-dependent polymerization pathway. (b) Schematic free
energy representation of a multi-step nucleation mechanism corresponding to the NNC
pathway. (c) Aggregation size vs structural ordering of the one-step nucleation
mechanism represented in (a). (d) Aggregation size vs structural ordering of the multi-
step nucleation mechanism represented in (b).
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1.2.3. Amyloid oligomers

The first evidence of AB fibrils was found by Alois Alzheimer in 1907 when he noticed
the presence of particularly thick fibrils with distinctly stainable properties in the
cerebral cortex of a patient with had presented cognitive decline and other clinical
symptoms not-related with any known disease.?28 After those early reports, amyloid
deposits were fully characterized®® and research focused on “the amyloid cascade
hypothesis”, which points to amyloid plaque deposition as the main event triggering the
pathology.® It was not until 1998 that neurotoxicity of amyloid oligomers was also
proposed by Lambert et al. They found that soluble AB oligomers, which were denoted
as “AB-Derived Diffusible Ligands” (ADDLs) to emphasize their solubility, could inhibit
synapses long-term potentiation (LTP).%’ Since then, different AB oligomeric species as
dimers, 894  trimers,88899395  tetramers,8292° pentamers,”®3 hexamers,?%°3°5%
decamers,®? dodecamers %6 (known also as Ab*56 due to their MW of 56 KDa), and 24-

mer®’:?8 have been identified.

Although the accumulation of insoluble amyloid aggregates was initially
considered as the cause of the related disorders, in the last years, the scientific
community agrees that the main neurotoxic species are not mature amyloid aggregates
but, rather, B-structured small-sized oligomeric species, which are intermediates of the
aggregation process. These oligomers can self-aggregate to form structurally well-
defined fibrils with cross-B structure giving rise to the mature fibrils.! Depending on their
different ability to self-assemble into fibrils, they are classified as on-pathway or off-
pathway oligomers. The first group includes those oligomers that can be incorporated
in the fibril structure, while the second one comprises those with cannot do it directly
and require a previous dissociation of the oligomer to the monomer to be hijacked to

amyloid growth.%?

However, the role and nature of oligomers are still controversial, and in many
cases, it may be challenging to distinguish between on- or off-pathway oligomeric
species. Indeed, in vitro aggregation studies needs higher peptide concentrations (in the
order of uM) respect to the extracellular concentrations of the peptide in the brain (in

the order of nM) and generates fewer toxic oligomers than those isolated from AD
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brains.’% Although different mechanisms have been proposed to explain these
discrepancies (i.e. the increase of the local concentration of the peptide in vivo, thanks
to its interaction with the cell membrane!?! or the internalization and concentration of
the extracellular peptide in vesicles (endosomes/lysosomes) forming high MW species
which act as seeds'®?), it is still uncertain whether in vitro oligomers are structurally,
morphologically and behaviorally similar to the pathological ones. On the other hand,
the low endogenous concentration of oligomers, their dynamic and transient behavior,
and the impossibility to fully reproduce their biological environment, represent a
significant problem in the ex vivo characterization of these species. The isolation of
cellular oligomers involves several steps that deeply modify the oligomers’ environment
and peptide concentration, producing changes in the oligomeric distribution. SDS-PAGE
isa technique commonly used in the identification of oligomeric species. Unfortunately,
the known ability of SDS to induce conformational changes on AR monomer,'%® and to

influence the formation of oligomers may lead to biased data readout.194-106

The principal isoforms of AB, i.e. ABao and A4z, oligomerize through distinct
pathways. Both peptides present different folding states with differences in the
hydrophobic surfaces exposed to the solvent, resulting in a different ability to form
larger structures.’®” AB4, dimers present a higher propensity to form B-strands in the
main amyloidogenic regions than ABao.1% Several studies have been carried out to study
the oligomeric distribution of both ABao and AB4; in vitro, indicating a higher propensity
of ABa2 to form larger oligomers than ABao, that acts as paranuclei evolving in the
formation of protofibrils. 36 Different studies indicate the fundamental importance of
the ABa2/ABao ratio in the toxicity of the formed oligomers. Oligomers formed by both
peptides in an equimolar ratio are smaller, more stable, more toxic, and formed by
different pathways than the oligomers formed by either of the isoforms alone.19%:110
Notably, a reduction of this ratio in the CSF has been also reported in AD patients when

compared to healthy people.!!

Amyloid oligomers are heterogeneous not only in size but also in structure,
morphology, and stability.”® Despite there is no consensus regarding the toxicity of
oligomers, it seems to increase with oligomer size until dodecamers and decrease when

larger oligomeric species are formed. Small oligomers usually possess a globular
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morphology and evolve in the formation of protofibrils (PFs) with an increase in B-sheet
structure along the entire aggregation process. In the presence of lipid bilayers, the
formation of B-rich annular protofibrils (APFs) has been observed.!? APFs have
attracted increasing attention over the last few years due to several reports focusing on
amyloid oligomers-mediated toxicity via the disruption of the cell membrane through

APFs insertion in the lipid bilayer and formation of pore-like structures.!t3114

1.2.4. Amyloid-mediated cellular damage

1.2.4.1. Amyloid-mediated cell membrane damage and toxicity

Amyloid oligomers are considered toxic because they can interact and damage
the cell membrane causing disturbances in the homeostasis of small molecules and ions.
The toxicity of oligomers depends on their binding affinity with cell membranes, which
in turn, depend on the structural and physicochemical properties of both oligomers and
membranes (particularly, their lipid composition).1*>"17 The initial interaction of the
cationic AB or IAPP peptides with lipid membranes, that contain anionic head-groups in
their surface, is driven by electrostatic interactions.'°>1*® Once AB or IAPP oligomers
interact with neuronal or pancreatic membranes, they are accumulated in lipid rafts,°-
121 microdomains of the cell membrane which are rich in cholesterol and
glycosphingolipids:*?! due to their components, lipid rafts have a reduced membrane
fluidity and their physical state may be considered a liquid-ordered state.?%123 Both AP
and IAPP interact with GM1 ganglioside-containing lipidic membranes which catalyze
fibril growth,24#12> leading to LTP impairment.'?® In fact, a direct correlation between
GM1 levels on the cell membrane and the toxicity of APs, oligomers,*'> as well as
between ganglioside and cholesterol levels and hIAPP amyloid deposits on cell
membranes has been established.'?® The reduction of GM1 levels in the cell membrane

127 and neurotoxicity;'?”12% notably, a

results in a reduction of membrane poration
similar effect has been also observed by blocking AB-GM1 interaction.?” The affinity of
AB with GM1 has been estimated (~ 10°M) and increased binding capacities have been
observed when GM1 levels increase, indicating the presence of a GM1-cooperative

phenomenon in the binding. The AR conformation shifts from a-helix to B-sheet rich
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structures of these when higher cooperative states are formed.'?° Cholesterol facilitates

the formation of GM1 clusters and induces the formation of GM1/AB complex.12%:130

The interaction between amyloid oligomers and lipidic membranes is a
phenomenon which produces two disruptive interconnected processes: on one side,
amyloid oligomers produce the disruption of cellular membranes and, on the other side,
the lipid bilayer catalyzes peptide aggregation acting as nucleation site of AB or IAPP,
enhancing the local protein concentration in the membrane surface and fostering

protein self-assembly.3!

Under these premises, different mechanisms of oligomer-mediated toxicity have
been proposed. The “Channel Hypothesis” or “pore-like mechanism” suggests the
formation of Ca?*-permeable pores across the lipid membrane by annular oligomeric
species as a pathological event that induces cytotoxicity. According to this mechanism,
soluble amyloid oligomers insert into membranes facing the hydrophobic residues to
the lipidic bilayer, forming a pore-like structure, and exposing hydrophilic residues to

I”

the interior of it (see figure 11).114132133 These pores are “ion channel” structures leading
to Ca?* dyshomeostasis. In fact, several reports have been shown an increase in the
intracellular Ca?* levels in neuronal cells of AD and B-cells of T2DM, as well as other

amyloid-pathologies. 14134135

Another proposed disruptive process is the “carpet-like mechanism”, according
to which the interaction of prefibrillar species with the lipid bilayer surface can result in
an asymmetric pressure between both layers, destabilizing the lipidic membrane and

eventually, leading to membrane damage.!3¢

Remarkably, despite AP oligomers are considered the most cytotoxic species,
fibrils are not devoided of toxicity. According to the “detergent-like mechanism”, fibrils
can also interact with the lipid membrane via non-specific bindings, with results in its
thinning and finally, in the disruption of the cell membrane integrity (see figure 11).133
This is due to the amphiphilic character of amyloid peptides which reduces the surface
tension of the membrane, promotes the removal of lipids from the membrane surface
forming peptide-lipid micelles and, ultimately, disrupts it.!3” Furthermore, as above

mentioned, fibrils are also able to catalyze the formation of toxic oligomers acting as
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nuclei through a secondary nucleation process.®! It is thought that all of these

mechanisms are possible to occur in vivo and are not mutually exclusive.'33

Moreover, it has been shown that insulin suppresses the fiber-dependent
membrane disruption by amylin, but not the pore-formation dependent membrane
disruption.®® Therefore, the insulin deficiency present in T2DM could promote hIAPP

fibrils-mediated toxicity through a detergent-like mechanism.

R

monomers  soluble oligomers  protofibrils mature fibrils

Detergent-like mechanism
Pore-like mechanism

Figure 11 — Membrane disruption mechanisms. Scheme of both pore and detergent-
like mechanisms.

Model membranes, vesicles, or liposomes are extensively used in biophysical
studies mimicking cell membrane disruption by amyloids. Vesicles may be represented
as spherical lipidic bilayers filled with water and are the most biologically relevant model
of natural cell membranes. Depending on their diameter they are divided into three
groups: small unilamellar vesicles (SUVs, $=20-50nm), large unilamellar vesicles (LUVs,

¢=100nm), and giant unilamellar vesicles (GUVs, $>1000nm).
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Figure 12. Scheme of the dye-leakage assay.
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To study the mechanism of amyloid-mediated disruption of membranes, LUVs
can be filled with a fluorescent dye, as 6-carboxifluorescein, which allow monitoring the
disruption of membranes over time!!”132 (see figure 12), which, in parallel with ThT
assays, allows to identify which species (oligomers or fibrils) are triggering vesicle

leakage and, thus, hypothesize the disruption mechanism.

1.2.4.2. Oxidative stress and neuroinflammation by amyloid
accumulation

Oxidative stress represents the imbalance between free radicals and antioxidant
defenses in our body, producing cell damage. At low levels, free radicals are beneficial
but when their levels increase, oxidative stress becomes detrimental. Free radicals or
reactive species include reactive oxygen species (ROS) and reactive nitrogen species
(RNS). ROS are by-products formed mainly during mitochondrial electron transport
because of the partial reduction of O; and include superoxide radical (O,*"), hydroxyl
radical (HO®), and hydrogen peroxide (H,02), among others. RNS include nitric oxide
(NO®), which is generated during the metabolism of L-arginine, and peroxynitrite

(ONOO7), a much more oxidant derivative of NO*.1%°

Despite the brain constitutes 2% of the total body mass,?® it represents 20% of
the total body consumption of 0,,14° this, coupled with its limited antioxidant defense,
makes it very sensitive to oxidative damage.'*! The sensibility to oxidative stress
increases with age, as happens in AD, and large pieces of evidence situate oxidative

stress as an important factor in the pathogenesis of AD,**? T2DM,*3 and other PCDs.

B- and y-secretases, which cleave APP to generate the AP peptide, are activated
by oxidative stress, increasing the generation of AB.1** Redox metal-ions bounded with
AB can catalyze the production of reactive oxygen species (ROS), resulting in a vicious
cycle and contributing to oxidative damage on both AR peptide and surrounding
molecules (proteins, lipids, DNA, etc.). The oxidation of membrane lipids and cholesterol

is also related to membrane damage.'*

In T2DM patients, physiological defenses from ROS are decreased while

oxidative stress biomarkers are increased respect to healthy people.'#® In fact, it has
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been observed that the fluctuation of glucose levels that occurred during diabetes leads
to increased production of ROS and RNS.'*” Furthermore, prolonged exposure of
hyperglycemia is responsible for non-enzymatic protein glycation and ultimately,
generation of oxidative stress.’#® Moreover, the treatment of cultured cells with IAPP
leads to the downregulation of both thioredoxin dependent peroxide reductase and
peroxiredoxin 1, which are involved in the inactivation of cytotoxic ROS.**® Besides this,
it is known that insulin is able to inhibit IAPP amyloid aggregation;'*®*>® moreover, in
the presence of oxidative stress, the expression of insulin in pancreatic B-cell is
decreased.’®! Of note, lipid profiles are altered in T2DM cell, which makes it more

vulnerable to be peroxidated.'>?

The generation of H,0; has been observed during the early stages of aggregation
of both AB and hIAPP;!>315* notably H,0, is not produced in presence of the non-
amyloidogenic rIAPP,*3 indicating that ROS generation is a process linked with amyloid
aggregation. In the case of hlAPP aggregation, the generation of H;0, is catalyzed by
Cu?%,'3 which in turn is present at higher concentrations in the plasma of T2DM

patients.'>>

Oxidative stress increases the permeability of the Blood-Brain Barrier (BBB) and
induces neuroinflammation and neuronal apoptosis, events closely related to an
increase of AB deposition.**® BBB is formed by capillary endothelial cells and its main
function is to regulate, in a highly selective way, the passage of ions, molecules, and cells
from the circulating blood to the extracellular fluid of the CNS, permitting the correct
neuronal function and protecting neurons from toxins and pathogens. The malfunction
of the BBB is a crucial event in the development of neurological pathologies.’’ In AD,
oxidative stress produces the oxidation of the lipoprotein receptor-related protein 1
(LRP1) and the upregulation of the receptor for advanced glycation end products (RAGE),

increasing the permeability of BBB and causing a decrease in the clearance of AB.144145

The CNS can respond to several injuries by activating its immune system,
triggering complex and dynamic biochemical and cellular responses in a cascade of
processes collectively termed neuroinflammation, intending to counterbalance the

threat and mitigate the potential damage.'*®1>° However, this term is also widely used
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to refer to chronic neuroinflammation which produces detrimental effects in the cell.
When the neuroinflammation response is unable to restore the brain homeostasis, as in
AD, it is maintained over time, becoming chronic and shifting the normal response to
injury, producing neurodegeneration.'®® Neuroinflammation is normally associated with
the above-mentioned blood-brain barrier alterations and dystrophic supportive cells
termed glia. Microglia are the main components of the intrinsic immune system of the
brain and are fundamental in the neuroinflammation response. In the presence of
neurotoxic stimuli, glial activation occurs producing the upregulation of inflammatory
signals, as inflammatory cytokines.®® Inflammation is present in both AD and T2DM, as
in other amyloidogenic disorders, where the ratio between pro- and anti-inflammatory
cytokines is shifted leading to inflammation.'®-62 Oxidative stress produces

neuroinflammation which, in turn, promotes oxidative stress evolving in irreversible

144

neuronal dysfunction and abnormal AR accumulation.
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Figure 13. Oxidative stress in Alzheimer's Disease.

Picture reprinted from Cheignon, C. et al. Oxidative stress and the amyloid beta peptide in Alzheimer’s
disease. Redox Biol 14, 450-464 (2018), under the Public License CC BY-NC-ND
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Oxidative stress triggers apoptosis in both T2DM?63 and AD** via both intrinsic
and extrinsic pathways. In the intrinsic pathway, oxidative stress, in particular
mitochondrial stress, induces the release of signal factors by the mitochondria that

activate the apoptotic signaling. When apoptosis takes place via the extrinsic pathway,
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oxidative agents act as signal molecules binding to transmembrane receptors (as Far

receptor) activating it and leading to the neuronal death.#*

Although oxidative stress is not the direct cause of AD and T2DM, it is an
important factor in the development of these pathologies. For these reasons, free
radical scavengers, or in other words, compounds with antioxidant properties, are

desirable in the fight against AD and T2DM.

1.2.5. Maintenance of proteostasis: chaperones and amyloid
clearance systems

The PN aims at maintaining the proteostasis balance. As such, a sophisticated
and tightly regulated cellular machinery is involved in counteracting the toxicity of
amyloid species. On the front line are molecular chaperones, developing a preventive
role against aggregation. If molecular chaperons are not able to restore this imbalance,
the protein clearance systems, i.e. the ubiquitin-proteasome system (UPS), the
autophagic—lysosomal pathway (ALP), and proteases among other, come into play
degrading misfolded proteins and removing aggregates from the cell. However, with
aging, this precise machinery is not more able to counterbalance amyloid toxicity giving
rise to proteostasis dysregulation and leading to the degenerative pathologies as AD or

T2DM.*2

1.2.5.1. Molecular chaperones

Molecular chaperones are proteins that are normally involved in the process of
aggregation, folding, assembly, and transport of other proteins. They can act alone or
forming cooperative networks with other molecular co-chaperones.'®* Some molecular
chaperones (families HSP90, HSP70, HSP60, HSP40, and sHSPs) are also known as heat
shock proteins (HSPs)'%> because the presence of different stresses, e.g. thermal stress,
leads to the upregulation of HSPs families genes expression.'®® In conditions of stress
the production of misfolded proteins increases and therefore, the role of HSPs is
fundamental to regulate the correct proteostasis. HSPs interact with the exposed

hydrophobic regions of misfolded or unfolded proteins, helping them to achieve its
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correct folded state and avoiding aberrant interactions with other misfolded proteins;
when the refolding fails, they are also capable to turning the misfolded proteins to the
protein clearance systems (UPS and ALP) where they will be degraded.®* Furthermore,
some chaperones interact with amyloid aggregates sequestering them in chaperone-
rich inclusions preventing the fragmentation of aggregates and thus, avoiding secondary

nucleation processes.®®

However, with aging, approx. one-third of the HSPs (which mainly correspond to
ATP-dependent HSPs) present decreased levels in the brain, and chaperones fail to avoid
amyloid peptides aggregation; this effect is more pronounced in neurogenerative
diseases as AD.!®” A downregulation of HSPs has been also observed after the

administration of IAPP.168

1.2.5.2. The Ubiquitin-Proteasome System (UPS)

The ubiquitin-proteasome system (UPS) is the major cellular proteolytic system,
being responsible for the degradation of more than 80% of intracellular proteins.'® It
represents a major protein quality control system in the cell, regulating the half-life of

every protein, degrading inert and defectives ones.

The endpoint of the UPS is the 26S proteasome, a huge endoprotease (about 2.5
MDa) that functions primarily to degrade proteins that have been modified by the
attachment of ubiquitin (see chapter 1.2.5.3). The proteasome, or more exactly
proteasomes, are super-assemblies sharing a common unit termed “catalytic core”,
“core particle” (CP), or “20S proteasome”.’® The CP interacts with the regulatory
particles (RPs) which allosterically regulate the 20S catalytic action and lead to super-
assemblies that can be single or double capped, even forming hybrid proteasomes when

two different activators bind the two sides of CP.171
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RP 19S ChT-L activity

Figure 14 — The core particle (CP) or 20S proteasome. The blue spheres embody the
subunits of the RPs 19S while the pink and blue spheres represent the a and B subunits
of CP 20S, respectively.

The 20S CP has a barrel-like structure, composed by 28 subunits arranged in four
hetero-heptameric rings, stacked in an a-B-B-a pattern (see figure 14).27° The six
catalytic sites are located in the two inner B-rings facing in the internal catalytic chamber
of the barrel and are located in the B1, B2, and B5 subunits which possess
peptidylglutamyl-peptide hydrolyzing (PGPH), trypsin-like (T-L), and chymotrypsin-like
(ChT-L) activities, respectively. PGPH active sites cleave specifically after acid residues
while T-L and ChT-L cut with specificity after basic and hydrophobic residues,

respectively.l’?

Figure 15. a-ring gating residues in the open (out) and closed (in) conformations.'’3

Picture reprinted from Latham, M. P. et al. Understanding the mechanism of proteasome 20S core particle
gating. Proc Natl Acad Sci USA 111, 5532 (2014).

The external rings of 20S CP - the alpha rings - are the binding sites of the
regulatory particles. In the center of the alpha ring, there is a dynamic gate, formed by

the N-termini of alpha subunits, guarding the substrate entrance to the central
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channel.}’* Al the a-subunits present an a-helix in their N-terminal region called HO helix
which presents great flexibility and is fundamental in the opening and closure of the
gate. The short N-terminal “tails” extend to seal the gate completely or bend at the pivot
points to open the entrance to the catalytic chamber. The conformation of the gate
(closed or open), determines whether the 20S proteasome is in the “latent” or

175

“activated” state'’> (see figure 15). Only unfolded proteins may enter the open 20S

proteasome. Indeed, a narrow opening just in the middle of the alpha rings, termed the

176

alpha-annulus, has a diameter of 13A and prevents the entry of folded peptides.

19S RP
20S CP
- A . WeTupT M substrate unfolding
Gate

19S RP ‘ ;w/fx};_a ring (a1-7)

4 W Y, —p ring (31-7)

\‘\ Vg s & —Pring (B1-7)

‘\ ‘,g;": % — o ring (a1-7)

Proteolytic active sites

Figure 16. The 30S proteasome assembly.'”’

Picture reprinted from Saeki, Y. Ubiquitin recognition by the proteasome. J Biochem 161, 113-124 (2017),
reproduced by permission of Oxford University Press.

The regulatory particle 19S (also known as PA700) associates with the catalytic
core 20S forming the 26S or the 30S proteasome (single or double capped, respectively)

and stimulates the activity of all three proteolytic activities of 20S in a ubiquitin- and
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ATP-dependent manner.'’® It is composed of 18 different subunits arranged in two
components which 9 subunits each: a base- and a lid-like structure, containing ubiquitin
receptors to recognize the polyubiquitinated protein and deubiquitination enzymes
(DUBs) which cleave Ub from it (see figure 16). The ATPase ring is also located in the
base-like structure; it is composed of six different AAA-ATPases (subunits Rpt1-6) which
allow the unfolding of the substrate, the gate opening, and the insertion of the substrate
within the 20S.27° In other words, the 19S particle recognizes, deubiquitinates and

unfolds polyubiquitinated peptides/proteins before their entry to the 205.36:180

Differently from 19S, the regulatory particles 11S (also known as PA28; PA26 in
yeast) and PA200 (BIm10 in yeast) are ATP-independent activators and promote the
hydrolysis of poorly folded peptides, but are not able to permit the entry in the 20S CP

of folded proteins.®!

Three different PA28 isoforms have been identified; the heptapolymerics PA28a
and PA28p are expressed in the cytoplasm, while the homopolymer PA28y is located in
the nucleus. *¥2 The PA28a/B heptameric ring activates all three catalytic sites of the
208, stabilizing an open conformation of the CP, while the monomeric PA200 stimulates

almost 3 times more the PGPH activity than ChT-L and T-L activities.®!

195-20S complex PA26-20S complex BIm10-20S complex
195 3 [l
PA26 BIm10
20S 208 20S
PA26 Bim10
19S5 — —

Figure 17. Structure of the assemble of the 20S proteasome with different regulatory
particles.
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The C-terminal motif HbYX (Hb=hydrophobic group, Y=Tyrosine, and X= any
amino acid) is highly conserved in both 19S and PA200 and plays a fundamental role in
the activation of the CP. These motifs insert into the grooves created by the a subunits
of the 20S, interacting with these and promoting its rotation, leading to the opened
conformation.818 However, the interaction of a single HbYX motif, as is the case of the
monomeric PA200, is not enough to allow the complete gate opening, and additional
interactions are also needed.'®> Although the 11S activator lacks the HbYX motif, it also
binds the 20S proteasome thought its C-terminal region and the repositioning of a 9-
residues region called “the activation loop” promotes the gate opening of the 20S
proteasome.'® All the so far reported crystal structures of regulatory particles in
complex with the 20S proteasome exhibit a close interaction of the RP C-termini tails
with the 20S a-grooves (see figure 17). For example, the C-terminal tail of the
heptameric PA26 complex anchors the a2/a3, a3/a4, a4/a5, and a5/a6 pockets!®” while
the monomeric BIm10 can only bind the a5/a6 pocket, thus promoting a partial opening
of the entrance gate.'® Thus, a common mechanism of activation by the regulatory
particles in modulating the proteasome activity has been proposed. According to this
mechanism, activators anchor to the alpha 20S surface leading to the reorganization of
N-termini by the a subunits, particularly the a-grooves. This reorganization induces the
displacement and repositioning of Prol7 reverse turn loop, prompting the open-gate

conformer and allowing the entry of substrate into the catalytic chamber.®

The 20S CP can also exist and work independently of the RP caps and is capable
of degrading substrates in a ubiquitin and ATP-independent manner. In fact, under
oxidative stress or mitochondrial dysfunction, the 26S proteasomes are disassembled in
19S and 20S particles, thus facilitating an Ub-independent degradative function.3¢ The
substrates for the 20S proteasome are proteins that contain unstructured regions, either
as a result of mutation or damage or as an intrinsic feature of the proteins themselves,
as is the case for IDPs. Recently, it has been demonstrated that the uncapped CP free-
form is present in a significant amount in the cell and plays a role in vivo protein lysis,
mainly misfolded proteins.'®° Therefore, CP gating phenomena play a critical role in the

proteolysis of misfolded proteins.
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In addition to the constitutive proteasome, the presence of higher levels of the
immunoproteasome in neurons, astrocytes, and endothelial cells of some brain areas of
elderly people with regard to young people has been reported, and a higher expression
of immunoproteasome has been found in AD brains.’®® The immunoproteasome is a
proteasome isoform which differs from the constitutive proteasome in the three
catalytic subunits (81,82, and B5) which in the case of immunoproteasome are LMP2,
MECL-1, and LMP7, also denominated as “inducible subunits”.1®* Both isoforms can
coexist; differently from constitutive proteasome that is present in almost all cells,
immunoproteasome expression depends on the cell type and it is widely expressed in
immune cells. Furthermore, some factors as oxidative stress and proinflammatory

cytokines, that are involved in AD and T2DM, upregulate its expression.19%192

Moreover, ample evidence points to a dysregulation of the UPS in
neurodegenerative disorders as AD,**>'% and in the development of insulin resistance
and diabetes as well.**> For example, the chronic hyperglycemic exposure of human
islets in diabetic subjects significantly reduces the activity of all the three proteasome
activities and increases the levels of polyubiquitinated proteins. The higher levels of
polyubiquitinated proteins have been ascribed to an observed deficiency of the
deubiquitinating enzyme ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) enhancing
the impairment of the UPS.1% Decreased levels of UCH-L1 has been also observed in

brains of AD and PD.%%’

Despite AB,'%® tau,*®® and IAPP?% are degraded by the proteasome, they are also
known to interfere with the proteasome activity. For example, IAPP inhibits proteasome
activity by interacting with the 20S catalytic domain.?® It has been reported that PHF-
tau inhibits proteasome activity leading to neurodegeneration.?’! Furthermore, AP
oligomers interact allosterically with the proteasome on the gate region, blocking the
assembly of the 19S RP and impairing the 20S CP, reducing both ubiquitin-dependent
and -independent proteasome activities,’®> and enhancing both AP and tau

accumulation.?%3
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1.2.5.3. Ubiquitin and its role in the clearance of proteins

Ubiquitin is a highly evolutionary conserved small protein (76 a.a., 8.5 KDa) with
specific roles in the regulation of many intracellular processes including protein

degradation and trafficking; ubiquitin marks the proteins that must be destroyed.

The ubiquitination cascade of proteins or peptides is a three-step ATP-
dependent process and involves three different enzymes: E1, E2, and E3. In the first step,
the Ub is activated in an ATP-dependent reaction catalyzed by the ubiquitin-activating
enzyme E1. This reaction generates a high energy intermediate, where E1 and Ub are
linked through a thiol ester. Then Ub is transferred from E1 to E2 or ubiquitin-
conjugation enzyme. In the last step, a ubiquitin-ligase enzyme E3 interacts with both

Ub and substrate and catalyzes the link of Ub from E2 to the substrate (see figure 18).
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Figure 18. The ubiquitination cascade.

Then, other ubiquitin units are incorporated by an identical mechanism, forming
different types of Ub chains that vary in length and linking position, forming linear or
branched chains that can be homogeneous (formed only by ubiquitin units) or
mixed/heterogeneous (containing other ubiquitin-like proteins).2% The links are formed
through an isopeptide bond between the amine group of one of the lysine residues of
the ubiquitin (K6, K11, K27, K29, K33, K48, or K63) to be linked and the C-terminus of the
ubiquitin that already belong to the chain.?%* The ubiquitination position determines the
pathway of degradation of the misfolded peptide. K48 and K63 ubiquitin links are the

most abundant; K48-linked polyubiquitin chains address both proteasomal and
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autophagic degradation while K63-linked chains are recognized only by autophagy

receptors.?0®

It is widely known that there is a significant correlation between the length of
the polyubiquitin chain and its recognition by the proteolytic pathways. In addition to
the broadly accepted linkage-position specificity, length-specificity has been also
observed when polyubiquitinated substrates interact with ubiquitin-binding proteins
(UBPs).2% Despite it has been reported that tetra-ubiquitin is the minimum signal
recognized by the proteasome,?’’ several pieces of evidence indicate that ubiquitination
signaling is a highly adaptative process and, in some cases, also smaller ubiquitin chains

have been observed being recognized by the proteasome.?%8

The hierarchical organization of ubiquitination enzymes allows a strict regulation
of the process: only three different E1 enzymes are known, while the number of E2 is
approximately 40 and E3 enzymes are more than one thousand, each characterized by

a high specificity.2%

Reduced activity of both E1 and E2 enzymes has been reported in AD brains,
suggesting that the failure of ubiquitination cascade could be involved in the
pathogenesis of AD.?®® Furthermore, recent work from our lab reported that the
interaction of Ub with AP delays and reduces the AB fibrils formation and inhibits both

K48- and K63-linked polyubiquitination reactions.?*?

1.2.5.4. Other clearance systems

In addition to the UPS, which is the main clearance system of misfolded proteins,
the PN also involves other secondary clearance pathways which play a role in the
degradation of amyloids, the autophagy-lysosomal pathway (ALP) and amyloid
digestion by metalloproteases.

Autophagy is a bulk recycling system whereby large cytoplasmatic materials,
which include protein aggregates, misfolded proteins, organelles, and microbes, are
degraded. Depending on the way that the cargo is delivered into the lysosomes, three

principal types of autophagy pathways have been described: macroautophagy,
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microautophagy, and chaperone-mediated autophagy (CMA).3¢ Macroautophagy is the
best characterized and is the only autophagic pathway able to degrade large substrates,
as is the case of protein aggregates.?!! Macroautophagy starts with the formation of a
double membrane structure, the phagophore, which evolves engulfing the substrates in
the autophagosome. Autophagosomes are then transported along microtubules and
fused with lysosomes to create the autolysosome, where lysosomal hydrolases degrade
their content and the degraded autophagosomal cargo is released into the cytoplasm to

be used in the synthesis of proteins or production of energy (see figure 19).36:211

Hydrolytic enzymes

Lysosome

Autophagosome Autophagosome

and lysosome fusion

Degradation and
recycling Autolysosome

Figure 19. Macroautophagy process.

Several data suggest that the impairment of the ALP precedes the accumulation
of extracellular aggregates in AD. It is known that neurons present a basal level of
autophagy and an autophagic regulation which are different from the other cells, being
neurons more vulnerable to autophagic basal changes. In PCDs, autophagic dysfunction
contributes to the formation of aggregates. Impaired autophagosome formation?*2 and
dysfunction in lysosomal digestion have been observed in AD, as well as in other
neurodegenerative disorders.3° Furthermore, it has been observed an accumulation of
autophagosomes in dystrophic neurites in AD because the impairment of the microtube-
mediated axonal transport of autophagosome caused by the hyperphosphorylation of

the microtubule-associated protein tau.?!3
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Besides UPS and ALP, many other mechanisms are involved in the surveillance of
the PN. The extracellular proteolytic degradation of amyloids is mainly carried out by
metalloproteases. They are important targets for therapeutic purposes in the field of AD
and T2DM, but it is also important to remark that they carry out other functions. The
most studied are the insulin-degrading enzyme (IDE) and neprilysin (NEP); other
enzymes as matrix metalloproteinases (MPs), angiotensin-converting enzyme (ACE),

endothelin-converting enzyme (ECE), and plasmin are less characterized.?

IDE is a 110-kDa ubiquitous zinc metalloprotease playing a crucial role in insulin
degradation. Although IDE has been mainly found in the liver and pancreas, it is also
present in other tissues such as the brain.?®> Beside insulin, it is also involved in the
degradation of different substrates as glucagon, amylin, calcitonin, and AB.2*® NEP is a
zinc-metalloprotease found in several organs as such as the kidneys and the brain,
playing different roles depending on the tissues where it is expressed. NEP can degrade
a wide range of substrates, and its specific activity is cross-correlated to availability of

substrates in the tissue.?!’

IDE and NEP can degrade both AB and IAPP and their malfunction is associated
with the pathogenesis of AD and T2DM;2Y=21% in fact, a decrease in IDE and NEP
expression with normal aging,?4?29221 35 well as a reduced expression of IDE with
diabetes??® and of NEP with AD and a concomitant accumulation of IAPP and AB,
respectively, has been reported.??! Furthermore, age-dependent oxidative stress has
been shown to leads to NEP oxidation and increased levels of oxidized NEP have been

observed in AD brains.222
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1.3. Natural products as a source of drugs: silybins

Natural products have been used from antiquity in the treatment of several
maladies and currently, they continue been widely used in the treatment of numerous
diseases and are also the source of inspiration in the design of pharmacophores and
drugs (mimics of natural products, natural derivatives, etc.). The importance of natural
compounds in drug development is such that more than half of all the drugs approved
by the United States Food and Drug Administration (FDA) in the last 40 years proceed

from natural sources, are derivatives or are inspired on it.??3

Natural compounds are, in general, highly attractive candidates to be screened
for AD and T2DM treatment. It is known that in general, nutraceutical compounds
possess several antiaging properties, e.g. antioxidant and anti-inflammatory.??* They are
secondary metabolites generated by the plants in response to different stresses, as an

225 and despite their simple chemical structure

evolutive result of their defense system,
they mostly interact with several targets as “multifunctional drug-like molecules”.?2¢ In
fact, although natural medicines are often less potent in comparison to synthetic drugs,
they are in general better tolerated by the organisms and are then more useful when
prolonged treatments are needed.??’ Furthermore, the role of a healthy diet in reducing
the risk of suffering from AD has been determined by several studies.??® A clear example
of the benefits of phytochemical compounds is found in Mediterranean Diet, with

including a high intake of fruits, vegetables and olive oil which has been associated with

a slower cognitive decline and a reduced risk of developing dementia.?2°-232

Natural compounds present the advantage that can be applied not only in the
treatment of the disease but also with the intake of food as a preventive approach
against the development of the malady. Next, the low cost of raw materials and the
relatively simple reaction protocols designed to obtain the final products make them a
reliable target for pharma companies focusing on cost reduction in the production

processes.
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1.3.1. Chemistry, bioavailability, metabolism, and therapeutic
uses of silybins

Silibinin is the major (50-70%) and most active component of silymarin, an
extract of milk thistle seed. It is constituted by a (1:1) mixture of silybin A (Sil A) and

silybin B (Sil B), two flavonolignan diastereoisomers (see figure 20).
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Figure 20. (a) Silybum marianum or milk thistle. (b) Chemical structure of silybin A and
silybin B.

Silybins are small and highly functionalized molecules with alternate benzenic
rings and O-heterocycles; in particular, their chemical structure is composed of two main
groups, the flavonol group taxifolin and the phenylpropanoid group coniferyl alcohol,
which are linked through an oxeran ring?3? (see figure 21). Sil A and Sil B are trans-
diastereoisomers presenting a different configuration of their stereocenters C-10 and C-
11 (10R,11R in Sil A and 10S,11S in Sil B) and the same configuration in the other two
present stereogenic centers (1R,2R in both cases). They present 5 hydroxyl groups, of
which 3 of them are phenolic (5-OH, 7-OH, and 20-OH) with pK, values in aqueous
solution of around 6.6, 7.7-7.9, and 11.0, respectively.?* The oxo group in position 3 is
conjugated with the adjacent aromatic ring and interacts with 5-OH through a hydrogen
bond, acting as a free electron-pair donor. The 3-OH hydroxyl is easily oxidable forming

2,3-dihydrosilybins, compounds that are also present in the silymarin extract.?33
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Figure 21. Chemical structure of silybins and nomenclature

Silybins are hydrophobic molecules with a very low water solubility, which limits
notably their bioavailability. After oral administration, silybins are quickly but poorly
absorbed in the stomach, metabolized, and eliminated with a half-life of approximately
6h.%35 Only a small fraction (2-8%) is eliminated in the urine while the main absorbed
compound (around 80%) is biotransformed in the liver forming glucuronide and sulfate
conjugates, which are excreted with the bile via feces.?3¢6-238 The stereospecificity of
biotransformations lead to more efficient glucuronidation of Sil B than Sil A: it occurs in

both C-7 and C-20 positions for Sil A, while Sil B is preferably glucuronidated in C-20.23°

The hepatoprotective activity of silymarin, and in particular of silybins, has been
widely reported?*® and several pharmacokinetic and toxicity studies demonstrate its
pharmacological safety.?*?42 The use of milk thistle seed to treat liver disorders traces
back to the ancients Greece and Rome and has been also used by Chinese and Indian
traditional medicines.??” In addition to their hepatoprotective use, silymarin, and

particularly silybin, also possess several pharmacological activities such as

247 248

antioxidant,?*? anti-inflammatory,244-24 anti-arthritic, neuroprotective,

nephroprotective,?*® cardioprotective,?* anti-cancer?>12°3 activities.

1.3.2. Promising effects and limitations of silybins in the treatment of
AD and T2DM

Drug repositioning may represent an attractive strategy that allows minimizing
risks reducing the cost and time required in the drug development process (10-15 years).
These drugs have already been tested in humans and the information of their

pharmacological, safety, and toxicology information is already available.?>* Several
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reports show the high potential of silymarin as an anti-AD drug due to its anti-
aggregating properties,?>>=2°7 their ability to suppress APP expression?>® and to inhibit
cholinesterase activity.?*® Recent studies of our research group have also probed the
critical role of the stereochemistry of these compounds in the inhibition of ABi.40
aggregation in aqueous media, being Sil B more active than Sil A due to different
preferential interactions with the peptide.?®® While Sil A interacts with the stretches L17-
F20 and N27-132 resulting in bend, turn, and B-sheets structures, Sil B interacts
preferably with the C-terminal hydrophobic region (residues 35M-V40) maintaining ABao
unstructured, and therefore inhibiting more effectively ABso aggregation. Furthermore,
the alteration of the IAPP oligomerization process,?® the inhibition of IAPP

262 35 well as the attenuation of glucose release in blood plasma by

aggregation,
improving the glycemic control in presence of silibinin have been reported, suggesting
the potential use of these natural molecules to treat T2DM.?%3 However, despite the
promising potential of silybins in the treatment of AD and T2DM, their use is highly

limited, as discussed above, due to their low solubility and bioavailability.

1.3.3. Drug delivery: glycoconjugation

To enhance the therapeutic efficacy of silybins, we need to i) increase their water
solubility, ii) prolong their half-life, and iii) ameliorate their bioavailability. To accomplish
these needs, a suitable strategy may be the conjugation of the drug with a pro-moiety,
(the pro-drug approach). The pro-drug approach is based on the conjugation of the
active drug with a pro-moiety which confers to the precursor or parental drug better
pharmacokinetic properties. After the administration, the parental drug is activated
thanks to its bioconversion or enzymatical cleavage, releasing the active drug.?®*
Phosphate, ester, and carbamates or amidines groups are commonly used in the design
of pro-drugs because are cleaved by alkaline phosphatases, esterases, and amidases,
respectively. This approach has attracted increasing attention in the last few years and
several successful prodrugs have been approved: currently, around 10% of the traded

drugs worldwide are prodrugs.?6°
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Usually, polar or ionizable pro-moieties are used to increase the solubility of
parental prodrugs. While ionizable pro-moieties (phosphate, succinate...) increase the
solubility in several magnitude orders, polar but non-ionizable moieties (glycol, sugars,
polyethylene glycol...) produce an increase in solubility rather more modest, around 2-3

folds.26®

On one side, the conjugation with a phosphate group could represent a good
choice in the design of our pro-drug, not only because of the increase in solubility, but
also because it is known that phosphate prodrugs are chemically very stable in solution
and, in vivo, the cleavage by endogenous plasma phosphatases take place
quantitatively.?®> On the other hand, although conjugation with a sugar moiety increases
the solubility to a lesser extent than ionizable moieties, it presents other advantages.
The sugar moieties of glycoconjugates are specifically recognized by lectins, cell
membrane receptors, and thus the glycoconjugates are internalized by endocytosis.26¢
Among all the possible carbohydrates that can be chosen as pro-moiety in the design of
a silybin precursor, the nonreducing disaccharide trehalose (TH) deserves particular
focus on the field of PCDs, because of its osmolytes properties. TH has been used as a
chemical chaperon,?®’ stabilizing the structure of proteins preventing protein
misfolding, and diminishing their susceptibility to aggregation. Furthermore, TH has
shown neuroprotective properties in animal models of some neurodegenerative
disorders (AD28:269 pD270-272 HD273 and ALS?’4), their ability to inhibit AR aggregation
has been reported,?’> as well as their autophagy promoting and anti-neuroinflammatory

effects.?’®
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Chapter 2. Objectives

Inspired by the reported promising results and on the basis of all the above-
mentioned premises, this project proposes a multi-target strategy to develop new drugs
against AD and T2DM. The novelty of this project is based on a synergistic action,
focalizing efforts in regulating many actors of the proteostasis network rather than a
unique target. Thereby, this project focuses on the evaluation of the ability of two
natural small molecules, the diastereoisomers silybin A and silybin B, following a drug
repurposing strategy, to rescue the proteostatic balance of the amyloidogenic peptides
AB and IAPP, which results compromised in pathological conditions. The effects of the
compounds will be evaluated against several targets involved in proteostasis regulation
(see figure 22), paying special attention to the stereochemistry of the investigated
molecules, and with the long-term goal aim of designing drug candidates with better

pharmacological properties.
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Figure 22. Scheme of the multi-target strategy followed in this thesis.
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First, cell viability studies of neuron-like cells have been carried out to assess the
non-toxicity of our drugs (silybins), to verify their ability to inhibit the cytotoxicity
triggered by AP oligomers, as well as their ability to rescue the already produced amyloid
oligomers-mediated damage. Then, Sil A and Sil B have been conjugated with a trehalose
moiety thought a phosphodiester linker to improve their pharmacological properties, by
increasing solubility and bioavailability. The increase in solubility of the trehalose
derivatives has been confirmed by DLS. To assess their half-life in human plasma, the
bioconversion of glycoconjugates, i.e. its hydrolysis by phosphatases which are present
in serum, and the release of silybins over the time have been monitored by HPLC. The
non-toxicity of the pro-drugs and their ability to rescue the proteotoxic stress of AR

oligomers have been also tested by using the same cellular system.

To assess the mechanisms by with the studied compounds exert their
cytoprotective effects, their ability to rescue the proteostatic balance has been
addressed. First, the antioxidant capacity of both drugs and pro-drugs has been
established by using the TEAC assay. Next, we have investigated the ability of both Sil A
and Sil B to modulate the UPS. In particular, their ability to activate the yeast and human
20S proteasome has been proved and the molecular mechanism by which the activation
takes place has been described by molecular docking. The ability of both silybin-
phospho-trehalose conjugates to maintain the properties as activators of the 20S
proteasome has been verified. Then, the effect of silybins and silybins derivatives in

interfering with the ubiquitination cascade has been also studied.

The anti-amyloidogenic properties of silybins and silybin derivatives have been
profiled. First, we have studied the effect of both Sil A and Sil B in AR aggregation in the
presence of neuronal model membranes and their ability to interfere with the amyloid-
induced lipidic membrane damage. Second, we have addressed the effects of the two
compounds in interfering with hIAPP aggregation in agueous media or the presence of
pancreatic model membranes. Next, the ability of both Sil A and Sil B to protect lipid
membranes from the amyloid-induced damage has been investigated for both
amyloidogenic peptides AR or IAPP by using dye-leakage assays also unveiling the
molecular mechanisms involved in the membrane damage process. The effect of silybin

derivatives on AB and IAPP aggregation has been studied in both agueous media and in
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the presence of neuronal or pancreatic model membranes, respectively, and their ability
to protect neuronal/pancreatic membranes from amyloid-induced toxicity has been

investigated.

To unveil the atomistic details of the molecular mechanism by which the
compounds exert the anti-amyloidogenic properties, the interaction between both
poorly soluble ligands, Sil A and Sil B, and the peptide hlAPP has been investigated by
MD simulations. Finally, the molecular mechanism by which silybin glycoconjugates

interact with AB monomers and oligomers has been determined by NMR experiments.
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Chapter 3. Results and Discussion

3.1. The cytoprotective properties of Silybins:
strengths and weaknesses

Due to the previously reported promising results, silybins are highly attractive
candidates in the research against AD and T2DM with potential cytoprotective properties
against the proteotoxic stress. However, their scarce solubility and bioavailability make it
necessary to design a reliable delivery system that allows the administration of these
potential drugs. Thus, in this chapter, we face both issues: i) cytoprotective properties of
silybins against the proteotoxic stress induced by AB oligomers; ii) the design and synthesis

of a pro-drug to overcome the poor bioavailability limitations.

3.1.1. Protective effects of silybins from proteotoxic stress on
neuronal cell lines

In order to evaluate the possible toxic effects of silybins, the cell viability of
neuroblastoma SH-SY5Y cells was monitored in presence of both Sil A and Sil B (2 - 10 uM)
using MTT assays in collaboration with Dr. M.L. Giuffrida and Dr. S. Zimbone in our lab. The
human cell line SH-SY5Y can be differentiated with retinoic acid, from the neuroblast-like
state into mature neuron-like cells, giving rise to a reliable cellular model to assess the
neuroprotective properties of the drug candidate.?’” As shown in figure 23, natural silybins

were not toxic in the used cell system.
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Figure 23 — Non-cytotoxicity of silybins. Cytotoxicity of Sil A (red bars), Sil B (purple bars)
at 2 uM and 10 uM tested in differentiated SH-SY5Y neuroblastoma cells after 48 h
treatments and quantified by the MTT assay. Results are reported as the normalized
percentage of cell viability (+ SEM) of 5 independent experiments.
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Figure 24 — Reduction of AP oligomers cytotoxicity by silybins. (a) Cytotoxicity of
preformed AR oligomers (0AB) in the absence (green bar) and presence of Sil A (red bars)
or Sil B (purple bars) at oAB/ligand 1:1 and 1:5 molar ratios, tested in differentiated SH-
SY5Y neuroblastoma cells and quantified by an MTT assay. Results are reported as
normalized percentage of cell viability (+ SEM) of 6 independent experiments; analysis of
variance has been performed by One-way ANOVA followed by statistical Tukey’s test (*p <
0.05; **p < 0.01; ***p < 0.001; ****p<0.0001; red starts (*): significance vs Control; black
stars (*): significance vs. 0AB). (b) Rescue of the cytotoxicity of preformed AR oligomers
(oAB) administered to cells 3 h before the addition of Sil A (red bars) or Sil B (purple bars)
at oAB/ligand molar ratios 1:1 and 1:5, tested in differentiated SH-SY5Y neuroblastoma
cells and quantified by an MTT assay. Results are reported as the normalized percentage of
cell viability (+ SEM) of 3 independent experiments; analysis of variance has been
performed by One-way ANOVA followed by statistical Tukey’s test (**p < 0.01; red stars
(*): significance vs Control; black stars (*): significance vs. oAP).
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Next, we evaluated if these compounds were able to counteract ABasz-induced
proteotoxic stress. To this aim, ABa4; oligomers (0AB) were prepared by incubating ABa; (2
uM) during 48 h at 4 °C, in the presence of silybins (AB/ligand ratios 1:1 and 1:5).
Subsequently, the preformed oABs were administered to cells. MTT assays performed after
48 h (see figure 24-a) showed that 0ABs promoted a reduction of cell viability of around 30%
compared to control; however, this toxicity was reduced by both silybins. The higher

efficiency of Sil B reconciles with experiments previously reported.26°

Finally, we studied the ability of the studied compounds to rescue the proteotoxic
stress of 0APB previously added to differentiated neuroblastoma SH-SY5Y cells. Preformed
oligomers were incubated with cells and, after 3 hours, silybins were added. After 48h, MTT
assays (see figure 24-b) were carried out showing, as expected, a reduction of viability of
about 20% caused by oABs. The toxicity was totally rescued in presence of both silybins in
a peptide/ligand molar ratio 1:1. At the higher tested ratio 1:5, these effects were slightly

lower for Sil A while Sil B presented a more reduced protective activity.

3.1.2. Enhancing silybins solubility and bioavailability: silybin-
phospho-trehalose conjugates

Although both Sil A and Sil B have shown very promising effects in terms of the
protection against proteotoxic stress induced by AB, their low solubility in aqueous solution
and poor bioavailability prevent their possible use in effective therapeutic treatments.
Moreover, the low solubility of the molecules hinders a complete chemical characterization
of the molecular mechanisms underlying their anti-aggregating properties. A plausible
strategy to overcome this limitation relies on the chemical modification of the compounds,
introducing a hydrophilic moiety in the structure without modifying the properties of the
lead compound. Here, in collaboration with Prof. G. Di Fabio (University of Naples Federico
II), we set out to conjugate the natural compounds Sil A and Sil B with trehalose (TH), a non-
reducing disaccharide thought a phosphate linker (see figure 25; synthesis procedure
described in the methodology chapter 4.2). This choice could potentially represent a win-
win strategy since TH by itself is known as an antiaggregant molecule able to cross the BBB.

Both phosphate and trehalose motifs will increase the solubility and viability of the parent
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compounds. Furthermore, the phosphate linker will permit the hydrolysis of silybin
glycoconjugates by the endogenous phosphatases and the progressive release of the

silybins with an increase of their pharmacokinetics and bioavailability.

Silvbi Potencial anti-AD and anti-T2DM drug
Hybin | poor solubility and limited bioavailability

L Silybin J—‘ phosphate ‘*‘ Trehalose Increased solubility and bioavailability

@E j\CE m C[ocm

Silybin A-p-trehalose Silybin I'?v-p-trehalose
(Sil A-TH) (Sil B-TH)

O

Figure 25. Structure of Sil A and B and their phospho-trehalose glycoconjugates.

Figure 26. Nomenclature followed for silybin-phospho-trehalose conjugates.

3.1.2.1. Solubility of Sil A/B-phospho-trehalose conjugates

Dynamic Light Scattering (DLS) is the most common technique used to analyze the
particle size in the nm range and to determine the particle size distribution. This technique
is based on the detection of the scattered light intensity due to the presence of particles in

solution. The characterization of particles size is possible thanks to the existent correlation
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between the Brownian movements of particles and their hydrodynamic size, which is

calculated by using the Stokes-Einstein equation.?’®

To confirm the increase in solubility of silybin glycoconjugates in comparison with the
parental silybins, the solubility in water of silybins and silybin glycoconjugates was analyzed
by Dynamics Light Scattering (DLS) measurements. Figure 27 shows the plots of the
autocorrelation coefficient versus the delay time of silybins and silybin glycoconjugates
solutions at different concentrations, allowing the identification of aggregates and the
characterization of their size. DLS data indicate that particles in suspension were present
at 10 uM for Sil A and at 5 uM for Sil B, both containing two differently sized populations
around 40-60 nm and 200-250 nm. Silybin glycoconjugates were analyzed up to 200 uM

without exhibiting the presence of particles in solution, verifying their higher solubility (see

figure 27).
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Figure 27 — Dynamic Light Scattering (DLS). (a) The decay of autocorrelation function with
time obtained from DLS for aqueous Sil A solutions at increasing concentrations (from 1
UM to 20 uM). (b) as (a) except for Sil B (from 0.5 uM to 5 uM). (c) as (a) except for Sil A-p-
TH and Sil B-p-TH at 200uM. (d) Particle size distribution curves (intensity vs. particle
diameter) of Sil A (10 uM and 20 uM) obtained from (a). (e) As (a) except for Sil B 5 uM
obtained from (b).
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3.1.2.2. Stability of Sil A/B-p-TH in Human Serum

Due to the presence of endogenous phosphodiesterase enzymes in the blood,
human serum represents a reliable model to estimate the stability of silybin-trehalose
phosphodiester conjugates in vivo. Thus, the serum stabilities of both Sil A-p-TH and Sil B-
p-TH were evaluated at 37 °C. To this aim, the hydrolysis rate of the silybin derivatives was
monitored by HPLC (see figure 28). The Sil A-p-TH and Sil B-p-TH half-life in serum obtained

under these conditions were t1/2 = 93 h and t1/2 = 88 h, respectively.

These data confirm the progressive release, in a time-scale of days, of the bioactive
silybins and hence, the potential use of their trehalose conjugates in a pro-drug approach.
Conclusively, glycoconjugation allows overcoming the limitations associated with the low
solubility and bioavailability of silybins. The increased solubility of silybin-glycoconjugates
allows the administration of higher amounts of the pro-drug, which in turn, is stable for

days and releases progressively the less bioavailable active silybin.
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Figure 28 — Stability in human serum of Sil A-p-TH and Sil B-p-TH. (a) Percentage of Sil A-
p-TH (red curve) and Sil A (blue curve) over time in human serum. The amount of both
molecules released over time has been quantified by the change in the integration of the
corresponding HPLC peaks. (b) As (a) except for Sil B-p-TH and Sil B.
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3.1.3. Protective effects of silybins derivatives from proteotoxic
stress on neuronal cell lines

The possible toxic effect of silybin derivatives and trehalose was evaluated following
the procedures already used to test the natural silybins. As shown in figure 29, silybin-

conjugates and trehalose were not toxic in the used cell line.

Next, cell viability studies were carried out after the co-administration of ABa4
oligomers (0AB) and the ligands. All the tested compounds, i.e. Sil A-p-TH, Sil B-p-TH, and
TH, were able to counteract oAB-induced proteotoxic stress (see figure 30-a) but,
interestingly, natural silybins were significantly more effective than the silybin derivatives
or TH. When the ligands were added 3 h after the administration of the preformed oApB,
the toxicity was totally rescued in presence of both silybin derivatives in a peptide/ligand
molar ratio 1:1, while at 1:5 molar ratio, Sil B-p-TH, as its parental compound, presented a

reduced efficacy (see figure 30-b).
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Figure 29 — Non-cytotoxicity of silybin derivatives and trehalose. Cytotoxicity of Sil A-p-TH
(red bars), Sil B-p-TH (green bars), and TH (blue bars) at 2uM and 10uM tested in
differentiated SH-SY5Y neuroblastoma cells after 48h treatments and quantified by MTT
assay. Results are reported as the normalized percentage of cell viability (+ SEM) of 5
independent experiments.
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Figure 30 — Reduction of AB oligomers cytotoxicity by silybin derivatives and trehalose.
(a) Cytotoxicity of preformed AR oligomers (0AB) in the absence (blue bar) and presence of
Sil A-p-TH (red bars), Sil B-p-TH (green bars), and TH (purple bars) at oAB/ligand 1:1 and 1:5
molar ratios, tested in differentiated SH-SY5Y neuroblastoma cells and quantified by an
MTT assay. Results are reported as the normalized percentage of cell viability (+ SEM) of 6
independent experiments; analysis of variance has been performed by One-way ANOVA
followed by statistical Tukey’s test (*p < 0.05; ****p<0.0001; red starts (*): significance vs
Control; black stars (*): significance vs. oAB). (b) Rescue of the cytotoxicity of preformed
AB oligomers (0AB) administered to cells 3 h before the addition of Sil A-p-TH (red bars) or
Sil B-p-TH (green bars) at oAB/ligand molar ratios 1:1 and 1:5, tested in differentiated SH-
SY5Y neuroblastoma cells and quantified by an MTT assay. Results are reported as the
normalized percentage of cell viability (+ SEM) of 3 independent experiments; analysis of
variance has been performed by One-way ANOVA followed by statistical Tukey’s test (*p <
0.05; **p < 0.01; red stars (*): significance vs Control; black stars (*): significance vs. 0AB).

3.1.4. Antioxidant capacity of Sil A, Sil B, Sil A-p-TH and Sil B-p-TH

It is known that neuroprotective effects of some small molecules mostly rely on
their ability to counteract oxidative stress which occurs in pathological conditions. To study
the antioxidant capacity of Sil A, Sil B, and their derivatives Sil A-p-TH and Sil B-p-TH, we
used the Trolox Equivalent Antioxidant Capacity (TEAC) assay. This assay measures the
ability of antioxidants to scavenge the stable radical cation ABTS®* (2,2'-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid)), a blue-green chromophore with a maximum

absorption band at 734 nm. The absorbance intensity decreases when the radical species

57



3. Results and Discussion

is reduced in the presence of antioxidants forming the colorless ABTS, with a decrease in
absorbance proportional to the antioxidant capacity of the compound. In this assay, the
results are expressed as equivalents of Trolox, a well-known antioxidant compound used

as control which is a water-soluble analog of Vitamin E.
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Figure 31 — Antioxidant capacity of silybins, silybin derivatives, and trehalose. (a) Trolox
equivalent antioxidant capacity (TEAC) of Sil A measured at different concentrations (1 uM,
5 uM, 25uM, and 50 uM). Results are reported as the average of at least 6 different
experiments (x SEM). (b) As (a) except for Sil B. (c) As (a) except for Sil A-p-TH. (d) As (a)
except for Sil B-p-TH. (e) As (a) except for TH.
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Silybins (Sil A and Sil B) and silybin derivatives (Sil A-p-TH and Sil B-p-TH) showed
a similar (and high) antioxidant capacity, significatively superior to Trolox, which increased
over time and decreased with the increase of concentration (see figure 31). Indeed, TEAC
was around 6-7 in all the cases when were assayed at 1 UM concentration and decreased
until around 1.5-2 at 50 uM. This behavior has been observed with other phenolic
compounds: the stoichiometry of the process varies from one to another phenolic
compound and it has been observed that, for phenols which present a large stoichiometry
coefficient, it tends to decrease by increasing the phenol concentration.?’”° The TEAC value
increased with time because of the different kinetics profiles of the reaction of Trolox and
silybins with the ABTS** radical (see figure 32). Indeed, Trolox exerts its antioxidant action
very quickly, completing the reaction in the first seconds after its addition. On the contrary,
silybins exert their antioxidant effect with significantly slower kinetics, and thus, their TEAC
value increases with time. In fact, the reaction was not completed at the last reported
measure (6 min). Complex kinetic profiles of this reaction have been observed for several
polyphenols, associated with the different reactivity of the reactive centers of the
compounds.?®® In particular flavonoids antioxidant reactions are characterized by two

distinct phases with kinetics determined by the structure of the B ring.?8!
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Figure 32. Reduction in the absorbance of the radical ABTS** with respect to control over
time in presence of 50 uM Trolox (red) and 50 uM Sil A (blue).

TEAC was also measured for TH as a control in the same experimental conditions.

As expected for a non-reducing sugar, trehalose does not show antioxidant activity. In

conclusion, the high antioxidant capacity which makes silybins and silybin derivatives

particularly good free radical scavengers is an additional value against AD and T2DM, where

oxidative stress is present, triggering the pathologies.
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3.2. Silybins as activators of proteostasis

The role of the amyloid clearance systems is fundamental in maintaining the
proteostasis and the activation of these pathways represents a suitable strategy in the fight
against PCDs when proteostasis is unbalanced leading to amyloid aggregation. Here we
focus on evaluating the ability of natural silybins to regulate the main amyloid clearance
pathway, i.e. the UPS. In particular, we evaluate how these compounds may i) regulate the
process by with the incorrect or misfolded proteins are marked to be recognized by the
proteolytic pathways, i.e. the ubiquitination cascade; ii) modulate the catalytic core of this

system, i.e. the activity of the 20S proteasome.

3.2.1. Effects of silybins and their derivatives on the poly-
ubiquitination pathway

As we have seen before, the UPS impairment could be related not only to
proteasome failure but also to the ubiquitin conjugation machinery. It is difficult to single
out the roles played by a single small molecule on each of the two UPS partners, i.e.
ubiquitin or proteasome. Therefore, to exclude the cross-related effects with proteasome
presents in the live cell, where an intricate network of cross-related effects may occur
simultaneously, we ran specific tube test experiments. For this reason, to distinguish the
effect of the parent drugs Sil A and Sil B and their glycoderivatives on the ubiquitination

pathway, we performed dose-response ubiquitination assays in tube tests.

K48-linked polyubiquitination reactions were carried out in the presence of Sil A, Sil
B, Sil A-p-TH, or Sil B-p-TH at a concentration ranging from 1 uM to 5 uM (see figure 33-a).
Sil A, both 1 uM and 5 puM, showed a mild activation of the ubiquitination cascade
increasing the total amount of polyubiquitinated species around 7% and 12%, respectively.
In the case of Sil B, a bimodal behavior was observed: a mild activation up to 1 uM,
(although higher than what was observed with Sil A) raising around 20% the total amount
of polyubiquitinated species. However, at a higher concentration, inhibition of the process
occurs, and the total number of formed polyubiquitinated species decreased by about 36%

when compared to control (see figure 33-a and -c). Due to the low solubility of silybin, we
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ascribe the inhibitory effect of Sil B at 5uM to the soluble small-sized assemblies of the

ligand; however, the involvement of other possible mechanisms cannot be ruled out.

The ability of trehalose-conjugates to activate polyubiquitination reactions was
significantly higher than for the natural compounds (see figure 33-b and -c). The quantity
of poly-ubiquitinated species increases 70% and 100% in the presence of Sil A-p-TH 1 uM
and 5 uM, respectively, in comparison with the control. Reactions in presence of Sil B-p-TH
showed an increase of poly-ubiquitinated species of about 100% when its concentration

was 1 uM but was 53% when the concentration was increased to 5 uM.

As mentioned previously (see chapter 1.2.5.3), the length of the polyubiquitinated
chain is strongly correlated with the efficiency of substrate recognition by the proteolytic
machinery and tetraubiquitin has been proposed as a minimum degradative signal to be
recognized for the proteolytic pathways. For this reason, we ran a densitometric study of
the revealed PAGE comparing the different polyubiquitinated species. This analysis
revealed a slight increment in the quantity of all polyubiquitinated species (di-, tri-, and
tetra- or higher-order ubiquitinated species) in the presence of Sil A (1uM and 5uM) and
Sil B (1uM), but a decrease of all them (except for tri-ubiquitinated species) when Sil B 5uM
was used (see figure 33-d, -e and -f). An increase in the number of diubiquitinated species
was also observed after the incubation with Sil A-p-TH and Sil B-p-TH. This effect was even
larger than in presence of natural compounds. Furthermore, a significant increment of
levels of polyubiquitinated species of four or more Ub units was observed for Sil A-p-TH
and Sil B-p-TH, at 1 uM. This effect was less pronounced in presence of silybin derivatives
at 5 uM, particularly in the case of Sil B-p-TH (see figure 33-f). It should be noted that tri-
ubiquitin was not considered in the densitometry analysis when the derivatives were used
because of an overlap with the E2 band. The obtained pattern was similar to that obtained
in the presence of Sil A and Sil B, but the activation was much more pronounced for the

trehalose conjugates. (see figure 33-d).
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Figure 33 — Poly-ubiquitination pattern in the presence of Sil A, Sil B, Sil A-p-TH, and Sil B-
p-TH. (a) WB analysis of K-48 linked ubiquitination reactions in the presence of the Sil A or
Sil B, in ubiquitin/silybin ratios 20:1 and 4:1, revealed by Silver Staining. (b) As (a) except
for Sil A-p-TH and Sil B-p-TH. (c) the total amount of polyubiquitinated species obtained by
densitometry analysis of PAGE showed in (a) and (b). Results are reported as the
normalized percentage of poly-ubiquitinated species with respect to the control. (c)
Percentage of di-ubiquitinated species (Ub,) obtained by densitometry analysis of the PAGE
showed in (a) and (b). Results are reported as the normalized percentage of di-
ubiquitinated species with respect to the control. (d) As (c) except for tri-ubiquitinated
species (Ubs). (e) As (c) except for tetra- or higher molecular weight ubiquitinated species
(Ubn with n>4).

62



3. Results and Discussion

To shed light on the ubiquitin activation mechanism and to verify if silybins affect
the Ub activation step by interfering with the interaction between ubiquitin and the E1
enzyme, the pyrophosphate (PPi or P,07%) released in the first ATP-consuming step of the
process was measured by using the molybdopyrophosphate assay. In this assay, the
concentration of P,07* source anion produced in the enzymatic reaction mixture is
determined spectrophotometrically by following the formation of blue molybdophosphate
complex species. EDTA is added to the reaction mixture to preclude the Mg?*-dependent
enzymatic reaction. Then, the addition of MoO4? to the ubiquitination reaction mixture
which contains the P,0,%anion, in an acetonitrile-water acid reaction system, generates

the formation of the yellow 18-molybdophosphate ([(P207)Mo0180s4]*") anion according to:
P,07* + 18 M004%+ 36 Ht ————[(P207)M018064]* + 18 H,0

After adding ascorbic acid, the 18-molybdopyrophosphate anion is reduced and the
concentration of pyrophosphate anion can be evaluated colorimetrically based on the

formation of the blue molybdopyrophosphate complex species.??

Accordingly, cell-free Lys48-linked polyubiquitination reactions were carried out in
the presence of increasing concentrations of Sil A, Sil B, Sil A-p-TH, Sil B-p-TH, and TH (see
figure 34). The release of PPi during the polyubiquitination reaction in presence of 1 uM Sil
A or Sil B was increased by about 13%. This value did not change by increasing Sil B
concentration up to 5 uM but raised to about 20% in presence of 5 uM Sil A. These results
suggest a silybin-mediated ATP-dependent Ub activation during the first step of the
ubiquitination cascade. This dose-dependent activation was not observed with 5 uM Sil B
likely due to ligand aggregation. Similar experiments carried out with trehalose-conjugates
showed a slight increase in the amount of released PPi, yet smaller than what was observed
for the parent molecules. This effect was dose-dependent for both Sil A-p-TH and Sil B-p-
TH in the whole range of concentrations (from 1uM to 40uM). The release of PPi was also
assayed, as a control, in the presence of TH, to establish if could contribute to the effect
silybin derivatives, but we ascertain that it does not interfere in the ATP-dependent step of

the polyubiquitination cascade.

63



3. Results and Discussion

140
g 130- . B SilA
SISO ¥ = sl ApTH
§ 1101 I BN Sil B-p-TH
2 90-

80-

CTL 1uM 5uM 40pM

Ligand concentation (uM)

Figure 34. Released PPi during the Lys48-linked polyubiquitination reactions in the presence
of different concentrations of Sil A (red bars) and Sil B (green bars), Sil A-p-TH (purple bars),
Sil B-p-TH (blue bars), and TH (grey bars) quantified by the colorimetric
molybdopyrophosphate assay. Results are reported as the normalized percentage of
released PPi (x SEM) of at least 3 independent experiments; analysis of variance has been
performed by One-way ANOVA followed by statistical Dunnett’s test (*p < 0.05; **p<0.01).

3.2.2. Sil A and Sil B activate 20S proteasome activity

According to our previous experience,?®® the molecules order addition could be
critical in the proteasome activity assay, especially when poorly soluble or aggregating
molecules are used. This observation led us to carefully design and optimize the
experimental conditions of the assay (see annexes and supplementary figure S1). Next, the
ChT-L activity of y20S was assayed after the addition of increasing concentrations of both
silybin diastereoisomers. The y20S proteasome was activated by about 20% by both Sil A
and Sil B at 5uM (see figure 35). Proteasome activation showed a different dose-response
profile for each silybin, suggesting a different molecular mechanism of interaction: the
peptidase activity increased linearly with the concentration in the presence of Sil A, but
raised abruptly at 0.5 uM when Sil B was used. It was not possible to determine the
saturating concentration of proteasome activators (i.e. the concentration giving the

maximum of activation), because of the poor solubility of the compounds.
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Figure 35. Residual ChT-L activity of yeast yCP measured at increasing concentrations of Sil
A (red bars) and Sil B (purple bars). Assay buffer: 50 mM Tris buffer (pH 8), 37 °C. Results are
reported as normalized percentage of residual activity (+ SEM); analysis of variance has been
performed by One-way ANOVA followed by statistical Tukey’s test (*p < 0.05; **p < 0.01;
***p<0.001; ****p < 0.0001).

Next, we studied the effects of silybins on T-L and PGPH proteasome activities. Sil A
and Sil B activated all the three ChT-L, T-L, and PGPH peptidase activities of y20S
proteasome (see figure 36), albeit with slightly different dose-response effects. While Sil B
already activated all the three activities at 1uM concentration, Sil A showed a barely
detectable effect at this dose. However, at higher concentrations (2,5 - 5uM) the activation
effects of Sil A on the ChT-L and PGPH-L activities became similar to those of Sil B, except
for T-L activity which was higher for Sil B. Furthermore, PGPH activity was enhanced to a
greater extent (around 65% for both Sil A and Sil B) than ChT-L (around 20% for both Sil A
and Sil B) or the T-L activities (around 20% for Sil A and 35% for Sil B). The different behavior
of both silybins could be ascribable to a different activation mechanism. We hypothesize
that the different special disposition of both diastereoisomers could be responsible for
different interactions with the proteasome trigging different activation profiles of some

activities.
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Figure 36. Residual ChT-L, T-L and, PGPH activities of yCP measured at increasing
concentrations of Sil A (red bars) and Sil B (purple bars). Assay buffer: 50 mM Tris buffer
(pH 8), 37°C. Results are reported as normalized percentage of residual activity (+ SEM);
analysis of variance has been performed by One-way ANOVA followed by statistical
Dunnett’s test (*p < 0.05; **p < 0.01; ****p < 0.0001).

The 20S proteasome may be activated according to two possible mechanisms: i)
stabilization of the open-gate conformation of the alpha—ring that facilitates the entrance
of substrate into the catalytic chamber; ii) allosteric regulation activating one or more of
the peptidase activities of the proteasome. Small molecules which promote proteasome

activity via these mechanisms are known as proteasome “gate-openers” and “stimulators”,

respectively.184

To gain insight into the silybin-mediated proteasome activation mechanism, the

constitutively open-gate 20S a3AN yeast mutant was used; this proteasome mutant
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presents the deletion of the a3-subunit tail responsible for the opening of the proteasome
gate which permanently remains in a fully open conformation.}’* In contrast to the
activation obtained in wild type y20S proteasome, silybins did not activate the a3AN
mutant (see figure 37). Due to its mutation, the y20S a3AN can only be activated by
stimulating allosterically its catalytic subunits because the activation via the gate opening
is not possible. Thus, the absence of any activation effect of the a3AN mutant by silybins
compared to their ability to activate the wild type y20S points to the role of silybins in
stabilizing the open-gate conformation of y20S. Therefore, we postulate that silybins act
on the alpha-ring of y20S, stabilizing its open conformation and mediating its activation;
likely, allosteric movements may also come into play and differently influence the three

catalytic sites obtaining different dose-response activation profiles.

; 1404 B y20S = 1404 B y20S o
S Bl «3AN *x 'E' Bl o3AN % I
= 1204 S 1204
o o
© ©
< 1004 - 1004
= =
< =
: S gl
© ©
=) S
o S
i CTL 01 05 1.0 25 5.0 § CTL 01 05 10 25 5.0
4
[Sil A] (uM) [Sil B] (uM)

Figure 37. Residual ChT-L activity of wild type yeast CP (red bars) and the a3AN mutant
(purple bars) measured at increasing concentrations of SilA or Sil B. Assay buffer: 50 mM
Tris buffer (pH 8), 37°C. Results are reported as the normalized percentage of residual
activity of the latent (yCP) and mutant (a3AN) proteasome, respectively (+ SEM); analysis
of variance has been performed by One-way ANOVA followed by statistical Tukey’s test (*p
< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

Finally, human 20S activity (h20S) was also tested in the presence of both Sil A and
Sil B. The ChT-L activity of h20S proteasome was activated around 40% by Sil A and 30% by
Sil B. Interestingly, the different effects of the two silybins observed in ChT-L y20S activation
were also confirmed when the h20S was used: a linear dose-dependent effect was
observed for Sil A took place, while the activation profile increased abruptly at in the

presence of 5 uM Sil B.
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Figure 38. Residual ChT-L activity of hCP measured at increasing concentrations of Sil A (red
bars) or Sil B (purple bars). Assay buffer: 50 mM Tris buffer (pH 8), 37 °C. Results are reported
as the normalized percentage of residual activity of the hCP (x SEM); analysis of variance has
been performed by One-way ANOVA followed by statistical Tukey’s test (*p < 0.05; **p <
0.01).

3.2.3. Effect of Sil A-p-TH and Sil B-p-TH on the proteasome
activity

Next, we evaluated the ability of Sil A-p-TH and Sil B-p-TH to activate the 20S
proteasome. Similar to their parent molecules, both silybin derivatives were able to
enhance dose-dependently the ChT-L activity of yeast 20S proteasome. In this case, the
activation profile was similar for both glycoconjugates (see figure 39), differently than what
was observed with the natural silybins (see figure 35). As mentioned above, the use of
silybins is limited, due to their poor water solubility, to a range of concentrations not
exceeding 5 uM. Despite the activity of both silybin trehalose-conjugates at 5 uM
(activation of 12%) is slightly lower than natural compounds at the same concentration
(activation of 20%), the conjugation with the sugar moiety allowed us to extend our
investigations in a range of concentrations far beyond 5 uM. A dose-dependent
enhancement of the y20S ChT-L activity was observed for both compounds, reaching an

activation of 50% at a 50 uM ligand concentration (see figure 39).

Similar to what was observed in the presence of both silybins, the 20S a3AN mutant
did not show changes in its activity in the presence of the silybin derivatives. Therefore,
probably, silybin glycoconjugates are, as natural silybins, proteasome gate-openers. To

exclude possible effects of the trehalose moiety of silybin derivatives on proteasome
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activity, control experiments with TH were measured at two different concentrations (5
UM and 50 uM), showing no significant differences in the activity of y20S (see figure 40).
Thus, the effects of the silybin conjugates on 20S proteasome can be ascribed to the silybin
moiety. Moreover, despite glycoconjugation reduces the efficacy of proteasome activation,

it allows the use of higher concentration achieving more significant effects on 20S

proteasome.
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Figure 39. Residual ChT-L activity of wild type y20S (red bars) and the a3AN mutant (purple
bars) measured at increasing concentrations of Sil A-p-TH or Sil B-p-TH. Assay buffer: 50
mM Tris buffer (pH 8), 37°C. Results are reported as the normalized percentage of residual
activity of the latent (yCP) and mutant (a3AN) proteasome, respectively (+ SEM); analysis
of variance has been performed by One-way ANOVA followed by statistical Tukey’s test (*p
< 0.05; ****p < 0.0001).
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Figure 40. Normalized values of ChT-L residual activity of yeast 20S proteasome in presence
of Sil A-p-TH (red bars), Sil B-p-TH (purple bars), or TH (grey bars) at different
concentrations (5 uM and 50 uM). Assay buffer: 50 mM Tris buffer (pH 8), 37 °C. Results
are reported as the normalized percentage of residual activity (+ SEM); analysis of variance
has been performed by One-way ANOVA followed by statistical Tukey’s test ( ****p <
0.0001).
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3.2.4. Molecular details on the silybin-mediated proteasome
activation: dynamic docking studies

X-ray crystallography is one of the most widely used techniques in the compilation
of structural information about the interaction of 20S proteasome with ligands.?8
However, the requirement of high ligand concentrations in soaking the protein crystal'’
restrains the use of this technique to gain insight into molecular details concerning the
interaction between the CP proteasome and silybins, because of they tend to self-
aggregate above 5 uM. Thus, computational studies become a suitable tool to reach our
goal overcoming the practical limitations ascribable to the low water-solubility of the
ligands.?®3 Therefore, to obtain the molecular details of the mechanism of 20S proteasome
activation by Sil A and Sil B, computational studies were carried out thanks to the

collaboration with Prof. C. Fattorusso and Dr. M. Persico from the University of Naples

“Federico II” (Italy).

Silybins structures were built in their anionic form, deprotonated in the hydroxyl
group in position C(5), because of the prevalence of this protonation state at the pH
adopted for proteasome activity assays (pH 8.0).23* These structures were then subjected
to a molecular mechanics (MM) energy minimization and each one of the obtained
conformers was used as the starting structure for a subsequent conformational analysis by
which several Sil A and Sil B conformations were randomly generated. Finally, after further
MM energy minimization, the conformers generated were ranked by their potential energy
values (i.e., AE from the energy global minimum (GM)), discarding conformers with differ

in more than 5 kcal/mol from the GM.
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3 g©: 5 \OH
T n
HO a OT1 72\\f > Q4i T6 OCH,4

O]e]

Figure 41. Torsional angles considered in the classification of both Sil A and Sil B conformers
into families I-IV and subfamilies a or b. The torsional angles ti1, T2, 13,14, Ts, and s are
defined by the atoms indicated in the figure as abcd, bcde, ijkl, hijk, bcfg, and kjmn,
respectively.
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Fam AEcm % Fam 1 T2 T3 T Ts Te
la 0-1,17 8 53,84  -55,54 -60,26 44,77 114,67 -65,62
Ib 0,03-1,07 2 53,64  -55,45 -60,25 44,83 -65,27 117,00
b 1,67-3,81 15 53,71 -55,62 54,72 -38,06 -65,17 -51,17
il liib 2,00-4,71 15 -49,44 49,88  -60,28 44,79 -94,18  -65,12
A lla 2,09-4,66 13 53,89 -55,56 55,36  -37,33 113,99 -53,34
llla 2,46-4,10 8 -49,74 49,99  -60,31 44,49 82,36  -65,04
IVa 3,32-4,57 19 -52,70 51,52 56,32 -39,54 69,90 -47,44
IVb 4,13-4,98 20 -49,56 49,80 55,41 -36,64 -93,05 -52,56
Ib 0-0,96 2 53,61 -55,45 60,01 -43,94  -65,22 65,92
la 0,02-1,03 7 53,80  -55,53 60,26  -45,00 114,01 -117,05
b 1,89-2,89 13 53,57 -55,57  -55,35 37,71 -65,42 53,25
i B lla 1,89-4,42 19 53,69 -55,48  -55,72 38,19 117,33 49,97
Si b 1,90-3,07 10 -49,52 49,88 60,16  -44,10 -94,11 64,40
llla 2,43-3,50 7 -49,58 49,97 60,31 -44,71 82,42 65,21
IVb 2,55-4,51 33 -54,19 50,54  -56,93 54,04  -99,74  -58,90
IVa 4,47-4,82 9 -49,88 50,05 -55,26 36,61 82,06 54,21

Table 2. Classification of Sil A and Sil B conformers into sub-families according to the two
conformations of the two bicyclic ring systems (determined by torsional angles t1-t2) and
the torsional angle value between both bicyclic rings (determined by ts). The table
indicates, from left to right, the silybin diastereoisomer, each one of the classified sub-
families (Fam), the occurrence rates of each family (% Fam), the range of potential energy
values from the energy global minimum (AEem) of each conformational sub-family and,
finally, each one of the torsional angles which correspond with the selected energy
minimum conformer for each group(ti-Te).

The selected conformers were classified into families (see table 2) according to the
two possible conformations (pseudo-axial or pseudo-equatorial) of their two bicyclic ring
systems, i.e. based on the torsional angles ti1-t4 defined in figure 41. In particular,
conformers were grouped in four families (families I-1V): family | includes those conformers
with both bicyclic ring systems in pseudo-equatorial disposition; family Il those where the
first and the second bicyclic systems are in pseudo-equatorial and pseudo-axial disposition,
respectively; conformers of family Il correspond with just the opposite situation; and,
finally, family IV comprises conformers with both bicyclic rings in pseudo-axial
conformation. On one hand, for both silybins, the combination of a positive value of t1 and
a negative value of 12 corresponds with a pseudo-equatorial disposition of the first bicycle,
while the opposite combination (negative t1 and positive T;) indicates a pseudo-axial

conformation of it. On the other hand, however, the different chirality of both

diastereoisomers is responsible for an opposite conformation of the second bicyclic system
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3. Results and Discussion

of Sil A and Sil B in conformers with the same combination of torsional t3/t4 values. Hence,
the combination of positive/negative or negative/positive values of t3/14 corresponds with
a pseudo-axial or pseudo-equatorial disposition of the bicycle in Sil A, respectively.
Conversely, these same combinations correspond with just the opposite conformational
state for Sil B (pseudo-equatorial and pseudo-axial, respectively). Then, families were
subgrouped into two subfamilies according to the torsional angle value between the two
bicyclic rings: subfamily “a” comprises conformers with positive ts values while subfamily
“b” includes those with negative ones. Finally, the energy minimum conformers of each
sub-family of Sil A and Sil B were selected for the definition of the putative starting
complexes for the dynamic docking studies. Table 2 shows the occurrence rates and the
range of AEgm values of each conformational sub-family, as well as the torsional angles

which correspond with the selected energy minimum conformer for each group.

As mentioned above (see chapter 1.2.5.2), the RPs trigger the proteasome gate
opening by interacting with one or more a-grooves of the 20S proteasome. Furthermore,

it has been reported that other peptides such as proline-rich (PR) peptides,?®®

peptides Tatl
and Tat2 (fragments of the basic domain of HIV-1 Tat protein),?8® the BIm-10 analog BIm-
pep,® as well as some small molecules as porphyrins’>287 or pyrazolones?®3 are able to
modulate the CP activity by interacting with the a-surface, particularly with its al-a2 and
a5-a6 grooves. Besides, the effects of silybins resemble those shown by BIm10 and BIm-
pep (triggering a higher activation of the PGPH activity than the other two ones), which
interact with the 20S proteasome through the a5-a6 groove. Thus, the a5-a6 groove was
selected as a starting point for CP/silybins docking studies. To this aim, a molecular model
of h20S proteasome in the open conformation was built as reported in the experimental
section; this model and a previously developed model of h20S in the closed conformation?8’
(see figure 42) were used for dynamic docking studies with each one of the previously
selected energy minimum silybins conformers, by using a docking methodology which
considers all the systems flexible (i.e., ligand and protein) allowing the identification of the
most probable binding modes. Therefore, the location of the C-terminal HbYX motif of the
Rpt5 subunit (i.e., YYA) of 19S bound to the h20S proteasome in both open and closed
conformation (PDB ID: 6MSB and 6MSK, respectively), was taken as a basis to place the

selected silybin conformers. The interactions of the HbYX motif with the a5/a6-groove are
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reported in figure 43. In particular, the centroid of the negatively charged group of silybins
was superimposed on the centroid of the C-terminal carboxyl group of the Rpt5 and the
centroid of the other two aromatic rings of silybins (i.e., the rings not presenting the
negative charge) were superimposed on the centroids of the phenyl rings of the two
tyrosine residues of the Rpt5 subunit. The conformations with the lowest potential energy
that did not show significant steric overlap with the protein were selected as starting

conformations for the docking calculations.

Groove a5/a6 (Open conformation) Groove a5/a6 (Closed conformation)

Figure 42. Groove a5/a6 in its open (a) and closed (b) conformational states of the h26S
proteasome. a5 and a6 subunits of the CP are colored in blue and orange, respectively; the
Rpt5 subunit of the 19S RP is colored in grey.

73



3. Results and Discussion

LEU

Y:21
VAL GLN
Y:24 Z2:31
LEU Interactions
LEU R:435 —
ASP 2:77 ARG "~ _ | | van der Waals
O Y:20 . [: Conventional Hydrogen Bond
SER @ . —0 Pi-Anion
Y:159 ZALZlg B Pi-Sigma
/9 CJ Alkyl
N e 4 -
o— O Bl €N l Pi-Akyl
. % Z:60 | Covalent bond
GLY
GLN €32 ILE
R:436 /ARG Ea THR 2:74
GLN 2:51 % 2:78 LYS
Z2:53 . 2:62
SER
THR Z:33
Y:161 ALA

Figure 43. Interactions of the C-terminal HbYX motif (i.e., YYA) of the Rpt5 subunit with the
a5/a6 in its closed conformation.

A stable interaction between both silybins and the a5/a6 groove was only obtained
for docking simulations with the 20S proteasome in its open state. These results are
indicative of the ability of both silybins to favor the h20S open-gate conformation and thus,
are in accordance with our experimental data. In particular, based on the rank of non-
bonded interaction energies obtained by Monte Carlo calculations, two complexes were
selected for each ligand as the most probable binding modes. The most energetically
favored complex (hereafter referred to complex SilA-1) involves Sil A as the ligand and is
characterized by non-bonded interaction energy of -43.980 kcal/mol. The remaining three
complexes, one for Sil A (complex SilA-2) and two for Sil B (complex Sil B-1 and complex Sil
B-2), exhibit comparable non-bonded interaction energies (-37.398 kcal/mol, -38.559
kcal/mol, and -38.955 kcal/mol for complexes SilA-2, Sil B-1, and Sil B-2, respectively). Both
complexes SilA-1 and SilB-1 resemble the RP tail location (see figures 44 and 45) much more
than complexes SilA-2 and SilB-2. Furthermore, the binding mode of complex SilA-2, was
totally different from the other complexes (up-side-down with regard to the other ones),

with its negative charge toward the N-terminal region (see figure 44).
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Figure 44 — Docking results of Sil A in the a5/a6 groove in the open conformation. (a)
Complex Sil A-1 which corresponds with non-bonded interaction energy of -43.980
kcal/mol. (b) Complex Sil A-2 which corresponds with non-bonded interaction energy of -

37.398 kcal/mol.
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Figure 45 — Docking results of Sil B in the a5/a6 groove in the open conformation. (a)
complex Sil B-1 which corresponds with non-bonded interaction energy of -38.559
kcal/mol. (b) complex Sil B-2 which corresponds with non-bonded interaction energy of -
38.955 kcal/mol.
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In complexes SilA-1 and SilB-1, both Sil A and Sil B share some binding modes with
the a5/a6-groove. On one hand, both complexes show similar interactions between the
ligand and the a6 subunit: the ring A of both ligands interacts through m-alkyl interactions
with both 174 and A81 residues, the ring B form a n-donor hydrogen bond with R51, and
the hydroxyl and carbonyl groups in positions C(5) and C(3), respectively, form hydrogen
bonds with K62 and G76. Residues R51, K62, G76, and 174 are also involved in the binging
of the terminal HbYX motif of Rpt5 with the a5/a6 groove (see figure 43), reinforcing the
idea that silybins interact with the CP reproducing the location and some interactions of
the RPs. On the other hand, in these complexes, the interactions of Sil A or Sil B with the
a5 subunit were different because of the involvement of functional groups which are
located in a different spatial disposition in both diastereoisomers due to the different
configuration of its stereocenters. In particular, the 20-OH group of Sil A forms hydrogen
bonds with L21 and E25 while Sil B forms a hydrogen bond with E18 through the 23-OH

moiety.

Complexes SilA-2 and SilB-2 showed totally different interaction patterns. As
reported in figure 44-b, in the complex Sil A-2, Sil A interacts with the a5 subunit through
H-bonds with residues R20, L21, G25, T161, D157, S159, R168 (by means 5-OH/4-0, 3-
OH/4-0, 3-OH/H-2, 23-OH/23-H, 23-OH/23-H, 23-OH and 20-OH/21-methoxy,
respectively). Furthermore, R20 and 128 connect through m-alkyl interactions with the
phenolic rings A and C, respectively. Finally, interactions with the a6 subunit take place
thought a hydrogen bond between the 1-oxyl from the ligand and R51; additionally, this
residue bonds with the B-phenolic ring of the ligand thought a m-donor hydrogen bond.
Last, Q53 interacts with the methoxy group in position 19 through two carbon-hydrogen
bonds. In the case of complex Sil B-2 (see figure 45-b), Sil B interacts with the a5 subunit
through a m-sigma interaction between its phenolic ring A and L21 and forming carbon-
hydrogen bonds between residues R20 and T161 with 4-O and 10-H, respectively.
Interactions with the a6 subunit take place through hydrogen bonds between both 3-OH
and 23-OH with the residue R51, which also forms a m-donor hydrogen bond with the
phenolic ring B and a carbon-hydrogen bond with the oxo group in position 9. Furthermore,
A52 interacts through carbon-hydrogen bonds with H-23 and the H from the methoxy

group in position 19; ring A of Sil B bonds with L77 through a m-alkyl interaction between
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L77, and a m-donor hydrogen bond between Q53 with the phenolic ring C is also present.
The different binding modes observed between both Sil A and Sil B with the a5/a6 of the

proteasome are in accordance with the experimental data.

Figure 46. (a) Overlap of open (colored in white) and closed (a5 and a6 subunits colored in
blue and orange, respectively) conformational states of the a5/a6 groove. The red arrows
indicate the movement between both conformations; (b) and (c) as (a) except for the use
of docking calculations in presence of Sil A in the open conformational state; complex 1 and
2, respectively; (d) and (e) as (b) and (c) except for Sil B.
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The overlay of the h20S closed and open conformations allowed us to observe the more
relevant conformational changes of the a5/a6 groove consequent to the CP gate opening.
In particular, three conformational movements are related to the opening of the gate: the
downward movements of the N-terminal region and the HO helix (subunit a5) and the
raising of the H1 helix (subunit a6). The analogy of these conformational changes with
those observed in the presence of the ligands suggests that they are consistent with the
dynamics of proteasome activation (see figure 46-a). Particularly, Sil A (in both complexes
Sil A-1 and Sil A-2) and SilB (in complex Sil B-1) induced all the three movements related to
the opening of the gate (see figure 46-b, -c, and -d). However, complex SilB-2 reproduced
only the N-terminal region and the H1 helix (from subunit a5) movements, while induced

an opposite movement of the HO helix (from subunit a6) (see figure 46-e).
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3.3. Profiling the anti-amyloidogenic potency of
silybins: studies on AB and IAPP

On one hand, the activation of the UPS represents a desirable characteristic of a
drug to restore proteostasis, promoting the hydrolysis of the misfolded amyloidogenic
peptides. On the other hand, drugs with anti-amyloidogenic properties could halt the self-
assemble of AB or hIAPP, contributing to mitigate the effect of these amyloids in the
organism. Here, we profile the effect of Sil A, Sil B, and its trehalose-phospho-derivatives
on AB and hIAPP amyloid growth in buffer solution as well as in the presence of
membranes-mimicking systems. Furthermore, to evaluate the mechanisms by which
silybins reduce the cytotoxicity of AR and hlIAPP, we assess here how the ability of amyloid

species to disrupt the cell membrane is modified in presence of these compounds.

3.3.1. Silybins catalyze AB growth in presence of neuronal model
membranes but protect it from the amyloid-induced membrane
damage

The inhibitory effect on ABsoaggregation in aqueous solution of silybins, particularly
Sil B, has been previously reported by our research group.??© However, it is well known that
amyloid peptides interact with lipidic membranes which, in turn, interfere with the amyloid
aggregation pathway. Therefore, to assess the effect of Sil A and Sil B on AP aggregation in
a milieu containing lipidic membranes, ABso (10uM) growth kinetics were monitored in the
presence of neuronal model membranes and each one of the silybins, at increasing
concentrations, by ThT assays. In parallel, dye leakage assays were also performed to study
the protective effect of Sil A and Sil B versus amyloid-induced membrane disruption. Total
Lipid Brain Extract (TLBE) was used in the preparation of lipid vesicles to mimic the lipid
composition of neuronal cell membranes. The assayed peptide/ligand molar ratios were
chosen based on the conditions of the previously reported experiments in aqueous
solution, to make reliable comparisons between the effect of silybins in the absence and

presence of the lipidic environment.
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Figure 47 — AP aggregation kinetics in a milieu containing neuronal model membranes in
the presence of different concentrations of Sil A or Sil B. (a) Amyloid fibrillation kinetics of
ABsoin the absence (black curve) and presence of Sil A in peptide/Sil A molar ratios 1:0.05
(red curve), 1:0.2 (blue curve), and 1:0.4 (turquoise curve). Dots represent experimental
data; the continuous line is the fit of the kinetic obtained by averaging each one of the
characteristic parameters of the kinetics of three different experiments. The characteristic
kinetic parameters are reported in table 3. Experiments were carried out by using ABao 10
UM, TLBE LUVs 200 pg/ml, in phosphate buffer 10 mM NaCl 100 mM pH 7.4 at 37 °C. (b) As
(a) except for Sil B.

Sil A catalyzed AP aggregation in presence of TLBE bilayers in a dose-dependent
manner, increasing the amount of formed fibrils and reducing 12 h the t1/; at the higher
tested concentration (peptide/ligand molar ratio 1:0.4) if compared to samples containing
only AB. Differently, Sil B produced a much more moderate effect on AB aggregation

kinetics (see figure 47-b and table 3). Surprisingly, despite silybins did not show anti-

aggregating properties in presence of lipidic bilayers, Sil B protected membranes from the
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damage induced by AR, reducing dye-leakage of neuronal model membranes. On the
contrary, Sil A revealed a poor membrane-protective effect (see figure 48 and table 4). This
behavior is likely due to the different effects of the two compounds in interfering with the
mechanism of AP aggregation and is consistent with the higher cytoprotective effect of
silybin B shown above (figure 24-a) in differentiated S5H5 neuroblastoma cells, as well as

in vivo in studies in transgenic C. elegans strains expressing human AP, recently reported

by our group.26°
6
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Figure 48 — Dye leakage assays of AB-mediated neuronal model membranes disruption in
the presence of different concentrations of Sil A and Sil B. (a) Percentage of dye released
from TLBE LUVs triggered by APaso in the absence (black curve) and presence of Sil A in
peptide/Sil A molar ratios 1:0.1 (red curve), 1:0.4 (blue curve) and 1:0.8 (turquoise curve).
Dots represent experimental data, being the average of three different experiments; the
characteristic kinetic parameters are reported in table 4. Experiments were carried out by
using ABao 10 uM, TLBE LUVs 200 pg/ml, in phosphate buffer 10 mM NaCl 100 mM pH 7.4
at 37 °C. (b) As (a) except for Sil B.
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Imax(u- a-) k (h_l) t1/2 (h) tlag (h)
ABso 10 pM 5.7 (0.9) 0.66 (0.02) 27.3(0.5) 23.9 (0.4)
ABao /Sil A (1:0.05) 5.6 (0.6) 0.82 (0.09) 25.8 (6.5) 23.2(6.3)
ABao /Sil A (1:0.2) 6.8 (1.4) 0.74 (0.44) 20.9 (11.5) 17.2 (11.4)
ABao /Sil A (1:0.4) 8.6 (2.4) 0.96 (0.16) 15.3 (1.5) 13.0 (1.8)
ABao /Sil B (1:0.05) 5.2 (1.2) 0.54 (0.09) 22.3(2.9) 18.2 (2.2)
ABao /Sil B (1:0.2) 4.8 (1.9) 0.75 (0.05) 23.9(7.6) 20.6 (8.1)
ABao /Sil B (1:0.4) 5.7 (0.1) 0.67 (0.25) 21.5(8.6) 17.9 (7.3)

Table 3 — Characteristic parameters of AB aggregation kinetics in the presence of silybins
in a neuronal membrane mimicking milieu. /nax, ti/2, k, and tiqq kinetics parameters of ABao
10 uM fibrillation in a milieu containing TLBE LUVs in the presence and absence of Sil A or
Sil B in peptide/ligand molar ratios 1:0.05, 1:0.2, and 1:0.4 plotted in figure 47. The kinetics
has been fitted with the logarithmical equation I = I,,q,/(1 + e ¥=1/2)) where Imqx
represents the maximum intensity of fluorescence; k is the slope or rate of aggregation kinetics;
lag phase (tiag) and t1/> have been defined as the point in time where the signal reaches 10%
and 50% of the amplitude of the transition, respectively. Results are reported as the mean
of three experiments (+ SD).

Ipax(u.a.) k(h1) ti/2 ()
ABao 10 uM 5.34 (0.13) 0.13 (0.01) 27.6 (1.7)
ABao /Sil A (1:0.05) 4.08 (0.19) 0.18 (0.01) 24.7 (0.4)
ABao /Sil A (1:0.2) 5.09 (0.77) 0.22 (0.02) 29.2(0.8)
ABao /Sil A (1:0.4) 4.02 (0.81) 0.19(0.02) 23.3(1.1)
ABao /Sil B (1:0.05) 5.20 (0.75) 0.22 (0.04) 24.1(0.5)
ABao /Sil B (1:0.2) 1.26 (0.19) 0.45 (0.09) 24.9 (1.3)
ABao /Sil B (1:0.4) 2.38(0.33) 0.28 (0.05) 21.8 (1.5)

Table 4 — Characteristic parameters of AB-mediated neuronal membranes disruption
kinetics in the presence of silybins. /o, Imax, t1/2, and k kinetics parameters of the dye release
from TLBE LUVs triggered by ABso 10 uM and in the absence or presence of Sil A or Sil B in
peptide/ligand molar ratios 1:0.05, 1:0.2, and 1:0.4 plotted in figure 48. The kinetics have
been fitted with the logarithmical equation I = I,q, /(1 + e % =t1/2)) where Ip and /max
represent the initial and the maximum intensity of fluorescence; k is the slope or rate of
aggregation kinetics; t1/, is the point in time where the signal reaches 50% of the amplitude
of the transition. Results are reported as the mean of three experiments (+ SD).

3.3.2. Silybin derivatives inhibit Ap aggregation

Although silybins derivatives have been designed for their potential use as pro-
drugs, it is important to evaluate whether they could actively interact with the studied

targets. To this aim, ThT assays were first carried out to monitor APso (20 uM) amyloid
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growth in the presence of both silybin glycoconjugates. Both Sil A-p-TH and Sil B-p-TH
showed a dose-dependent behavior in delaying aggregation kinetics: i.e. increasing lag
phase and t1/, compared with samples containing only AB. Remarkably, some differences
in the effects of both diastereoisomers in AB aggregation were observed: Sil A-p-TH was
more effective than Sil B-p-TH when used in substoichiometric (peptide/ligand molar ratio
1:0.4) or stoichiometric concentrations; in particular, Sil A-p-TH led to a delay in ti/ of
about 12 h and 16 h, in substoichiometric and stoichiometric conditions, respectively, (Sil
B-p-TH delayed ti/; of about 3 h and 10 h in the same experimental conditions). However,
in the presence of an excess of ligand (peptide/ligand molar ratio 1:5), the anti-aggregating
effect of Sil B-p-TH was higher than Sil A-p-TH showing AP aggregation kinetics a ti/; of 44
h and 50 h in the presence of Sil A-p-TH and Sil B-p-TH, respectively, i.e. a delay of 18 h and
24 h with respect the amyloid aggregation in absence of the ligands (see figure 49 and table

5).

The effect of TH was also studied as control but, in this case, differences in the
aggregation kinetics were not observed; henceforth, we could infer that the antiaggregant
effect of glycoconjugates was due to the silybin structure and not to the TH moiety, which
merely increased the solubility of the drug. These results, which underline the higher
antiaggregant activity of Sil B-p-TH between both diastereoisomers, are in accordance with
the already reported higher antiaggregant activity of its parental compound Sil B with
respect to Sil A.2%0 Therefore, we can conclude that conjugation of both Sil A and Sil B
maintains the ability of the compound to interact with AB and to interfere with its

aggregation pathway, delaying the formation of ThT-positive fibrils.

Imax(u' a-) k(h_l) tl/Z (h) tlag (h)
AB4020 pM 49 (9) 0.4 (0.2) 26 (10) 20 (8)
ABao / Sil A-p-TH (1:0.4) 47 (9) 0.5(0.3) 38 (6) 32(9)
ABao / Sil A-p-TH (1:1) 40 (3) 0.4 (0.1) 42 (8) 36 (8)
ABuo / Sil A-p-TH (1:5) 44 (2) 0.6 (0.2) 44 (11) 40 (10)
ABao / Sil B-p-TH (1:0.4) 40 (2) 0.5(0.1) 29 (8) 24(9)
ABao / Sil B-p-TH (1:1) 45 (3) 0.7 (0.3) 36 (9) 33(8)
ABao / Sil B-p-TH (1:5) 44 (7) 0.5(0.2) 50 (12) 38 (12)
ABao / TH (1:5) 48 (1) 0.5(0.2) 27 (11) 23 (9)

Table 5 — Characteristic parameters of AB aggregation kinetics in the presence of silybin
derivatives. Imax, ti/2, k, and tiag of ABao fibrillation kinetics in the presence and absence of
Sil A-p-TH or Sil B-p-TH in peptide/ligand molar ratios 1:0.4, 1:1, and 1:5 and in the presence
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of trehalose (TH) in a peptide/ligand molar ratio 1:5, plotted in figure 49. The kinetics have
been fitted with the logarithmical equation I = L4,/ (1 + e ¥(=t1/2)) where Imax
represents the maximum intensity of fluorescence; k is the slope or rate of aggregation kinetics;
lag phase (tig) and t1/> have been defined as the point in time where the signal reaches 10%
and 50% of the amplitude of the transition, respectively.
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Figure 49 — A fibrillation kinetics in the presence of different concentrations of Sil A-p-
TH and Sil B-p-TH. (a) ABao growth kinetics in the absence and presence of Sil A-p-TH in
peptide/Sil A-p-TH molar ratios 1:0.4 (red curve), 1:1 (blue curve), and 1:5 (turquoise curve)
and TH in peptide/ligand molar ratio 1:5 (grey curve). Dots represent experimental data;
the continuous line is the fit of the kinetic obtained by averaging each one of the
characteristic parameters of the kinetics of three different experiments (reported in table
5). Experiments were carried out using ABso 20 uM at 37 °C in phosphate buffer 10 mM
NaCl 100 mM pH 7.4. (b) As (a) except for Sil B-p-TH.
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3.3.2.1. APy fibrils morphology in the presence of Sil A/B-p-TH

To prove the presence of amyloid fibrils and study their morphology, different
techniques which include transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and atomic force microscopy (AFM) are widely used in parallel to ThT

studies.

Sample staining increases the contrast of TEM images and negative staining with
aqueous uranyl acetate is the most common procedure used with this type of preparation,
allowing better observation of the fibrils; in our case, TAAB EM Stain 336, an uranyl acetate

alternative which instead contains a mixture of lanthanum, samarium and gadolinium salts

has been used to avoid the use of radioactive substances in our procedure.?88

Figure 50. TEM images of different preparations of AB4o fibrils.

In figure 50, various APao fibrils samples observed by using different staining
procedures are reported. We used Electron Energy Loss Spectroscopy (EELS) elemental
analysis to assign AP fibrils correctly, discarding artifacts structures of non-proteinaceous
nature (see figure 51). In particular, the presence of nitrogen has been used to monitor the
presence of amyloid because of the lack of this element in the studied silybin-phospho-
trehalose conjugates. As shown in figure 51-b, the nitrogen profile permits to measure the

width of fibrils.
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Figure 51. (a) EELS spectrum of the fibril showed in figure 50-c. (b) The upper plot
represents the nitrogen profile of the fibril shown just below, which correspond to a
zoomed picture of the fibril showed in figure 50-c.

To study the morphology of AR fibrils formed in the presence of silybin
glycoconjugates, ABso monomer was incubated for 3 days at 37 °C in the presence or
absence of Sil A-p-TH or Sil B-p-TH (peptide/ligand molar ratio 1:2.5) and observed by TEM.
In the control sample, a high number of amyloid fibrils were observed with a diameter of
about 7 nm and, in less proportion, fibrils with 14 nm of diameter (see figure 52-a).
However, surprisingly, evident fibrils were not identified in samples that contain the ligand
Sil A-p-TH or Sil B-p-TH (see figures 52-b and 52-c, respectively), despite their formation
was confirmed previously by ThT assays; therefore, we concluded that ThT-positive fibrils
formed in presence of silybin derivatives are smaller in size than those formed in absence
of ligand, probably protofibrils, that are not discernible due to the resolution limits of this

technique. Furthermore, for the same reason, it was not possible to quantitatively assign
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differences in the anti-aggregatory efficiency of both diastereoisomers by using TEM alone.
However, despite the challenges in the characterization of amyloid fibrils formed in the
presence of silybin glycoconjugates, this finding further supports the ability of silybin
glycoconjugates to interfere with the on-pathway amyloid aggregation previously

described by ThT assays.

Figure 52— TEM images. (a) ABso amyloid fibrils (100 uM); (b) ABao (100 uM) incubated in
presence of Sil A-p-TH; peptide/ligand molar ratio 1:2.5; (c) as (b) except for Sil B-p-TH.

3.3.2.2. Conformational analysis of AB in presence of SilA/B-p-TH
by Circular Dichroism

Circular dichroism is largely adopted to study the conformation of peptides and
proteins in aqueous solution. Amide groups of peptide backbone are chromophores in the
far-UV region (between 180 nm and 260 nm) which are aligned in different patterns

depending on the secondary structure; each structure has a characteristic circular
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dichroism spectrum due to a different absorbance of the right-handed and left-handed

circular polarized light.?®°

a b
04 0
24 -2 -
2 41 D 4-
£ £
~ -6 - ~ -0 -
() o
O gl O
-10 m— AR/ Sil A-p-TH (1:1) 10 AR/ S!I B-p-TH (1:1)
m— AR/ Sil A-p-TH (1:2) m— AR/ Sil B-p-TH (1:2)
m— AR/ Sil A-p-TH (1:4) AB/ Sil B-p-TH (1:4)
'12 T T T ‘12 T T T
200 220 240 260 200 220 240 260
wavelenght (nm) wavelenght (nm)

Figure 53. (a) CD spectra of ABso (2 uM) in the presence of Sil A-p-TH at peptide/ligand
molar ratios 1:1 (red), 1:2 (blue) and 1:4 (turquoise). Data have been registered at 4 °C in
10 mM phosphate buffer pH 7.4. (b) as (a) except for Sil B-p-TH.

Based on ThT assays, we expect that the two silybin derivatives could interact with
the amyloid peptide via different binding modes. To single out the ligand-induced APao
conformational changes for the two derivatives, we recorded circular dichroism (CD)
spectra of the peptide in the presence and absence of different concentrations of Sil A-p-
TH and Sil B-p-TH. CD spectra of both ligands were recorded in the same experimental
conditions and subtracted from the curves related to the ligand/peptide mixtures.
Differently from Sil A-p-TH, which was almost inactive, the difference spectra of ABao
containing increasing amounts of Sil B-p-TH show a negative band at 197 nm and a weak
positive one at 214 nm (see figure 53). Although it may be difficult to deconvolute these
CD spectra which likely reflects a complex mixture of slightly different conformations, this
spectral signature is typical of a poly-L-proline II (PPIl) helix structure.?®® PPII structure has
been reported as indicative of the physiological/functional state of amyloidogenic proteins,
since as it reduces the aggregation propensity of amyloidogenic peptides.??* CD analysis
reconciles with ThT experiments and suggests that the major anti-aggregating effect of Sil

B-p-TH is related to its effect on the conformational preferences of ABao.
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3.3.3. Silybins inhibit hIAPP amyloid growth

To investigate the ability of Sil A and Sil B to inhibit hIAPP aggregation, ThT assays
were performed in the presence of increasing concentrations of each compound at
peptide/ligand molar ratios 1:0.1, 1:0.4, and 1:0.8. Sample concentrations were optimized
to allow a detectable amyloid growth and prevent ligand precipitation. Both compounds
reduced the maximum ThT intensity compared to control in a dose-dependent manner and
thus decreased the amount of the formed fibrils. Furthermore, both Sil A and Sil B dose-
dependently slowed down the aggregation kinetics presenting higher values of t1/; than the

control.

At a peptide/ligand molar ratio 1:0.1, Sil A showed an inhibitory action on hIAPP
aggregation while Sil B did not show any effect. However, by increasing the dose, the
inhibitory effects on hIAPP aggregation of Sil B became more evident. In fact, Sil A reduced
the amount of fibrils formed around 49% when it was added in a peptide/ligand molar ratio
1:0.8, while the reduction in the presence of Sil B in the same conditions was around 57%
(see figure 54). These results reconcile with the previously reported effects of the two

compounds in inhibiting A aggregation.2®°

Lpax(u.a.) k (min™1) t1/2 (min)
hIAPP 5 uM 1.48 (0.01) 7.410%(0.5-107) 364 (37)
hIAPP/Sil A (1:0.1) 1.14 (0.09) 5.8-10%(1.2-107) 400 (166)
hIAPP/Sil A (1:0.4) 0.80 (0.19) 5.1-10%(2.9-10?) 467 (130)
hIAPP/Sil A (1:0.8) 0.76 (0.14) 4.910%(3.2-10%) 540 (242)
hIAPP/Sil B (1:0.1) 1.51 (0.49) 6.6-10%(2.5-10?) 367 (154)
hIAPP/Sil B (1:0.4) 1.14 (0.19) 4.310%(1.5-10%) 432 (166)
hIAPP/Sil B (1:0.8) 0.64 (0.08) 3.4-10%(0.5-10?) 597 (270)

Table 6 — Characteristic parameters of hIAPP aggregation kinetics in the presence of Sil A
or Sil B. /max, k, and ti> of hIAPP fibrillation kinetics in the presence of Sil A and Sil B in
peptide/ligand ratios 1:0.1, 1:0.4, and 1:0.8 plotted in figure 54. The kinetics have been
fitted with the logarithmic equation I = I,,,4,./(1 + e ¥(=t1/2)) 'where /nax represents the
maximum intensity of fluorescence, k is the slope or rate of aggregation kinetics, and t;/; has
been defined as the point in time where the signal reaches 50% of the amplitude of the
transition. Results are reported as the mean of three experiments (+ SD).
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Figure 54 — hIAPP aggregation kinetics of in presence of Sil A and Sil B. (a) Amyloid
fibrillation kinetics of hIAPP in the absence (black curve) and presence of Sil A in peptide/Sil
A molar ratios 1:0.1 (red curve), 1:0.4 (blue curve), and 1:0.8 (turquoise curve). Dots
represent experimental data; the continuous line is the fit of the kinetic obtained by
averaging each one of the characteristic parameters of the kinetics of three different
experiments (see table 6). Experiments were carried out using hIAPP 5 uM at 25 °C in
phosphate buffer 10 mM NaCl 100 mM pH 7.4. (b) As (a) except for Sil B.
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3.3.4. Silybins catalyze hlIAPP amyloid growth in a membrane-
mimicking environment but protect the membrane integrity from
the amyloid-induced damage

As previously described, amyloid oligomers and fibrils are able to interact with cell
membranes by different mechanisms inducing the disruption of the lipid bilayer and
eliciting toxicity to the cell. To study if Sil A and Sil B may counteract hlAPP aggregation in
a pancreatic membrane-emulating environment, ThT and dye leakage assays were carried
out in parallel by using model membranes mimicking the lipid composition of pancreatic
islet cell membranes. In particular, a mixture of the zwitterionic phopsphatidylcholine

(POPC) and the anionic phospatidylserine (POPS) lipids at a molar ratio 7:3 was

used 65,292,293

First, membrane-bound hIAPP amyloid growth kinetics were monitored in the
presence of Sil A or Sil B at different peptide/ligand molar ratios (1:0.1, 1:0.4, and 1:0.8).
Second, dye leakage assays were also run to study the protective effect of both silybins

against membrane disruption induced by hlAPP oligomers and fibrils.

In striking contrast to what was observed in aqueous solution, both Sil A and Sil B
catalyzed the formation of amyloid fibrils, increasing their amount and reducing both lag
phase and the ti/> with respect to control (see figure 55). However, despite the increase in
hIAPP aggregation kinetics induced by both Sil A and Sil B, dye leakage assays showed, in
the presence of silybins, a significant reduction in hIAPP-induced membrane damage. As
shown in figure 56, dye leakage kinetics are the sum of two different processes. The first
one occurs within the first 200 min, before the formation of ThT-detectable species; hence
it may be associated with a disruptive phenomenon initiated by soluble, membrane-active
amyloid oligomers through a poration mechanism. On the contrary, the second one starts
when ThT-positive species, i.e. amyloid protofibrils, are already detectable: therefore it
may be ascribed to a detergent-like mechanism (for more details about both mechanisms

see chapter 1.2.4.1).
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Figure 55 — hlAPP fibrillation kinetics in a milieu containing pancreatic model membranes
in the presence of different concentrations of Sil A or Sil B. (a) Amyloid fibrillation kinetics
of hIAPP in the absence (black curve) and presence of Sil A in peptide/Sil A molar ratios
1:0.1 (red curve), 1:0.4 (blue curve), and 1:0.8 (turquoise curve). Dots represent
experimental data; the continuous line is the fit of kinetics obtained by averaging each of
the characteristic parameters of the kinetics of three different experiments (reported in
table 7). Experiments were carried out by using hIAPP 5 uM, POPC:POPC 7:3 LUVs 100uM,
in phosphate buffer 10 mM NaCl 100 mM pH 7.4 at 25°C. (b) As (a) except for Sil B.

Sil A and Sil B inhibited both pore-like and detergent-like mechanisms involved in
hlIAPP-induced membrane damage. A dose-dependent effect, however, was observed only

for the detergent-like mechanism. The two diastereoisomers showed different effects
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being Sil B more efficient than Sil A against both disruptive phenomena. While Sil A showed
a reduction of the hIAPP-induced membrane poration of about ~ 80%, Sil B inhibited this
phenomenon almost completely (~90%). Differences between both diastereoisomers were
also evidenced in membrane damage occurring via the detergent-like mechanism. Sil A and
Sil B showed a decrease in the amount of dye released of about 11% and 26%, respectively,
when they were assayed in peptide/ligand molar ratios 1:01 and 1:04. Furthermore, both
Sil A and Sil B significantly delayed dye leakage at a peptide/ligand molar ratio 1:0.4; but Sil
B was more efficient (which t1/; values that showed a delay of about 156 min for Sil A and
1080 min for Sil B). The delay in leakage was maintained when Sil A was added at a
peptide/ligand molar ratio 1:0.8 albeit showing a significant decrease (of about 76%) in the
amount of dye released. Importantly, Sil B was able to fully abolish membrane damage
when it was used at the same conditions. Thus, we can conclude that Sil B is more efficient
than Sil A in inhibiting both hIAPP-induced membrane damage events, i.e. poration and

detergent-like mechanisms.

Ipar(u.a.) k (min™1) ti2 (min)  t;,,(min)

hlIAPP 5 uM 1.99 (0.22) 1.25-102(0.36-10?) 479 (58) 295 (32)
hIAPP/Sil A (1:0.1) 3.49 (0.22) 1.14-102 (0.49-10?) 370 (64) 201 (63)
hIAPP/Sil A (1:0.4) 3.40(0.47) 1.62:102(0.45-102) 316 (52) 171 (34)
hIAPP/Sil A (1:0.8) 2.56(0.19) 2.59-102(0.57-10%) 291 (4) 187 (33)
hIAPP/Sil B (1:0.1) 3.05(0.70) 2.02:107((0.74-107) 278 (59) 160 (52)
hIAPP/Sil B (1:0.4) 3.28(0.85) 1.40-102(0.34-102) 332 (15) 167 (57)
hIAPP/Sil B (1:0.8) 3.06(0.51) 1.69-102(0.62-102) 284 (49) 144 (35)

Table 7 — Characteristic parameters of hlAPP aggregation kinetics in the presence of
silybins in a pancreatic membrane mimicking milieu. /na, ti2, k, and tig kinetics
parameters of 5 uM hIAPP fibrillation in the presence of POPC:POPS (7:3) LUVs with or
without Sil A or Sil B at peptide/ligand molar ratios 1:0.1, 1:0.4, and 1:0.8 (reported in figure
55). Aggregation kinetics were fitted by the equation I = I,,,,, /(1 + e *(tt1/2)), where
Imax represents the maximum intensity of fluorescence; k is the slope or rate of aggregation
kinetics; t1/2 and lag phase (tig) have been defined as the point in time where the signal
reaches 50% and 10% of the amplitude of the transition, respectively. Results are reported
as the average of three experiments (+ SD).
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Figure 56 — Dye leakage assays of hIAPP-mediated pancreatic model membranes

disruption in the presence of different concentrations of Sil A and Sil B. (a) Percentage of
dye released from POPC:POPS (7:3) LUVs triggered by hIAPP in the absence (black curve)
and presence of Sil A in peptide/SilA molar ratios 1:0.1 (red curve), 1:0.4 (blue curve), and

1:0.8 (turquoise curve). Dots represent experimental data; the continuous line is the fit of

the kinetic obtained by averaging each one of the characteristic kinetic parameters of three
different experiments (reported in table 8); dashed line indicates the start of the growth

phase, and henceforth, the limit between pore-like and detergent-like mechanisms.
Experiments were carried out by using hlIAPP 5 uM, POPC:POPC 7:3 LUVs 100 uM, in
phosphate buffer 10 mM NaCl 100 mM pH 7.4 at 25 °C. (b) As (a) except for Sil B.

95



First dye release phenomenon

3. Results and Discussion

Iy (u.a.) Lnax (u.a.) ty/; (min) T (min)
hIAPP 5uM -0,23(0.12) 0,97 (0,02) 69 (5) 18.2 (3.3)
hIAPP / Sil A (1:0.1) -0.02 (0.04) 0.17 (0.01) 370 (64) 17.3(8.5)
hIAPP / Sil A (1:0.4) -0.02 (0.01) 0.20 (0.01) 316 (52) 6.8 (1.7)
hIAPP / Sil A (1:0.8) -0.06 (0.03) 0.25 (0.01) 291 (4) 12.9 (2.2)
hIAPP / Sil B (1:0.1) -0.02 (0.02) 0.10 (0.04) 138 (23) 28.7 (22.0)
hIAPP / Sil B (1:0.4) 0.00 (0.05) 0.10 (0.01) 49 (18) 18.6 (10.6)
hIAPP / Sil B (1:0.8) 0.02 (0.02) 0.104 (0.002) 208 (63) 63.2 (29.6)

Second dye release phenomenon

Iy (u.a.) Lpax (u.a.) ty/; (min) T (min)
hIAPP 5uM 0.95 (0.03) 1.482 (0,004) 415 (9) 74 (9)
hIAPP / Sil A (1:0.1) 0.16 (0.01) 0.643 (0.003) 312 (5) 29(4)
hIAPP / Sil A (1:0.4) 0.19 (0.01) 0.672 (0.004) 571 (8) 112 (7)
hIAPP / Sil A (1:0.8) 0.236 (0.004) 0.366 (0.002) 548 (6) 16 (5)
hIAPP / Sil B (1:0.1) 0.06 (0.02) 0.452 (0.002) 463 (13) 108 (8)
hIAPP / Sil B (1:0.4) 0.07 (0.01) 0.54 (0.06) 1495 (68) 267 (34)

hIAPP / Sil B (1:0.8)

Table 8 — Characteristic parameters of hIAPP-mediated pancreatic model membranes
disruption kinetics in the presence of silybins. /o, Imax, ti/2and T kinetic parameters of the
dye release from POPC:POPS (7:3) LUVs induced by 5uM hIAPP and in the absence or
presence of Sil A or Sil B (peptide/ligand molar ratios 1:0.1, 1:0.4 and 1:0.8) as plotted in
figure 56. The kinetics have been fitted with the logarithmical equation I =
(Io — Imax )/ (A + e t2/®y 1 where Ip and Imax represent the initial and the
maximum intensity of fluorescence, T is the time constant, and t;/ is the point in time where
the signal reaches 50% of the amplitude of the transition. Results are reported as the mean
of three experiments (+ SD).

3.3.5. Conformational analysis of hIAPP in the presence of Sil A/B
by Circular Dichroism

CD experiments have been carried out to study the secondary structure of
monomeric hlIAPP in the presence of Sil A and Sil B. The CD spectrum of 2.5 uM hIAPP did
show a random coil structure. Then, we registered CD spectra of the peptide in the
presence of Sil A and Sil B at a peptide/ligand molar ratios 1:1 and 1:2. All CD spectra in the
presence of the ligands exhibited a positive peak at 210 nm, characteristic of a polyproline
Il helix (PPII) structure (see figure 57). The intensity of this band was similar in both spectra
in the presence of Sil A at different molar ratio (1:1 and 1:2) while a dose-dependent effect
was observed in the presence of Sil B, with a more intense band at 1:2 peptide/ligand ratio,
indicating a larger conformational change induced by Sil B than Sil A. A shift in hIAPP

conformation, stabilizing a PPIl structure could be related to the anti-aggregating effects
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observed in ThT experiments, where a higher anti-fibrillogenic effect of Sil B was evidenced;

an aspect that reconciles with the conformational changes monitored by CD experiments.
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Figure 57 — CD spectra. (a) Circular Dichroism spectrum of hIAPP in the absence (black line)
and presence of Sil A in a peptide/ligand ratio 1:1 (red line) and 1:2 (blue line). CD curves
have been registered at 4 °C in 10 mM phosphate buffer pH 7.4, using a peptide
concentration of 2.5 uM. (b) As (a) except for Sil B instead of Sil A.

However, it is important to remind that, as most of the experimental methods used
in the characterization of proteins, CD may provide only structural-average information.
This, together with the conformational heterogeneity of IDPs severely complicates their
structural characterization being this one of the major challenges in the study of this group
of proteins?®* and, therefore, other techniques should be used to obtain a detailed
description of conformational equilibriums and to unveil the molecular details of ligand-

peptide interactions. This topic is analyzed in-depth in chapter 3.4.
3.3.6. Silybin derivatives inhibit hIAPP amyloid growth

To evaluate whether the hIAPP antiaggregant properties of silybins are maintained
in their trehalose conjugates, ThT assays have been performed. To this aim, hIAPP
fibrillation kinetics have been monitored in presence of increasing concentrations of both
Sil A-p-TH and Sil B-p-TH, in particular, in peptide/ligand ratios 1:0.4, 1:1, and 1:5. Both
compounds induced a slight delay in aggregation kinetics as well as a significant dose-

dependent decrease of the amount of ThT-positive fibrils formed, as shown in figure 58.
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A decline in the ThT signal was observed after achieving the maximum ThT
fluorescence in samples containing silybin derivatives, but not in the control. A ThT signal
decline, usually, may be ascribable to a precipitation of the formed fibrils. However, glass
beds are added in our experiments which, together with a 10 s shaking preceding each
measure, avoid fibril precipitation. Furthermore, it has been a very reproducible
phenomenon occurring just in samples containing Sil A-p-TH or Sil B-p-TH. Thus, we
hypothesize that: i) ligands induce the formation of a different type of fibrils, with a higher
tendency to precipitate or ii) ligands induce a structural change in the formed fibrils leading
to structures that fail to bond with ThT or produce another binding mode which involves a
less fluorescent signal.

Typical sigmoidal increase of fluorescence

Imax (u.a.) k (min™1) tiz (min)  tigg (min)
hlIAPP 5 puM 17.0(0.5) 0.029 (0.015) 281 (59) 188 (32)
hIAPP / Sil A-p-TH (1:0.4) 13.2 (0.5) 0.035 (0.020) 292 (48) 214 (82)
hIAPP / Sil A-p-TH (1:1) 12.9 (1.3) 0.046 (0.005) 290 (23) 242 (24)
hIAPP / Sil A-p-TH (1:5) 3.9(0.6) 0.031 (0.007) 289 (22) 216 (8)
hIAPP / Sil B-p-TH (1:0.4) 15.0 (3.0) 0.048 (0.009) 287 (8) 240 (17)
hIAPP / Sil B-p-TH (1:1) 9.8 (2.2) 0.037 (0.015) 329 (10) 262 (14)
hIAPP / Sil B-p-TH (1:5) 4.4 (0.5) 0.044 (0.019) 309 (17) 254 (15)
Fluorescence dropped — 2nd order polynomial
A(u.a.) B (u.a-h™?) C (u.a-h™?

hIAPP 5 uM - - -

hIAPP / Sil A-p-TH (1:0.4) 14,3 (5,7) -0.4-102 (1.8 -107?) -0.3-10 (8.6 -10°)
hIAPP / Sil A-p-TH (1:1) 18.7 (5.2) -2.1:102 (0.3 -107?) -8.3-10% (3.0 -10°)
hIAPP / Sil A-p-TH (1:5) 4.8 (1.0) -0.3-102 (0.3 -107?) -1.1-10% (1.4 -10°%)
hIAPP / Sil B-p-TH (1:0.4) 24.1 (4.5) -2.9:10%(0.6 -10?) -1.2:10% (2.9 -10°®)
hIAPP / Sil B-p-TH (1:1) 15.5 (3.6) -1.4-10% (0.6 -10?) -5.4-10 (2.8 -10°)
hIAPP / Sil B-p-TH (1:5) 8.2 (1.7) -1.0-10% (0.4 -10?) -4.6-10 (2.2 -10°)

Table 9 - Sigmoidal fit equation and characteristic parameters of aggregation kinetic. /mnax,
tis2, k, and tig of hIAPP fibrillation kinetics in the presence of Sil A-p-TH and Sil B-p-TH in
peptide/ligand molar ratios 1:0.1, 1:0.4, and 1:0.8 plotted in figure 58. The first part of the
kinetics have been fitted with the logarithmical equation I = I,,,,,/(1 + e *(t-t1/2)),
where Imax represents the maximum intensity of fluorescence; k is the slope or rate of
aggregation kinetics; t1/> and lag phase (tisg) and have been defined as the point in time where
the signal reaches 50% and 10% of the amplitude of the transition, respectively. The
fluorescence dropped has been fitted with a second-order polynomial equation I = A4 +
t-B+t*-C.
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Figure 58 — hIAPP aggregation kinetics of in presence of Sil A-p-TH and Sil B-p-TH.(a)
Amyloid fibrillation kinetics of hIAPP in the absence (black curve) and presence of Sil A-p-
TH in peptide/Sil A-p-TH molar ratios 1:0.4 (red curve), 1:1 (blue curve), and 1:5 (turquoise
curve). Dots represent experimental data; the continuous line is the fit of the kinetics
obtained by averaging each one of the characteristic parameters of the kinetics of three
different experiments (reported in table 9). Experiments were carried out using hlIAPP 5
UM at 25 °C in phosphate buffer 10 mM NaCl 100 mM pH 7.4. (b) As (a) except for Sil B.
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3.3.7. Silybin derivatives inhibit hIAPP amyloid growth in a
membrane-mimicking environment and protect the membrane
integrity from the amyloid-induced damage

ThT assays were carried out to assess the effect of silybin derivatives on hIAPP
amyloid growth in presence of pancreatic model membranes. When silybin derivatives
were tested at substoichiometric (hIAPP/ligand molar ratio 1:0.4) and stoichiometric
conditions, no significant differences were observed in the kinetics of aggregation.
However, in excess of ligand (hIAPP/ligand molar ratio 1:5), the maximum intensity of
fluorescence, and thus the amount of amyloid fibrils, was decreased in presence of each

one of the glycoconjugates by about 45% (see figure 59).

Dye release experiments performed at increased concentrations (peptide/ligand
ratios 1:0.4, 1:1, and 1:5) of Sil A-p-TH and Sil B-p-TH allowed evaluating their effect on
modulating the membrane disruption processes mediated by hIAPP (see figure 60). As
observed in the same experiment performed in presence of the parent molecules, two
disruptive processes were identified. The first is ascribable to oligomeric IAPP species, and
thus, to a pore-like mechanism. The second one, occurs later, when fibril formation has
already started, and therefore it is associated with fibrillar hIAPP species acting through a

detergent-like mechanism.

Both membrane damage mechanisms are partially inhibited by Sil A-p-TH and Sil B-
p-TH although with some differences. On one hand, the pore-like mechanism is inhibited
by both compounds in all experimental conditions showing a decrease of dye release of
around 62% in the presence of the highest dose (peptide/ligand ratio 1:5) for both
compounds. On the other hand, the detergent-like mechanism was inhibited to a lesser
extent (around 16%) by both compounds. However, differently from Sil A-p-TH, Sil B-p-TH
delayed the process in a concentration-dependent manner. Therefore, we can conclude
that both compounds may protect membranes from hIAPP damage, although, Sil B-p-TH

was more effective.
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Figure 59 — hlAPP fibrillation kinetics in a milieu containing pancreatic model membranes
in the presence of different concentrations of Sil A-p-TH or Sil B-p-TH. (a) Amyloid
fibrillation kinetics of hIAPP in the absence (black curve) and presence of Sil A in peptide/Sil
A-p-TH molar ratios 1:0.1 (red curve), 1:0.4 (blue curve), and 1:0.8 (turquoise curve). Dots
represent experimental data; the continuous line is the fit of kinetics obtained by averaging
each of the characteristic parameters of the kinetics of three different experiments
(reported in table 10). Experiments were carried out by using hIAPP 5 uM, POPC:POPC 7:3
LUVs 100 uM, in phosphate buffer 10 mM NaCl 100 mM pH 7.4 at 25 °C. (b) As (a) except
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Figure 60 — Dye leakage assays of hIAPP-mediated pancreatic model membranes
disruption in the presence of different of Sil A-p-TH and Sil B-p-TH. (a) Percentage of dye
released from POPC:POPS (7:3) LUVs triggered by hIAPP in the absence (black curve) and
presence of Sil A-p-TH in peptide/ligand molar ratios 1:0.1 (red curve), 1:0.4 (blue curve),
and 1:0.8 (turquoise curve). Dots represent experimental data; the continuous line is the
fit of the kinetic obtained by averaging each one of the characteristic kinetic parameters of
three different experiments (reported in table 11); the dashed line indicates the start of
the growth phase, and henceforth, the limit between pore-like and detergent-like
mechanisms. Experiments were carried out by using hIAPP 5 uM, POPC:POPC 7:3 LUVs 100
MM, in phosphate buffer 10 mM NaCl 100 mM pH 7.4 at 25 °C.
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ILngx(wa.)  k(min™')  ty,; (min) t,, (min)

hIAPP 7.2(0.9)  6.8:10°(4.4-10%) 681 (121) 209 (22)
hIAPP / Sil A-p-TH (1:0.4) 7.9 (0.4) 4.5-10%(1.1-10%) 840 (18) 219 (23)
hIAPP / Sil A-p-TH (1:1) 6.4(1.2) 8.8:10°(2.1-10%) 680 (106) 225 (22)
hIAPP / Sil A-p-TH (1:5) 3.8(1.9) 5.4-10%(1.5-10%) 584 (141) 214 (37)
hIAPP / Sil B-p-TH (1:0.4) 73(3.5)  6.510%(1.6:10%) 672 (173) 198 (23)
hIAPP / Sil B-p-TH (1:1) 7.0(2.6)  7.510°(2.6:10%) 652 (62) 242 (5)
hIAPP / Sil B-p-TH (1:5) 39(0.7)  6.0.10%(1.6-10°) 586 (146) 226 (33)

Table 10 — Characteristic parameters of hIAPP aggregation kinetics in the presence of
silybin derivatives in a pancreatic membrane mimicking milieu. /max, t1/2, k, and tiqg kinetics
parameters of 5 UM hIAPP fibrillation in the presence of POPC:POPS (7:3) LUVs with or
without Sil A-p-TH or Sil B-p-TH at peptide/ligand molar ratios 1:0.4, 1:1, and 1:5 (reported
in figure 59). Aggregation kinetics were fitted by the equation I = I,,,,,/(1 + e *(t-t1/2)),
where Imax represents the maximum intensity of fluorescence; k is the slope or rate of
aggregation kinetics; ti/> and lag phase (tiag) has been defined as the points in time where
the signal reaches 50% and 10% of the amplitude of the transition, respectively. Results are
reported as the average of three experiments (+ SD).

First release
Imax(u- a-) k(h_l) t1/2 (h)
hIAPP 5uM 17.0(1.7) 0.50 (0.24) 4.0(0.7)
hIAPP / Sil A (1:0.4) 14.5 (1.9) 0.38 (0.33) 11.0(7.4)
hIAPP / Sil A (1:1) 7.4(1.2) 0.16 (0.02) 12.0(0.9)
hIAPP / Sil A (1:5) 6.5 (0.5) 0.30(0.11) 8.8 (1.0)
hIAPP / Sil B (1:0.4) 8.3(1.4) 0.26 (0.10) 7.5(1.6)
hIAPP / Sil B (1:1) 10.7 (4.5) 0.20 (0.10) 14.1 (5.1)
hIAPP / Sil B (1:5) 6.4 (0.4) 0.18 (0.15) 12.5(11.3)
Second release
Iy(u.a.) Lnax(u.a.) k(h™) t1/2 (h)
hlIAPP 5uM 17.0(1.7) 14.6 (2.2) 0.049 (0.050) 425 (215)
hIAPP / Sil A (1:0.4) 14.5 (1.9) 11.7 (1.8) 0.013 (0.004) 503 (74)
hIAPP / Sil A (1:1) 7.4(1.2) 12.2 (1.3) 0.020 (0.005) 219 (17)
hIAPP / Sil A (1:5) 6.5 (0.5) 12.2 (2.3) 0.051 (0.041) 264 (24)
hIAPP / Sil B (1:0.4) 8.3(1.4) 13.9(2.3) 0.029 (0.010) 307 (17)
hIAPP / Sil B (1:1) 10.7 (4.5) 10.2 (1.6) 0.014 (0.010) 643 (61)
hIAPP / Sil B (1:5) 6.4 (0.4) 12.1 (4.9) 0.076 (0.039) 848 (126)

Table 11 - Characteristic parameters of hIAPP-mediated pancreatic model membranes
disruption kinetics in the presence of silybin derivatives. lo, Imax, ti/2, and k kinetics
parameters of the dye release from POPC:POPS (7:3) LUVs triggered by hIAPP 5uM and in
the absence or presence of Sil A-p-TH or Sil B-p-TH in peptide/ligand molar ratios 1:0.1,
1:0.4, and 1:0.8 plotted in figure 60. First and second release kinetics have been fitted with
the equations I = I, /(1+e %t t2)Y) and I=1Iy+ (Iya/(1+ e kit
respectively, where lp and Imqx represent the initial and the maximum intensity of fluorescence;
kis the time constant; ti/, is the point in time where the signal reaches 50% of the amplitude
of the transition. Results are reported as the mean of three experiments (+ SD).
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3.4. High-resolution structures of silybin/amyloid
complexes

3.4.1. Study of the AB and Sil A/B-p-TH interaction by NMR

Nuclear Magnetic Resonance (NMR) is as a powerful tool to study protein-ligand
interactions in solution; in particular, NMR methods could be applied to i) evaluate the
protein/ligand binding affinity, ii) identify the binding epitopes on both ligand and protein,
and iii) monitor the structural changes induced in the protein by ligand binding.?*®
Unfortunately, the ability of this technique to generate a detailed molecular description of
the complexes is counterbalanced by the need for large amounts of water-soluble samples.
For this reason, the interaction of proteins with poorly soluble compounds as silybins
cannot be analyzed with this technique. By contrast, highly soluble ligands as silybin-
phospho-trehalose conjugates may be conveniently investigated by NMR. Thus, to
understand the mechanism of action of the soluble glycoconjugates Sil A-p-TH and Sil B-p-
TH against AB aggregation, different NMR experiments (i.e. STD, *H-'H NOESY, and H-°H

HSQC NMR experiments) have been carried out in collaboration with prof. G. Melacini and

Dr. R. Ahmed from McMaster University, Hamilton (Canada).

Saturation Transfer Difference (STD) experiments are used to estimate the
binding epitope of ligands, that is, the groups of the ligand that are important for the
recognition by the protein. In these experiments, a protein frequency-selective pulse is
applied to some protons of the protein and the magnetic saturation is transferred to all the
protein and at the protons of the ligand that are interacting with it, being the transferring
of saturation to the ligand protons proportional to their proximity to the protein. The
mentioned spectrum or “on-resonance” spectrum is subtracted from a reference spectrum
or “off-resonance” spectrum of the ligand alone, permitting to establish the binding
epitope of the ligand. Finally, STD experiments can be cumulated at different
concentrations to obtain a titration curve used to calculate the dissociation constant (Kg)
for the ligand-protein interaction. Consequently, STD NMR titration using different

concentrations of silybin glycoconjugates (from 0 to 1000 uM) was carried out to establish
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3. Results and Discussion

the affinity constants of the silybin derivatives and preformed ABso oligomers, i.e. to
determine whether the anti-aggregation potency of the glycoconjugates resulting from the
binding with ABa4o oligomers. Both compounds Sil A-p-TH and Sil B-p-TH showed similar
affinities for the oligomers (see figure 61) with Kp = 396 + 88 uM and Kp = 333 £ 62 uM,

respectively.

0,4
02 Kp= 396 + 88uM 024 Kp= 333  62uM
010 T T T T 0!0 T T T LI
0 200 400 600 800 1000 0 200 400 600 800 1000
[Sil A-p-TH] (nM) [Sil B-p-TH] (uM)

Figure 61 — Binding affinities between silybin derivatives and AB4o oligomers. (a) Binding
isotherm for the titration of Sil A-p-TH into AP4o oligomers monitored through the STD
amplification factor (STDaf) and normalized to the maximum STD value. STDaf values
represent the average of two different aromatic protons and are indicated as mean (£ SD).
Sil A-p-TH/AB4o oligomer dissociation constant (Kp) is indicated in the figure. (b) As (a)
except for Sil B-p-TH.

STD:STR ratios of the previously shown STD-NMR spectra at the end of the titration
were used to build the binding epitopes maps of the silybin glycoconjugates (see figure 62),
showing different binding regions with ABsooligomers. Protons that belong to the phenolic
ring A showed the largest STD signal, indicating that it encloses the predominant binding
sites with AB4o oligomers. The protons of the trehalose and the methoxy group exhibited a
small saturation signal and, therefore, their contribution to the interaction with the
oligomers is negligible. Finally, phenolic rings C and E, exhibited a significant saturation
transfer, although to a lesser extent than ring A. Differences between binding epitopes of
SilA-p-TH and Sil B-p-TH diastereoisomers were only observed for the protons belonging to
the rings C and E (i.e. peaks form His 151822 and Hig21), where SilA-p-TH showed a slightly
higher STD signal.
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Figure 62 — Binding epitopes of Sil A-p-TH and SilB-p-TH as bound to ABao oligomers. (a)
Saturation transfer difference (STD, red) and reference (STR, black) spectra of ABao (90 uM)
in presence of 1mM Sil A-p-TH. Spectra are normalized with respect to the highest STD:STR
peak ratio, i.e. Hes. (b) Binding epitopes of Sil A-p-TH based on the STD:STR ratios shown in
(a). (c) As (a) except for Sil-B-p-TH. (d) As (c) except for Sil B-p-TH.

To study the conformational changes in silybin glycoconjugates ensued from the
interaction with AB4o oligomers, 2D - NOESY experiments were performed (see figure 63).
These experiments are widely used to study conformational changes in the ligand when it
binds to the protein thanks to the arisen changes in Nuclear Overhauser Effects (NOEs)
called transferred-NOEs (tr-NOEs). In our case, additional NOE signals appeared in the
spectra in presence of AB4o oligomers (0AB) compared with the spectra of the free ligand
in solution. In particular, in both diastereoisomers appeared a cross-peak signal (H13,15,18,22
vs. Hy 2) indicating an approaching between some protons from the rings B/E and the
trehalose moiety when silybin conjugates interact with oAB. Moreover, the spectrum of
o0AB-bounded Sil B-p-TH showed two additional cross-peaks (His21vs. Hi1 and He g vs. Hi;) that
were not verifiable for Sil A-p-TH because of the presence of residual water signal which
conceals the potential ligand signal. These cross-peaks allowed us to hypothesize that: i)
the re-orientation of the ring E, rotating about the single bond with the D ring, getting the

His closer to the His and ii) the re-orientation of ring A-C through the rotation of this moiety
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3. Results and Discussion

across the single bond with ring B, allowing the positioning of the Hs and/or Hg from the ring
A in the vicinity of the Hi1 from the ring D. Thus, the interaction of silybin conjugates with

0Ap leads ligands to assume a more compact conformation.
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Figure 63 — 'H-'H NOESY of Sil A-p-TH and Sil B-p-TH in the absence and presence of AB4o
oligomer. (a) Enlarged *H-'H NOESY spectra of 500 uM Sil A-p-TH. (b) Enlarged *H-'H NOESY
spectra of 100 uM Sil A-p-TH in presence of 90 uM APao. (c) Schematic map of the
intramolecular NOEs showed in (a). Grey zones indicate the residual H,O signal which
conceals the potential ligand resonances. (d) As (c) except for intramolecular NOEs showed
in (b). (e) As (a) except for Sil B-p-TH. (f) As (b) except for Sil B-p-TH. (g) As (c) except for
intramolecular NOEs showed in (e). (h) As (c) except for intramolecular NOEs showed in (f).

107



3. Results and Discussion

To measure the Sil A-p-TH and Sil B-p-TH binding affinity to ABso monomers, *H-1°>N
Heteronuclear Single Quantum Coherence (HSQC) experiments were carried out. The
heterocorrelation between the >N and 'H from the amide bonds generates one peak for
each residue of the protein (except for proline) as well as additional peaks due to the
amides present in the peptide side chain. Chemical shifts produced by the binding with the
ligand permit to map the binding site of the ligand on the protein. ABis monomers were
titrated with both ligands (from 50 to 1000 uM) and residue-specific chemical shift changes
(ACCS) and residue-specific intensity changes in HSQC spectra were plotted (see figures 64a
-b and 65a-b, for Sil A-p-TH and Sil B-p-TH binding affinities, respectively). The presence of
both Sil A-p-TH and Sil B-p-TH produced shift and intensity changes in a dose-dependent
way, indicating a significant affinity of the compounds to the monomers. A linear

correlation between average ACCS and intensity changes was observed in both cases.

The largest shift change was observed in residue R5, followed by Q15 and N27 in
presence of both Sil A-p-TH and Sil B-p-TH; this last one also prompted a big shift in residue
A28 with was not present for Sil A-p-TH. Arginine is an amino acid with a positive charge,
and as hypothesized in the study of hIAPP/silybins interactions (see chapter 3.4.2), binding
with the monomer could be directed by electrostatic interactions of residue R5 with the
deprotonated hydroxyl group in position 5. Furthermore, this scenario is supported by
previous studies of binding epitopes of Sil A-p-TH and Sil B-p-TH to oA (see figures 62-b
and 62-d) where we observed ring A as the most strongly interacting group of both ligands,
which is the group which contains the 5-OH moiety. By averaging the changes in the
chemical shift of each one of the peptide regions (i.e. N-terminal, CHC, and C-terminal;
black horizontal lines in figures 64-a and 65-a), it was observed that the biggest chemical
shift changes correspond with the N-terminus, followed by the CHC and the C-terminus.
Both CHC and N-terminus have been recently identified as toxic surface regions?°® of AB;
the chemical shifts observed in residues which belong to these regions pointed to their
involvement in the interaction with silybins and, thus, the antiaggregant effect of both
silybins could be ascribable to these specific interactions. Furthermore, these changes were
more evident in the presence of Sil B-p-TH, in accordance with the higher antiaggregant

activity of this diastereoisomer.
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Figure 64 — 'H->N HSQC chemical shifts and intensity changes on ABs monomer induced
by Sil A-p-TH. (a) ABs monomer residue-specific *H and >N combined chemical shift
changes (ACCS) induced by Sil A-p-TH at increasing concentrations (50 uM (blue), 150 uM
(green), 300 uM (yellow), 600 uM (orange), and 1000 uM (red)). N-terminal, CHC, and C-
terminal regions are indicated over the chart and average ACCS of each region are specified
with a black line. The peak corresponding to residue 36 could not be resolved due to
resonance overlap and is indicated with a hollow black circle. (b) ABs monomer residue-
specific intensity changes induced by Sil A-p-TH at increasing concentrations; the color code
has been maintained from (a). Data are normalized to the intensity in absence of ligand (lo).
(c) Average combined chemical shift (hollow red circles) and intensity (solid red circles)
changes of ABs monomers with respect to the added Sil A-p-TH concentration. (d)
Correlation between average ACCS and intensity changes.

109



3. Results and Discussion

Central
a N-terminus hydrophobic cluster Turn C-terminus
DAEFRHDSGYE|VHHQKLVFFAEDVGSNKGAI IGLMVGGVV
0.03 I B 50 uM

- I 150 M

£ 300 uM

2 0.02 600 uM

~~ 0-15 0.012 Il 1000 uM

(Vp) -

O 0.01 II I III I l mB0.008

2 ]
00 5 10 15 20 25 30 3 40

b Residue Number
1.0 o0& gggpdeee é@e'eeée 0egl agéee'geé ggeé
0sk 88° .o 8868 “ggBefe 8a@§ 88858 'Qgg

=2 B )

:O'G ®®@ o 0" @9 eeeee
04 ese LA 8pge00 O @ 05% &
0.2f
0 P U R S T N S NN SN S S |

0 5 10 15 20 25 30 35 40
Residue Number

c o0 0015 o 100
e £ % 0.75
0.75 > -0.010 O o '

= 0.50 ° ' g = 050

- -0.005 R?=0.99
0.25 o 0 Y g 0.254
0.00& - - - - 0.000 0 - r T T

0 200 400 600 800 1000 0 0.006 0.012
[Sil B-p-TH] (uM) ACCS (ppm)

Figure 65 — 'H->N HSQC chemical shifts and intensity changes on ABs monomer induced
by Sil B-p-TH. (a) ABs monomer residue-specific *H and >N combined chemical shift
changes (ACCS) induced by Sil B-p-TH at increasing concentrations (50 uM (blue), 150 uM
(green), 300 uM (yellow), 600 uM (orange), and 1000 uM (red)). N-terminal, CHC, and C-
terminal regions are indicated over the chart and average ACCS of each region are specified
with a black line. The peak corresponding to residue 36 could not be resolved due to
resonance overlap and is indicated with a hollow black circle. (b) ABs monomer residue-
specific intensity changes induced by Sil A-p-TH at increasing concentrations; the color code
has been maintained from (a). Data are normalized to the intensity in absence of ligand (o).
(c) Average combined chemical shift (hollow red circles) and intensity (solid red circles)
changes of ABs monomers with respect to the added Sil B-p-TH concentration. (d)
Correlation between average ACCS and intensity changes.
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3.4.2. Investigation of hlAPP and Sil A/B interaction by Molecular
Dynamics

Due to the low water solubility of Sil A and Sil B, it is not possible to analyze ligand-
peptide complexes by conventional experimental techniques such as NMR because of the
high ligand concentrations required for each experiment. Therefore, to gain molecular
details about the mechanism of interaction between hlAPP and silybins, molecular dynamic
simulations were carried out during a 3-months research stage in the laboratories headed
by prof. A. Caflisch (University of Zurich, Switzerland). Molecular dynamics (MD)
simulations are widely used to simulate the behavior of several biological processes, e.g.
protein folding or ligand binding, at an atomistic detail. The theoretical approach is based
on the use of the classical Newton’s equation of motion to simulate the dynamics of a group

of atoms over time.

First, the 3D structures of Sil A and Sil B were obtained from pdb files also
considering their protonation states in position C(5) at neutral pH. Next, preliminary explicit
solvent MD simulations were carried out for both ligands at different protonation states
evidencing that the protonated molecules sampled very similar states to the
monodeprotonated molecules in position 5-OH (see supplementary figures S2 and S3).
Based on these observations and combined with experimental evidence, which indicates
the prevalence of the monodeprotonated species at pH 7.4,%3* we decided to use these in
the production simulations. Thus, henceforth, mentions of silybins will refer only to the

monodeprotonated compounds.

Due to the lack of a reported PDB structure of hlIAPP in the studied conditions (it is only
registered stabilized by an SDS environment or in its fibrillary state), seven independent
amylin structures were randomly generated from the human peptide sequence (including
the C,-C; disulfide bridge which is essential for the biological function of the peptide) and
used as starting structures. The system was prepared as reported in the experimental
section and MDs were produced by each one of the hIAPP structures. From a total
cumulated sampling of about 6000 ns of simulation, we extracted 5 representative
snapshots of hIAPP visited along multiple trajectories, that were posteriorly used as protein

starting structures in hIAPP/silybins MDs.
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To identify these representative snapshots, we used the SAPPHIRE (States And
Pathways Projected with High REsolution) analysis. This computational method allows
ordering all the sampled states of an intricate system, assigning their statistical weight and
the recurrence with which are visited along one or multiple trajectories.?®’ Basically, in
SAPPHIRE analysis a geometric parameter is given as input and, according to the similarities
that each one of the sampled states present in regard to this parameter, all the snapshots
are ordered and defined by a progress index. The construction of the called “cut function”
by counting the transitions along the entire simulation which present similarities according
to the input, permits the partition of the entire sampling into a set of free energy basins
which group the similar snapshots. Thus, the local minima of the cut function correspond
with the highly populated states while the local maxima are barriers, i.e. conformational
stated visited sporadically. Furthermore, several geometric variables (e.g. the secondary
structure assignment per residue) can be added to facilitate the visual characterization of

the states.

In the present case, we defined the metric input for the analysis as the RMSD of the -
angles of the residues at the core of the peptide, i.e. T9-528 excluding residues H18, S19,
S20, N21, N22, F23, and G24. The rest of the residues (H18- G24, K1-A8, and $29-V37) were
not considered because of their scarce structuration and thus their lack of discriminatory
contribution to the analysis. The statistical weight of the different metastable states of
hIAPP was identified thanks to the cut function in the SAPPHIRE analysis (black line in figure
66). From all the identified basins, only a few of them, that were visited with recurrence in
several of the individual simulations (recurrence is indicated with red dots in the central
part of figure 66), were selected as starting configurations for the subsequent amylin-
silybin MDs. They are indicated with green stars in figure 66 and their configuration is

represented in figure 67.
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Figure 66 — SAPPHIRE analysis plot of hIAPP simulation. The cut function (black line) throughout the progress index is accompanied by the
dynamic trace (red dots) which allows the identification of the recurrence of each conformation through the time-scale and in each one of the
individual runs (delimited by the horizontal gray dashed lines). The secondary structure assignment (DSSP) per residue along the sequence (upper
part of the plot; legend in the top) is included to facilitate the identification of the states. Green stars indicate the selected representative states

used as starting configurations for the subsequent amylin-silybin MDs
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Figure 67 — Snapshots of the representative structures of hlAPP selected from the
SAPPHIRE analysis. The structures have been selected from the SAPPHIRE analysis
(green starts in figure 66). The red stick symbolizes the C,-C; disulfide bridge.

These five selected amylin conformations, together with the previously
generated Sil A and Sil B structures, were used to generate the structure and topology
of hIAPP-Sil A and hlAPP-Sil B complexes at the peptide/ligand ratios 1:1 and 1:2. The
systems were prepared as reported in the materials and methods section. Ten different
MD simulations (2 for each one of the selected hlAPP structures) were produced for
each one of the studied systems, obtaining a total simulating time of around 6-7 us in
each case (secondary structure assignments — DSSP — to the amino acids of the protein

throughout the concatenated simulations are reported in supplementary figures S4-S8).

The analysis of the trajectories of the performed simulations indicated
differences in the time of interaction along the entire sampling between hIAPP and each
one of the silybin diastereoisomers. While Sil A interacted with hIAPP around 35% of the
simulated time in both the assessed peptide/ligand ratios (1:1 and 1:2), Sil B showed a
dose-dependent effect. The time of interaction of Sil B with hIAPP was around 30% in a
1:1 ratio and was doubled (about 60%) when the 1:2 ratio was simulated. This behavior
was also observed in the average number of hIAPP-silybin interactions per frame: both
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Sil A and Sil B presented, on average, 3.5 interaction per frame in simulations performed
in a 1:1 peptide/ligand ratio; when the ratio was increased to 1:2, this value showed a
slight increase (average of 3.7 interactions per frame) for Sil A, while, for Sil B, the
increase was substantial (average of 10 interactions per frame) (see figure 68). This
behavior could explain the higher antiaggregant activity of Sil B than Sil A previously

observed by ThT assays (see figure 54).
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Figure 68. (a) Normalized interacting time between hIAPP and Sil A (turquoise bars) and
Sil B (blue bars) in a peptide/ligand ratio 1:1 and 1:2. Interacting time has been
calculated considering the frames where one or more atoms from the protein are near
any atom of the ligand, considering a threshold distance of 5 A, and normalizing to the
total number of frames. (b) Average number of hIAPP-silybin interactions per frame for
systems containing Sil A (turquoise bars) and Sil B (blue bars)in a peptide/ligand ratio
1:1 and 1:2. Data have been calculated by considering any pair of atoms from hlAPP and
the ligand with a minimum distance below a threshold of 5 A during the entire sampled
time and normalizing by the total number of frames.

As evidenced in the hIAPP contact maps reported in figure 69, silybins produced
significant changes in the pattern of hlIAPP inter-peptide interactions. On one hand, in
all the studied systems in the presence of silybins, interactions between the stretches
T9-A13 and N14-519 from the N-terminal region (N-term) were increased if compared
with the simulations of hIAPP lacking ligands. On the other hand, a remodeling of the
inter-peptide interactions between the amyloidogenic core (AC) and the N-term was
observed. In particular, interactions between stretches 126-V32 (A.C and N-term) and

F15-S20 (N-term) were increased in all systems containing silybin. Furthermore, the
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interactions between the stretches N21-L27 (A.C.) and T6-Q10 (N-term) increased, at
the expense of a decrease in the interactions between this same AC stretch and the T6-

Q10 from the N-terminal region.
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Figure 69 — Contact maps. (a) Probability of contact between all possible residues pairs
of hIAPP in absence of ligand. Data has been obtained considering the minimum distance
between all the residues during all the simulation and using a threshold distance of 5 A.
The upper-left portion of the plot considers the center of mass of the residues in the
calculation while the lower-right portion considers the minimum atomic distance. (b)
Qualitative changes in the probability of contact between all possible residues pairs of
hIAPP in presence of Sil A in a peptide/ligand 1:1. Red and blue dots represent an
increase or decrease in the probability, respectively. Data have been calculated by
subtracting the contact map of hIAPP in presence of the ligand (in the specified condition
and calculated as previously reported) and the contact map of the protein alone showed
in (a). (c) As (b) except for a protein/ligand ratio 1:2. (d) As (b) except for Sil B. (e) As (c)
except for Sil A.

The radius of gyration (Rg) of freely joined chains and the asphericity (8) are
parameters widely used in the characterization of proteins shape and packing. The first
one is directly related to the compactness of the peptide while the second one is an
indication of the asymmetry in its shape. The presence of Sil A and or Sil B in 1:1
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peptide/ligand ratio induced a narrower probability distribution of the Rg of hIAPP. This
effect was more evident in the presence of Sil B at a peptide/ligand ratio 1:2, differently
from Sil A which induced a distribution insensitive to the molar ratio (see figures 70-a
and -b). A shift in the asphericity distribution to higher values was observed in
simulations containing silybins, indicating the predominance of more extended protein

states when the protein interact with the ligands (see figures 70-c and -d).
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Figure 70. (a) Probability distribution of the radius of gyration (Rg) of freely joined chains
of hIAPP (black line), in the presence of SilA in peptide/ligand ratio 1:1 (blue line) and
1:2 (red line). (b) As (a) except for Sil B. (c) Probability distribution of asphericity (6) of
hIAPP in the presence of Sil A in peptide/ligand ratio 1:1 (blue lines) and 1:2 (red line).
(d) As (a) except for Sil B.
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The presence of silybins produced modifications in the fluctuations over the
peptide conformations. Both Sil A and B induced a decrease of the root-mean-square-
fluctuation (RMSF) along the a-C of the amylin stretch 126-G33 that could be ascribable
to the aforementioned increase in inter-peptide interactions involving residues F15-S20.
Conversely, the fluctuation along the a-C of stretches K1-C7, R11-A25, and S$34-Y37

increased in simulations including silybins (see figure 71).
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Figure 71 — Root-mean-square fluctuation (RMSF). RMSF calculated along the a-C of
hIAPP in the absence (black) and presence of Sil A in a peptide ligand ratio 1:1 (orange)
and 1:2 (red), and of Sil B in a peptide ligand ratio 1:1 (green) and 1:2 (blue).
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Figure 72 — Binding sites of silybins on hIAPP monomers. Intensity mapping of binding
sites of Sil A and Sil B on hIAPP in simulations performed at peptide/ligand ratios 1:1 and
1:2. Interactions have been calculated considering the minimum distance between any
pair of atoms from each residue and the ligand, applying a threshold distance of 5 A and
normalizing to the total number of frames in each system.
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Figure 73 — Silybin binding sites on hIAPP. Sil A and Sil B binding regions on hlAPP
monomer in peptide/ligand ratios 1:1 and 1:2. Intensity mapping was obtained
considering all the interactions along the entire sampling and normalizing to the total
number of frames. Interactions have been calculated considering the minimum distance
between any pair of atoms from the protein and each binding region of the ligand
(threshold distance of 5 A). The nomenclature used to design the different silybin
binding regions are indicated in the structural representation on the left.

The interactions between hIAPP and Sil A or Sil B were studied by examining the
most recurrent contacts between the protein and each one of the ligands in all the
studied systems (peptide/ligand ratios 1:1 and 1:2). Highly recurrent interactions
between the deprotonated hydroxyl in position C-5 of both silybins and the cationic
residues K1 and R11 were observed in all the assessed conditions, indicating the
interaction of the peptide with both Sil A and Sil B thought electrostatic forces (see
figures 72 and 74).

Due to the well-known key role played by phenolic motifs in inhibiting the
aggregation of amyloidogenic peptides,??-3% the interactions of the peptide with the
aromatic rings A, B, and C of each one of the diastereoisomers were carefully evaluated.
This analysis evidenced for Sil B a higher recurrence of interactions with the peptide and
a larger involvement of rings B and E in these interactions, differently from Sil A which
shows predominant interactions with ring A and B (see figure 73). In particular, aromatic
ring A of Sil A was involved in interactions with residues F15 and B32. The same peptide
regions results also involved, albeit to a lesser extent, to ring B, at both the simulated
peptide/ligand ratios (1:1 and 1:2) (see figure 74). When 2 Sil A molecules were
simulated, additional recurrent contacts were observed with these two aromatic rings,
in particular with residues A8, L16, F23, 126, and A25. Sil B interacted with amylin by

means of both rings B and E, involving a higher number of residues, i.e. A8, L12, F15,
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L16, F23, 126, L27, and V32. Furthermore, interactions with residues A5, V17, and A25
were also evidenced in MD simulations with 2 molecules of Sil B. The interactions with
Sil B by ring E that were not present with Sil A, are ascribable to the different chirality of

the stereocenter located in C-11.

Moreover, other remarkable differences between the two diastereoisomers
were observed. The hydroxyl and the methoxy groups in positions C-7 and C-19,
respectively, evidenced significant interactions with hlAPP for both diastereoisomers
(see figure 73). However, interactions with the hydroxyl group in position 23 were
significant only for Sil B. Once again, the different chirality of Sil A and Sil B leads to a

different geometry of this group, and thus, these interactions were favored only for Sil

B.
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Figure 74 — Distribution of silybin-hlAPP interactions. Sil A and Sil B binding regions on
hIAPP vs. hIAPP residues involved in the interactions in peptide/ligand ratios 1:1 and 1:2.
Interactions have been obtained considering the minimum distance between any pair
of atoms from each residue and each binding region of silybin has been considered
(threshold distance of 5 A).

Due to the importance of the amyloid core in the fibrillation process, the

interactions between Sil A and Sil B with this stretch were analyzed in detail. This domain
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exhibited more highly recurrent interactions with Sil B. These interactions resulted
increased in simulations performed at a peptide/ligand 1:2 ratio. In addition to
hydrophobic interactions, H-bonds between Sil B, and the hlAPP stretches N21-G24
(A.C.) and S28-N35 (A.C. and C-term) plays a major role in driving the interactions
between Sil B and the peptide (see figure 75). The stronger interactions of Sil B with the

hIAPP amyloid reconciles with its higher antiaggregant efficiency observed in ThT assays.
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Figure 75 — Hydrogen bonds occupancy between the residues of hIAPP and silybins. H-
bond occupancy of hIAPP residues with Sil A or Sil B in a peptide/ligand ratio 1:1 and 1:2.
H-bonds have been calculated considering a cut-off distance of 4 A and a cut-off angle
of 30°.

To assess the conformational changes induced by silybins into every single
residue, the difference between the Ramachandran probability distribution of
simulations in the presence and absence of each one of the ligands were plotted (see
supplementary figures S9-S13). In particular, the most common conformational
changes, observed in several residues, were a decrease of B-sheet structure (¢ ~ -150°;
W ~ 150°), an increase in PPII structure (¢ ~ -60°; W ~ 150°), or changes (increase or
decrease) of ai(dp ~ -60° W ~ -60°) or ag (P~ 80° W ~ 0°) structures. Following the same
procedure, the differences in the global Ramachandran probability distributions allowed
to evaluate the global conformational changes resulted in the peptide due to the
presence of Sil A and Sil B (see figure 76). Both ligands, Sil A and Sil B, induced an increase
in the probability of PPIl and a. structures and a decrease in the probability of ag
structure. The decrease in ar structure was more evident for simulations performed at
an equimolar ratio than in those performed in the presence of two ligand molecules.
Furthermore, the presence of Sil B in a peptide/ligand ratio 1:2 induced an additional

decrease of B-sheet structures. Notably, the observed increase in PPll content reconciles
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with CD studies. Moreover, the decrease in the content of B-sheet structure in presence

of Sil B is in accordance with the higher antiaggregant ability of this diastereoisomer.
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Figure 76 — Changes in the probability distribution of backbone dihedral angles
(Ramachandran plots). (a) Changes in the probability distribution of backbone dihedral
angles of hIAPP induced by the presence of SilA in a peptide/ligand ratio 1:1. The plot
has been obtained by subtracting the Ramachandran probability distribution of hIAPP
alone from that one in the presence of Sil A in the specified conditions. Red and blue

regions in the plot correspond with positive and negative values, respectively, and thus,

with an increase or decrease in the probability of these dihedral angles. (b) As (a) except
for 1:2 ratio. (c) As (a) except for Sil B. (d) As (b) except for Sil B.
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Chapter 4. Conclusions

The lack of effective treatments for AD and T2DM is to a large extent due to
their multifactorial nature and highly complex pathogenic mechanisms. Accordingly, the
failure in clinical trials of all the drugs designed so far for their treatment is clear
evidence of the limitation of the classical one-drug - one-target approach in this field.
Therefore, given the interconnections between these two maladies which share
common pathogenic mechanisms, we propose here a new, multi-target strategy against
both diseases, to profile small molecules for their potential to be used as AB/hIAPP

proteostasis rescuers for the treatment of AD and T2DM.

To accomplish this ambitious goal, we have investigated the cytoprotective
effect of two natural compounds (Silybin A and Silybin B) extracted from the plant
Silypbum marianum and described how they may i) inhibit AB/hIAPP aggregation in
aqueous solution or in the presence of model membranes; ii) counteract amyloid-
mediated membrane disruption, iii) enhance 20S proteasome activity, iv) foster
ubiquitin signaling and v) protect from oxidative stress (see figure 77). The elucidation
of the molecular mechanisms by which silybins exert their action against the mentioned
targets was carried out by using several techniques. We next evidenced the important
role of the stereochemistry in these processes and designed and synthesized silybin
derivatives able to overcome the limitations in the use of these compounds, i.e. their
low water solubility and bioavailability. The conjugation of silybins to a trehalose moiety
through a phosphodiester linker, following a pro-drug approach, notably increases
solubility and bioavailability. This approach allows the administration of higher amounts
of pro-drug, which in turn, will progressively release, in a time-scale of days, the less
bioavailable but active silybin. In addition, the synthesized pro-drugs are not devoided
of activity but, rather, partially maintain or, in some cases, even increase the ability of

silybins against the studied targets. The activity of the pro-drugs represents an
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additional advantage, addressing not only the solubility related problem and permitting
the delivery of the drug, but furthermore, being a part of the whole drug system where
both drug and pro-drug present desirable activities in restoring proteostasis. In fact, the
ability to halt and rescue the cytotoxicity of AR oligomers by both silybins and silybins
derivatives has been validated in a neuron-like cell system. Finally, high-resolution
analysis of peptide/ligand complexes allowed us to fully uncover to an unprecedented
level of accuracy the molecular reasons that entail the cytoprotective effect of silybins
against the proteotoxic stress induced by AB and IAPP, and which makes Sil B more
effective than Sil A.

We hope that our multi-target strategy to rescue both AB and hlAPP proteostasis
could pave the way to future studies aimed at treating these important pathologies, also
including other targets with the objective of totally counteract the proteostasis

imbalance responsible of the progress of both AD and T2DM.
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Figure 77. Release of silybins following the pro-drug approach and silybins’ targets that
entail their cytoprotective effect.
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Chapter 5. Materials and methods

5.1. Chemicals

Silibinin was purchased from Sigma-Aldrich. ABs and hIAPP were purchased from
GenScript. ABa2 was purchased from Bachem. Unlabeled AB4o and uniformly labeled °N-
AB40 used in NMR experiments were purchased from EZBiolab and rPeptide,
respectively.  1-Palmitolyl-2-oleoyl-sn-glycero-3-phosphatidylcholine  (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), and total lipid brain extract
(TLBE) were purchased from Avanti Polar Lipids. Hexafluoro-isopropanol (HFIP) and
HPLC-grade acetonitrile (ACN) were obtained from Carlo Erba. Purified human 20S
proteasome and the fluorogenic substrates Suc-Leu-Leu-Val-Tyr-AMC, Z-Leu-Leu-Glu-
AMC, and Ac-Arg-Leu-Arg-AMC, used to assay the ChT-L, T-L, and C-L activities, were
obtained from Boston Biochem. Purified yeast 20S and a3AN yeast 20S mutant were a
generous gift of Prof. Michael Groll (Technical University of Munich). Trolox was
purchased from Acros Organic. 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) was obtained from Aeser. Thioflavin T (ThT), ammonium molybdate
heptahydrate, sodium pyrophosphate, CH3OH, dithiothreitol (DTT), sodium
dodecylsulphate (SDS), Tris buffer, ATP, ascorbic acid, NaOH and MgCl,, and all-trans-
retinoic acid (RA) were purchased from Sigma-Aldrich. Ub from bovine red cells was
obtained from Sigma Aldrich and purified by extensive dialysis against pure water for 24
h at 48 °C. Ub concentration in pure water was routinely measured by UV (e 280 = 1280
M= cm™). Human recombinant Ub activating enzyme (UBA1), and human recombinant
Ub conjugating enzyme UbcH1 were purchased from Boston Biochem. DMEM-F12 fetal
calf serum, penicillin and streptomycin were purchased from Gibco, Thermofisher. TAAB
EM Stain 336 was obtained from Taab Laboratories Equipment . All water solutions were

prepared with ultrapure Milli Q water.
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5.2. Synthesis of Sil A-TH and Sil B-TH

Using a selective and orthogonal approach,®! we started from Sil A (or B),
previously obtained by RP-HPLC separation from silibinin,3°? and the a,a-trehalose. We
initially converted Sil A (or B) into 9"-ODMT ether with DMT-chloride (DMTCI) in
pyridine, and after exhaustive acetylation with excess isobutyryl anhydride, successive
treatment with 5% formic acid in CH,Cl, allowed the removal of the DMT protecting
group and to led 2a (or 2b) in 63% yield (67% for 2b). Intermediate 2a (or 2b) was reacted
with  2-cyanoethyl-N,N-diisopropylamino-chlorophosphoramidite and DIEA in
anhydrous CHCl,. After purification, the identity of compounds 3a (61%) and 3b (65%)
were confirmed by NMR (*H, $3C, and 3!P) and ESI-MS data.

The same approach was used to synthesize hepta-O-acetyl-trehalose (4). We
converted o,a-trehalose into 6-ODMT-ethers and then fully acetylated by treatment
with excess acetyl anhydride in pyridine. Treatment with 5% formic acid in CHxCl,
allowed the removal of the DMT protecting group leading to 2,3,4,6,2',3',4'-hepta-O-

acetyl-a,a-trehalose in good yields (60%).3%3

Trehalose derivative 4 was coupled with silibinin phosphoramidite 3a (or 3b)
using 0.45 M 4,5-dicyanoimidazole (DCI) to 1h. After treatment with 5.5 M tert-butyl
hydroperoxide (TBHP) solution in decane (30 min), the crude material was purified by
flash chromatography and then treated with conc. ag. ammonia and CH3OH (1:1, v:v) at
50 °C, which allowed full cleavage of the acyl and cyanoethyl (CE) protecting groups. The
crude materials were subjected to reverse-phase analysis and purification leading to the
desired phosphodiester derivatives 5 and 6. Both compounds were then converted into
the corresponding sodium salts by cation exchange on a DOWEX (Na* form) resin to

obtain crystalline compounds (43% and 46% yields respectively).
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Scheme 1. Synthesis of silibinin phosphoramidites 3a and 3b and trehalose derivative 4.
Reagents and conditions: (a) DMTCI, pyridine, r.t.;(b) isobutyl anhydride, pyridine; (c) 5%
formic acid in CHCly; (d) 2-cyanoethyl-N,N-diisopropylamino-chlorophosphoramidite,
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Scheme 2. Synthesis of 5 and 6. Reagents and conditions: (a) 0.45 M DCl in THF, r.t.; (b)
0.02 M Iy in THF, r.t.; (c) 28% NH4OH ag. 50 °C.

5.3. MTT assays

Oligomers preparation. To prepare the APa, oligomers, 1 mg of ABs, (HFIP-
treated) was firstly dissolved in 5 mM DMSO. A solution of 10 uM ABa; in ice-cold DMEM
F-12 w/o Phenol Red, was prepared and allowed to oligomerize for 48 h at 4 °C according
to the Lambert protocol®” and our research group previously described method.3%* Cells
were treated with a 2 uM final concentration of oligomers.

Cell Culture. The neuroblastoma (NB) cell lines, SH-SY5Y, were cultured in
DMEM-F12, supplemented with 10% heat-inactivated (HI) fetal calf serum, 100 mg/mL
penicillin and streptomycin, and 2 mM L-glutamine at 37 °C, 5% CO,. Two weeks before

experiments, 5-103 cells were plated on 96 multi-well plates in DMEM-F12 with 5% HI
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fetal calf serum. The percentage of serum was gradually decreased until 1% of total. Five
micromolar of all-trans-retinoic acid (RA) was used to promote neuronal differentiation
and medium-containing RA was changed every 3 days. Treatments were performed on
fully differentiated cells. In order to evaluate the ability of Sil A, Sil B, and their trehalose
conjugates to inhibit toxic AR oligomerization, samples of AB4> (10 uM) were incubated
in the presence or absence of Sil A, Sil B, Sil A-p-TH, or Sil B-p-TH compounds (AB/ligand
ratios 1:1, 1:5). The natural compounds' stock solutions were dissolved in DMSO,
keeping the final DMSO concentration under 0.4%. After 48 h incubation, AB/ligand
mixtures were applied to the differentiated SH-SY5Y cells at the final concentration of 2
KM AB. After 48 h treatment, MTT assay was performed to assess cell viability.

MTT assay. To assess the effect of Sil A, Sil B, and their trehalose conjugates, cell
viability of differentiated SH-SY5Y was assessed by the 3-[4,5-dimethylthioazol-2-yl]-2,5-
diphenyl tetrazolium bromide (MTT) assay, after 48nh treatment. Cultures were
incubated with MTT (0.5 mg/mL) for 2 h at 37 °C, then lysed with DMSO for 15 min at 37

°C. Formazan production was evaluated in a plate reader (A =570 nm).

5.4. Dynamic Light Scattering (DLS)

Samples were prepared in milli Q water with increasing concentrations of Sil A
and Sil B (up to 20uM) and Sil A-p-TH or Sil B-p-TH (up to 200 uM) from 1mM stocks
solutions (in DMSO or water for silybins and trehalose-conjugates, respectively). Stock
solutions were previously filtered with a cellulose or PTFE filter (for water or DMSO
solutions, respectively; pore size 0.2 um). DLS measurements were carried out with a
Zetasizer Nano ZS (Malvern Instruments, UK) equipped for backscattering at 173 with a
633 nm He—Ne laser. Each DLS measurement was run using automated, optimal
measurement times, and laser attenuation settings. A measurement of 10 runs was
carried out for each concentration. The recorded correlation functions were converted

into size distributions by using Dispersion Technology Software (DTS).

5.5. Stability in human serum

An appropriate amount of compound was dissolved in one volume (e.g., 100 pL)

of Tris-HCI buffer (50 mM, pH 7.4) at 37 °C. Height volumes (e.g., 800 pL) of preheated
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human serum were added, and the solutions were kept in a water bath at 37 °C (initial
concentrations were 0.6 - 0.7 mM). At appropriate intervals (t;, i=0, 1, 3, 5, 24, 48, 72,
96 hours), 100 uL samples were withdrawn and "deproteinized" adding 450 pL of
methanol/tetrahydrofuran (4:0.5 v/v). After mixing and centrifugation, the supernatants
were filtered on syringe filters regenerated cellulose membrane (diam. 4 mm, pore size
0.2 um) and then 100 uL were injected into the HPLC. HPLC analysis was performed with
an LC-9A HPLC system (Shimadzu, Milan, Italy) equipped with a Shimadzu SPD-6A
detector using an RP8 column (LUNA, Phenomenex, 5um particle size, C8 (2) 100 ,&,
250x4.60 mm i.d.) eluted with ammonium acetate 50mM (pH = 7.4) and ACN, following
the gradient: 5% ACN for 5 min, and then 5-100% ACN in 30 min (flow = 1.0 mL/min)

and monitored at 288 nm.

5.6. Total antioxidant capacity — TEAC assay

A solution of ABTS 7mM with the oxidant reactant potassium persulfate 2.45 mM
was prepared; the solution was incubated at room temperature overnight in darkness
to generate the stable radical ABTS®*. A definite quantity (to obtain an absorbance of
around 0.8 a.u., A=734 nm) of the freshly radical solution was added to a solution of the
studied molecule (from 1 to 50 uM; final concentration) in 10 mM phosphate buffer
pH 7.4. The absorbance at 734 nm was monitored at 1 min, 3 min, and 6 min. The same
protocol was used to determine the antioxidant capacity of Trolox; results were

reported as Trolox equivalents.
5.7. Poly-ubiquitination assay

Polyubiquitination reactions were carried out in buffer Tris 10 mM, in the
presence of our compound (1 uM, 5 uM), ubiquitin 20 uM, ATP 2 mM, MgCl,5 mM as a
cofactor, DTT 11 uM as a reducing agent, ubiquitin-activation enzyme (UBA1) 100nM
and the E2 ubiquitin-conjugating enzyme UbcH1 (750 nM) which can catalyze the
formation of K48-linked ubiquitin chains in the absence of E3 ligase. The reactions were
analyzed by SDS-PAGE and silver staining. Densitometric analysis of SDS-PAGE was

carried out using the software Image J; data were expressed as relative
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polyubiquitinated species (lpolyubiquitinated specie/ lubiquitin) and normalized by considering the

sum of all the polyubiquitinated species of the control as 100%.
5.8. Molybdopyrophosphate assay

Lys48-linked polyubiquitination reactions were performed in the presence and
absence of Sil A, Sil B, Sil A-p-TH, and Sil B-p-TH (1 uM and 5 uM) in 10 pL of ligation
buffer (50 mM Tris—HCI, 30 mM MgCl,, 650 uM DTT, and 2.6 mM ATP) containing Ub (80
mM), ubiquitin-activation enzyme (UBA1) 100 nM and the E2 ubiquitin-conjugating
enzyme UbcH1 (300 nM) at 37 °C during 1 h. The reaction mixtures were collected in a
96 well plate. In each well, 10 pL of a 400 mM EDTA solution was used to quench all
reactions. 20 pL of a freshly prepared ammonium heptamolybdate (NH4)sMo07024
solution (20 mM, 0.6 M HCI, in H,O/ACN (60:40)) was added to form the 18-
molybdopyrophosphate and, after 10 min, it was reduced by adding 80 pL of a freshly
prepared solution of ascorbic acid (500mM, 2M HCI, in H,O/ACN (60:40)). The
pyrophosphate concentration was determined colorimetrically at 790 nm by using a

Varioskan plate reader (ThermoFisher, Waltham, MA).?&
5.9. 20S Proteasome activity assays

Due to the high homology levels between yeast and human 20S (y20S and h20S,

174 and because of the larger availability of y20S in our

respectively) proteasomes
laboratory, we used it as a screening model and to optimize the experimental
conditions. We monitored the ChT-L activity in this preliminary phase because is
generally considered the rate-limiting of proteasome activity.3%> However, it has seen
that the relevance of each one of the hydrolytic activities of the CP depends on the
degraded protein, and, in mammalians, the role of PGPH and T-L activities are not
negligible;1’2 for this reason, the ability of silybins to modulate the other two activities
was also posteriorly tested. The chymotrypsin-like (ChT-L), trypsin-like (T-L), and
caspase-like (C-L) peptidase activities of the proteasome were assayed by using 7-amino-
4-methylcoumarin (AMC) labeled peptides, i.e., fluorogenic substrates (Suc-LLVY-AMC,
Z-LLG-AMC, and Ac-RLR-AMC, respectively). In the experiments, purified human or yeast

20S (1 nM) were used in Tris buffer 50 mM at pH 8.0. Sil A, Sil B (solved in DMSO), Sil A-
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p-TH, or Sil B-p-TH (solved in H,0) were added and incubated 30 min at 37°Cin presence
of proteasome. Sequentially, the peptide-AMC (100uM) was added. At this moment, the
reaction started, and proteasome activity was monitored by measuring AMC
fluorescence at 440 nm (Aexc= 360nm) using a fluorescence plate reader (Multiskan,
Thermo) in a 384 multiwell black plate. Fluorescent substrate cleavage by the 20S
proteasome was linear during this incubation time frame. Each experiment was carried
out at least three times, in triplicate. Data are expressed as normalized percentages of
residual activity considering the slope of the control (fluorogenic peptide/proteasome

in the absence of molecules) as 100% of proteasome activity.

5.10. Monomerization of hIAPP and A

hIAPP or AB peptides were solubilized in HFIP (1 mg/mL), aliquoted (100
uL/aliquot), frozen at -80 °C and lyophilized. Quantification of aliquots was done by
solving hIAPP or AP aliquots in 20 uL of DMSO or NaOH 1mM, respectively, adding it to
180 pL of buffer (phosphate 10 mM, pH 7.4) and checking the absorbance at 280 nm

(Eniapp = 1615 Mtcmt; €ap= 1450 M1 cm?).

5.11. Amyloid aggregation - ThT assays

Samples were prepared by adding 1 pL of the studied molecule stock solutions
(Sil A and Sil B in H;0, Sil A-p-TH and Sil B-p-TH in DMSO) to 100 pL of ThT 20 uM in PBS
(phosphate 10 mM, pH 7.4, 100 mM NacCl) with or without LUVs (POPC:POPS (7:3) 100-
200 uM or TLBE 100-200 mg/mL) (see LUVs preparation procedure 5.12). Experiments
were carried out in 384-well plates. Immediately after the addition of hIAPP or AB
(previously monomerized by the above-described protocol; 5 uM, 10 uM, or 20 uM final
concentration) time traces were recorded using a Varioskan plate reader (ThermoFisher,

Waltham, MA) with Aexc 440 nm and Aem 480 nm at 25 °C or 37 °C.
5.12. Preparation of lipid vesicles

Lipid solution (7:3 POPC/POPS or TLBE) in chloroform was vortexed under warm
air flow; the lipid mixture was left at room temperature overnight to achieve the

complete evaporation of the solvent. The lipid film was rehydrated with PBS (phosphate
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10 mM, NaCl 0.1 M, pH 7.4) to obtain multilamellar vesicles (MLVs) and extruded 23
times with a 100 nm polycarbonate Nucleopore membrane filter (Whatman) mounted
on a mini-extruder to obtain large unilamellar vesicles (LUVs) (100 nm, average

diameter). The final lipid concentration was measured by the Stewart assay.3%

5.13. Membrane integrity - Dye leakage assays

To mimic neuronal and pancreatic cells, total lipid brain extract (TLBE) and
POPC:POPS (7:3 molar ratio), respectively, were used. Large unilamellar vesicles (LUVs)
filled with 6-carboxyfluorescein were prepared and the fluorescence changes in the
presence of AB or IAPP and our molecules were measured. Dye-filled LUVs were
obtained hydrating the lipid film with 6-carboxyfluorescein 80 mM aqueous solution.
The formed MLVs were extruded as reported above (see preparation of lipid vesicles -
chapter 5.8.). Sephadex G50 size exclusion column was used to eliminate the non-
encapsulated dye. The final lipid concentration was measured by the Stewart assay.
Samples were prepared by adding 1 pL of the studied molecule solutions to 500 uL of
LUVs (POPC:POPS (7:3) 100-200 uM or TLBE 100-200 mg/mL) in buffer (phosphate 10
mM, pH 7.4, NaCl 100 mM). Experiments were carried out in 384-well plates. hIAPP or
AB (previously monomerized by the above-described protocol) was added (5-20 uM,
final concentration) and time traces were recorded using a Varioskan plate reader

(ThermoFisher, Waltham, MA) with Aexc 494 nm and Aem 520 nm at 25°C or 37°C.

5.14. Transmission Electronic Microscopy (TEM)

Fresh solutions of APi40 (previously monomerized by the above-described
protocol) in milli-Q water (previously filtered with a 0.2 um filter), were prepared and
Sil A-TH or Sil B-TH solutions were added (final concentrations, AR 100 uM, ligand 250
uM). The control solution was prepared in the same way by adding water instead of the
ligand stock solution. Samples were incubated for 3 days at 37 °C. 3 pL of each solution
were deposited in a Holey Ultra-Thin Carbon grid and re-incubated 24 hours in a
humidity chamber at 37°C. 3 uL of TAAB EM Stain 336 (Uranyl acetate alternative)
diluted 1:16 was added and samples were, again, incubated 1h in the humidity chamber.

Grids were washed with milli-Q water removing the excess, carefully, with a filter paper.
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TEM analysis was performed with a Jeol JEM 2010 electron microscope placed in the
STMicroelectronics plant of Catania, operating at 200 kV accelerating voltage and

equipped with an Oxford energy dispersive X-ray spectrometer (EDXS).
5.15. Circular Dichroism (CD)

CD measurements were performed by using a Jasco J-810 spectropolarimeter
using quartz cuvettes with an optical path of 1 cm, at 4 °C, from 260 nm to 200 nm. 2.5
UM Ao or hIAPP solutions were freshly prepared in 100 mM phosphate buffer pH 7.4,
from freshly prepared peptide aliquots monomerized according to the above-
mentioned protocol. CD spectra were recovered after adding increasing concentrations
of Sil A, Sil B, Sil A-p-TH, or Sil B-p-TH from aqueous 1 mM stock solution. The pH of Sil A
and Sil B stock solutions was previously fixed to 10.2 to avoid their aggregation.
Reported spectra were obtained by routinely subtracting the ligand spectrum at the

same concentration.

5.16. 20S proteasome computational studies

Molecular modeling. Molecular modeling calculations were performed on E4
Server Twin 2 x Dual Xeon 5520, equipped with two nodes. Each node: 2 x Intel Xeon

QuadCore E5520, 2,26Ghz, 36 GB RAM.

Conformational analysis of Silybin A and B. The compounds were considered in
their anionic form in all calculations performed according to the experimental data
published by Bai et Al.2* The compounds were built using the Small Molecule tool of
Discovery Studio 2017 (Dassault Systémes BIOVIA, San Diego). Then, the compounds
were subjected to molecular mechanic (MM) energy minimization (€ = 80*r) until the
maximum RMS derivative was less than 0.001 kcal/A, using the Conjugate Gradient3% as
minimization algorithm. Atomic potentials and charges were assigned using the CFF
force field.3%® The conformers obtained for each compound were used as the starting
structure for the subsequent conformational analysis (Search Small Molecule
Conformations; Discovery Studio 2017). The conformational space of the compounds

was sampled using the stochastic conformation search algorithm BEST for the random
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generation of a maximum of 300 conformations. Finally, to ensure a wide variance of
the input structures to be fully minimized, an energy threshold value of 10® kcal/mol
was used as selection criteria. The generated structures were then subjected to MM
energy minimization until the maximum RMS derivative was less than 0.001 kcal/A,
using Conjugate Gradient as minimization algorithm. Finally, the resulting conformers
were ranked by their potential energy values (i.e., AE from the energy global minimum
(GM)). The conformers within 5 kcal/mol from the GM, were firstly classified into
families according to the two conformations of the two bicyclic ring systems. Then, each
family was grouped into two subfamilies according to the torsional angle value between
the two bicyclic rings that is, having a positive or negative value. The occurrence rates
and the range of AEgm values of each conformational sub-family were calculated. The
energy minimum conformers of each sub-family of Silybin A and B were selected for the

definition of the putative starting complexes for the dynamic docking studies.

Modeling of human 20S proteasome in the open conformation. The molecular
model of human 20S proteasome in the open conformation was built starting from the
experimentally determined structure of human 20S proteasome (PDB ID: 6MSK), which
lacks the N-terminal regions (al: aal-5; a2: aal-4; a3: aal-3; a4: aal; a5: aal-7; a6:
aal-3; a7:aal-5), C-terminal regions (al: aa245-246; a3: aa252-261; a4: aa241-248; ab6:
aa242-263; a7: aa246-255; B1: aal92-205; B2: aa221-234; B4: aa200-201; B5: aa202-
204; B7: aa216-219), one loop region (a5: aal28-133), and the side chains of several
residues (al: aa45, 46, 55, 59, 63, 146, 181,186-188, 196, 223; a2: aall, 36, 52-55, 60,
139-141, 143, 163, 176-178, 184, 193, 195, 196, 199, 200, 202, 226, 227, 230, and 233;
a3:aal3, 37,51, 52, 54, 177, 184, 194, 201, 205, 210, 222, 229-231, 250, and 251; a4:
aa27, 40, 42, 46-50, 53, 136-138, 141, 157, 163, 166, 169, 170, 174, 181-183, 185, 187,
189, 192, 193, 195-199, 204, 207, 208, 212-213, 216, 218, 223, 225-227, 229, 232-237,
239 and 240; a5: 8, 86, 187, 192, 208, 209, and 231; a6: aa208, 217, 218, 237, 238, and
241; a7: aallo0, 144, 204, 206, 208, and 224; 32: aa9, 180, 206, and 214; B3: aad7; P4:
aadl, 95, 109, 185, 198, and 199; B5: aal106, 150, and 185; B6: aa45, 161, 166, and 200;
B7: aad4, 156, and 195). The sequence of 6MSK was aligned with the sequences of
human 20S proteasome downloaded from the UniProtKB/Swiss-Prot Data Bank

(http://www.uniprot.org; entry P60900 (al); P25787 (a2); P25789 (a3); 014818 (a4);
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P28066 (a5); P25786 (a6); P25788 (a7); P28072 (B1); Q99436 (B2); P49720 (B3); P49721
(B4); P28074 (B5); P20618 (B6), and P28070 (B7)) by using the Multiple_Alignment
algorithm (Homology module, Accelrys, San Diego). Subsequently, the secondary
structural prediction of human 20S proteasome was performed using the Structure
Prediction and Sequence Analysis server PredictProtein
(http://www.predictprotein.org/). The coordinates of the structurally conserved regions
(al:aab-244; a2: aa5-234; a3: aa4-251; ad: aa2-240; a5: aa8-127, 134-241; a6: aad-241;
a7:aa6-245; B1: aal-191; B2: aal-220; B3: aal-204; B4: aal-199; B5: aal-201; B6: aal-
213; B7: aal-215) were accordingly assigned by the Structurally Conserved Regions
(SCRs)-AssignCoords procedure (Homology Module, Insight 2005) using 6MSK as
template structure. The lacking loop segment in the a5 subunit (2al28-133) was
inserted by using the Generate Loops procedure. With the Generate Loops procedure,
a peptide backbone chain is built between two conserved peptide segments using
randomly generated values for all the loops' ¢’s and Y’s. The chain was defined starting
from the N-terminal end of the loop being built; the Start and Stop Residues were
defined as the SCR residues of the model protein at either end of the loop itself. The
geometry about the base was described by the four distances between Ca and N-termini
of the Start residue and the Ca and C-termini of the Stop Residues. In the process of
closing the loop, the values for the generated ¢’s and {’s are adjusted until the four
distance criteria are met. Specifically, a function was defined for the distances in terms
of the dihedral angles (Scale Torsions: 60). The differences between the desired
distances and their current values were minimized using a linearized Lagrange multiplier
method. After a series of 1000 iterations, the loop was closed, except in the case where
the distances between the ends of the loop were not respected (Convergence = 0.05).
The geometry at the base of the loop is then checked for proper chirality. Finally, the
loops were screened on the basis of steric overlap violations. All loops that are found to
have unacceptable contacts were rejected. Since successive calculations can correct
some bad contacts, a fairly large overlap factor was used (Internal and External overlap
= 0.6). A bump check of the 10 generated loops together with the evaluation of their
conformational energy were used as selection criteria. The lowest conformational
energy loop presenting no steric overlap with the rest of the protein was selected.

Finally, the coordinates of the lacking N-terminal and C-terminal amino acids were
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assigned using the EndRepair command (Homology Module, Insight 2005). The obtained
homology model was completed inserting the missing residue side chains by using the
Replace command (Biopolymer module, Accelrys, San Diego). The obtained homology
model was then subjected to a full energy minimization within Insight 2005 Discover_3
module (Steepest Descent algorithm, maximum RMS derivative = 0.5 kcal/A; € = 80*r).
During the minimization, only the whole disordered N- and C- terminals and the SCRs
side chains were left free to move, whereas the SCRs backbone were fixed to avoid
unrealistic results. Each step of the refining procedure was followed by a structural
check by using the Struct_Check command of the ProStat pulldown in the Homology
module to verify the correctness of the geometry optimization procedure before moving
to the next step. Checks included ¢, ¢, x1, x2, x3, and w dihedral angles, Ca virtual
torsions, and Kabsch and Sander main chain H-bond energy evaluation. The quality of
the resulting complexes was then checked using Molprobity structure evaluator
software3® and compared to that of the reference PDB structure. The obtained

homology model was used for successive dynamic docking studies.

Docking studies on human 20S proteasome. According to the experimental data
1851883nd our bioinformatics/structural analysis, we selected the a5-06 groove as the
starting point for the docking studies. In order to define the putative starting complexes
for the dynamic docking studies, the energy minimum conformers of each sub-family of
Silybin A and B were placed in the a5-a6 groove taking into account the positioning of
the side chains of the C-terminal HbYX activating motif of Rpt5 (i.e., YYA) both in the
closed and open conformational state (PDB ID: 6MSB and 6MSK). In particular, the
centroid of the negatively charged group of silybins was superimposed on the centroid
of the C-terminal carboxyl group of Rpt5 as well as the centroid of the other two rings
of silybins (i.e., the rings not presenting the negative charge) on the centroids of the
phenyl rings of the two tyrosine residues. The conformations with the lowest potential
energy that did not show significant steric overlap with protein were selected as starting
conformations for the docking calculations.

Docking calculations were performed by using our previously developed atomic

model of human 20S in the closed conformational state?®” and the newly developed

atomic model of human 20S in the open state. The starting complexes were then
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subjected to dynamic docking studies (Affinity, SA_Docking; Insight2005, Accelrys, San
Diego). In particular, a docking methodology, which considers all the systems flexible
(i.e., ligand and protein), was used. Flexible docking was achieved using the Affinity
module in the Insight 2005 suite, setting the SA_Docking procedure3'° and using the Cell
Multipole method for non-bonded interactions.3!! The binding domain area was defined
as a subset including all residues of human 20S proteasome. Thus, all proteasome atoms
were left free to move during the entire course of docking calculations, whereas, in
order to avoid unrealistic results, a tethering restraint was applied on the SCRs of the
protein (see below).

To identify SCRs, the human 20S proteasome sequences were analyzed using the
Structure Prediction and Sequence Analysis server PredictProtein
(http://www.predictprotein. org/). In al subunits, 6 a-helix and 10 B-sheet secondary
structures were predicted to be highly conserved (al, aa23-33; a2, aa85-104; a3,
aalll-128; a4, aal72-183; a5, aal91-207; a6, aa232-243; B1, aal3-16; B2, aa38-43;
B3, aa48-53; B4, aab68-72; 35, aa76-80; 6, aal35-143; B7, aal50-154; B8, aal60-168;
B9, aa215-222; B10, aa226-229). In a2 subunits, 6 a-helix and 10 B-sheet secondary
structures were predicted to be highly conserved (al, aa20-30; a2, aa81-100; a3,
2al07-124; a4, aal67-178; a5, aal84-198; a6, aa223-231; B1, aa9-13; B2, aa34-39;
B3, aad44-49; B4, aab6-68; B5, aa72-76; B6, aal31-139; B7, aal45-149; B8, aal55-163;
B9, aa208-214; 10, aa219-220). In a3 subunits, 6 a-helix and 10 B-sheet secondary
structures were predicted to be highly conserved (al, aal8-29; a2, aa80-100; a3,
2al07-124; a4, aal68-178; a5, aal86-200; a6, aa230-248; 1, aal0-12; B2, aa33-38;
B3, aa43-48; B4, aab6-68; B5, aa72-76; 6, aal31-139; B7, aald6-150; B8, aal57-164;
B9, aa211-217; B10, aa224-227). In a4 subunits, 6 a-helix and 10 B-sheet secondary
structures were predicted to be highly conserved (al, aal7-27; a2, aa78-97; a3,
aal04-121; a4, aal65-176; a5, aal83-198; a6, aa222-243; B1, aa6-10; B2, aa31-36;
B3, aad1-46; B4, aa62-65; B5, aa69-73; 36, aal1l28-136; B7, aal43-147; B8, aal54-161;
B9, aa206-212; B10, aa217-219). In a5 subunits, 6 a-helix and 10 B-sheet secondary
structures were predicted to be highly conserved (al, aa22-32; a2, aa83-102; a3,
a2al09-120; a4, aal74-185; a5, aal91-206; a6, aa231-240; 1, aall-15; B2, aa36-41;
B3, aa46-51; B4, aa66-70; B5, aa74-78; B6, aal38-146; B7, aal52-156; B8, aal62-170;
B9, aa215-221; B10, aa226-228). In a6 subunits, 6 a-helix and 10 B-sheet secondary
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structures were predicted to be highly conserved (al, aal9-30; a2, aa79-98; a3,
2al05-122; a4, aal65-176; a5, aal84-199; a6, aa226-236; 31, aal0-13; B2, aa35-39;
B3, aa45-49; B4, aab2-66; B5, aa70-74; B6, aal29-137; B7, aal43-147; B8, aal54-161;
B9, aa210-216; B10, aa221-223). In a7 subunits, 6 a-helix and 10 B-sheet secondary
structures were predicted to be highly conserved (al, aa22-32; a2, aa83-102; a3,
aal09-124; a4, aal70-180; a5, aal87-202; a6, aa229-245; 1, aal3-15; B2, aa36-41;
B3, aa46-51; B4, aab7-70; B5, aa74-78; $6, aal33-141; B7, aal48-152; B8, aal60-166;
B9, aa212-219; B10, aa224-227). In B1 subunits, 5 a-helix and 11 B-sheet secondary
structures were predicted to be highly conserved (a1, aa52-69; a2, aa76-90; a3, aal32-
143; a4, aal49-166; a5, aal91-200; B1, aa2-8; B2, aal2-16; B3, aa25-27; B4, aa34-37,;
B5, aa41-45; B6, aa95-103; B7, aal10-114; B8, aal20-122; B9, aal24-128; B10, aal74-
180; 11, aa185-189). In B2 subunits, 5 a-helix and 12 B-sheet secondary structures were
predicted to be highly conserved (al, aa52-67; a2, aa76-90; a3, aal3l1-142; a4,
aal48-165; a5, aal94-201; B1, aa2-8; B2, aal2-17; B3, aa25-27; B4, aa33-37; B5,
aa41-45; B6, aa95-103; B7, aal09-113; 8, aal23-127; 39, aal73-179; 10, aall84-186;
B11, aa210-213; B12, aa215-225). In B3 subunits, 4 a-helix and 10 B-sheet secondary
structures were predicted to be highly conserved (al, aa56-76; a2, aa83-97; a3, aald2-
152; a4, aal59-175; B1, aa9-14; B2, aal8-24; 33, aa32-34; 34, aadl1-44; 35, aad8-52;
B6, 2al103-111; B7, aal19-123; B8, aal34-138; B9, aal84-190; B10, aal94-199). In B4
subunits, 5 a-helix and 10 B-sheet secondary structures were predicted to be highly
conserved (al, aa32-35; a2, aa50-70; a3, aa77-93; a4, aal36-147; a5, aal53-170; B1,
aa3-8; B2, aal2-17; B3, aa26-27; B4, aa36-38; B5, aa42-46; B6, aa99-107; B7, aalll-
118; B8, aal129-132; 39, aal78-184; 310, aa189-190). In B5 subunits, 6 a-helix and 11 B-
sheet secondary structures were predicted to be highly conserved (al, aa31-34; a2,
aad9-69; a3, aa76-91; a4, aal32-143; a5, aal49-166; a6, aal89-200; B1, aa2-8; B2,
aal2-16; B3, aa25-26; P4, aa35-37; B5, aadl-45; 36, aa96-104; B7, aall0-114; B8,
aal20-122; B9, aal24-128; 10, aal74-180; B11, aal85-186). In B6 subunits, 4 a-helix
and 11 B-sheet secondary structures were predicted to be highly conserved (al,
aab8-77; a2, aa85-99; a3, aal42-152; a4, aal68-184; B1, aa5-6; B2, aall-16; B3,
aa20-26; B4, aa34-36; B5, aa42-46; 6, aa50-54; B7, aal05-113; B8, aal20-124; B9,
aal34-138; 10, aal93-199; B11, aa203-210). In B7 subunits, 6 a-helix and 10 B-sheet

secondary structures were predicted to be highly conserved (a1, aa39-41; a2, aa57-77;
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a3, aa85-100; a4, aald3-154; a5, aal62-179; a6, aa207-216; B1, aal0-16; B2,
aa20-25; B3, aa33-35; B4, aa42-45; B5, aad9-53; B6, aal07-115; B7, aal21-125; BS,
aal36-139; B9, aal87-193; 10, aa198-199).

Within the identified SCRs, the distance between backbone hydrogen bond
donors and acceptors in the alpha-helices was restrained within 2.5 A. On the other
hand, the ¢ and ¢ torsional angles of the beta-sheets were restrained to -119° and
+113°, or -139° and +135°, respectively, according to the presence of a parallel or anti-
parallel structure. According to the reliability index values obtained from the secondary
structure prediction analysis, we applied restraints with a quadratic form and the
following set of force constants: i) 1 kcal/mol/A? (maximum force: 10 kcal/mol/A2) for
reliability index values from 0 to 3, ii) 10 kcal/mol/A2 (maximum force: 100 kcal/mol/A2)
for reliability index values from 4 to 6, and iii) 100 kcal/mol/A? (maximum force: 1000

kcal/mol/A2) for reliability index values from 7 to 9.

The docking protocol included a Monte Carlo based conformational search of the
ligand within the obtained homology models of human 20S proteasome (i.e., closed and
open conformation) for the random generation of a maximum of 20 acceptable
complexes. During the first step, in the starting structures, the ligand was moved by a
random combination of translation, rotation, and torsional changes to sample both the
conformational space of the ligand and its orientation with respect to the protein
(MxRChange = 3 A; MxAngChange = 180°). During this step, van der Waals (vdW) and
Coulombic terms were scaled to a factor of 0.1 to avoid very severe divergences in the
vdW and Coulombic energies. If the energy of a complex structure resulting from
random moves of the ligand was higher by the energy tolerance parameter than the
energy of the last accepted structure, it was not accepted for minimization. To ensure a
wide variance of the input structures to be successively minimized, an energy tolerance
value of 10° kcal/mol from the previous structure was used. After the energy
minimization step (conjugate gradient; 2500 iterations; € = 1), the energy test, with an
energy range of 50 kcal/mol, and a structure similarity check (RMS tolerance = 0.3
kcal/A) was applied to select the 20 acceptable structures. Each subsequent structure
was generated from the last accepted structure. Following this procedure, the resulting

docked structures were ranked by their conformational energy and were analyzed
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considering the non-bonded interaction energies between the ligand and the enzyme
(vdW and electrostatic energy contribution; Group-Based method3'?; CUT_OFF = 100; €
= 2*r; Discover_3 Module of Insight2005). The complexes with the best non-bonded
interaction energies obtained by Monte Carlo calculations were selected as the

structures representing the most probable binding modes.
5.17. NMR spectroscopy

Peptide stock solutions were prepared by dissolving 1 mg of the unlabeled-
peptide in 1 mL of 10 mM NaOH. The resulting mixture was sonicated twice for 2 min
with a 2 min incubation period on ice in between. After sonication, the samples were
divided into 100 pL aliquots, lyophilized, and frozen at -20 °C. Two aliquots were
dissolved in 500 pL of 20 mM sodium phosphate buffer (pH 6.8), 100% D0, 0.05% NaNs.
The resulting mixture was sonicated twice for 2 min with a 2 min incubation period on
ice in between. The final concentration, assessed by absorbance measurements at 280
nm, was approximately 90 uM. Ligand stock solutions were prepared by dissolving the
powder in 20 mM sodium phosphate buffer, 100% D,0, 0.05% NaNs, to match the
peptide conditions. NMR spectra were recorded at 10 °C, using either a Bruker AV 700
spectrometer equipped with a TCl cryoprobe or a Bruker 850 HD spectrometer equipped

with a TXI probe. All spectra were analyzed with TopSpin 3.2.1 and Sparky.50.

Saturation Transfer Difference (STD) NMR Experiments. Unlabeled 90 uM Ao,
was titrated with increasing concentrations of Sil A-p-TH or Sil B-p-TH up to 1000 puM,
and after each addition of ligand, 1D STD NMR spectra were acquired with 1024 scans,
32K complex points, and a spectral width of 15.98 ppm. Selective saturation of ABao
oligomers was implemented through methyl irradiation, using a train of 20 Gaussian-
shaped pulses of 50 ms, separated by a 1 ms interpulse delay. A 30 ms spin lock was also
employed to suppress peptide signals that overlap Sil A-p-TH or Sil B-p-TH resonances.
Subtraction of on-resonance vs off-resonance intensities was completed through phase
cycling. Saturation transfer reference (STR) spectra were recorded with 256 scans, 32K
complex points, and a spectral width of 15.98 ppm. A binding isotherm was created
through modeling the STD amplification factors (STDaf) at each Sil A-p-TH or Sil B-p-TH

concentration using two different aromatic proton peaks. The STD4f was calculated as:
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STDqr < ((Iy — ILsac)/Io) - Leot

where I, — Iy, represents the signal intensity in the STD spectrum, [, is the
intensity in the STR spectrum, and L;,; is the total Sil A-p-TH or Sil B-p-TH concentration.
The Sil A-p-TH or SilB-p-TH epitopes for binding to the AB4o oligomers were determined
through the STD vs. STR ratio of each SilA-p-TH or SilB-p-TH proton resonance at ligand
concentrations where the protein is nearly saturated (1000 uM). For epitope mapping,
the STD vs. STR ratios were then normalized to the highest ratio, in this case Hg and Hs

from ring A, which was set to 100%.

1H-¥N Heteronuclear Single Quantum Coherence (HSQC) Experiments.
Uniformly labeled 30 uM AB4o, prepared as described above, was titrated with SilA-p-TH
or SilB-p-TH up to 1000 puM and monitored by sensitivity-enhanced *H->N HSQC
spectra. The HSQC spectra were recorded with 64 scans, a recycle delay of 1.0's, 256 (t1)
and 2048 (t,) complex points, and spectral widths of 31.82 and 14.06 ppm for the °N
and H dimensions, respectively. The 'H and '°N carrier frequencies were set at the water

resonance and the center of the amide region, respectively.

Ligand-Based Transfer Nuclear Overhauser Effect Spectroscopy (TrNOESY).
Unlabeled 90 uM AB4o was incubated with 1000 uM SilA-p-TH or SilB-p-TH and probed
by TrNOESY NMR with a WATERGATE suppression scheme. The TrNOESY spectrum was
recorded with 64 scans, a recycle delay of 1.20's, 512 (t1) and 2048 (t2) complex points,
and spectral widths of 11.98 ppm for each H dimension. A NOE buildup was generated
using NOESY mixing times ranging from 60 to 300 ms. The shortest mixing of 60 ms was

used to measure the NOEs.
5.18. hIAPP Molecular dynamics (MDs)

Five random amylin structures were generated by using Monte Carlo sampling
and the CAMPARI simulation package. Topologies were obtained, cubic boxes (12.8 nm
length) were generated, systems were solvated with water molecules, and 150 mM of
Na*Cl ions were added adjusting the system to neutrality. Energy minimization of the

systems was carried out. Then, structures were relaxed through NPT equilibration at 310
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K for 1 ns. Finally, molecular dynamic simulations were run at constant NVT with

snapshots saved every 50 ps over a total run length of around 6000 ns.

SAPPHIRE analysis was used to identify the metastable states, their statistical
weight, and to extract five representative amylin configurations. Ligand structures of Sil
A and Sil B were obtained from PDB files; protonation states were adjusted and the
CHARMM General Force Field (CgenFF) was used to generate the partial charges. These
and amylin parameters previously obtained were used to create the structure and the
topology of the complexes with both Sil A and Sil B in 1:1 and 1:2 peptide/ligand ratios.
The previously described MD procedure used in amylin simulations was used with the

hIAPP/silybin complexes.

All the simulations were carried out using the GROMACS 2018.3 version, the all-
atom additive CHARMM36m force field,*'* and the TIP3P water model. Velocity-
rescaling thermostat and Berendsen barostat were used to maintain the system at
constant temperature (310K) and pressure (1 bar) during the simulations. Temperature
and pressure coupling times were fixed to 0,1ps and 2ps, respectively. LJ and Coulomb
potential were shifted to zero using the Verlet list cut-off scheme. All the short-range
neighbor-list van der Waals and electrostatic cut-off distances were fixed to 1.2 nm. Due
to the use of a cut-off, long-range dispersion corrections were applied for pressure and
energy. To treat the system outside the cut-off distance (long-range electrostatic
interactions), the Particle Mesh Ewald (PME) method with a cubic interpolation order
and a grid spacing for Fast Fourier Transform (FFT) of 0.16 nm were applied. To constrain
all-bonds length the LINCS algorithm (fourth-order, 2 iterations) was used. The time step
of simulations was fixed to 2 fs and Three-dimensional Periodic Boundary Conditions
(3D-PBC) were used for approximating a large system. All productive MD simulations
were performed in the Piz Daint supercomputer from the Swiss National

Supercomputing Centre (CSCS).

142



Contributions and collaborations

Contributions and collaborations

In this PhD program all external collaborations were arranged and organized to fully
exploit the triple "i" dimension (inter- national mobility, inter-sectoral exposure, and inter-
disciplinarity) of H2020 — Marie Curie Sklodowska Actions.

International mobility: The international mobility has been achieved at different
levels. First, although the author of this PhD dissertation has spent most of the training in
the CNR laboratories, she has been embedded in an international scientific environment
and has been involved in existing networks of international collaborations. Second, she had
the opportunity to go abroad on secondment to academia for a period of 3 months, in order
to acquire specific sets of skills.

Inter-sectoral exposure: This PhD program has been highly committed to effectively
cross the boundaries among different sectors. In this frame, the author has been exposed
to a non-academic environment: indeed, the CNR institute has several on-going projects in
collaboration with industry.

Inter-disciplinarity: The CNR institute that hosted this PhD program covers a wide
spectrum of expertise, spanning from biology, medicine, chemistry, physics, and computer
science. This has represented per se a valuable inter-disciplinary environment for the
author, which had the opportunity to discuss with researchers from different areas and to

address the same biological question from different perspectives.

The author carried out, analyzed and interpreted the results of all the kinetical
studies of hIAPP and AB amyloid aggregation, amyloid-mediated model membranes
disruption, experimental proteasome assays, experimental ubiquitination assays, studies
of antioxidant capacity, circular dichroism (CD) experiments and dynamic light scattering
(DLS) measures.

Computational studies of the interaction between hIAPP and silybins have been
carried out and analyzed by the author in a research stage in the Prof. Amedeo Caflisch’s
group (University of Zurich, Switzerland) under the supervision of Dr. loana llie (1°* May

2019 — 31 July 2019).
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The author has been in charge of the optimization of the procedure and the
preparation of all the samples for Transmission Electron Microscopy (TEM) experiments.
The TEM images of amyloid fibrils have been collected in collaboration with Dr. Clelia Galati,
Dr. Natalia Spinella (STMicroelectronics) and Dr. Corrado Bongiorno (IMM CNR).

The purification of the natural Sil A and Sil B, the synthesis of their trehalose-
conjugates and the serum stability studies has been carried out by Dr. Valeria Romanucci,
Dr. Armando Zarelli, and Prof. Dr. Giovani di Fabio (University Federico Il of Naples, Italy).

NMR experiments to study the interaction between AB and silybin-glycoconjugates
have been carried out in collaboration with Dr. Rashik Ahmed and Prof. Dr. Giuseppe
Melacini (McMaster University, Canada).

Docking simulations between proteasome and silybins has been performed thanks
to the collaboration with Dr. Marco Persico and Prof. Dr. Caterina Fattorusso (University of
Naples, Italy).

In cell studies of AB toxicity in the presence of silybin glycoconjugates have been

carried out by Dr. Stefania Zimbone and Dr. Maria Laura Giuffrida (CNR IC Catania, Italy).
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Scientific contributions

This PhD program has allowed the author to contribute to the production of several
publications and to the dissemination of the results in some congresses, some of them

containing part of the research of this PhD thesis. All of them are listed below.

Publications:

1. Ubiquitin binds the Amyloid B peptide and interferes with its clearance
pathways.
F. Bellia, V. Lanza, S. Garcia-Vifuales, |. M. M. Ahmed, A. Pietropaolo, C. lacobucci, G.
Malgieri, G. D’Abrosca, R. Fattorusso, V. G. Nicoletti, D. Sbardella, G. R. Tundo, M.
Coletta, D. Calcagno, G. Grasso, D. Milardi
Chemical Sciences, 2019, 10, 2732-2742.
https://doi.org/10.1039/C85C03394C

2. Site directed mutagenesis of insulin-degrading enzyme allows to single out the
molecular basis of peptidase versus E1l-like activity: the role of metal ions. F.
Bellia, V. Lanza, I. Ahmed, S. Garcia-Viiiuales; E. Veiss, M. Arizzi, D. Calcagno, D. Milardi;
G. Grasso
Metallomics, 2019, 11, 278-281.
https://doi.org/10.1039/C8MT00288F

3. Pyrazolones activate proteasome by gating mechanisms and protect neuronal
cells from AB amyloid toxicity.
M. Santoro, V.Lanza, F. Bellia, D. Sbardella, G. R. Tundo, A. Cannizzo, G. Grasso, M.
Arizzi, V. G. Nicoletti, S. Alcaro, G. Costa, A. Pietropaolo; G. Malgieri, G. D'Abrosca, R.
Fattorusso, S. Garcia-Vinuales, |. M. M. Ahmed, M. Coletta; D. Milardi.
ChemMedChem, 2020, 15(3), 302-316.
https://doi.org/10.1002/cmdc.201900612

4. Endogenous and artificial miRNAs explore a rich variety of conformations: a
potential relationship between secondary structure and biological functionality.
C. M. A. Gangemi, S. Alaimo, A. Pulvirenti, S. Garcia-Vifiuales, D. Milardi, A. P. Falanga,d
M. E. Fragala, G. Oliviero, G. Piccialli, N. Borbone, A. Ferro, A. D’Urso, C.M. Croce, R.
Purrello.
Scientific Reports, 2020,10, 453.
https://doi.org/10.1038/s41598-019-57289-8

5. The lonophoric Activity of a Pro-Apoptotic VEGF 165 Fragment on HUVEC Cells.
S. Zimbone, A.M. Santoro, D. La Mendola, C. Giacomelli, M.L. Trincavelli, M.F.
Tomasello, D. Milardi, S. Garcia-Vifiuales, M.F. M. Sciacca, C. Martini, and G. Grasso.
International Journal of Molecular Sciences, 2020, 21(8), 2866.
https://doi.org/10.3390/ijms21082866.
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https://doi.org/10.1038/s41598-019-57289-8
https://doi.org/10.3390/ijms21082866

10.

11.

12.

Scientific contributions

The Lipid-Chaperon Hypothesis: A Common Molecular Mechanism of
Membrane Disruption by Intrinsically Disordered Proteins.

M.F.M. Sciacca, F. Lolicato, C. Tempra, F. Scollo, B.R. Sahoo, M.D. Watson, S. Garcia-
Vifuales, D. Milardi, A. Raudino, J.C. Lee, A. Ramamoorthy, C. La Rosa.

ChemRxiv, 2020. Preprint.

https://doi.org/10.26434/chemrxiv.12770504.v1

Trehalose Conjugates of Silybin as Prodrugs for Targeting Toxic AR Aggregates.
S. Garcia-Vinuales, R. Ahmed, M. F. M. Sciacca, V. Lanza, M. L. Giuffrida, S. Zimbone,
V. Romanucci, A. Zarrelli, C. Bongiorno, N. Spinella, C. Galati, G. Di Fabio, G. Melacini,
D. Milardi.

ACS Chemical Neuroscience, 2020, 11(17), 2566—2576.
https://doi.org/10.1021/acschemneuro.0c00232

Modulating AP aggregation by tyrosol-based ligands: The crucial role of the
catechol moiety.

V. Romanucci, S. Garcia-Vinuales, C. Tempra, R. Bernini, A. Zarrelli, F. Lolicato, D.
Milardi, G. Di Fabio.

Biophysical Chemistry, 2020, 265, 106434.
https://doi.org/10.1016/j.bpc.2020.106434

Substitution of the Native Zn(ll) with Cd(ll), Co(ll) and Ni(ll) Changes the
Downbhill Unfolding Mechanism of Ros87 to a Completely Different Scenario.

R. Grazioso, S. Garcia-Vifiuales, L. Russo, G. D'Abrosca, S. Esposito, L. Zaccaro, R.
lacovino, D. Milardi, R. Fattorusso, G. Malgieri, C. Isernia.

International Journal of Molecular Sciences, 2020, 21(21), 8285.
https://doi.org/10.3390/ijms21218285

The interplay between lipid and AB amyloid homeostasis in Alzheimer’s Disease:
risk factors and therapeutic opportunities.

S. Garcia-Vinuales, M.F.M. Sciacca, V. Lanza, A.M. Santoro, G. Grasso, G.R. Tundo, D.
Sbardella, M. Coletta, G. Grasso, C. La Rosa, D. Milardi. Chemistry and Physics of Lipids,
2020 (submitted).

Different buffer same folding scenario: the change of conditions does not affect
Ros87 downhill mechanism.

R. Grazioso, S. Garcia-Viiiuales, G. D’Abrosca, |. Baglivo, P. V. Pedone, D. Milardi, R.
Fattorusso, C. Isernia, L. Russo, G. Malgieri.

Scientific Reports, 2020 (submitted)

Tyrosol-based Phosphodiester Dimers as new pharmacological agents: synthesis
and effect on amyloid B aggregation and metal chelation.

V. Romanucci, M. Giordano, G. De Tommaso, M. luliano, R. Bernini, M. Clemente, S.
Garcia-Vinuales, D. Milardi, A. Zarrelli and G. Di Fabio.
(manuscript in preparation)
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13.

14.

Scientific contributions

Inhibition of hIAPP amyloid growth and protection from amyloid-mediated

membrane disruption by silybins.
S. Garcia-Vinuales, I. lllie, A. Santoro, M. F. M. Sciacca, V. Lanza, A. Caflisch, D. Milardi.
(manuscript in preparation)

Silybins activate the ubiquitination cascade and the 20S proteasome by
interacting with its a5/a6 groove.

S. Garcia-Vifluales, V. Lanza, A.M. Santoro, M. Persico, C. Fattorusso, D. Milardi.
(manuscript in preparation)

Scientific contributions in congresses:

1.

Multi-target strategy in Alzheimer’s Disease and Type Il Diabetes Mellitus.

S. Garcia-Vinuales, M. F.M Sciacca, V. Lanza, A. Maria Santoro, V. Romanucci, A.
Zarrelli, G. Di Fabio, D. Milardi.

National Congress of the division of chemistry of biological systems (DSCB 2018 —
Caserta, 26-28 September 2018). Poster contribution.

AB competitively binds Ubiquitin and inhibits polyubiquitination: a new
paradigm for amyloid toxicity.

D. Milardi, F. Bellia, Valeria Lanza, S. Garcia-Viiuales, A. Pietropaolo, C. lacobucci, G.
Malgieri, G. D’Abrosca, R. Fattorusso, V. G. Nicoletti, D. Sbardella, G. R. Tundo, M.
Coletta, D. Calcagnoe, G. Grasso.

National Congress of the division of chemistry of biological systems (DSCB 2018 —
Caserta, 26-28 September 2018). Poster contribution.

Structure vs sequences: miRNAs a rich variety of conformations.

D’Urso, C. M. A. Gangemi, S. Alaimo, A. Pulvirenti, S. Garcia-Vifiuales, D. Milardi, G.
Oliviero, A. Ferro, C. M. Croce, R. Purrello.

National Congress of the division of chemistry of biological systems (DSCB 2018 —
Caserta, 26-28 September 2018). Poster contribution.

AB binds Ubiquitin and inhibits polyubiquitination: alternative mechanisms for
amyloid toxicity.

F. Bellia, V. Lanza, S. Garcia-Vinuales, |.M.M. Ahmed, A. Pietropaolo, C. lacobucci, G.
Malgieri, G. D’Abrosca, R. Fattorusso, V. G. Nicoletti, D. Sbardella, G.R. Tundo, M.
Coletta, D. Calcagno, G. Grasso, D. Milardi.

International Symposium on Pathomechanisms of Amyloid Diseases (20-21 December
2018, Miami, Florida, USA). Oral contribution.

Trehalose phosphodiester conjugates of silybins protect neuronal cells from AB
toxicity by multiple pathways.

S. Garcia-Vifuales, V. Lanza, M.F.M. Sciacca, A. M. Santoro, S. Zimbone, M. L. Giuffrida,
V. Romanucci, A. Zarrelli, G. Di Fabio, D. Milardi.

14™ International Conference on Alzheimer’s & Parkinson’s Diseases (AD/PD 2019,
March 2019, Lisbon, Portugal). Poster contribution.
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6. Site directed mutagenesis of insulin-degrading enzyme allows singling out the
molecular basis of peptidase versus E1-like activity: the role of metal ions.
G. Grasso, F. Bellia, V. Lanza, I.M.M. Ahmed, S. Garcia-Vinuales, M. Arizzi, D. Calcagno,
D. Milardi. Poster contribution.
7™ International Symposium on Metallomics (30 June -3 July 2019, Warsaw, Poland).

7. New Phosphate-Linked Tyrosol Dimers: Synthesis, antioxidant activity, metal
chelating capacity and effect on AB aggregation.
M. Giordano, V. Romanucci, R. Bernini, M. Clemente, S. Garcia-Viituales, D. Milardi, M.
luliano, G. De Tommaso, A. Zarrelli, G. Di Fabio.
XXXIX National Convention of the Division of Organic Chemistry of the Italian Chemical
Society (CDCO, September 2019, Turin, Italy). Poster contribution.

8. Endogenous and artificial miRNAs: a rich variety of conformations.
C.M.A. Gangemi, S. Alaimo, A. Pulvirenti, S. Garcia-Vifiuales, D. Milardi, A. P. Falanga,
M. E. Fragala, G. Oliviero, G. Piccialli, N. Borbone, A. Ferro, A. D’Urso, C. M. Croce & R.
Purrello.
Workshop Italian Chemical Society (SCI) Sicily 2020 (28 February, Messina, Italy). Poster
contribution.
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20S proteasome preliminary assay

A preliminary experiment was done to optimize the experimental conditions of the assay.
Silybins were added and pre-mixed to the reaction buffer and incubated during different
times before the addition of the proteasome sample. Then, a standard incubation time (for
30 min) proceeded, and the enzymatic reaction started following the addition of the
substrate. Supplementary figure S1 evidence that both silybins activate y20S proteasome
when the proteasome was added immediately after the silybins (time zero). On the
contrary, their stimulating ability decreased when the “pre-mixed” time increased and,
after 30 minutes, we observed a total loss of its activity, detecting values similar to control.
This result confirms the tendency of silybins to form self-aggregates; extending the
incubation time in water solution, the concentration of active monomeric form is reduced,
causing a reduced effect on the proteasome.

Therefore, the experiments described in this thesis were performed by adding the
proteasome and silybins consecutively, limiting the time that silybins are in the buffer

solution without the proteasome, to avoid the formation of silybin self-aggregates.

2007

B siia
Il siiB

Residual ChT-L activity (%)

CTL 0 10 20 30

pre-mix time (min)

Supplementary figure S1. Normalized values of ChT-L residual activity of y20S measured in
presence of 5uM Sil A (red bars) or Sil B (purple bars) at increasing pre-mixing times. Assay
buffer: 50 mM Tris buffer (pH 8), 37°C. Results are reported as the normalized percentage
of residual activity (+ SEM).
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Supplementary figure S2 — Dihedral angles of Sil A and Sil B in their protonated and
monodeprotonated (in the hydroxyl group in position 5) states. (a) Torsional angles 11, T2,
T3,T4, Ts, and 16 defined by the atoms indicated in the figure as abcd, bcde, ijkl, hijk, bcfg,
and kjmn, respectively. (b) Probability density distribution of the dihedral angle 11 of Sil A
in both protonated and monodeprotonated states. (c) As (b) except for Sil B. (d) As (b)
except for dihedral angle T,. (e) As (d) except for Sil B. (f) As (b) except for dihedral angle
3. (e) As (f) except for Sil B.
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Supplementary figure S3 — Dihedral angles of Sil A and Sil B in their protonated and
monodeprotonated (in the hydroxyl group in position 5) states. (a) Probability density
distribution of the dihedral angle t4 of Sil A in both protonated and monodeprotonated
states. (b) As (a) except for Sil B. (c) As (b) except for dihedral angle ts. (d) As (c) except for
Sil B. (e) As (a) except for dihedral angle te. (f) As (e) except for Sil B.
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Supplementary Figure S4 — Secondary structure assignment (DSSP). DSSP to the amino acids of hIAPP throughout the concatenated simulations.
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Supplementary Figure S5 — Secondary structure assignment (DSSP). DSSP to the amino acids of hIAPP throughout the concatenated simulations
performed in the presence of SilA in a peptide/ligand ratio 1:1)
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Supplementary Figure S6 — Secondary structure assignment (DSSP). DSSP to the amino acids of hIAPP throughout the concatenated simulations

performed in the presence of SilA in a peptide/ligand ratio 1:2).
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Supplementary Figure S8 — Secondary structure assignment (DSSP). DSSP to the amino acids of hIAPP throughout the concatenated simulations
performed in the presence of SilB in a peptide/ligand ratio 1:2).
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Supplementary Figure S9 — Changes in Ramachandran probability distributions of the
residues C2, N3, T4 A5, T6, and C7. Data are represented as the difference between
Ramachandran probability distributions of hIAPP in the presence and absence of the ligand.
From left to right: hIAPP in presence of Sil A in peptide/ligand ratios 1:1 and 1:2 and hIAPP
in presence of Sil B in peptide/ligand ratios 1:1 and 1:2. Positive values (represented in red)
indicate an increase in the probability of these dihedral angles and, henceforth, of the
corresponding structure, while negative values (represented in blue) indicate a decrease of
it.
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Supplementary Figure $S10 — Changes in Ramachandran probability distributions of the
residues A8, T9, Q10, R11, L12, and A13.Data are represented as the difference between
Ramachandran probability distributions of hIAPP in the presence and absence of the ligand.
From left to right: hIAPP in presence of SilA in peptide/ligand ratios 1:1 and 1:2 and hIAPP
in presence of Sil B in peptide/ligand ratios 1:1 and 1:2. Positive values (represented in red)
indicate an increase in the probability of these dihedral angles and, henceforth, of the
corresponding structure, while negative values (represented in blue) indicate a decrease of
it.
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Supplementary Figure S11 — Changes in Ramachandran probability distributions of the
residues N14, F15, L16, V17, H18 and S19. Data are represented as the difference between
Ramachandran probability distributions of hIAPP in the presence and absence of the ligand.
From left to right: hIAPP in presence of SilA in peptide/ligand ratios 1:1 and 1:2 and hIAPP
in presence of Sil B in peptide/ligand ratios 1:1 and 1:2. Positive values (represented in red)
indicate an increase in the probability of these dihedral angles and, henceforth, of the
corresponding structure, while negative values (represented in blue) indicate a decrease of
it.
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Supplementary Figure S12 — Changes in Ramachandran probability distributions of the
residues S20, N21, N22, F23, G24 and A25. Data are represented as the difference between
Ramachandran probability distributions of hIAPP in the presence and absence of the ligand.
From left to right: hIAPP in presence of SilA in peptide/ligand ratios 1:1 and 1:2 and hlAPP
in presence of Sil B in peptide/ligand ratios 1:1 and 1:2. Positive values (represented in red)
indicate an increase in the probability of these dihedral angles and, henceforth, of the
corresponding structure, while negative values (represented in blue) indicate a decrease of
it.
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Supplementary Figure S12 — Changes in Ramachandran probability distributions of the
residues 126, L27, S28, S29, T30, N31.Data are represented as the difference between
Ramachandran probability distributions of hIAPP in the presence and absence of the ligand.
From left to right: hIAPP in presence of SilA in peptide/ligand ratios 1:1 and 1:2 and hlAPP
in presence of Sil B in peptide/ligand ratios 1:1 and 1:2. Positive values (represented in red)
indicate an increase in the probability of these dihedral angles and, henceforth, of the
corresponding structure, while negative values (represented in blue) indicate a decrease of
it.
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Supplementary Figure S13 — Changes in Ramachandran probability distributions of the
residues V32, G33, S34, N35 and T36.Data are represented as the difference between
Ramachandran probability distributions of hIAPP in the presence and absence of the ligand.
From left to right: hIAPP in presence of SilA in peptide/ligand ratios 1:1 and 1:2 and hIAPP
in presence of Sil B in peptide/ligand ratios 1:1 and 1:2. Positive values (represented in red)
indicate an increase in the probability of these dihedral angles and, henceforth, of the
corresponding structure, while negative values (represented in blue) indicate a decrease of

it.
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