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Abstract

Amyloidoses are a group of diseases caused by the conversion of soluble
proteins into pathogenic ordered fibrillar aggregates. The mechanism driving
in vivo the structural transformation of these proteins has not yet been clearly
elucidated. My work has focused on two plasma proteins that make amyloid
in vivo starting from precursors deeply different in terms of structure and
function: transthyretin (TTR) and the apolipoprotein C-lll variant, D25V (D25V
apo C-llIl). Apo C-lll is mostly synthesized by the liver and is a major
component of HDL. We have described the first variant causing a genetic
form of renal amyloidosis. In the work presented here, structural and
functional characterization of the newly described D25V apo C-Ill variant was
carried out together with the investigation of its aggregation mechanism,
showing a modest loss of function and an increased tendency to aggregate in
physiological buffer in the lipid-free state.

TTR is mainly synthesized by the liver and the choroid plexus in the CSF and
is the main transporter of thyroxine in the CSF and the secondary transporter
in plasma. The mechanism of TTR fibrillogenesis has been investigated for
decades. Our group has recently proposed a new pathway for TTR
amyloidogenis mediated by selective tryptic cleavage, in alternative to the
commonly accepted low pH induced aggregation mechanism. Further
characterization of the mechanism, including the identification of the culprit
protease responsible for proteolytic cleavage in vivo was carried out showing
a correlation between TTR stability and susceptibility to proteolysis. The
inhibitory activity of stabilisers and their effect on protein structure and
dynamics were also studied using a combination of spectroscopic techniques
including NMR. The identification of the enzyme responsible for cleavage in
vivo, opens up a completely new scenario for understanding the mechanism

and the history of the disease in vivo.



Impact Statement

The data presented in this thesis offer an insight into the mechanism of
aggregation of two distinct amyloidogenic proteins under physiological

conditions.

D25V apo C-lll was the first ever described amyloidogenic variant of human
apo C-lll. Considering the involvement of several apolipoproteins in the
formation of amyloid deposits in vivo, the biochemical characterisation of the
structure, function as well as the investigation of the aggregation mechanism
of the D25V apo C-Il variant could provide an insight into the mechanism
driving the conversion of other proteins belonging to the same family from

their functional state to insoluble amyloid fibrils.

The results obtained on TTR have an impact both within and outside
academia. The results obtained by NMR spectroscopy represent the first
clear demonstration of an allosteric effect exhibited by ligands upon binding,
highlighting the role that this technique could have in the screening and
development of new therapeutic drugs acting as TTR stabilisers.
Furthermore, our group has proposed a new mechanism for TTR
amyloidogenesis, defined ‘mechano-enzymatic mechanism’, which better
resembles the in vivo scenario in comparison to the classic mechanism of
low pH-induced dissociation and subsequent aggregation. The results
presented in this thesis expand our understanding of the mechanism and
identify a plausible protease responsible for proteolysis in vivo. Compounds
able to stabilise TTR, such as tafamidis, have up to now been identified
exclusively by their capacity to inhibit TTR dissociation and aggregation
induced by low pH invitro. However even with apparently complete
pharmacological stabilisation of circulating TTR, the clinical benefit observed
so far is limited to modest slowing of the progression of peripheral
neuropathy. In the light of the discovery of the mechano-enzymatic

mechanism, the evaluation of the ability of different TTR stabilisers to inhibit



proteolysis becomes crucial and opens up new possibilities in the field of
drug discovery for both academia and pharmaceutical companies.

The benefit of having more effective compounds, able to completely stop the
progression of the disease, would firstly give benefits to the patients affected
by TTR amyloidosis around the world, who are the ultimate target of basic
science research. The possibility to improve the quality of life of patients as
well as the clinical outcome would translate in a reduction of the costs
associated with the treatment of this relatively rare disease and could

therefore be of extreme interest for the public health system.
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Chapter 1. General introduction

1.1 Amyloidoses

The German physician Rudolf Virchow introduced the term amyloid in 1854
to describe the corpora amylacea found in the brain, which he erroneously
thought were made of cellulose due to their capacity to stain with iodine. Five
years later, in 1859, Friederich and Kekule identified the presence of protein
material in the deposits, thus shifting the attention initially on “amyloid as a
single protein and later as a class of proteins, with a propensity to undergo
changes in conformation which resulted in fibril formation” (Sipe JD and
Cohen AS, 2000). The advance in both medical and biochemical knowledge
over the last 150 years has led to the contemporary definition of
“amyloidoses as a generic term used to describe a wide range of human
diseases characterized by the misfolding and extracellular accumulation, in
the form of highly organised fibrillary aggregates, of various proteins”
(Gillmore JD & Hawkins PN, 2013). Such aggregates “arise from the failure
of a specific peptide or protein to adopt, or remain in, its native functional
conformational state with subsequent reduction in the quantity of protein that
is available to play its physiological role” (Chiti F & Dobson CM, 2007). Within
the protein conformational diseases, amyloidoses represent the largest group
of misfolding diseases where specific peptides or proteins convert from their
soluble functional states into toxic and highly insoluble amyloid fibrils which
can deposit in human tissues (Sipe JD, 1992; fig. 1).

These diseases, although known for more than 150 years, have only recently
been increasingly recognized in the pathogenesis of many human diseases
with enormous social and medical impact and which are indeed associated
with the formation of extracellular plaques or intracellular inclusions of protein

aggregates with amyloid-like features.
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Figure 1. From a heterogeneity of protein precursors to amyloid fibrils

Amyloid diseases can be broadly grouped into:

e Neurodegenerative conditions, in which aggregation occurs in the
brain;

e Non neuropathic localized amyloidoses, where the amyloid is
restricted to a particular organ or tissue;

e Non neuropathic systemic amyloidoses, in which the “deposits can be
present in many or all the viscera, connective tissue, and blood vessel
walls, although intracerebral amyloid deposits are never found.”
(Pepys MB, 2009). About one per thousand deaths in developed
countries are associated with systemic amyloidosis.

Localized and systemic amyloidoses can be further grouped into acquired or
hereditary amyloidosis.

“Acquired amyloidosis arise as a complication of a pre-existing primary
disease that either produces an inherently amyloidogenic abnormal protein,
or greatly increases the amount of a potentially amyloidogenic normal
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protein” (Pepys MB, 2009). The first is, for example, the case of monoclonal
immunoglobulin light (L) chains in AL amyloidosis, the latter is represented by
B2-microglobulin (B2-m) in wild type B2-m (WT B2-m) amyloidosis or serum
amyloid A in AA amyloidosis. Hereditary amyloidoses are associated with
mutant genes encoding for variant proteins presenting structural
abnormalities, which determine their amyloidogenic potential and represent a
group of disorders in constant expansion. To date 36 proteins, listed in table

1, have been recognized as causative agents of different amyloid diseases

(Sipe JD et al, 2016).

Table 1. Amyloid fibrils proteins and precursors

Fibril Protein Target organ Systemic Acquired or
protein precursor and/or hereditary
localized
. All organs usually Systemic
AL Im'}?”ﬁ‘fggg?ﬂ”“” excluding central Acquired/hereditary
g nervous system Localized
AH Immunoglobulin All organs excluding Systemic Acquired
heavy chain central nervous system Localized
AA Serum amyloid A All organs excluding Systemic Acquired
central nervous system
. Heart mainly in males,
Wild type ligaments, Systemic Acquired
transthyretin ;
tenosynovium
ATTR Peripheral nervous
Variant system, autonomic . .
transthyretin nervous system, heart, Systemic Hereditary
eye, leptomeninges
Wild type
Musculoskeletal system | Systemic Acquired
B2-Microglobulin
AB2M
Variant :
Auton(;n"nslfenmervous Systemic Hereditary
2-Microglobulin y
Heart, liver, kidney,
Variant peripheral nervous
. . system, testis, larynx . .
AApoAI apollpo;::roteln A (C-terminal variants), Systemic Hereditary
skin (C-terminal
variants)
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Variant

AApoAIl | apolipoprotein A Kidney Systemic Hereditary
Il
Wild type .
AApoAIV | apolipoprotein A Kidney medu_lla and Systemic Acquired
IV systemic
Variant
AApoCIl | apolipoprotein C Kidney Systemic Hereditary
Il
Variant
AApoCIll | apolipoprotein C Kidney Systemic Hereditary
]
AGel Variant gelsolin Peripheral nervous Systemic Hereditary
system, cornea
ALys Variant lysozime Kidney Systemic Hereditary
Leukocyte
ALECT2 chemotactic Primarily kidney Systemic Acquired
factor-2
. Variant . S . .
AFib fibrinogen a Primarily kidney Systemic Hereditary
ACys Variant cystatin Peripheral nervous Systemic Hereditary
C system, skin
ABri Variant ABriPP | Central nervous system | Systemic Hereditary
ADan Variant ADan PP | Central nervous system | Localized Hereditary
Wild type AB Central nervous system | Localized Acquired
precursor
AB
Variant A Central nervous system | Localized Hereditary
precursor
AaSyn a-Synuclein Central nervous system | Localized Acquired
ATau Tau Central nervous system | Localized Acquired
wild type_ prion _ Creutzfeldt-_Jacob _ Localized Acquired
protein disease, fatal insomnia
APrP Creutzfeldt-Jacob
Variant prion disease, fatal insomnia, Localized Hereditar
protein Gerstmann-Straussler- y
Scheinker syndrome
ACal (Pro)calcitonin C-cell thyroid tumour Localized Acquired
AIAPP Islet amy!0|d Islet§ of L-angerhans, Localized Acquired
polypeptide insulinomas
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AANF Atrial natriuretic Cardiac atria Localized Acquired
factor

APro Prolactin Pltunary pro!aqtmomas, Localized Acquired

aging pituitary
Alns Insulin Ia_trgge_mc, Ipcal Localized Acquired
injection site

ASPC Lung surfactant Lung Localized Acquired
protein

AGal7 Galectin 7 Skin Localized Acquired

ACor Corneodesmosin Cornified e.plthella, hair Localized Acquired

follicles

AMed Lactadherin Senile aortic, Media Localized Acquired

AKer Kerato-epithelin Cornea, hereditary Localized Acquired

AlLac Lactoferrin Cornea Localized Acquired

Odontogenic
ameloblast- : . .

AOAAP associated Odontogenic tumors Localized Acquired
protein

ASeml Semenogelin 1 Vesicula seminalis Localized Acquired

AENf Enfurvitide latrogenic Localized Acquired

Some neurodegenerative or endocrine diseases, not clinically classified as
amyloidosis, have also been associated with the presence of intracellular
amyloid-like deposits and plaques, which play a crucial role in their
pathogenesis (Sipe JD et al., 2016; table 2).
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Table 2. Intracellular amyloid protein inclusions

Inclusion Protein nature Site Associated
name disease
) ) Neurons ] ]
Lewy bodies a-synuclein Parkinson’s disease

intracytoplasmatic

Huntington bodies

PolyQ expanded

Neurons

Huntington’s disease

huntingtin intranuclear
. . ) Neurodegenerative
Hirano bodies Actin Neurons )
disorders
) _ ) Forms of familial
Collins bodies Neuroserpin Neurons

presenile dementia

Form of familial

\ o i Neurons, many neurodegenerative
ot specifie erritin ;
P different cells disorder
Alzheimer’s disease,
Neurofibrillary - Neurons fronto-temporal
au
tangles intracytoplasmatic dementia, aging, other
cerebral conditions
Parkinson’s disease,
_ Neurons
Aasyn a-synuclein other cerebral

intracytoplasmatic

conditions
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1.2 Molecular mechanism of amyloid formation

Several mechanisms, acting independently or in synergy, are responsible for

amyloid deposition:

Some proteins are inherently amyloidogenic and exhibit a tendency to
convert into the pathological form and then to aggregate in the form of
amyloid fibrils. Wild type transthyretin (WT TTR) amyloidosis is a good
example of a protein with inherent tendency to self-assemble into fibrils.

A single point mutation in the gene encoding for a specific protein can
induce the replacement of a single amino acid in the protein sequence
thus reducing the conformational stability of the mutant compared to the
WT form and promoting aggregation. This mechanism is associated with
hereditary amyloidosis.

The precursor protein may undergo post-translational modification
including proteolytic cleavage or oxidation. This is the case of A peptide
causing amyloid like plagues in the brain of patients with Alzheimer’s
disease (Murphy MP & LeVine H, lll, 2010).

The conversion of native conformers into their pathological form can be
catalysed by the interaction with misfolded monomers. The prototype of
this mechanism is the interaction between prion proteins causing
spongiform encephalopathy.

Some proteins, referred to as natively unfolded proteins, lack a fully
structured three-dimensional conformation and are therefore exposed to
the risk of self-aggregation. a-synuclein and apolipoproteins are good

examples of natively unfolded proteins prone to aggregation.

In addition to the protein amyloidogenic potential other factors that perturb

the three-dimensional structure such as a low pH, oxidation, increased

temperature, limited proteolysis, metal ions and osmolytes — may act

synergistically by shifting the equilibrium toward the partially folded
amyloidogenic state (Merlini G & Bellotti V, 2003; Kim YS et al., 2001).

Local micro-environmental conditions can promote the partial unfolding of the

native protein thus promoting aggregation, but they can also affect the ultra-

structural organization of protein deposits causing them to form either fibrillar

26



amyloid aggregates or amorphous aggregates (Khurana R et al., 2001).
Common components of amyloid deposits, such as glycosaminoglycans and
serum amyloid P component (SAP) may exert identical effects by hastening
the integration of a soluble polypeptide into a more stable fibril (Merlini G &
Bellotti V, 2003). Furthermore fibrillar “seeds” are able to catalyse
conformational changes in the soluble protein and they can accelerate the
deposition of amyloid during the inflammatory process (Lundmark K et al.,
2002; Elliott-Bryant R & Cathcart ES, 1998).

1.3 Composition of amyloid deposits

The analysis of the composition of ex vivo amyloid deposits shows that the
core of the plaques consists of a major protein component. Aside the amyloid
fibril protein, the presence of other ubiquitous components is normally
observed. In particular SAP, apolipoprotein E and apolipoprotein A-IV are
commonly detected by proteomic mass spectrometry analysis (Vrana JA et
al., 2009) and are known as “amyloid signature proteins”.

Here is a list of the common constituents normally identified in amyloid
deposits:

e SAP (Fig. 2), a plasma glycoprotein belonging to the pentraxin family,
synthesized by the liver, which reversibly binds to amyloid (Kd ~
1umol/l) in a calcium-dependent fashion, creating a coating, which
highly protects the fibrils against proteolysis and confers them
resistance to degradation by phagocytosis both in vivo and in vitro
(Tennent GA et al., 1995). The abundance of SAP in the deposits (up
to 15% of the total amyloid mass) and its reversible binding to the
fibrils make 1'° radio-labeled SAP an important diagnostic tool for the

imaging of amyloid deposits (Pepys MB et al., 1997).
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Figure 2. Three-dimensional structure of SAP

(Senior K, 2009)

e Apolipoprotein E is common constituent of amyloid plaques although
its role in systemic amyloidosis has not yet been identified (Gallo G et al.,
1994).

e Apolipoprotein A-IV is often found in amyloid deposits and has
recently been described as a cause of renal amyloidosis following its
deposition in the kidneys (Dasari S et al., 2016).

e Collagen (not always present) constitutes a scaffold to which amyloid
fibrils adhere and then increase in size (Homma N et al., 1989). Several
studies suggest that the interaction with collagen might play an important
role in driving the tissue specificity.

e Proteoglycans, such as heparan sulphate and dermatan sulphate,
act similarly to collagen providing a scaffold for nucleation and fibril
growth, but can also protect fibrils against degradation by tightly binding to
them. They localize with constitutive elements of extracellular matrix, such
as perlecan, laminin, entactin, and collagen IV and contribute to the
carbohydrate component of natural amyloid.

e Metal cations are implicated in a number of amyloid diseases.
Bivalent cations Cu?*, Zn?* and Ni?* have been shown to affect protein
conformational transitions and, in stoichiometric amounts, can induce

amyloid formation (Jones CE et al., 2004).

1.4 The relation between folding and misfolding

The folding free energy landscape for small proteins can be represented with

a funnel-like diagram (Fig. 3), which effectively represents the evolutionary

selection of polypeptide sequences able to fold rapidly and reliably towards a

unique native state (Watters AL et al.,, 2007). In the case of larger
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polypeptide sequences the surface of the energy landscape appears
rougher, allowing the population of partially folded species that may be on or
off-pathway to the native fold (Watters AL et al., 2007; Vendruscolo M et al.,
2003).
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intermediates
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Figure 3. Folding funnel diagram. Representation of the funnel-shaped free-

energy landscape (adapted from Rasakatov J & Teplow D, 2017).

Determining the conformation of unfolded states means defining the starting
point for protein folding reactions and understanding the role that these
species play in a wide variety of biological processes. There also may be the
possibility for the polypeptide to acquire an alternative and relatively stable
“‘misfolded state,” which is aggregation prone and is energetically favourable
having the same, if not lower, minimum energy of the native protein. Many
proteins, once secreted, are in dynamic equilibrium with a partially folded
conformation, and in this state, they retrace the final part of the folding
pathway, ultimately forming either a native or misfolded protein (Brockwell DJ
& Radford SE, 2007; McCarney ER et al., 2005).
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1.5 Mechanisms of amyloid fibril growth

The molecular mechanism underlying the partial or total unfolding of a protein
and subsequent formation of amyloid fibrils in vitro is nowadays widely
understood thanks to biochemical and kinetics approaches. The pathological
pathway taking place in vivo, although, appears more complicated and has
therefore not yet been clarified. The formation of amyloid fibril is commonly
described as a “nucleated growth” mechanism (Naiki H et al.,, 1997,
Pedersen JS et al., 2004) and is characterized by the presence of two distinct
phases: a lag phase required for “nuclei” formation followed by a rapid
exponential growth phase. Nucleation takes place in the early stages of the
amyloid cascade and is a thermodynamically unfavourable stochastic
phenomenon, which represents the rate-limiting step of the pathogenic
mechanism (Naiki H et al., 1997). It is possible to discriminate between
primary and secondary nucleation pathways: primary nucleation consists of
an interaction between soluble monomers, whose concentration strongly
influences the kinetics of the process, and leads to the formation of small
fibrils (Fig. 4 A); secondary processes can be monomer-independent and
include different mechanisms such as fibril fragmentation or more complex
processes such as surface-catalysed nucleation. In the case of fibril
fragmentation the rate of formation of new aggregates only depends on the
level of aggregates, while surface-catalysed nucleation might lead to fibril
branching and depends on the concentration of both monomeric protein and
existing aggregates (Fig. 4 B). Once a nucleus is formed, fibril growth is
thought to proceed rapidly by further association of either monomers or
oligomers to the end of the existing fibrils in a process referred to as
elongation (Naiki H et al., 1997; Pedersen JS et al., 2004). In the presence of
high monomer concentration, the conformational rearrangement of the
polypeptide subsequent to its binding to the fibril end becomes rate limiting
for the overall elongation process making the rate of polymerization largely
independent on the monomer concentration (Fig. 4 C; Collins SR et al.,
2004). Molecular recycling (Fig. 4 D; Carulla N et al., 2005), consisting of

dissociation of molecules from aggregates, also takes place, although the
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kinetic rate of this phenomenon appears to be significantly slower than the

growth processes in order for fibril growth to occur.

A B
Primary nucleation pathways Secondary nucleation pathways
O — O —
Soluble Fibril ’
monomer
Nucleation Fragmentation Surface catalysed
nucleation
C D
Elongation pathways Dissociation pathways
O
Elongation site Molecular recycling

Figure 4. Mechanisms of amyloid fibril growth. (A) Monomer-dependent primary
nucleation, (B) Monomer-independent secondary nucleation pathways promoting
the formation of new aggregates, (C) Elongation takes place with addition of new
monomers to the fibril ends, (D) Molecular recycling: a slow turnover is generated by
the constant equilibrium existing between molecules in aggregates and molecules in
solution. Figure adapted from Cohen Sl et al., 2012 and Carulla N et al., 2005.
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As with many other nucleation dependent processes, including crystallization,
it is possible to significantly reduce the lag phase preceding aggregation by
the addition of preformed fibrillar aggregates to a sample of a protein under
aggregation conditions following a procedure referred to as “seeding” (Naiki
H et al., 1997; Serio TR et al., 2000). Other parameters such as changes in
experimental conditions or the presence of certain types of mutations can
also reduce (or eliminate in some cases) the length of the lag phase (Fezoui
Y & Teplow DB, 2002). These observations suggest that the lag phase gets
shortened and ultimately abolished only when the rate of the aggregation
process is no longer limited by the need for nucleation. The absence of a lag
phase does not exclude the presence of a nucleated growth mechanism,
which might well still operate: it is indeed possible that the time required for
fibril growth is sufficiently slow compared to the nucleation process so that
the latter represents no longer the slowest step in the conversion of a soluble
protein into the amyloid state (Chiti F & Dobson CM, 2006).

Seeding between different protein species, known as cross seeding, is a rare
event as demonstrated by several experiments, which showed that when the
sequence identity of the protein forming the seeds is lower than 30-40%
compared to the species in solution, the efficiency of the seeding effect

significantly decreases.

1.6 The structure of amyloid fibrils and factors determining their
polymorphism

Several protein precursors, although heterogeneous in structure and
function, can ultimately aggregate in the form of amyloid fibrils, which all
share the same physico-chemical features and structure. Much information
on the structure of amyloid fibrils has been derived by imaging in vitro using
techniques such as transmission electron microscopy (TEM), atomic force
microscopy (AFM) and X-ray fiber diffraction (Serpell LC et al., 2000; Sunde
M & Blake C, 1997). In more recent years the technical advance in
techniques such as solid-state nuclear magnetic resonance (SSNMR), cryo-

electron microscopy (cryo-EM) and Fourier transform infrared spectroscopy
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(FTIR) has widely increased the amount of structural information available on
the three-dimensional structure of fibrils at an atomic scale resolution. AFM
and EM show early pre-fibrillar aggregates as amorphous or micelles. These
can then evolve into highly organised structures referred to as protofibrils or
protofilaments (Jimenez et al., 1999). Such protofilaments (typically 2—6),
each about 2-5 nm in diameter, which twist together to form rope-like fibrillar

structures, represent the structural units constituting the fibrils (Fig. 5).

100nm

Oligomers Protofibrils Amyloid Fibrils

Figure 5. Morphology of fibrillar and pre-fibrillar structures. Negatively stained
EM images of oligomers, protofibrils and amyloid fibrils by amyloid B peptide 1-40
are shown (Meinhardt J & Fandrich M, 2009).

Typically, fibrils are 7-13 nm wide or associate laterally to form long ribbons
that are 2-5 nm thick and up to 30 nm wide (Serpell LC et al., 2000).

The analysis of the X-ray fiber diffraction pattern (Sunde M & Blake C, 1997)
has shown that, within the individual protofilament, the B-strands formed by
the polypeptide chain, originated by the whole protein or peptide molecules,
run perpendicular to the long axis of the fibril. Several researchers have
suggested that a single protofilament comprises four B-sheets, separated by
distances of 10 A. Each molecule within the protofilament contributes four B-
strands, with strands one and three forming one parallel B-sheet and with
strands two and four forming another parallel B-sheet 10 A away (Petkova AT
et al., 2002; Goldsbury CS et al., 2000; Chiti F & Dobson CM, 2006). Amyloid
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fibrils formed by small peptides have helped in the investigation of the cross-
3 amyloid structure. X-ray diffraction of this material has shown an
intrastrand distance between parallel sheets around 4.8 A. The distance
separating parallel and antiparallel sheets, also called the interstrand
distance as it represents the distance between different strands, has instead
been calculated around 9.6 A (Fig. 6 A). Looking down the long axis of the
fiber it is possible to observe that the side chains emanating from two sheets
are tightly interdigitated, forming a zipper-like interaction referred to as steric-
zipper (Fig. 6 B-C), which could explain why different proteins assemble in
amyloid fibrils of similar appearance. The differences existing in terms of
diameters of the fibrils is associated with the different lengths of the
constitutive protein and with the actual number of protofibrils that twist
together to form a fibril (Eisenberg D & Jucker M, 2012).
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Figure 6. The cross-B amyloid structure (A) The pair-of-sheets structure of the
amyloid fibril-forming peptide GNNQQNY. An arrow represents each [3-strand’s
backbone. (B) The interdigitation of the sidechains emanating from each sheet is
made possible by the vertical shift of one sheet relative to the other. (C) Cryo-EM
reconstruction of amyloid fibrils originated by TTR 105-115 peptide. The close up
clearly shows the steric-zipper motif. Figure adapted from Nelson et al., 2005 and
Fitzpatrick et al., 2013.
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The presence of the typical cross-f structure is usually identified by the

binding of different dyes such as Congo red (CR), Thioflavin-T (ThT) and

their derivatives which are thought to form ordered arrays along the lengths

of the fibrils, giving rise to specific spectral responses. Upon staining with an
alkaline alcoholic CR solution (Puchtler H et al., 1985), the presence of fibrils
is uncovered by a characteristic apple-green birefringence under a polarized
light microscope (Fig. 7). In the case of ThT, initially described by Naiki and
collaborators (Naiki H et al., 1989), the binding to the typical cross-p structure
featured in amyloid fibrils causes a conformational change in the ThT
molecule, which increases its emission at 480 nm after excitation at 445 nm.
Although in some cases non-specific binding has been observed, ThT is

commonly used to detect the presence of aggregates in vitro.
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Figure 7. Congo red mechanism and staining. Cardiac biopsy from a TTR
amyloidosis patient viewed under normal light (top) and polarized light (bottom).
Figure adapted from Merlini G & Bellotti V, 2003 and Mangione P et al., 2014.
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In conclusion, in order to classify any given protein aggregates as amyloid,
three main features need to be displayed:

1. Fibrillar morphology

2. Cross-f3 structure

3. Characteristic tinctorial properties upon staining with specific dyes.
The fact that we see an heterogeneity in molecular structure, such as the
structural positioning of the polypeptide chains within the fibrils (Pedersen JS
et al., 2005), is substantially linked to the significant morphological variations
that can exist between different fibrils formed from the same peptide or
protein. The wide spectrum of structurally different fibrillar aggregates that
each protein can form is related to thermodynamic and kinetic factors, which
are dominant when the aggregate is being formed (Chiti F & Dobson CM,
2006). Mechanical stress, for example, has been shown to be able to
generate fibrils of different molecular structure and/or dimensions even in

otherwise identical experimental conditions (Xue WF et al., 2009).

1.7 Amyloid tissue tropism and mechanisms of tissue damage

Which factors drive the specific tissue tropism that different proteins exhibit
and why do different mutations of the same protein sometimes lead to
different tissue localisation? It is known for example that WT [p2-m
preferentially deposits in joints, while the fibrinogen A a chain selectively
affects the kidneys. It is also known that for example, in familial TTR
amyloidosis, individuals with V30M TTR have predominant neuropathic
involvement, whereas in individuals expressing the V1221 TTR variant
cardiomyopathy is the mayor clinical manifestation.

Despite the progress made in the understanding of the disease, in almost
every amyloid-related paper we still find the following statement. “the
remarkable diversity in organ distribution of amyloid remains one of the most
important unsolved problems in amyloid research”.

Aggregation and subsequent deposition of amyloid can take place in the
same site of synthesis or it may happen far from the expression site.

There are several factors, which can act favouring the formation of fibrils:
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e A high local protein concentration, a short exposure to low pH,
increased proteolytic activity as well as the presence of fibril seeds
can induce protein aggregation.

e Specific interactions with components of the extracellular matrix, such
as tissue glycosaminoglycans and collagen, or cell-surface receptors,
such as the receptor for advanced glycation end-products (RAGE),
may also determine selective tissue targeting (Stevens FJ & Kisilevsky
R, 2000; Yan SD et al., 2000). Furthermore, given that the
glycosaminoglycan composition of the extracellular matrix may vary
from tissue to tissue, it is possible that this variability influences tissue
tropism (Bellotti V et al., 2007).

The mechanism underlying tissue damage is also still being debated: some
researchers claim that damaging of tissues and organs is only related to the
physical and mechanical stress induced by the presence of the deposits,
while others suggest that, in addition to the aforementioned mechanism, the
aggregates may also exhibit a cytotoxic effect.

From histological examinations it is evident that the presence of amyloid
deposits cause disruption in the tissue structure, which eventually leads to
organ dysfunction (Fig. 8). Despite in some cases a prolonged exposure to
acquired or hereditary amyloidogenic precursor proteins, the clinical
manifestation of the disease only happens when the presence of amyloid
deposits becomes demonstrable.

The correlation between total amyloid load and severity of tissue damage
differs amongst patients, although, in general, a high amyloid load
corresponds with an increased severity of the disease. Clinical data suggest
that the stabilisation or reduction of the amyloid burden corresponds to
clinical stability or improvement. This observation proves that the presence of
amyloid deposits is a necessary condition for the clinical symptoms to

manifest (Bjorkman P et al., 1987).
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Figure 8. Disruption in the tissue structure caused by amyloid deposition.
SEM images of decellularised healthy (A) and amyloidotic (B) mouse liver showing
the tissue disruption caused by the presence of amyloid deposits. Scale bar 10 uM.
(from Mazza G et al., 2016)

Radford and collaborators have suggested that fragmentation of existing
fibrils does not only favour the secondary nucleation pathways, but may also
play a role in cytotoxicity. Using fibrils derived from different proteins and
fragmenting them to different extents through shaking, they were able to
show a correlation between the length of the fibrils and their ability to disrupt
cell membrane bilayers and decrease cells viability (Xue WF et al., 2009).
Based on these results they have suggested that amyloidogenic precursor
proteins, folding intermediates, and protofilaments may exert a cytotoxic
effect, which is independent from the amyloid deposits and leads to disease
manifestation. Indeed the cytotoxicity of prefibrillar aggregates in recent
years has been extensively demonstrated for AR (Lambert et al., 1998), TTR
(Andersson K et al., 2002), B2-m (Giorgetti S et al, 2010) and
immunoglobulin light chains (Diomede et al., 2014).

The debate is still open and there is no final answer to the question, although
it is possible that both amyloid fibrils and prefibrillar species both contribute to

tissue damage and disease progression.
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1.8 General therapies

The most effective strategy for the treatment of systemic amyloidosis
involves the reduction of the levels of amyloid precursor (Merlini G & Bellotti
V, 2003). Several studies conducted on AL amyloidosis patients (Comenzo
RL et al., 1996; Dember LM et al.,, 2001) have shown that reduction or
elimination of the amyloidogenic clone by chemotherapy improves the
function of the affected organs. The same effect has been seen in reactive
amyloidosis where the management of the underlying inflammatory disorders
can result in regression of the disease.

All the compounds that inhibit the formation of fibril nuclei could prove
extremely important in preventing both the deposition of amyloid and in
avoiding the cytotoxicity of the soluble oligomers (Findeis MA, 2002; Davis
PD et al.,, 2000). In recent years there has been a growing interest in the
design of synthetic peptides that bind natural amyloidogenic peptides
preventing further polymerization. Some of these peptides have already been
used successfully in vitro and in transgenic mice with amyloidosis. Another
approach works directly on amyloid deposits targeting the common fibrillar
architecture and common protective elements (Pepys MB et al., 2002).
Molecules capable of clearing SAP from amyloid deposits or of inhibiting their
interaction with glycosaminoglycans have been designed and tested in
animal models and clinical trials. Targeting SAP could be a promising
strategy as this protein is ubiquitously present in amyloid deposits. Pepys
and co-workers have identified a palindromic ligand, named CPHPC, which is
able to bind to circulating SAP and induce its decamerization, thus almost
completely removing all the circulating protein, without affecting the fraction
bound to amyloid fibrils (Pepys MB et al., 2002). The SAP fraction bound to
fibrils can then be targeted with a specific monoclonal antibody that localises
on the amyloid deposits determining an immune response associated with
the recruiting of macrophages and multi-nucleated giant cells (Bodin K et al.,
2010). Having removed the circulating SAP, the risk of formation of
dangerous immunocomplexes is avoided. The therapy has been tested in

both animals and patients affected by systemic amyloidosis, showing
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extremely encouraging results (Richards DB et al., 2015; Pepys MB, 2017,
Richards DB et al., 2018).

Another innovative approach is immunization against fibrillar proteins in order
to increase the clearance of amyloid deposits by increasing the immune

response to these aggregates (Merlini G & Bellotti VV, 2003).

1.9 Research focus

My PhD studies have been focused on the investigation of the molecular
mechanism underlying the conversion of two proteins, TTR and
apolipoprotein C-lll (apo C-lll), from their functional state to pathogenic
amyloid fibrils. Thanks to several collaborations | have also had the
opportunity to be actively involved in several research projects investigating
other amyloidogenic proteins such as 32-m and a-synuclein, which gave me
the opportunity to acquire a general knowledge of the disease and become
familiar with different biochemical techniques.

1.10 Transthyretin: roles in human and structure

WT TTR was first identified in 1942 in concentrated cerebrospinal fluid using
the Tiselius moving boundary electrophoresis technique (Kabat EA, Moore D,
Landow H, 1942) and later by immune-electrophoresis. The presence of WT
TTR was soon confirmed in human plasma using several electrophoresis
systems based on paper sheet, starch gel, polyacrylamide or reverse-flow
electrophoresis.

WT TTR is synthesised by the liver and secreted into the bloodstream, where
its concentration is 0.1-0.4 mg/ml (1.8-7.2 uM), depending on factors such as
nutritional state, age and sex (Ingenbleek T & Young V, 1994). TTR is also
synthesised by the choroid plexus and retinal pigment epithelium and then
secreted in the cerebrospinal fluid, where the average concentration is 0.017
mg/ml (0.30 uM) and the eye (Jiang X et al., 2001). To a less extent the
protein is also synthesised by the a-cells in the Langerhans islets (Jacobsson
B et al.,, 1979). WT TTR was originally called “prealbumin” because it ran

faster than albumin on electrophoresis gels, being more anodic than albumin
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itself. Its current name originates from its role as thyroxine and retinol
transporter.
TTR is in fact the primary carrier of thyroxine in the cerebrospinal fluid,
whereas its role as a carrier appears less important in plasma due to the
presence of other proteins such as albumin and thyroxine binding globulin
(TBG), to which circulating thyroxine almost entirely bind.
TTR is also involved as a carrier of retinol (vitamin A), through its association
with retinol-binding protein (RBP) in the blood and the cerebrospinal fluid
(Kanai M et al., 1968; Jiang X et al., 2001). The TTR:RBP complex forms in
the endoplasmatic reticulum (ER) of the hepatocytes and it exhibits its
function in two different ways:
1. It prevents the loss of holo-RBP which, due to its small dimensions (21
kDa), would be excreted by filtration in the kidneys
2. It stabilises the interaction with retinol, thus reducing non-specific

release of vitamin A from the complex to receptors other than the

target ones.
Measurement of TTR concentration in the blood is also used in medicine as a
marker to determine the nutritional status of an individual. Alterations in
nutrients supply are quickly counteracted by the visceral compartment and
TTR synthesis can be significantly reduced by cytokine-directed orchestration
with a redistribution of organ and tissue protein pool (Ingenbleek T & Young
V, 1994), making it a good indicator of a malnourished patient (Marik PE &
Bedigian MK, 1996). Indeed TTR is characterised by a short half-life,
although this can sometimes be misleading as its concentration more closely
reflects recent dietary intake rather than overall nutritional status (Shenkin A,
2006).
WT TTR is a 55 kDa homotetrameric (Hamilton JA & Benson MD, 2001)
protein with a dimer of dimers quaternary structure. Each monomer is a 127-
residue polypeptide in which approximately 55% of the amino acids are
engaged in the formation of beta sheet structure. Each subunit contains two
extended eight-pleated sheets (DAGH and CBEF), each of which comprises
four strands (eight in total and named A, B, C, D, E, F, G, and H) with
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antiparallel orientation. The structure also contains a short segment of a-helix
quaternary structure to which only 5% of the residues contribute. Overall TTR
has the shape of a globular protein with a size of 70 A x 55 A x 50 A
(Ingenbleek T & Young V, 1994). The crystal structure of this protein was first
solved by Blake and collaborators (Blake CC et al., 1978) and is now known
to 1.3 A resolution. Each monomer consists of eight B-strands, named A-H,
which are interconnected by loops. A short helix (EF-helix) is located
between strands E and F (Palaninathan SK et al., 2012). The B-strands are
arranged as a B-sheet sandwich. The core of the protein is generated by the
face-to-face interaction of the inner four-stranded B-sheet, formed by strands
DAGH, with the outer four-stranded B-sheet, formed by strands CBEF. Two
monomers originate a dimer, which is stabilised through H-bonds originated
between strands H-H' and F-F. As a single unit, the TTR dimer is
characterised by an inner eight-stranded B-sheet originated by strands
DAGHH'G'A'D' and a solvent-exposed outer B-sheet formed by strands
CBEFF'E'B'C'. The fully folded TTR homotetramer, characterised by a slight
rotation of the dimers in relation to each other along the y axis, originates
from the association of two dimers that is mainly stabilised through
hydrophobic interactions between loops AB and A'B' as well as loops GH and
GH' (Fig. 9). The folded tetramer is highly stable and possesses an
outstanding resistance to most alkaline/acid solutions and denaturating

agents.
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Figure 9. TTR structure. A) TTR monomer with the B-strands indicated. B) TTR
dimer. The H-bonds between the strands are shown in black. The red balls indicate
water molecules. C) TTR tetramer with the 3-strands from one monomer indicated.
D) Side view of the TTR tetramer showing the T4 binding pockets and the central
channel. For reference, B-sheet DAGHH'G'A'D' is colored in blue, B-sheet
CBEFF'E'B'C' is shown in orange and EF-helix in red. Figure adapted from
Palaninathan SK, 2012.

Native WT TTR features an open channel whose internal wall is formed by
inner sheets and where the two binding sites for thyroid hormones (T4) are
located (Wojtczak A et al, 1996; Johnson SM et al, 2005). These binding
sites are interrelated by the phenomenon of negative cooperativity, which
implies that when one binding site is occupied by a first thyroid molecule, the
association constant (Ka) for the second thyroid molecule is drastically
reduced (Ingenbleek T & Young V, 1994; Blake CC et al, 1978; Nencetti S &
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Orlandini E, 2012). Each T4 binding site is characterised by two symmetric
sub-sites, which consist of a small inner binding pocket and a large outer
one, comprising three halogen binding pockets named HBP1, HBP2 and
HPB3 (Fig. 10), which are defined by the following residues:

e HBP1, the wide outer pocked is formed by residues M13, K15, L17,

T106, A108.
e HBP2 comprises residues L17, A108, A109, L110, V121
e HBP3, the inner pocket, is composed by A108, L110, S117 and T119.

Outer binding pocket Inner binding pocket Inner binding pocket Outer binding pocket

Monomer A Monomer B

HBP1 HBP2 —
HBP3

» Xoaxis

HBP2 - HEP3 HEP2

Figure 10. T4 binding site. Schematic representation of the thyroxine binding site
showing the outer and inner binding pockets (adapted from Nencetti S & Orlandini
E, 2012).

The equimolar interaction with retinol binding protein (RBP), mainly involves
the region loop E-a-helix-loop F, even though Leelawatwattana and
colleagues have shown that the N-terminal region might also play a role in
the formation of the TTR-RBP complex (Leelawatwattana C et al., 2011).

Interestingly, although some minor differences are present, the protein is
highly conserved in the animal kingdom, showing the same number of amino
acids in the monomer sequence as well as the same tetrameric assembly in

several species.
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1.11 TTR amyloidosis

Amyloidogenicity is an inherent property of WT TTR, which is responsible for
the formation of microscopic and clinically silent amyloid deposits in the heart
and blood vessels wall of 10-25% of the population over age 80 (Kolstoe SE
et al., 2010; Cornwell GG & Westermark P, 1990; Sletten K et al., 1980). In
addition, 77 different sites of mutation have been observed on the TTR gene,
encoding for over 100 TTR variants affecting about 10,000 individuals
worldwide. These mutations may affect the binding with thyroxine (G6S,
A109T TTR) or may not be associated with amyloid deposition (T119M,
P102R TTR), although in most cases they determine a reduction of the
protein thermodynamic stability and are therefore associated with an
increased aggregation propensity in the extracellular space. A complete list
including all the TTR variants identified so far is available at
http://amyloidosismutations.com/attr.html.

Patients affected by familial diseases are heterozygous, expressing both WT
and variant protein, which therefore associate to generate hybrid TTR
tetramers, which are less stable than their WT counterparts. This difference
in tetramer stability and tendency to dissociate could, according to one of the
mechanisms proposed for TTR amyloidogenesis, explain the presence of
mainly variant protein in the amyloid deposits of these patients (Dwulet FE &
Benson MD, 1983; Dwulet FE and Benson MD, 1984; Wallace et al., 1986;
Sekijima et al., 2005; see paragraph 1.13). In recent years familial
amyloidosis have become less rare, suggesting an underestimation of these
pathologies in the past (Nencetti S & Orlandini S, 2012). Despite the
increasing number of reported cases, though, the vast majority of these
mutations remain very rare entities (Dwulet FE & Benson MD, 1983; Erikkson
M et al., 2009).

Hereditary TTR amyloidosis (ATTR) is fatal within 5-15 years from the
diagnosis (Kolstoe S et al., 2010). The clinical phenotype varies depending
on the TTR variant involved in the amyloid deposition and ranges from mainly
peripheral and autonomic neuropathy to blindness, renal failure and
cardiomyopathy (Benson MD, 1989; Westermark P et al.,, 1990). Also the
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severity of disease greatly depends on the variant protein involved, with

some mutations causing more aggressive clinical phenotypes in the first or

second decade of life, and others being more benign.

Four different type of TTR amyloidosis have been described so far (Table 3):

WT TTR amyloidosis, previously known as senile systemic
amyloidosis (SSA). The name has recently been changed due to
younger patients presenting with WT TTR deposition (Sipe JD et al.,
2016). This type of amyloidosis is caused by massive cardiac
deposition of WT TTR (Ando Y & Suhr OB, 1998), predominantly in
males rather than females, causing intractable heart failure. Due to
global aging in the population, it is likely that this form of TTR
amyloidosis will show an increasing trend in terms of number of
patients diagnosed every year.

Familial amyloid cardiomyopathy (FAC) is caused by different TTR
variants, amongst which the most common is the V122l variant where
a residue of valine in position 122 is replaced by isoleucine and which
is carried by 4% of the African-American population, but is also
expressed in African and Afro-Caribbean ethnic groups (Kolstoe SE et
al., 2010; Jacobson DR et al., 1997). The clinical phenotype is
characterised by the presence of extensive amyloid deposits in the
heart. A recent study highlighted a higher incidence of heart failure
amongst the carriers of the mutation, although the mortality appeared
comparable to that of non-carriers over long-term follow-up (Quarta
CC et al., 2015).

Familial amyloid polyneuropathy (FAP) is an autosomal dominant
hereditary = amyloidosis whose  symptoms, which include
polyneuropathy and/or organ dysfunction, manifest between the third
and seventh decade, despite the amyloidogenic protein being present
at birth (Saraiva MJ, 1991). One of the most common mutations
associated with FAP is generated by replacement of valine by
methionine at position 30 (V30M TTR). This mutation is commonly

found in the Portuguese, Japanese and Swedish population (Saraiva
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MJ et al.,, 1984; Tawara S et al.,, 1983; Dwulet FE & Benson MD,
1984; Westermark P, 1990; Saraiva MJ, 1995).

e Central nervous system-selective amyloidosis (CNSA), caused by the

highly destabilised A25T TTR variant, is less common than TTR

systemic amyloidosis possibly because TTR concentration in the CSF

is significantly lower than in plasma, thus reducing its tendency to self-

assemble.

Table 3. The most common TTR amyloidosis and age of onset (Nencetti S &
Orlandini E, 2012)

Clinical Age of TTR Type | Geographical
Classification | Appeareance Area of Impact
WTTTR ) Worldwide (elderly
o Cardiomyopathy WT TTR _
amyloidosis >60 population)
African-
Americans,
FAC Cardiomyopathy >65 V122l TTR ]
African, Afro-
Caribbean
. Europe (mainly
Peripheral
FAP 30-80 V3IOM TTR Portugal and
neuropathy
Sweden), Japan
Peripheral
neuropathy _
FAP >50 Non V30M Worldwide
and/or
cardiomyopathy
) ) A25T, )
CNSA CNS amyloidosis <50 Worldwide (rare)
D18G TTR

TTR amyloidosis, considering both its acquired (WT TTR) and hereditary

(TTR variants) forms, represents the second most common form of systemic

amyloidosis after AL amyloidosis and the number of people affected by WT

TTR amyloidosis is only destined to increase in the next decades due to the

overall increase in life expectancy.
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1.12 Liver transplant as a therapeutic approach for the treatment of TTR
amyloidosis

Considering that the liver represents the major site of TTR synthesis, liver
transplantation is an effective therapeutic approach to ameliorate TTR
amyloidosis, mainly for FAP patients (Holmgren G et al., 1993). The rationale
behind this approach is based on the replacement of a liver containing a
mutant TTR gene with a normal gene, thus reducing the mutant TTR levels in
the body to < 5% of pre-transplant levels. Although this approach has been
generally successful, there have been some rare cases in which the
progression of the disease has accelerated following the surgical procedure
(Okamoto S et al.,, 2011). It has also been shown that in some elderly
patients, TTR deposition continues even after liver transplantation (Holmgren
G et al.,, 1993; Ando Y et al., 1995). Furthermore, this invasive therapy has
not proven successful for the treatment of WT TTR amyloidosis, where there
is no mutant protein to be replaced, some forms of FAP, involving mutations
other than V30M, and CNSA forms, where TTR is not synthesised by the
liver, but from an independent organ (Nencetti S & Orlandini E, 2012). In
addition, other elements, such as the fibril composition, play a crucial role in
determining the success of this therapeutic approach (see paragraph 1.15).

If we also consider that transplantation needs organs to be transplanted and,
in case of a successful operation, the patient has to be treated with
immunosuppressive drugs to prevent any immune system reactions, it
appears clear why, in the last decade, a great interest has risen in order to

find alternative therapeutic strategies for the treatment of these diseases.

1.13 Kelly’s widely accepted mechanism of TTR fibrillogenesis and its
implications in drug discovery

In 1992 Prof Jeffrey Kelly and collaborators suggested a possible mechanism
to describe TTR amyloidogenesis, which was based on in vitro experiments
performed at non-physiological acidic pH. This mechanism highlights the role
of tetramer dissociation as the crucial rate-limiting step in the process leading

to fibril formation. Partial unfolding of the monomers, which follows tetramer
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dissociation, (Colon W & Kelly JW, 1992; Hammarstrom P et al., 2002; Lai Z
et al., 1996; Hursham AR et al., 2004; Sekijima et al., 2005; Quintas A et al.,
2001; Foss TR et al.,, 2005) can then promote further disassembly and
formation of soluble oligomers and amyloid fibrils through a favourite

thermodynamic downhill process (Fig. 11).

tetramer

Fj <« <« <« O «— L <« U
native unfolded m
monomer monomer L

v

soluble oligomers

protofibrils

amyloid fibrils

Figure 11. Schematic representation of Kelly’s mechanism (adapted from
Nencetti S & Orlandini E, 2012).

It has been shown that engineered monomers, which are not amyloidogenic
as such, can rapidly aggregate into amyloid-like fibrils if they undergo partial
denaturation, such as the one obtained at low pH (Jiang X et al., 2001).
According to this mechanism, the effect of mutations is, usually, the
destabilisation of the tetramer, which is associated with an increased velocity
of rate-limiting tetramer dissociation and increased rate of fibril formation
(Jiang X, 2001; Sekijima Y et al., 2005; Johnson SM et al., 2005; Hurshman
AR et al., 2004). Tetrameric WT TTR, although stable (Lai Z et al., 1997), can
itself dissociate to form amyloid fibrils as evident in WT TTR amyloidosis.
Although widely accepted, the mechanism does not explain in which
compartment, in vivo, the protein would be exposed for a long time to low pH,

such to induce tetramer dissociation. This mechanism does also not explain
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the fact that, as observed in many cases, TTR amyloid fibrils contain
proteolytic fragments as main components and not only the full length
protein. Furthermore the amyloid-like material obtained in vitro after
prolonged incubation at low pH is mostly amorphous and contains only a
small proportion of amyloid-like fibrils when analysed by EM and AFM.
Congo red staining also suggests low abundance of amyloid fibrils.

Nevertheless, despite these discrepancies between in vitro and in vivo
aggregates, Kelly’'s mechanism has been generally accepted. It has indeed
been the reference method used to investigate the effect of small molecules,
analogues of thyroxine, which have been designed and developed to act as
inhibitors of TTR amyloidogensis at low pH, following the observation that the
natural ligand T4 stabilises the TTR tetramer and reduces its dissociation

(see chapter 4).

1.14 Development of new therapeutic strategies

Next to the screening of small ligands, more precisely described in chapter 4,
in the past years the use of small interfering RNAs, siRNA (Alnylam) and
antisense oligonucleotide, ASOs (lonis Pharmaceuticals) to knock out
hepatic synthesis of TTR (Arsequell G et al., 2012) has been proposed as a
possible therapeutic tool.

Both siRNA and ASOs have undergone extensive clinical trials, which
showed positive results in terms of suppression of TTR synthesis by blocking
the translation of mMRNA on the ribosome.

Alnylam developed a double stranded RNA molecule, which specifically
matches a sequence located in the non-translated 3' region of TTR mMRNA
and is able to stop the synthesis of both WT and mutant TTR. The molecules
are administered by injection and formulated in lipid nanoparticles, which are
captured by the hepatocytes via the LDL receptor. The siRNA are then
released in the cytosol of the hepatocytes where they can inhibit TTR mRNA
translation on the ribosome. This formulation (ALN-TTRO2 or Patisiran) was
successful in pre-clinical phase | and Il. A phase Ill study has been

completed, showing that the drug is well tolerated by patients with FAP and
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causes a concentration-dependent knock-down of TTR production.
Prolonged administration of Patisiran induced a 91 % reduction of TTR
synthesis in comparison with normal levels and determined an improvement
of the polyneuropathy symptoms. As a result of these studies, the drug has
been approved for marketing by the FDA (trial NCT02939820).

ASOs, developed by lonis Pharmaceuticals, are providing similar results with
a knockdown of TTR expression >90% in 4 weeks. This drug has undergone
a phase Il trial to evaluate its safety and toxicity (trial NCT01737398),

showing some positive results.

1.15 Role of proteolysis and heterogeneity of TTR amyloid fibrils

Despite being widely accepted, Kelly’s mechanism has been debated over

the years as it does not take into account the role of post-translational

modifications (Westermark P et al.,, 1996) and, in particular, the role of
proteolysis in TTR amyloidosis. Indeed Lundgren’s group, analysing the
composition of ex vivo fibrils, has highlighted in most cases the presence of
both full length TTR and a C-terminal fragment, 49-127, originating from

proteolytic cleavage of the peptide bond Lys48-Thr49 (Thylén C et al., 2005).

The culprit protease responsible for the cleavage has not yet been identified,

but the selectivity of the cleavage suggests that it may belong to the class of

serine proteases with a specificity similar to trypsin. At the same time

Westermark and collaborators have characterised the composition of ex vivo

fibrils extracted from WT TTR amyloidosis and FAP patients and have

identified two distinct categories (Bergstrom J et al., 2005; lhse E et al.,

2013), defined as pattern A and pattern B, which are distinguishable from a

morphological, histochemical, immunological and structural point of view (Fig.

12).

e Type A fibrils, observed in patients with WT TTR amyloidosis and FAP,
show faint color and apple green birefringence upon staining with Congo
red (lhse E et al., 2013). They appear as large nodules in the sub-
endocardial, sub-epicardial and myocardial tissue. Interstitial deposits,

such as the ones found in blood vessels, are diffuse and homogeneous
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and often replace the normal tissue architecture. Ultrastructural analysis
using electron microscopy depicts type A fibrils as short and highly
packed with a random distribution within the tissue. A close investigation
of their composition shows the presence of a high proportion of C-terminal
fragments together with the full length monomer.

e Type B fibrils, only present in patients with FAP, show intense Congo red
staining and birefringence. The fibrils appearance is granular and the
localization is the sub-endocardial and sub-epicardial tissue; similar
deposits are also found in the walls of the blood vessels. Bundles of fibrils
are sometimes found penetrating deeply into cardiac myocytes and
appear structured in smaller deposits rather than big homogeneous ones
(Bergstrom J et al., 2005). EM shows long and straight fibrils often aligned
parallel to each other and arranged into bundles (Ihse E et al., 2013) that
can sometimes deeply penetrate within the myocytes. Such deposits only
consist of full length monomeric TTR (Yazaki M et al., 2000; Yazaki M et
al., 2003; Cornwell GG et al., 1987; Bergstrom J et al., 2005).

0.5 pm

Figure 12. Electron microscopy of TTR fibrils. Different organisation and
localisation within the tissue of type A (A) and type B (B) TTR fibrils as shown in
electron microscopy. Type A fibrils appear short and highly packed, while type B are
long and straight fibrils often aligned parallel to each other and arranged into
bundles (images from Bergstrom J et al., 2005).
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The presence of truncated fragments in the type A pattern is apparently not
influenced by the nature or position of the eventual amino acidic substitution,
but it seems to correlate well with the abundance of the cardiac deposits
(Ihse E et al., 2008), the increased left ventricular wall thickness, the age of
the patients (>50) and the late onset of the disease, being most common in
patients affected by WT TTR amyloidosis (Cornwell GG et al., 1987; Cornwell
GG et al., 1988; Gustavsson A et al., 1995; Felding P et al., 1985).
Furthermore the possible pathogenic role of proteolysis is suggested by the
clinical prognosis of patients affected by hereditary TTR amyloidosis who
undergo liver transplant in order to replace the production of variant TTR with
WT protein. Patients with type A fibrils in their cardiac deposits (Pras M et al.,
1984; Pras M et al., 1980; Thylen C et al., 1993; Ando Y et al., 1999)
generally show a negative response and an accelerated progression of the
disease upon liver transplantation (Gustafsson S et al, 2012). The two
different patterns might suggest the presence of two distinct mechanism of
amyloid formation (Bergstrom J et al., 2005). It is thought that TTR
fragmentation takes place locally in the interstitial space before fibrils are
formed. Indeed if fragmentation was taking place once the fibrils are formed,
also the N-terminal fragment should be found in equal amount in the amyloid

deposit.

1.16 First description of the mechano-enzymatic mechanism for TTR
amyloidogenesis

The S52P TTR variant has been identified at the UCL Centre for Amyloidosis
and Acute Phase Proteins directed by Professor Philip Hawkins and based at
the Royal Free Hospital. This variant is associated with the most aggressive
clinical phenotype so far described for familial TTR amyloidosis. S52P TTR
was identified in an English family and is indeed responsible for a severe
form of autosomal-dominant hereditary systemic amyloidosis characterised
by early onset (Mangione PP et al., 2014). The patients, who are
heterozygous for the specific mutation, developed autonomic dysfunction and

polyneuropathy in the third decade, followed by cardiomyopathy, euthyroid
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multinodular goiter and sicca syndrome. 123 labelled SAP scintigraphy
highlighted the presence of vast amyloid deposits in the liver, spleen, kidneys
and adrenal glands, while cardiac function examinations showed an
infiltrative restrictive cardiomyopathy with well-preserved ventricular function.
Abundant TTR amyloid deposits were found in an endomyocardial biopsy.
Immunohistochemistry analysis of ex vivo fibrils has identified TTR as the
protein responsible for amyloid deposition and subsequent gene sequencing
showed that the patients were heterozygous for a mutation, which
determines the substitution of a serine residue in position 52 with a proline.
Biochemical analysis of the ex vivo fibrils classified them as type A
(Gustavsson A et al., 1991; Gustavsson A et al., 1995; Bergstrom J et al.,
2005) and showed the presence of full length monomers from both variant
and WT TTR (Mangione PP et al., 2014) and fragment 49-127 originated only
from the variant.

Professor Bellotti's group has characterised the stability of the S52P variant
showing that the tetramer was highly destabilised with respect to its WT
counterpart as often observed for amyloidogenic variants of TTR. While
limited proteolysis analysis performed on WT TTR in the presence of trypsin
showed stability against proteolysis, the same analysis performed on the
S52P variant showed an enhanced susceptibility to proteolysis with formation
of several TTR fragments amongst which the most abundant are 16-127, 49-
127 and 81-127 which is a secondary product of digestion. To date no other
known amyloidogenic variant has shown the same susceptibility to proteolytic
cleavage in vitro.

X-ray crystallography did not suggest an increased susceptibility to
proteolysis related to structural differences between variant and WT TTR, as
their structures appeared almost completely superimposable (Fig. 13). This
striking structural similarity, also observed for other TTR variants, could
explain the failure of the intracellular quality control system in preventing the
release of the variant in the extracellular space (Palanitnathan SK, 2012).
The region affected by the mutation, represented by the type 1 B-turn

connecting B-sheets C and D, showed a patrtial loss of the H-bond network.
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Figure 13. WT and S52P TTR structural comparison (A) Structural similarities
between WT and S52P TTR. (B) Detail of the H-bond network in the CD loop region.
Some bonds are lost due to the substitution of serine 52 with a proline (Mangione
PP et al., 2014).

Our group has suggested that the disruption of the H-bond network
determines a destabilisation of the CD loop which results in an increased
susceptibility to proteolytic cleavage (Mangione PP et al., 2014) and
subsequent tetramer destabilisation followed by dissociation and amyloid
fibril formation.

It was also shown that proteolysis in not sufficient, although necessary to
achieve fibrillogenesis: it is indeed possible to cleave the S52P variant in the
absence of shaking, avoiding amyloid formation (like in limited proteolysis
experiments). Shaking alone in the absence of proteolysis has given the
same result with no aggregation observed. On the other hand, the
combination of shaking and proteolysis has been shown to rapidly induce an
increase of the ThT emission signal, corresponding to the rapid formation of

amyloid fibrils (Fig. 14). The simultaneous presence of proteolysis and
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mechanical forces has led to the definition of mechano-enzymatic
mechanism for TTR amyloidogenesis.
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Figure 14. Aggregation of S52P TTR. Fibrillogenesis of S52P TTR in the presence
(solid red) and absence (dashed red) of trypsin 5 ng/ul or with agitation only (black)
(Mangione PP et al., 2014).

1.17 Mechano-enzymatic cleavage and aggregation of other TTR
variants

When | joined Professor Bellotti’'s group, before starting my PhD, | was
actively involved in a series of studies that aimed to find the correct
experimental conditions required to achieve cleavage of TTR variants other
than S52P.

Since the first experiments performed in 96-well plates, it was clear that no
cleavage and subsequent aggregation was taking place, suggesting that
forces of higher intensity were necessary to partially unfold the more stable
variants and predispose them to proteolysis and aggregation. As previously
shown by the Bellotti group on B2-m (Mangione PP et al., 2013), the role
played by hydrophobic-hydrophilic interfaces in promoting aggregation is
crucial. Bearing in mind the lesson from B2-m, we applied the same concept

to TTR and increased the air water interface area by moving from 96-well
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plates to glass vials in which agitation was generated by a magnetic bar and
which were characterised by a much larger air-water interface area. Under
these new experimental conditions, aggregation was achieved for several
TTR variants, including the WT protein. The variant T119M TTR, which is
known to have a stabilising effect on the tetramer and by doing so protects
people carrying both the T119M and V30M mutation from developing the
polyneuropathy caused by the latter (Hammarstrom P et al., 2003), was not

cleaved even in the presence of forces of higher intensity (Fig. 15).
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Figure 15. Fibrillogenesis of amyloidogenic TTR variants. S52P, L55P, V122,
V30M and WT TTR aggregate in the presence of trypsin under vigorous agitation in
the presence of a hydrophobic-hydrophilic interface as monitored by turbidity at 400
nm; selective proteolytic cleavage is shown in the SDS-PAGE. The protective
T119M variant did not undergo cleavage or aggregation. Amyloid fibrils formed by all
the variants, except T119M TTR, are characterised by light microscopy of CR

stained samples under cross-polarised light and EM (Marcoux J et al., 2015).
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Interestingly our data showed that different variants exhibited different
susceptibility to proteolysis, but no work had been done to try and explain the
reasons behind this behavior.

Furthermore, the possibility to obtain genuine amyloid fibrils from several
TTR variants, as opposed to mostly amorphous amyloid-like aggregates
obtained after long incubation at low pH, stressed the importance of the

mechano-enzymatic mechanism as a possible mechanism acting in vivo.

1.18 apolipoprotein C-llI: functions and structure

Apolipoprotein C-IIl (apo C-Ill) is a small protein with a calculated molecular
weight of 8754 Da, comprising 79 amino acid residues. It is the most
abundant component of the Cs apolipoproteins family (~12 mg/dl plasma).
Post translational modifications determine the presence in the plasma of
three different isosforms, apo C-lllo, apo C-lll1 and apo C-lll2, characterised
by a different number of O-linked sialic acid molecules, indicated by the
subscript, attached to threonine 74 (Brewer HB et al., 1974). Interestingly not
much is known about the rate of sialylation of apo C-lIl in diseased patients.
Apo C-lll normally circulates in the plasma in association with very low-
density lipoproteins (VLDL) and high-density lipoproteins (HDL) (Havel RJ et
al., 1973). In recent years its crucial role in the homeostasis of plasma
triglycerides has been highlighted and it has been reported as a potential
cardiovascular risk factor, suggesting that downregulation of apo C-lli
expression may have a cardiovasculo-protective effect (Ooi EM et al., 2008).
Although much is still unknown regarding all the roles played by this small
exchangeable apolipoprotein, some of its biological functions have been

determined and investigated.

Inhibition of lipoprotein lipase activity. Apo C-IIl has an inhibitory effect on the
activity of lipoprotein lipase (LPL), which resides on cell surfaces and
normally catalyses the first step of triglyceride-rich lipoprotein lipolysis. The
inhibition can take place through three distinct mechanisms involving (I) the

displacement of apolipoprotein E (apo E) from the lipid particles or the
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induction of structural changes on apo E; (ll) the displacement of
apolipoprotein C-Il (apo C-Il), which directly activates LPL, from the
lipoprotein surface; (lll) the prevention of the interaction between lipoproteins
and the negatively charged cell surface. Suggestions have also been made
on a possible direct interaction of apo C-Ill with LPL (Gangabadage CS et al.,
2008).

Inhibition of the uptake of triglyceride-rich lipoprotein remnants by the low
density lipoprotein (LDL) receptor. This effect appears as a result of the
displacement by apo C-lll of apo E and apo B from lipoprotein particles, thus
impeding the binding to the specific receptor.

As a consequence, triglyceride-rich lipoprotein remnants increase their

residence time in the circulation.

Interaction with the high density lipoprotein (HDL) receptor. Apo C-IlI strongly
interacts with the HDL receptor, which normally binds a variety of lipoproteins
also including apo E, apo D and apo A-l (Xu S et al., 1997).

It has been shown that apo C-Ill deficiency correlates well with high levels of
plasma HDL cholesterol and a general atheroprotective profile with reduced
risk of ischaemic cardiovascular disease (Crosby J et al., 2014; Jorgensen
AB et al., 2014).

From a structural point of view in its lipid-free state, apo C-Ill belongs to the
class of the so-called natively unfolded proteins, meaning that it lacks a well-
defined secondary and tertiary structure.

When the protein is bound to lipids, on the contrary, it folds and is composed
of six amphipathic a-helices, which represent the typical structural motif

shared across exchangeable apolipoproteins (Fig. 16).
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Figure 16. Lipid bound structure of apo C-lll. PDB code: pdb2jg3

1.19 apo C-lll amyloidosis

The reduced conformational stability associated with the lipid-free state has
long been associated with a tendency to self-assembly and generate cross-3
rich insoluble aggregates.

In particular amyloid formation both in vitro and in vivo has been observed for
WT and/or variants of apo A-l (Nichols WC et al., 1988; Booth DR et al.,
1995; Booth DR et al., 1996; Genschel J et al., 1998; de Sousa MM et al.,
2000; Benson MD et al., 2001; Eriksson M et al., 2009), apo A-ll (Benson MD
et al., 2001), apo A-1V (Sethi S et al., 2012) and apo C-Il (Nasr SH, 2017).
Despite the identification of several mutations on the apo C-Ill gene (Crosby
J et al., 2014), no amyloid deposition associated with apo C-Ill had previously
been described.

Only recently the group led by Professor Sophie Valleix in Paris has identified
the first ever amyloidogenic variant of apo C-lll, characterised by the
substitution in position 25 of an aspartic acid residue with a valine. The
mutation was identified in a French family whose members, heterozygous for
the mutation, suffered of a severe form of amyloidosis characterised by sicca
syndrome in the first place, ultimately developing into hypertension, Raynaud

phenomenon and chronic kidney disease with mild proteinuria (Valleix S et
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al., 2016). Amyloid deposition, confirmed by SAP scintigraphy and
immunohistochemistry, was diffuse and found in several places including
salivary glands, heart, bronchi and mainly kidneys. Mass spectrometry
analysis revealed the presence of only the variant inside the deposits. The
severity of the disease was such that the clinical manifestation was even
observed in two patients as early as age 20 years.

Interestingly, the carriers of the mutation showed a 30-50% decrease in the
normal apo C-lll plasma level, which conferred them overall
hypotriglyceridemia, increased plasma levels of HDL-cholesterol and an
atheroprotective profile as compared with healthy members of the family not
carrying the mutation.

Our group has previously collaborated with Professor Valleix for the
characterization of the first amyloidogenic variant of 32-m described in the
literature (Valleix S et al., 2012). Thanks to this ongoing collaboration we
were involved in the characterization of this newly identified apo C-III variant

associated with renal amyloidosis.
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1.20 Aims of this thesis

As stated in the title of my PhD project, “Towards the elucidation of
pathophysiology of amyloid conversion of globular proteins”, | have focused
my research activity on the investigation of the molecular mechanism
underlying the conversion of TTR and apo C-lll from their soluble functional
state to insoluble amyloid fibers using physiological conditions of pH, ionic
strength and temperature. As a result of this | have set up bio-compatible
methods of fibrillogenesis in vitro for both proteins and, in particular for TTR, |
have investigated whether small molecules were able to interfere with its

fibrillar conversion.

With regards to TTR, the discovery of the mechano-enzymatic mechanism
underlying TTR amyloidosis (Mangione PP et al., 2014; Marcoux J et al.,
2015) has been a big step towards the elucidation of the mechanism of the
disease in vivo. It has also opened up a completely new scenario in the field
of drug discovery as in the past potential inhibitors of TTR amyloidosis were
only selected on the basis of their ability to prevent low pH induced
aggregation and not on their capacity to prevent mechano-enzymatic
mediated fibrillogenesis.

Four main areas have been investigated:

1. Characterization of the molecular mechanism underlying TTR
fibrillogenesis including the effect of common constituents of the
extracellular matrix and pre-formed amyloid fibrils.

2. Evaluation of the efficacy of putative drugs in inhibiting proteolysis-
mediated TTR fibrillogenesis.

3. Investigation of structure and dynamics of TTR by NMR spectroscopy,
including the evaluation of the effect of drugs on the protein structure.

4. Identification of the culprit protease responsible for proteolytic cleavage in

Vivo.

With regards to apo C-lll my objectives were:

1. To express and purify recombinant WT and variant apo C-lIl.
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2. To characterise the structure and function of the newly identified variant
and highlight the differences existing with the non-amyloidogenic WT
counterpart.

3. To identify whether amyloid aggregation of the variant apo C-Ill might
occur under physiological conditions.
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Chapter 2. Protein expression and purification

2.1 Introduction
For the purpose of the experimental work done for this thesis, | have
expressed and purifed both recombinant TTR and apo C-lll in E. coli.

When | joined the group in 2012, TTR was routinely being purifed according
to a purification protocol involving two precipitation steps using ammonium
sulphate and three chromatographic steps based on size exclusion
chromatography (SEC) and ion exchange chromatography (IEC).

All the experimental data for TTR presented in this thesis, with the exception
of the NMR data, were obtained using protein expressed and purified
according to this 5-step protocol, which will be defined in this chapter as
“method 1”.

In order to perform NMR experiments high concentrations of protein were
needed and furthermore, given the size of the protein (55 KDa), deuterium
enrinchment was necessary in order to improve the overall quality of the
spectra.

Several attempts were made to express ?H, 13C, 15N isotopically labelled TTR
according to method 1 by changing the volumes of the flasks/medium used
for the expression and/or the induction time, but the resulting yield was very
poor in all cases due to low expression levels and the involvement of several
purifcation steps where the protein was gradually lost. Potential alternative
expression vectors and purification methods were investigated. Professor
Trevor Forsyth and his group in Grenoble had previously successfully used a
bacterial expression vector (pETM-11) for the expression of ?H ,13C, *N
isotopically labelled TTR with good yield (Yee AW et al., 2016). The plasmid
was kindly donated to us and was used to transform BL21 Star (DE3)
supercompetent cells, allowing the expression of a sufficient amount of ?H
,13C, 15N isotopically labelled WT TTR, carrying a 6 histidine tag, which could
be purified by affinity chromatography and SEC in only 3 steps.
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The plasmids encoding for both WT and D25V apo C-IIl were kindly donated
by Professor Philippa Talmud. Recombinant apo C-lll was initially expressed
and purified under supervision in the laboratory of Professor Philippa Talmud
at the UCL Centre for Cardiovascular Genetics where a previous PhD
student had successfully developed a strategy for affinity chromatography
purification of apo C-III (Liu H et al., 2000).

This expression and purification procedure was then transferred to the UCL
Centre for Amyloidosis and Acute Phase Proteins where | carried out my

experimental work.
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2.2 Materials and methods

2.2.1 Expression and purification of TTR variants — method 1

The selected TTR variant glycerol treated cells were used for protein
expression. Cell colonies were inoculated into 2 small tubes each containing
5ml of LB medium (Sigma-Aldrich) with 50 ug/ml of ampicillin (Sigma-Aldrich)
and left to grow overnight under shaking at 125 rpm at 37°C. After incubation
the 2 colonies were mixed together and 5 ml of the combined culture were
inoculated into 2 flasks each containing 1 L of LB medium with ampicillin (50
pg/ml). The flasks were then left shaking at 125 rpm at 37°C until the cell
culture reached an optical density of 0.9-1.0 at 600nm; then 1 mM of
isopropyl-3-D-thiogalactopyranoside (IPTG; Sigma-Aldrich) was added to
induce protein expression and the cells were left under shaking (125 rpm) at
18°C overnight (~12-15 hours). The following day the cells were centrifuged
using a Sorvall RC5C centrifuge equipped with rotor G63 at 3500rpm (3560q9)
for 30 minutes, then the supernatant was discarded and the resulting pellet
was resuspended with the following sonication buffer: 25 mM Tris-HCI
(VWR), 2 mM EDTA (Sigma-Aldrich), 0.1 % +Triton (VWR), 0.2 mM
phenylmethylsulfonyl fluoride (PMSF, a protease inhibitor; Sigma-Aldrich), pH
8.0. Cells were lysed with one sonication round at 15 microtones amplitude
for 15 cycles (each cycle composed of 1 minute on and 1 minute off),
sonicated cells were centrifuged using a Sorvall RC5C centrifuge equipped
with rotor SLA 1500 at 11,300 rpm (18,000g) for 30 minutes.

The pellet was discarded and the supernatant was treated at 4°C with
ammonium sulphate (0.3 g/ml; Sigma-Aldrich) to reach a saturation of 30%. It
was then left stirring for at least 15 minutes at 4°C. The sample was
centrifuged using a Sorvall RC5C centrifuge equipped with rotor SLA 1500 at
11,300rpm (18.000g) for 30 minutes; the pellet was discarded and the
supernatant was treated at 4°C with ammonium sulphate (0.3g/ml) in order to
reach a saturation of 60% and was then left stirring for at least 15 minutes.
The sample was centrifuged again at 11,300rpm (18,000g) for 30 minutes.
The resulting pellet was resuspended into no more than 12 ml of 25 mM Tris-
HCI, 100 mM NaCl (VWR), pH 8.0.
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The sample was loaded onto a Superdex 75 Hi Load 26/60 Gel Filtration
column (GE Healthcare) equilibrated and eluted at 1.5 ml/min with 25mM
Tris-HCI, NaCl 100 mM, pH 8.0. The fractions containing the partially purified
protein were collected and dialyzed overnight against 5 L of 25 mM Tris-HCI,
pH 8.0. The dialyzed protein was then collected and dithiothreitol (DTT;
Sigma-Aldrich) was added to reach a concentration of 1 mM. The protein was
loaded onto a home-packed Q-Sepharose™ (GE Healthcare) Anion
Exchange Column equilibrated with 25 mM Tris-HCI, pH 8.0, and eluted at 6
ml/min using an increasing ionic strength gradient with 25 mM Tris-HCI, 1M
NaCl, pH 8.0. The fractions containing the protein were further purified on a
Superdex 75 Hi Load 26/60 gel Filtration Column (GE Healthcare)
equilibrated and eluted at 1.5 ml/min with 25 mM Tris-HCI, 1200 mM NacCl, pH
8.0. The purified protein was then dialyzed for 3 days against water. The final
concentration of the dialyzed protein was checked by UV absorbance at 280
nm and a known amount of protein was aliquoted in cryovials for
lyophilisation and subsequent storage at -20°C.

Native agarose gel electrophoresis and/or 15% homogeneous SDS-PAGE
were used to confirm the presence of the protein in all the chromatographic
steps. A gradient 8-18% SDS-PAGE was conducted to confirm the purity of
the final sample, which was also tested with mass spectrometry analysis to

determine the exact molecular weight and the purity grade.

2.2.2 Transformation of OneShot® BL21 star (DE3) cells with peTM11

One aliquot of OneShot® BL21 Star (DE3) supercompetent E. coli cells
(Invitrogen) was transformed with the peTM11 plasmid containing the
sequence encoding for WT TTR with an additional 6 histidine-tag at the N-
terminal. 5-10 ug of plasmid was added, in a volume of 1-5 pl, to a 500 pl cell
aliquot. The cells were incubated on ice for 30 minutes before incubation at
42° C for 30 seconds and finally re-incubation on ice for further 2 minutes.
250 pl of SOC medium (2 % tryptone, 0.5 % yeast extract, 10 mM NacCl, 2.5
mM KCI, 10 mM MgClz, 10 mM MgSOa4, and 20 mM glucose) pre-warmed to
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37°C was then added and the mixture was incubated at 37°C for 1 hour
under stirring (225rpm).

The transformed cells were plated in Petri dishes containing LB medium with
30 pg/ml kanamycin and left growing at 37° C overnight. The following
morning a single colony was picked and incubated overnight at 37° C in 5 ml
of LB medium containing 30 pg/ml kanamycin.

2.2.3 Glycerol stocks

Stocks of cells were prepared with 850 ul of overnight culture cells and 150 pl
of 100% sterile glycerol (Sigma-Aldrich). The glycerol cell treated vials were
stored at -80°C.

2.2.4 Expression and purification of 2H 13C >SN WT TTR — method 2

The selected TTR variant glycerol treated cells transformed with the peTM11
plasmid were used for labelled protein expression. Cell colonies were
inoculated into a small tube containing 5ml of LB medium (Sigma-Aldrich)
with 30 pg/ml of ampicillin (Sigma-Aldrich) and left growing overnight under
shaking at 125 rpm at 37°C.

Due to the toxicity of deuterium to cells, several adaptation steps were
necessary before proceeding to large scale growth for protein expression.
On the morning following the overnight growth incubation 1 ml of the LB
culture was inoculated into 5 ml of H-Ross medium (all components
dissolved in D20 (Sigma-Aldrich) and medium brought to final volume in
distilled water) and left growing at 37° C. After ~10 hours 1 ml of the cell
culture was transferred into 5ml of fresh H-Ross medium. This step was
repeated a further 5 times in D-Ross medium (all components dissolved in
D20 and medium brought to final volume in D20) for complete adaptation to
D20.
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Table 4. Ross medium composition per litre. All components were prepared in
D,O and filter-sterilised at 0.22 um under a Envair Class Il Microbiological Safety
Cabinet. The medium was brought to final volume either in distilled water (H-Ross)
or D,O (D-Ross).

Glucose monohydrate (*3C, *H) 341¢g
Magnesium sulphate anhydrous 129
Potassium dihydrogen phosphate 8.7¢9

85% phosphoric acid 7.389/4.38

ml

Ammonium chloride (**N) 1.94¢

10M sodium deuteroxide, NaOD (40% wi/v) 4 ml

Trace element solution 1ml

pH was adjusted to 6.8 by addition of 40% w/v NaOD.

The medium was filter sterilised at 0.22 pM and the following
components were added:

Thiamine-HCI 0.9 mg/ml 10 ml

Kanamicin 50 mg/ml 0.6 ml

The last 5ml of D-Ross culture were used to inoculate a 2 L flask containing
500 ml of D-Ross medium. The cells were left growing at 37° C until the
optical density at 600 nm reached 0.5. The temperature was then reduced to
30° C and the cells were left growing until O.D. reached 0.6. The prep was
finally induced with 1 mM isopropyl-3-D-thiogalactopyranoside (IPTG; Sigma-
Aldrich) and left growing overnight at 30° C under agitation at 125 rpm. The
following day the cells were centrifuged using a Sorvall RC5C centrifuge
equipped with rotor G63 at 3500rpm (3560g) for 30 minutes, then the
supernatant was discarded and the resulting pellet was resuspended with the
following lysis buffer: 20 mM Tris-HCI (VWR), 250 mM NaCl (VWR), 3 mM
imidazole (Sigma-Aldrich), 1 tablet of Roche EDTA-free protease inhibitor,

pH 8.0. Cells were lysed with one sonication round at 15 microtones
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amplitude for 15 cycles (1 minute on and 1 minute off); sonicated cells were
centrifuged using a Sorvall RC5C centrifuge equipped with rotor SLA 1500 at
11,300 rpm (18,000g) for 30 minutes. The pellet was discarded and the
supernatant was loaded twice at 2 ml/min on a HisTrap FF Crude nickel
affinity chromatography column (GE Healthcare) equilibrated in lysis buffer in
order to maximise the binding. The column was then washed at 2.5 ml/min
with at least 5 column volumes each (25 ml) of washing buffer with different
sodium chloride concentrations to remove non-specific bound proteins (Table
5).

Table 5. Washing buffers composition.

Wash buffer 1 | 20 mM Tris-HCI, 15 mM imidazole, 500 mM NacCl, pH 8.0

Wash buffer 2 | 20 mM Tris-HCI, 15 mM imidazole, 1 M NacCl, pH 8.0

Wash buffer 3 | 20 mM Tris-HCI, 15 mM imidazole, 250 mM NacCl, pH 8.0

The protein was finally eluted with 20 mM Tris-HCI, 250 mM NaCl, 250 mM
imidazole, pH 8.0. The fractions containing the protein were pooled and
dyalised overnight against 5 L of 10 mM Tris-HCI, 50 mM NaCl, 1 mM DTT,
pH 7.5. TEV protease (Sigma-Aldrich) 1:100 w/w was added to the dialysis
to selectively cleave the 6 histidine-tag. The next morning the dyalised
protein was loaded again on the affinity chromatography column to separate
it from the cleaved histidine-tag as well as the TEV protease, which is
modfied with a 6 histidine-tag to ease its removal. Lacking the tag, the protein
was eluted in the unbound fraction, which was then reloaded to ensure
maximum purity of the final product. The unbound fraction, containing the
protein, was further purified on a Superdex 75 Hi Load 26/60 gel Filtration
Column (GE Healthcare) equilibrated and eluted with 25 mM Tris-HCI, 100
mM NaCl, pH 8.0. The purified protein was then dialyzed for 3 days against
water. Final concentration of the dialyzed protein was finally checked by UV
absorbance at 280 nm and a known amount of protein was aliquoted in

cryovials for lyophilisation and subsequent storage at -20°C. A mass
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spectrometry analysis was conducted to determine the exact molecular
weight, the purity grade and the final level of deuteration.

2.2.5 Apo C-llI: site-directed mutagenesis for D to V mutation
Mutagenesis was carried out using the QuickChange kit (Stratagene) to
change aspartic acid into valine at position 25 in the WT apo C-lll sequence
that was engineered into the expression vector pMMHa (~3 kb) which is
pAED4 containing the T7 expression cassette of Novagen pET23b. Both
primers (Invitrogen Life Technologies) contained the desired mutation.

The sequences of primers were the following:

Forward: 5' CCAAGACCGCCAAGGTTGCACTGAGCAGCG 3
Reverse: 5' CGCTGCTCAGTGCAACCTTGGCGGTCTTGG 3
The underlined codon corresponds to nucleotides encoding valine in position
25. The synthesis of the mutated plasmid was performed according to the

manufacturer instructions. The PCR mix composition is listed in table 6.

Table 6. PCR mix compaosition

Mix Sample A (external
primers)

Forward primer (125 ng/ul) 1.25 pl

Reverse primer (125 ng/pl) 1.25 pl
Template plasmid 2 ul
Buffer 10X* 5ul
dNTPs 1pl
PfuTurbo™ DNA polimerase 1l

(2.5 U/ul)

*Buffer 10x: 100mM KCI, 100mM (NH4)2SO4, 200mMTrisHCI pH 8.8, 20mM
MgSOa4, 1% Triton X-100 and 1mg / ml bovine serum albumin.
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PCR was performed in a thermocycler using the conditions reported in table
7.

Table 7. PCR conditions

Temperature (°C) | Time (min) Cycles
95 0.5 1

95 0.5

55 1 12

68 2

2.2.6 Selection of mutated plasmid and subsequent transformation into
competent cells
The PCR products obtained from the site-direct mutagenesis contained both
WT and mutated apo C-lll sequence plasmids. To select the mutated plasmid
a specific restriction endonuclease, Dpnl, able to recognise only the
methylated, therefore parental, DNA, was used. The enzymatic digestion was
carried out by adding 1ul of enzyme Dpnl (10U /ul) directly to the
amplification product that, after agitation and centrifugation for 1 minute at
10,000g was incubated at 37°C for 1 hour. Transformation into Epicurian coli
XL1-Blue competent cells was then carried out with the selected mutated
plasmid using the heat-shock procedure. These cells produce a specific
ligase, which is able to repair the nicked mutated plasmid. The Dpnl digested
DNA (1ul) was added to 50ul of Epicurian coli XL1-Blue cells and on ice for
30 minutes. The mixture was then subjected to heat shock at 42°C for 45
seconds. The cells were subsequently incubated on ice for 2 minutes and
then resuspended in 0.5ml of sterile culture medium NZY*. The medium was
prepared with 10g/ L of NZ amine casein hydrolyzate, 5g/L of yeast-extract
water-soluble portion of yeast lysate and autoclaved. After sterilization the
following compounds were added:

e 5g/L of NaCl,

e 12.5mlof 1M MgCI2,

e 12.5mlof 1M MgS0O4,
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e 10 ml of 2M glucose solution.
The pH of the solution was 7.5. Medium was preheated to 42°C before use;
the cells re-suspended in the NZY+ medium were incubated under stirring at
37°C for 1 hour. The cells were spread over agar based plates containing
Luria Broth (LB) medium (10g Tryptone, 59 yeast extract and 10g NaCl) with
ampicillin (100ug/ml) and incubated at 37°C overnight. The grown colonies
were transferred into LB medium to allow their proliferation in solution; the
plasmid was then extracted from the bacterial cells with a commercial kit
(Quiagen) and subjected to DNA sequencing. The plasmid was then used to
transform an aliquot of OneShot® BL21 Star (DE3) supercompetent E. coli

cells (Invitrogen) using the same procedure described before for TTR.

2.2.7 DNA agarose gel electrophoresis

At the end of each step of the construct preparation, agarose gel
electrophoresis was carried out to confirm the presence of the correct
amplified PCR or DNA samples. The agarose gel was prepared by dissolving
agarose (1-2%, the concentration depending on the size of the sample) in 1X
TAE buffer (40mM Tris, 20mM acetic acid glacial, 1mM EDTA, pH 8.0) and
adding ethidium bromide (0.5ug/ml). A sample volume of 3ul was loaded in
each case along the O'GeneRuler™ 100bp Plus DNA Ladder, ready-to-use
standard (Fermentas) that contains a 100bp-3000bp range of DNA length
markers. The electrophoresis was carried out in a horizontal electrophoretic
chamber with TAE running buffer at room temperature for 45 minutes;
amperage was kept constant at 60mA. DNA bands were detected with a

transilluminator device.

2.2.8 Expression of recombinant WT and D25V apo C-lli

The selected apo C-Ill variant glycerol treated cells were used for protein
expression. Cell colonies were inoculated into 2 small tubes each containing
5ml of LB medium (Sigma-Aldrich) with 100 pg/ml of carbenicillin (Sigma-
Aldrich) and left growing overnight under shaking at 125 rpm at 37°C. After
incubation the 2 colonies were mixed together and 5 ml of the combined
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culture were inoculated into 2 flasks each containing 1 L of SOC medium with
carbenicillin (100 pg/ml). The flasks were then left shaking at 125 rpm at 37°
C until the cell culture reached an optical density of 0.6 at 600nm; then 1 mM
of isopropyl-3-D-thiogalactopyranoside (IPTG; Sigma-Aldrich) was added to
induce protein expression and the cells were left under shaking at 37°C for a
further 2 hours. The cells were then centrifuged using a Sorvall RC5C
centrifuge equipped with rotor G63 at 3500rpm (3560g) for 30 minutes, then
the supernatant was discarded and the resulting pellet was resuspended with
the following lysis buffer: 50 mM NaH2PO4 (VWR), 10 mM Tris-HCI (VWR), 8
M Urea (VWR), 500 mM NaCl (VWR), pH 8.0. The suspension was then left
under moderate shaking (35 rpm) at 4 °C overnight. The following morning
the suspension was sonicated at 15 microtones amplitude for 6 cycles (1 min
on and 1 min off) on ice and was then centrifuged at 18,0009 for 30 minutes
using a Sorvall RC5C centrifuge equipped with rotor SLA 1500. Meanwhile,
2.5 ml of Talon his-tag purification resin (loaded with cobalt) was washed with
10 ml of lysis buffer. The post sonication supernatant was then applied to the
Talon his-tag purification resin beads and left shaking at 50 rpm 4 °C for 2
hours. The suspension was then carefully centrifuged for 2 minutes at 1000
rpm, the supernatant was removed and 10 ml of lysis buffer was added. The
operation was repeated another time by adding 4 ml of lysis buffer. The
suspension was then poured into a gravity flow chromatography column and
allowed to sediment. The column was then washed with 8 ml of lysis buffer
before elution with 50 mM NaH2PO4 (VWR), 8 M Urea (VWR), 500 mM NacCl
(VWR), 500 mM imidazole, pH 8.0. Elution buffer was added in volumes of 2
ml each time and the absorbance of each fraction was monitored at 280 nm
with a spectrophotometer. Elution was stopped when the absorbance at 280
nm reached the baseline value. The protein was then dialysed for 3 days
against an appropriate buffer (water for the WT, 10 mM ammonium
bicarbonate for the variant), the absorbance was checked and 1 mg aliquots

were frozen and lyophilised for subsequent storage at -20 °C.
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2.2.9 Expression of recombinant >N WT and D25V apo C-llI

The protein was expressed and purified according to the same protocol
presented in the previous paragraph with the only exception that the
overnight culture was transferred into 1 L of Cambridge Isotope Laboratories
SPECTRA 9 (**N, 98%) medium.
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2.3 Results

2.3.1 TTR expression and purification — method 1

The expression of the different TTR variants was carried out following the
protocol described in the Material and Methods section. The protein was
expressed with an extra N-terminal methionine and extracted from the cells
under native conditions. After two steps of ammonium sulphate treatments,
the sample was purified using size exclusion chromatography in 25 mM Tris-
HCI, 100 mM NacCl, pH 8.0 (Fig. 17).

Fractions containing the protein, as confirmed in a polyacrilamide gel
electrophoresis (inset Fig. 17) carried out under denaturing and reducing
conditions, were dialyzed overnight against 25 mM Tris-HCI, pH 8.0 in order

to remove the NaCl and facilitate further purification steps.
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Figure 17. First step of size exclusion chromatography performed on a Superdex 75
Hi Load 26/600 column (GE Healthcare) equilibrated and eluted at 1.5 ml/min with
25 mM Tris-HCI, pH 8.0 containing 100 mM NaCl. Low molecular standards are 97
kDa, 66 kDa, 45 kDa, 30 kDa, 20,1 kDa and 14,4 kDa respectively.
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The dialyzed protein was subsequently purified with an anionic exchange
chromatography (Fig. 18) and the mobility of protein was checked with a

native agarose gel electrophoresis (inset Fig. 18).

A

Figure 18. Anion-Exchange chromatography carried out with a Q-Sepharose™
Anion Exchange column eluted as described in the Material and Methods section.
Inset shows the electrophoretic mobility of the corresponding chromatographic

fractions. Standard is 1/5 diluted human serum.

Anion exchange fractions containing the protein were concentrated in order
to be further purified by gel filtration chromatography (Fig. 19), which allowed
us to achieve fractions containing a 98% pure protein as confirmed by SDS-
PAGE (inset Fig. 19).
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Figure 19. Gel filtration chromatography was conducted as described in the Material
and Methods section. The inset shows the SDS_PAGE performed under denaturing
and reducing conditions. Low molecular standards are 97kDa, 66kda, 45kDa,

30kDa, 20,1kDa and 14,4kDa respectively.

The exact molecular weight of the different TTR variants was finally checked
by electrospray ionization mass spectrometry (Fig. 20) by Dr Graham Taylor

and Dr Diana Canetti.

TTR variant (S52-P), 20 pmol/pl x 7 pl/min 21-Mar-2012]

INR_21MAR12_TTR_1 1 (5.049) Tr (600:1600,0.13,Low); Sb (5,20.00 )

A13901.8 2.68¢8]
1007 A 13901.77:0.15
B 1392659:109

143755

T T T T T 1 mass
14200 14300 14400 14500

13500 " 13600 ’ 13700 ) 13800 ' 13500 ' 14600 ' 14100

Figure 20. Transformed spectrum of recombinant S52P TTR showing a single major

component at Mr of 13,901.8.
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2.3.2 Expression and purification of ?H 13C >N WT TTR — method 2

The protein was expressed using One Shot® BL-21 Star (DE3)
supercompetent cells engineered with the peTM11 plasmid containing the
cDNA for WT TTR and an extra 6 histidine-tag at the N-terminal. As
described in the materials and methods section, the cells were lysed by
sonication and then centrifuged. The supernatant was loaded onto a HisTrap
FF Crude nickel affinity chromatography column for the first purification step.
The fractions containing the protein were dyalised overnight against the gel
filtration buffer in the presence of TEV protease (TEV:TTR ratio 1:100 w/w) to
remove the 6 histidine-tag. The products of digestion and the TEV protease
itself, were removed by loading the dyalised fraction onto the affinity
chromatography column once again. The protein was then further purified by
size exclusion chromatography on a Superdex 75 Hi Load 26/60 gel filtration
column (Fig. 21).

Figure 21. SEC of 2H 13C SN WT TTR.
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The exact molecular weight and the level of deuteration were finally checked
by mass spectrometry by Dr Diana Canetti.

2.3.3 Expression of recombinant apo C-llI

Apo C-lll, both WT and D25V, was expressed using One Shot® BL-21 Star
(DE3) supercompetent cells engineered with the pET23b plasmid containing
the cDNA for both WT or D25V apo C-lll and an extra 6 histidine-tag at the
N-terminal. As described in the Materials and Methods section the cells were
lysed in 8 M urea by sonication. The protein was then purified by affinity
chromatography using a cobalt loaded resin (Talon his-tag purification resin).
The final purity, which appeared = 95%, was checked both by SDS PAGE
electrophoresis and electrospray ionization mass spectrometry.

Different buffers had to be used in order to lyophilise the protein and remove
the urea, which was present in high concentration from the purification
procedure. WT apo C-lll appeared stable in water and could sustain a 3 days
dialysis procedure without any visible aggregates being formed.

On the contrary the amyloidogenic variant rapidly aggregated in water and
was therefore dialysed against 10 mM ammonium bicarbonate, pH 7, where

it appeared more stable, prior to lyophilisation.
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2.4 Discussion

In general, expression and purification of several TTR variants using the
described purification method 1 proved successful, allowing a good protein
yield (~50 mg protein from 2 L of cell culture) and a final purity = 95%. The
expression of isotopically-labelled ?H 3C >N WT TTR however, proved
extremely challenging using this purification protocol, with a final yield of less
than 2 mg per litre of cell culture, which appeared not cost-effective given the
amount of protein needed for NMR experiments and the elevated cost of the
isotopically labelled reagents used.

The expression vector and purification procedure provided by Professor
Trevor Forsyth and his group, were adopted to overcome this issue. Affinity
chromatography, made possible by the presence of 6 his-tag, largely
increased the yield, allowing the production of ~40 mg ?H 13C >N WT TTR
from 500 ml of cell culture.

The theoretical final deuteration level on non-exchangeable positions,
considering that non-deuterated glucose was used, should have reached ~86
% (Leiting et al., 1998). Nevertheless, deuterium-hydrogen exchange took
place throughout the whole purification procedure in aqueous buffer thus
reducing the expected deuteration level. Mass spec analysis of the sample
revealed a protein purity = 95% and a final deuteration level ~65%, which

proved sufficient to perform NMR experiments.

Both WT and recombinant apo C-IIl were successfully expressed with a final
protein purity = 95%. The protein was expressed in low levels allowing the
purification of ~10 mg of proteins from 2L of starting material. Growth in **N
labelled did not dramatically reduce the final yield allowing the purification of
enough WT and variant apo C-lIl to perform NMR experiments.
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Chapter 3. Correlation between susceptibility to

proteolysis and protein stability

3.1 Introduction

Several amyloidogenic variant proteins, including TTR variants, have been
shown to possess a reduced thermodynamic stability when compared to their
WT counterparts. Lysozyme (Booth D et al.,, 1997), 2-m (Valleix S et al.,
2012) and TTR (Mangione PP et al., 2014) are all good examples of proteins
in which a single residue substitution can have a dramatic effect in terms of
thermodynamic stability and aggregation propensity.

In the mechano-enzymatic mechanism proposed by our group for TTR
amyloidogenesis, aggregation is primed by proteolytic cleavage of the
peptide bond L48-T49, which dramatically destabilises the TTR tetramer,
thus favouring dissociation and subsequent aggregation. Previously
published results, obtained in conditions of limited proteolysis (Mangione PP
et al., 2014), have highlighted a strong susceptibility to proteolysis exhibited
by the S52P TTR variant. The investigation of the thermodynamic stability of
S52P TTR revealed that the protein was destabilised with respect to its WT
counterpart. Furthermore, the comparison of the X-ray structure of the variant
protein with that of WT TTR, has highlighted a partial loss of the local H-bond
network around the site of mutation, as a consequence of the S52 to P52
mutation. Such a disruption of the H-bond network would result in an
increased flexibility of the CD loop, where the cleavage site is located. It has
also been suggested that the destabilisation of the B-turn connecting strands
C and D, perturbs the two adjacent strands and increases their flexibility,
making the CD loop more accessible to the action of a proteolytic enzyme.
Further investigation of the mechano-enzymatic mechanism (Marcoux J et al,
2015) has highlighted a different susceptibility to proteolysis exhibited by
different TTR variants, which translated into a different aggregation
propensity. Indeed, in order to cleave TTR variants other than S52P, the
experimental conditions had to be changed by increasing the area of the
hydrophobic-hydrophilic interface and therefore the intensity of the forces

acting on the protein (Marcoux J et al., 2015). In the presence of higher
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forces, the induced structural perturbations increased the accessibility of the
CD loop to the action of the protease, determining cleavage and subsequent
aggregation of several TTR variants, with the exception of the protective
T119M TTR variant (Marcoux J et al., 2015).

The first goal of my PhD was to investigate the correlation existing between
the thermodynamic stability of different TTR variants and their susceptibility

to proteolysis.

TTR tetramer stability has been investigated using different approaches
including differential scanning calorimetry (DSC; Shnyrov VL et al., 2000),
high hydrostatic pressure (HHP; Ferrao-Gonzales AD et al.,, 2003) and
especially urea/guanidine induced denaturation (McCutchen SL et al., 1993;
Hammarstrom P et al., 2001; Hammarstréom P et al., 2002; Hammarstrom P
et al., 2003). The experimental method applied, the concentration of the
protein and the denaturant used influence the final results, therefore the data
available in the literature are not always in agreement with each other. For
example the stability of the protective T119M variant was estimated by
Shnyrov and collaborators to be very similar to that of WT TTR by DSC, while
it appeared higher when determined by urea-induced denaturation.

Amongst the different methods described, the tetramer stability of different
TTR variants presented in this chapter was determined following the
procedure described by Hammarstrém, Schneider and Kelly in Science
(Hammarstrom P et al., 2001). The method evaluates TTR tetramer stability
by exposing the protein to increasing concentrations of guanidine thiocyanate
(guanidine-SCN) and monitoring the resulting ratio between folded and
unfolded fractions by tryptophan fluorescence. The experimental data can
then be analysed according to the Santoro & Bolen equation (Santoro MM &
Bolen DW, 1988) in order to obtain information on the stability.

The susceptibility to cleavage and aggregation was tested in two different
aggregation conditions. Previous work done on [32-m by our group
(Mangione PP et al., 2013) has highlighted the role played by hydrophobic-

hydrophilic interfaces in favouring protein aggregation. In particular, changing
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the surface area of such interfaces can quite drastically change the intensity
of the forces acting on a protein during an aggregation experiment.

In the first experiment aggregation was carried out in 96-well plates
characterised by a diameter of 0.6 cm and a hydrophobic-hydrophilic (air-
water) interface area of 0.32 cm?. Agitation was set to 900 rpm with double
orbital shaking.

A second fibrillogenesis experiment was carried out using glass vials with a
1.4 cm diameter and an air-water interface of 1.5 cm? in which sheer stress

was obtained using a magnetic bar agitating at 1500 rpm.
Whether a correlation exists between the experimentally determined

stabilities and susceptibility to proteolysis and aggregation is the subject of

this chapter.
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3.2 Materials and methods

3.2.1 Guanidine-SCN induced denaturation

Several TTR samples were prepared in 50 mM sodium phosphate (VWR), 1
mM EDTA (Sigma-Aldrich), 1mM dithiothreitol (DTT; Sigma-Aldrich) and
guanidine-SCN (0 to 3 M with 0.2 M increment between each point; Merck) at
a final concentration of 0.2 mg/ml. The final volume was set to 500 pl. The
samples were incubated for 24 hours at room temperature (25° C) before
tryptophan fluorescence measurement were performed. Spectra were
recorded at 25° C using a Perkin Elmer LS55 Luminescence Spectrometer.
Excitation was set to 295 nm and the corresponding emission spectra were
acquired in the range 310-440 nm. Three accumulations per spectrum were

collected.

3.2.2 Determination of midpoint denaturant concentration (Cm)

The ratio between tryptophan fluorescence at 355 nm (unfolded maximum)
and 335 nm (folded maximum), as a function of the concentration of
denaturant, were analysed using the Santoro & Bolen equation (Santoro MM
& Bolen DW, 1988) and fitted to a two-state unfolding transition.

[(yN + mN [D]) + (yU + mU [D]] » e~ (AG"/ RT + mG[D]/RT)
vf = 1+ o- (AG*/RT + mG[DJ/ RT)

Where

e Vyfis the observed fluorescence signal (ratio 355/335).

¢ YN and yU are the fluorescence signals of the protein in its native and
unfolded state, respectively.

¢ mN and mU are the slopes of the lines corresponding to the pre- and
post-transitional regions.

e AG is the Gibbs free energy in the absence of denaturant
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e Risthe ideal gas constant (1.987 cal mol? K?)

e T is the temperature expressed in K (298.15 K in our case)
The unfolding data were then normalised by calculating the apparent
fractions of unfolded protein (Fapp) using the equation reported by Finn and
collaborators (Finn BE et al., 1992).

_Yy—JyN
yU —yN

Where

e fUis the fraction unfolded

e yis the ratio between the fluorescence emission intensities at 355 nm
and 335 nm, respectively, at a given denaturant concentration

e yN and yU are the values of native and unfolded protein extrapolated

form the pre and post transitional baselines.

From the normalised curves the Cm, corresponding to the concentration of
denaturant necessary to unfold 50% of the protein in solution, was then

extrapolated.

3.2.2 TTR fibrillogenesis in 96-well plate

The selected TTR variant was dissolved 2 mg/ml in PBS, pH 7.4 (Sigma-
Aldrich). The protein was then diluted to 1 mg/ml using a 10 uM ThT solution
in PBS containing trypsin (Promega Trypsin Gold Mass Spectrometry Grade)
to a final enzyme to protein ratio of 1:200 (w/w). The final volume per well
was set to 100 pl. The plate was incubated at 37° C in a BMG LABTECH
FLUOstar Omega plate reader and subjected to double orbital agitation at
900 rpm. ThT fluorescence emission at 480 nm, following excitation at 445
nm, was monitored every 5 minutes using bottom reading optics. The

experiment was stopped when fluorescence reached a stable plateau.

87



3.2.3 TTR fibrillogenesis in glass vial

The fibrillogenesis samples were prepared dissolving TTR at 1 mg/ml in PBS,
pH 7.4 (Sigma-Aldrich). 2 ml per sample were transferred into glass vials
characterised by a 1.4 cm diameter and an air-water interface of 1.5 cm?.
Trypsin was added to a final enzyme to protein ratio of 1:200 (w/w). Agitation
was generated using a magnetic stir bar rotating at 1500 rpm (IKA magnetic
stirrer). Aggregation was followed monitoring the increase in turbidity at 400

nm over time.
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3.3 Results

3.3.1 Determination of TTR tetramer stability by guanidine-SCN induced
denaturation

Several TTR variants associated with neurological and/or cardiac symptoms,
including V30M, V122I, L55P, L111M, I68L and the protective T119M TTR
variant, were purified according to the method described in section 2.2.1 of
the previous chapter.

The selected variant was incubated in the presence of guanidine-SCN for 24
hours at room temperature to allow complete equilibrium of the unfolding
reaction. Tryptophan fluorescence was measured for each of the 16
experimental points by exciting the samples at 295 nm and recording the
emission spectra in the range 310-440 nm using a Perkin Elmer LS55
Luminescence Spectrometer.

For all proteins, a progressive reduction of the measured tryptophan
emission fluorescence signal, associated with a rearrangement of the protein
structure in response to the presence of increasing concentrations of
denaturant, was observed for the lower denaturant concentrations. This
behaviour was accompanied by a progressive shift of the fluorescence
spectra towards the right.

Once a threshold denaturant concentration was reached for each protein, the
fluorescence signal slightly increased and a marked shift towards the right
was observed. From this point onward, further increase of the denaturant
concentration did not induce any shifting. Indeed the fluorescence spectra
remained stable, suggesting that complete denaturation had been achieved.
The threshold value of denaturant appeared strongly dependent on the
specific variant tested: the more unstable the variant, the less amount of
guanidine required to induce denaturation (Fig. 22).

In order to obtain robust data, each experiment was repeated at least three

times.
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Figure 22. Tryptophan emission fluorescence spectra. Example of tryptophan
emission fluorescence spectra for S52P TTR alone (black) and in the presence of
0.2 M (grey), 0.4 M (light orange), 0.6 M (pink), 0.8 (red), 1 M (orange), 1.2 M
(brown), 1.4 M (green), 1.6 M (dark green), 1.8 M (light blue), 2 M (blue green), 2.2
M (lilac), 2.4 M (blue), 2.6 M (light violet), 2.8 M (violet) and 3 M (dark violet)
guanidine-SCN. Spectra were recorded at 25 °C exciting the sample at 295 and
recording emission spectra in the range 310-440 nm with a Perkin Elmer LS55

Luminescence Spectrometer. The final protein concentration was 0.2 mg/ml.
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In order to generate the denaturation curves, the ratios between measured
tryptophan emission fluorescence at 335 nm, corresponding to the maximum
folded, and at 355 nm, corresponding to maximum unfolded, were calculated
for each experimental point and analysed using the equation of Santoro and
Bolen. The data were then normalised using the equation presented in the
section “Materials and Methods”. Analysis and normalisation were performed
using the software KaleidaGraph from Synergy (Fig. 23).

Unsurprisingly, the most stable variant was the protective T119M TTR
variant, which is known to have a stabilising effect on the tetramer, protecting
people carrying both the T119M and V30M mutation from developing familial
amyloid polyneuropathy usually caused by the latter (Hammarstrom P et al.,
2003).

The variants 168L and V30M TTR appeared very similar to each other and to
WT TTR, whose stability had already been determined by our group
(Mangione PP et al., 2014). This similarity in tetramer stability between WT
and V30M TTR was in agreement with previously published data (Hurshman
Babbes AR et al., 2008).

The variants L55P, V122l and L111M TTR appeared highly destabilised
when compared to WT TTR. With respect to S52P TTR, V122| and L55P
appeared very similar, while only L111M appeared less stable with a Cm
value lower than that previously determined for the S52P TTR variant
(Mangione PP et al., 2014).
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Figure 23. Normalised TTR denaturation curves. Normalised denaturation curves
for V30M, T119M, L111M, L55P, I68L and V122I TTR in the presence of guanidine-
SCN. Three curves are shown for each variant, representative of three independent
experiments. Curves were generated using the software KaleidaGraph. The stability
curves for WT and S52P TTR were already published (Mangione PP et al, 2014)
and are therefore not presented here.
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The midpoint denaturant concentrations for each variant tested, Cm, were
extrapolated from the denaturation curves and are reported in table 8.

Table 8. Midpoint denaturant concentrations. Data expressed as mean (SD) of 3

distinct experiments. WT and S52P TTR values are reported for comparison.

TTR variant Cm
WT 1.03 £ 0.02
T119M 1.3+0.02
168L 1.06 £ 0.02
V30M 0.96 + 0.01
V122| 0.74+0.1
L55P 0.79x0.01
L111M 0.57 £ 0.02
S52P 0.8 £ 0.06
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3.3.2 Evaluation of the aggregation propensity
In parallel with the determination of protein stability, susceptibility to
proteolysis and aggregation was investigated. As mentioned in the
introduction of this chapter, the mechano-enzymatic mechanism combines
the destabilising action of mechanical forces with proteolysis in order to prime
TTR aggregation. Indeed, mechanical forces promote partial unfolding, which
favours proteolysis. As a result, aggregation rapidly follows due to the
combination of the destabilisation of the tetramer induced by the proteolytic
cleavage and once again the action of mechanical forces that favour tetramer
dissociation.
Two different conditions were selected for fibrillogenesis experiments:

1. Aggregation in 96-well plates under mechano-enzymatic conditions in

the presence of trypsin;
2. Aggregation under mechano-enzymatic conditions in glass vials in the
presence of trypsin

The areas of the hydrophobic-hydrophilic interfaces for the two systems were
respectively 0.32 cm?and 1.5 cm?. The shaking conditions were also different
with 900 rpm double orbital for the 96-well plate and 1500 rpm for the glass
vial. Our collaborator Professor Ciro Cecconi from the University of Modena
(Italy), estimated the total forces acting in the glass vial, accounting for both
the contributions of shaking and air-water interface, to be around 20-25 pN.
Due to the complexity of the system, a precise quantification of the forces
acting on the protein in the 96-well plate system was not possible, although
the total forces were estimated to be lower than the threshold value of 20 pN.
It was therefore possible to distinguish between TTR variants that were
cleaved and aggregated in the presence of forces < 20 pN and variants,
which required higher forces (i.e. > 20 pN) in order to be destabilised and
undergo proteolysis and subsequent aggregation.
When aggregation was investigated using a 96-well plates, the ThT signal
was completely flat for most of the variants tested, suggesting than no
amyloid formation had occurred. However, in the presence of S52P and

L111M TTR a positive ThT emission signal was observed, indicating the
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formation of amyloid fibrils (Fig. 24). The kinetics of aggregation appeared
different between the two variants with a longer lag phase preceding
aggregation observed for L111M TTR (~13 hours), when compared to S52P
TTR (~ 40 minutes). The kinetics of aggregation also appeared different
between the two proteins, with fibrils being formed very rapidly in the
presence of S52P TTR and more slowly in the case of L111M TTR. This
initial result seemed to contrast with the idea that a lower stability
corresponds with an increased propensity to undergo cleavage and
aggregation, keeping in mind that the stability of L111M was observed to be
lower than that of S52P.
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Figure 24. Mechano-enzymatic mediated aggregation of different TTR variants
in 96 wells plates. Tht emission fluorescence signal for S52P (black), L111M (red),
L55P (green), V30OM (pink), WT (blue), V122l (grey), 168L (orange) and T119M

(cyan) TTR. Results expressed as mean (SD) of 4 separate experiments.
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As previously mentioned, in order to cleave the other TTR variants, the
experimental conditions were changed by increasing the forces acting on the
protein during aggregation. In the presence of higher forces, all the variants
tested, including the WT protein, were cleaved, with the exception of the
protective T119M TTR variant. Aggregation was monitored following the
increase of turbidity at 400 nm (Fig. 25). As expected from the results
obtained using a 96-well plate, both S52P and L111M TTR underwent
extensive aggregation in vials. In agreement with the data already published
(Marcoux J et al.,, 2015), L55P and V122 TTR also largely aggregated.
V30M, which appeared slightly less stable than the WT protein, aggregated
to a lesser extent. For WT TTR, aggregation resulted 50 % lower than that
observed for S52P, while I168L TTR aggregated even less. No aggregation
was detected for T119M TTR, thus confirming the results previously
published.

1204

Normalised absorbance 400 nm

2 N P

& N N
<c§2 Q@ %0)
P &SN AR AR /\»\'\g

Figure 25. Aggregation of TTR variants in glass vials under mechano-
enzymatic conditions. The turbidity at 400 nm after 96 hours of aggregation was
normalised to the S52P TTR control sample. Data presented as mean (SD) of three

independent experiments.
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3.4 Discussion

Denaturation curves were obtained for a series of TTR variants by measuring
tryptophan emission fluorescence in the presence of increasing
concentrations of guanidine-SCN. The data were analysed and fitted
according to the equation of Santoro and Bolen and the midpoint denaturant
concentration, Cm, was extrapolated from the denaturation curves for each
TTR variant tested. T119M TTR resulted the most stable variant, followed by
I68L and WT TTR. L55P, V1221 and S52P TTR appeared similarly
destabilised when compared to WT TTR. The stability of the V30M variant
was estimated to be intermediate between WT and L55P TTR. The most
unstable variant appeared to be L111M TTR.

The same variants were then tested for aggregation under two different
experimental conditions: one where the overall forces resulted below 20 pN
and the other where the calculated forces were above this threshold value.
Published data suggest that forces in the range of 5-100 pN are enough to
perturb the structure of a native protein like TTR (Cecconi CC et al., 2005;
Borgia A et al., 2008), thus increasing the exposure of the proteolytic site to
the action of the culprit protease. Only two variants, S52P and L111M TTR,
were cleaved in the presence of forces below 20 pN and aggregated showing
a different length of the lag phase preceding aggregation. No correlation
between the estimated Cm of the two variants and their susceptibility to
proteolysis and tendency to aggregate could be observed as the L111M
variant appeared less stable, but also less aggregation prone. The data,
however, have to be interpreted taking into account the effect induced by the
substitution of S52 with P52 described in the introduction. S52P TTR may
therefore represent an exception for which the increased susceptibility to
proteolysis could be associated with a combination of both reduced stability
and increased structural flexibility of the region containing the cleavage site
due to the partial loss of the local H-bond network. If we consider the highly
unstable L111M variant, forces below 20 pN were sufficient to induce
structural perturbations of the protein and promote its cleavage and
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aggregation, thus suggesting a correlation between stability and susceptibility
to proteolysis and aggregation.

In order to induce aggregation of other variants, the intensity of the forces
acting on the protein during fibrillogenesis had to be increased by performing
fibrillogenesis experiments in glass vials with a larger hydrophobic-
hydrophilic interface surface area (1.5 cm? air-water interface). All variants
were cleaved and aggregated in these conditions with the exception of the
T119M variant, which has been previously reported in the literature as a
protective mutation, able to protect carriers from TTR-related polyneuropathy
(Hammarstrom P et al., 2003).

Interestingly, the observed extent of aggregation was different between
variants. Indeed, S52P and L111M aggregated under these more harsh
experimental conditions as expected. Extensive aggregation was also
observed for both V122 and L55P TTR, which had similar stability to S52P
with preserved H-bond network around the cleavage site. V30M, for which
the estimated Cm appeared lower than that of WT TTR, aggregated to a
lesser extent. Finally both WT and 168L, for which the estimated Cm were
very similar (1.3 + 0.02 and 1.06 = 0.02), resulted as the less aggregation-
prone.

Unfortunately, the experimental setup used for aggregation experiments did
not allow a fine modulation of the forces, which were either below or above
20 pN, thus not allowing a precise determination of the intensity of the forces
necessary to promote partial unfolding for each variant.

As a general conclusion, the data presented show that for the most unstable
variants, forces below 20 pN were sufficient to promote structural
perturbations and favour proteolysis and aggregation. Forces above this
threshold were necessary to obtain the same effect on more stable mutants,
which aggregated to different extents on the basis of their thermodynamic
stability.

If we combine the aggregation data together with the estimated
thermodynamic stabilities, a trend becomes observable (Fig. 26): the lower

the stability, the more likely the protein is cleaved and aggregates. These
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findings have to be carefully considered when evaluating the effect of small
molecules acting as stabilisers. Indeed our data suggest that different TTR
variants may respond differently to the stabilisation through small ligands,
according to their intrinsic thermodynamic stability. Further considerations on

this topic are presented in the following chapters of this thesis.
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Figure 26. Aggregation propensity and Cn,. Normalised absorbance at 400 nm
plotted against the estimated Cn of each variant tested. A relation between protein
thermodynamic stability and propensity to undergo cleavage and aggregation is
observable. The line does not imply the existence of a correlation and was only

added to guide the eye.

We are currently developing, together with Jasco Europe, a cuvette-flow
system, which would allow a fine tuning of the shear forces acting on the
protein and therefore a very precise determination of the relationships
existing between forces, unfolding, proteolysis and aggregation.
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Chapter 4. Evaluation of the efficacy of TTR
stabilisers on the mechano-enzymatic mediated

fibrillogenesis

4.1 Introduction

Over the past decade, hundreds of structurally different compounds from
chemically different classes have been identified as inhibitors of TTR fibril
formation in vitro at low pH. Most of the ligands were created using structure-
based design principles, while some of them were discovered through
focused screening. The evidence that the binding of the thyroid hormone T4
to TTR prevents amyloid fibril formation by stabilisation of the native tetramer
and subsequent reduction of tetramer dissociation has prompted the
exploitation of small molecule to kinetically stabilise TTR in its native state,
over the dissociative transition state (Hammarstrom P et al, 2003).
Unfortunately, though, only a small amount of T4 in plasma is bound to TTR,
leaving 99% of WT TTR binding sites in blood unoccupied (Adamski-Werner
SL, 2004). Small molecules binding one or both of TTR T4 binding sites
could therefore come into play as TTR stabilisers, offering a potential
therapeutic alternative to liver transplantation for the treatment of patients
with FAP (Coelho T et al, 2012) and a completely new approach for the
treatment of other forms of TTR amyloidosis (Hammarstrom P et al, 2003).
Further support for the idea of kinetic stabilisation of the tetramer by means
of small molecules comes by the clinical observation that in heterozygous
people co-expressing both the trans-suppressor subunit (T119M) and the
FAP-associated subunit, V30M (Hammarstrom P et al, 2003), TTR amyloid
disease is prevented due to an increase in the energetic barrier associated
with tetramer dissociation.

A large number of small molecules, both natural and synthetic, showing
structural similarities with the thyroid hormone T4 were therefore screened by
evaluation of the displacement of radioactively labeled T4 from TTR (Nencetti
S & Orlandini E, 2012) in search for potential TTR stabilisers. The ability to
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inhibit TTR fibril formation in vitro at pH 4.4 was then investigated using a
standard turbidimetric assay.

With the discovery of the new mechano-enzymatic mechanism for TTR
amyloidogenesis (Mangione PP et al., 2014), a completely new evaluation of
the ability of these compounds to prevent aggregation became necessary.
During my experimental work | have tested, under mechano-enzymatic

conditions, several compounds acting as TTR stabilisers.

Tafamidis. This drug, currently in use for the amelioration of familial amyloid
polyneuropathy (FAP), is one of the compounds developed to kinetically
stabilise the tetramer and was originally synthesised and developed in Kelly’s
lab.

From a chemical point of view, the structure of the drug is 2-(3,5-

dichlorophenyl)-1,3-benzoxazole-6-carboxylic acid (Fig. 27).
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Figure 27. Chemical structure of tafamidis

Tafamidis, administered as its meglumine salt (Vyndaquel®), has completed
an 18 month placebo controlled phase I/l clinical trial (Fx-005) (Coelho T et
al, 2012) and an 18 month extension study, which provides evidence that this
compound (20 mg once daily, now increased to 40 mg) can slow, but not
stop, the progression of familial amyloid polyneuropathy (Gundapaneni BK et
al, 2018). The results of the clinical trial have led to the approval by the EMA
(European Medicine Agency) in 2011 to use the drug for the treatment of
stage 1 FAP. Furthermore, in 2013, tafamidis was approved by the Japanese
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Pharmaceuticals and Medical Devices Agency for the treatment of all stages
of FAP (Sekijima Y, 2014). While tafamidis has showed an effect in adult
patients with an early stage (stage 1) of FAP (Andrade C, 1952; Coelho T,
1996), its effect on patients with more advanced stages of FAP has not yet
been proven (Obici L & Merlini G, 2014). A very recent study, however,
suggests that patients treated with tafamidis have a reduced frequency of
cardiac complications and urgent hospitalization (data presented at the
European Society of Cardiology Congress 2018). The toxicological profile is
positive as the drug is well tolerated and shows no relevant side effects as
well as a preserved thyroid function (Coelho T et al, 2012). Tafamidis is
selectively bound (Kdi= 2 nM, Kdz2= 154 nM) by TTR (Fig. 13) with negative
cooperativity and kinetically stabilises WT and mutant tetramers under mild
denaturing conditions, inhibiting amyloidogenesis at acidic pH (Bulawa CE et
al, 2012). The delay in the progression of the disease observed in the clinical
trials suggests that the drug might exert a similar effect in vivo. It has been
shown that tafamidis is able to raise the energy barrier for TTR tetramer
dissociation and by doing so it decreases fibril formation under physiological
conditions, slowing down TTR FAP progression after its onset (Coelho T et
al, 2012).

Tolcapone. Repositioning existing drugs licensed for a different therapeutic
indication could prove a valid approach to identify new compounds able to
inhibit TTR fibrillogenesis. One clear advantage of this approach is the
reduced amount of time required to obtain approvals for clinical trials and,
eventually, clinical use due to the already known pharmacodynamics,
pharmacokinetics and safety profiles. Tolcapone (Fig. 28), an orally active
cathecol-O-methyltransferase (COMT) inhibitor authorised in the United
States and Europe as an adjunct to levodopa and carbidopa for the treatment
of Parkinson’s disease, has recently been suggested as a potential inhibitor
of TTR fibrillogenesis (Sant’Anna et al, 2016).
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Figure 28. Chemical structure of tolcapone

Tolcapone was shown to specifically bind to TTR, apparently lacking
negative cooperativity, and stabilise both WT and mutant TTR variants at low
pH, reducing their aggregation, thus preventing TTR-induced cardiotoxicity
more effectively than tafamidis (Sant’Anna et al., 2016). However, it is worth
noting that despite the high affinity for both binding sites, the maximum
stoichiometric ratio achieved in plasma is 1:1. Despite its therapeutic
potential, this compound is characterised by an intrinsic toxicity, which could
induce severe adverse reactions in patients undergoing treatment on a daily

basis.

mds84. The Wolfson Drug Discovery Unit, part of the UCL Centre for
Amyloidosis and Acute Phase Proteins, has developed, in collaboration with
Glaxo Smith Kline, a palindromic ligand named mds84 that is 2,2’-(4,4-
(heptane-1,7-diylbis(oxy)) bis (3,5-dichloro-4,1-phenylene)) bis (azanediyl)
dibenzoic acid (Fig. 29, left). The original aim was to create a compound able
to simultaneously bind two TTR molecules, thus creating a condition of rapid
clearance of the protein by the reticuloendothelial system. The experimental
data, however, suggested that the compound was not linking two TTR
tetramers, but, in a one to one stoichiometry, it was surprisingly able to
occupy both T4 binding sites in each TTR tetramer molecule with the carbon

linker occupying the central channel of the protein.

103



HO o] OH

Figure 29. Structure of mds84 and of the mds84-TTR complex. The two identical
dimers are shown in yellow and red. Difference electron density is shown in blue

(contour 1.5 A). Image adapted from Kolstoe SE et al, 2010.

The compound proved to bind native TTR irreversibly under physiological
conditions. The resulting stabilisation of the tetrameric assembly and
inhibition of amyloidogenic aggregation was far more potent than other
known ligands tested in the same acidic conditions. X-ray analysis of the
TTR-mds84 complex (Fig. 29, right) revealed the chlorinated rings of both
head groups in the inner binding site, interconnected by clear electron
density corresponding to the 7-carbon linker. This super-stabiliser is orally
bio-available and exhibits low inhibitory activity against cyclo-oxygenase
(COX) (Kolstoe SE et al, 2010). Furthermore, it is rapidly bound by WT TTR

in whole serum and even more avidly by amyloidogenic variants.
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The drawback of this molecule is represented by its poor solubility in
agueous buffer, which complicates its development as a potential drug.
Nevertheless, it represents a prototype of a class of very promising

molecules acting as inhibitors of TTR amyloidogenesis.

Compound A. Although mds84 looked extremely promising, it was lacking
some properties necessary to make it a good candidate drug, above all
solubility. In collaboration with Glaxo Smith Kline a whole series of bivalent
ligands was developed in order to look for more “druggable” molecules
retaining the same binding and stabilising properties of mds84. Amongst all,
compound A was selected as a lead compound as it showed good binding
and stabilising properties, associated with good solubility. Its development
was carried on until some adverse reactions were seen in two out of 4
animals in which the drug was tested. Recently, a research project funded by
UCL Technology has been awarded to our group in order to look for
analogues of compound A lacking the toxicity associated with this molecule.
Due to the confidentiality associated with the development of new drugs, both
the structure and the name of the compound cannot be disclosed.

V1221 TTR, present in 3-4 % of the African and Afro-Caribbean ethnic groups
and representing the most prevalent cause of hereditary cardiac amyloidosis
(Quarta CC et al., 2015), was used to test the efficacy of the inhibitors listed
above as it is carried by a large number of individuals and it shows a
behavior in terms of stabilty and aggregation propensity, which is

intermediate between the WT protein and the most aggressive variants.
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4.2 Materials and methods

4.2.1 Preparation of drug stock solutions

The compounds were weighed using an analytical scale and dissolved in
99.9 % dimethyl sulfoxide (DMSO; ACROS Organics) to reach a final
concentration of 10 mM. These solution were kept at 4 °C protected from
light due to the photosensitivity of the compounds.

4.2.2 Mechano-enzymatic fibrillogenesis of V1221 TTR in the presence of
stabilisers

Lyophilised TTR was dissolved 1 mg/ml (18 yM) in PBS, pH 7.4 (Sigma-
Aldrich) and was transferred into glass vials with a diameter of 1.4 cm and an
air-water interface corresponding to 1.5 cm? that mimicked the hydrophobic
surfaces to which the protein is exposed in vivo. The stabilisers were tested
at 4 different concentrations (9, 18, 36, 72 uM respectively) corresponding to
the following drug to TTR ratios: 0.5:1, 1:1, 2:1 and 4:1. Several dilutions of
the drug stock solutions were made in order to add the same amount of
DMSO to each sample. The same amount of 99.9 % DMSO was added to
the control sample without drug. In order to achieve complete binding, the
solution was left for 30 min at 37 °C. Following the incubation, trypsin was
added to a final concentration of 5 ng/ul. A magnetic stirrer was used to
agitate the solution at 1.500 rpm (IKA magnetic stirrer). The samples were
left under agitation at 37 °C for 96 hours. Aggregation was monitored by

measuring turbidity at 400 nm every 24 hours.

4.2.3 SDS-PAGE electrophoresis

Samples for SDS-PAGE electrophoresis were taken every 24 hours and
mixed 1:1 with sample buffer containing sodium dodecyl sulphate (SDS;
VWR) and B-mercapto ethanol (VWR) as a reducing agent. The samples
were then boiled for 5 minutes and centrifuged for 3 minutes at 10000 rpm. 5
Ml of sample was loaded onto a 15% Excel Gel homogeneous SDS-PAGE
(polyacrylamide gel 250x110x0.5mm; GE Healthcare). Low molecular weight

markers (GE Healthcare) were used as reference.

106



A constant voltage of 300 V was applied during the run, which was stopped
when the front of the solvent reached the cathode. The gel was stained with
0.2 % Coomassie blue (GE Healthcare) dissolved in 45 % methanol (VWR)
and 10 % acetic acid (VWR).

The destaining solution used contained methanol and acetic acid in the same
proportions used for the Coomassie blue solution.

4.2.4 Quantification of the percentage of uncleaved TTR in solution

Quantification of the electrophoretic bands corresponding to monomeric TTR
was carried out using the Quantity One 1-D analysis software from Bio-Rad.
The band at time point 0 was considered as 100% of protein in solution and

was used to normalise all the other bands within the same experiment.

4.2.5 Congo red staining and scoring of amyloid in the TTR aggregated
material

The stock solution was prepared by mixing 3 g of Congo red (Sigma-Aldrich)
to 800 ml ethanol (VWR), 200 ml MilliQ water and 20 g NaCl (VWR). The
solution was left under stirring for at least 1 hour, filtered with Whattmann
paper and activated by adding 1% (v/v) of a 1% NaOH solution (w/v) before
staining. TTR aggregated material was obtained by centrifugation of the
different samples at the end of the experiment for 20 minutes at 10300 g. The
supernatant was removed and the resulting pellet was resuspended in 100 pl
of PBS, pH 7.4. 10 pl of sample was pipetted onto a microscopy slide and let
dry at room temperature. 2 ml of activated Congo red solution was then
placed onto the surface of the slide and left staining for at least 30 minutes.
The slides were then washed with MilliQ water, let dry and covered with a
coverslip fixed in place with DPX mountant (Sigma-Aldrich). Congo red score
was assessed by blind quantification on six slides per each group. The
following score was used: 0 (no spot detected), 1 (occasional spots), 2
(green birefringent spots clearly visible and corresponding to the stained
spots in the bright field), 3 (surface homogeneously covered by green

birefringent material).
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4.2.6 Electron microscopy

Transmission electron microscopy analysis was performed using protein
samples stained with 2% (w/v) uranyl acetate using a CM120 microscope at
80 keV by Alejandra Carbajal at the Division of Medicine Electron Microscopy
Unit, Royal Free Campus, UCL.
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4.3 Results

4.3.1 Inhibition of aggregation

Inhibition of the mechano-enzymatic fibrillogenesis was tested in the
presence of tafamidis, tolcapone, the experimental bifunctional compound
mds84 and compound A, which is a bivalent compound with improved
solubility.

As mentioned in the introduction of this chapter, the ability of the different
compounds to inhibit aggregation was tested on the V1221 TTR variant.
Indeed the data presented in chapter 3 identifed this variant as intermediate
between the WT protein and the most aggressive variants in terms of stability
and aggregation propensity.

Aggregation experiments were carried out at 37° C in PBS, pH 7.4, for 96
hours in the presence of trypsin. A magnetic stirrer provided agitation
throughout the whole length of the experiment. ThT, commonly used to
detect the formation and/or inhibition of the formation of amyloid fibrils, would
have been the best choice to evaluate the activity of the different compounds.
However we realised that it could not be used as most of these molecules
guenched the ThT emission signal by absorbing in the same wavelength

where ThT emits, therefore interfering with results (Fig. 30).
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Figure 30. Example of ThT emission fluorescence quenching by tolcapone.
Emission fluorescence spectra of a solution of 10 uM ThT and 9 uM S52P TTR
fibrils in PBS (black) and in PBS in the presence of 9 uM (green), 18 uM (red) and
36 uM (blue) tolcapone, respectively. The spectra were acquired using a Perkin
Elmer LS55 Luminescence Spectrometer. The samples were excited at 445 nm and
the emission fluorescence was recorded in the range 450-550 nm with accumulation

of three scans.

Turbidity at 400 nm was therefore selected as a way to monitor the formation
of insoluble aggregates in solution and was monitored every 24 hours
throughout the whole length of the experiment.

The drugs were tested at four different concentrations corresponding to four
distinct drug to TTR molar ratios: 0.5:1, 1:1, 2:1 and 4:1. To allow complete
binding the solutions containing the protein and the compounds were left for
30 minutes at 37 °C before trypsin was added.

Figure 31 shows the final turbidity at 96 hours, normalised to the control,
which contained only TTR and trypsin without any drug.

Bivalent compounds appeared more effective than their monovalent

counterpart, showing better efficacy even at a 0.5:1 ratio. Interestingly,
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tolcapone, which lacks negative cooperativity and binds both binding sites
with the same affinity, appeared more efficient than tafamidis, showing good
inhibition of aggregation in 1:1 ratio. When complete saturation of both
binding sites was reached (i.e. in 1:1 ratio for bivalent and 2:1 ratio for
monovalent ligands), an almost complete inhibition of fibrillogenesis was

achieved for all the compounds tested.
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Figure 31. Normalised turbidity at 96 hours in the presence of drugs at
different molar ratios. Data presented as mean (SD) of 3 different sets of
experiments. The data were normalised to a control sample incubated in the same

experimental conditions in the presence of trypsin, without any drug added.
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4.3.2 Inhibition of proteolysis

Following the evaluation of the potency of the compounds to inhibit TTR
aggregation, investigation of their ability to inhibit proteolytic cleavage of the
protein was carried out. At the end of fibrillogenesis, the different samples
were analysed by SDS-PAGE under reducing and denaturing conditions.
Quantitative analysis of the intensity of the band corresponding to the TTR
monomer in SDS-PAGE was performed using the Quantity One 1-D analysis

software from Bio-Rad using the rectangular box tool (Fig. 32).

Figure 32. Example of quantification of monomeric TTR electrophoretic bands
using the Quantity One 1-D software from Bio-Rad. The rectangular box tool was
used to quantify the intensity of the electrophoretic bands. Background correction

was set on global.

The intensity of the monomer band at time 0 was compared with the intensity
of the same band at the end of the experiment in the presence of different
molar ratios of drug, thus retrieving information on the extent of proteolysis,
which took place during aggregation. The inhibition of proteolysis correlated
well with the inhibition of aggregation as demonstrated by the fact the

bivalent compounds were already effective at molar ratios 0.5:1 and 1:1. In
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the case of bivalent compounds higher molar ratios were necessary to
achieve an almost complete inhibition of proteolysis (Fig. 33).
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Figure 33. Inhibition of proteolysis by tafamidis (black), tolcapone (red),
mds84 (blue) and compound A (green). Data presented as mean (SD) of 3

independent experiments and normalised to the intensity of the TTR band at time O.

4.3.3 Congo red staining, amyloid score and electron microscopy
Further analysis of the aggregated material was carried out by Congo red
staining. At the end of the experiment, the samples were centrifuged for 20
minutes, the supernatant was removed and the pellet resuspended in a
volume of 100 pl of PBS.

10 pl of suspension was then placed onto a microscopy slide and stained
with Congo red. The samples were then observed under a polarised light

microscope (Fig. 34).
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Figure 34. Congo red apple-green birefringence in the presence of fourfold
excess of drugs. The control without ligand after 96 hours is shown on top as a
reference. Fibrillar amyloid deposits could be detected in all the samples even in the
presence of fourfold excess of stabiliser. The images were acquired on a Leica
DMLB microscope equipped with a Leica PL Fluotar 10 x/ 0.30 objective using

a JVC colour video camera and the Leica IM50 image capture software.
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Each slide was given an amyloid score (Fig. 35) using the following criteria:
e 0: no spot detected
e 1: occasional spots
e 2: green birefringent spots clearly visible and corresponding to the
stained spots in the bright field

¢ 3: surface homogeneously covered by green birefringent material
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Figure 35. Congo red amyloid score. Congo red score was assessed by blind
guantification on six slides per each group.
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Electron microscopy analysis performed on the samples containing the
highest ligand concentration revealed the presence of amyloid fibrils in all
samples, suggesting that the inhibition of aggregation could not be

completely stopped, even in the presence of bivalent compounds (Fig. 36).

Figure 36. Electron microscopy analysis of the pellet in the presence of

different drugs at 72 pM. Left to right: control sample without any drug, mds84,

tafamidis, tolcapone, compound A. Scale bar 100 nm.
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4.4 Discussion

All the compounds inhibited the formation of amyloid fibrils in a
concentration-dependent fashion. At molar ratios of drug to TTR tetramer
equal or bigger than 2:1, the different drugs exhibited the same effect with an
almost complete inhibition of aggregation (~90%). For molar ratios below 2:1
instead, the two bivalent compounds, mds84 and compound A, proved to be
more effective than their monovalent counterparts with tolcapone appearing
more effective than tafamidis. A more detailed analysis revealed that at molar
ratio of 0.5:1 mds84 reduced fibril formation by approximately 90%,
compound A 87%, tolcapone 60% and tafamidis only by 40%. At 1:1
inhibition reached around 60% with tafamidis, ~80% with tolcapone and
remained at ~95% with mds84 and compound A. At 2:1 and 4:1 all the
compounds inhibited aggregation by approximately 90%. The better efficacy
of tolcapone if compared with tafamidis can be explained by its property of
not inducing negative cooperativity (Sant’Anna et al., 2016).

In agreement with the turbidity data, all the ligands inhibited proteolysis of
TTR in a dose-dependent manner: in the presence of molar ratios of drug to
TTR tetramer equal or higher than 2:1, all the compounds exhibited the same
effect inducing an almost complete inhibition of the proteolytic digestion. A
clear distinction appeared instead at lower molar ratios, where mds84 and
compound A proved to be more effective than tolcapone and tafamidis
respectively.

A possible explanation for this different behavior can be given by considering
the way these compounds interact with the TTR tetramer. In the case of
monovalent ligands, such interaction is limited to the two T4 binding pockets.
In the case of the bivalent ligands the binding pockets are occupied, but the
central channel is occupied as well. The presence of a carbon linker in the
central cavity of the molecule occupies the void volume normally occupied by
water molecules and results in the formation of a series of hydrophobic
interactions, which possibly stabilise the protein by reducing subunit sliding
and inducing some long distance stabilisation of the CD loop, where the

proteolytic cleavage takes place.
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The central channel could therefore play the role of a third binding pocket,
which has never been considered before as possible target of TTR-stabilising
ligands (Fig. 37).

LYS-15

Figure 37. Network of hydrophobic interactions formed by the prototypic
bivalent ligand mds84 inside the inner channel (adapted from Verona G et al.,
2017).

Even in the presence of large molar excess of tafamidis or tolcapone, with
apparent complete inhibition of aggregation, it was possible to detect some
insoluble material, which showed the typical apple-green birefringence and
was fibrillar when observed in the electron microscope. In the presence of
mds84 and compound A only a minimal amount of insoluble material could
be detected, but extensive analysis at the polarised microscope revealed the
presence of amyloid fibrils.

These final results appear of extreme importance considering the effect that

even a minimal amount of amyloid seeds, which we defined minimal residual
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disease, can have in vivo in the development or progression of TTR
amyloidosis.

In the light of these results, current clinical trials should be critically analysed.
Also the development of new drugs should aim to find compounds able to
completely abrogate the formation of even a minimal amount of amyloid
fibrils. This is also true for some of the therapies currently exploited to try and
treat TTR amyloidosis, which involve the reduction by 90 % or more of TTR
hepatic synthesis by the means of antisense oligonucleotides or small
interfering RNAs, where even with a very small TTR plasma concentration,

the formation of fibrils could still take place.
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Chapter 5. NMR as a tool to investigate the structural

effects induced by TTR ligands

5.1 Introduction

Established in 1971, the Protein Data Bank (PDB) is a database for the
three-dimensional structures of large molecules. It contains almost 300 X-ray
structures of WT TTR, TTR variants and TTR complexes, demonstrating how
over the last 30 years, crystallography has been widely used to investigate
the structure of this protein. Palaninathan (Palaninathan SK, 2012) published
a comprehensive review describing the role of X-ray crystallography in the
design of inhibitors of TTR fibrillogenesis. However, several times in the
paper it is stated that “the crystal structures show no significant
conformational changes”. In the final remarks the author concludes that “the
mutation-induced structural changes and the mechanism of amyloid
formation are yet to be elucidated”, suggesting that despite the high number
of protein structures published, the information that can be derived from
them, although powerful in terms of structural data, is not sufficient to fully
understand the mechanisms underlying TTR amyloidosis nor the structural
changes undergone by the protein upon the binding of small molecules
acting as stabilisers. Obtaining clear data on the central channel region also
appears challenging, as highlighted by Kolstoe and co-workers who could not
detect any electron density whilst investigating the structure of the complex
between TTR and 4ajml5, a bivalent compound whose alkyl linker locates
inside the inner channel (Kolstoe S et al., 2010).

Our collaborator Dr Matteo Degiacomi at the University of Durham compared
the 265 human TTR crystallographic structures available from the PDB
database by evaluating their root-mean-square deviation of atomic positions
(RMSD) of the TTR monomers and showed that, apart from the F87M/L110M
(Palmieri Lde C et al., 2010) and the G53S/E54D/L55D (Karlsson A & Sauer-
Eriksson AE, 2007) mutants, no significant differences could be observed
(Fig. 38). The first mutant is an engineered TTR monomer in which the
introduction of two new amino acids prevents oligomerization into dimers or

tetramers by perturbing both the dimer interface and the weak dimer-dimer
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interaction (Jiang X et al., 2001) and the latter is another engineered mutant,
which shows significant tendency to aggregate in vitro (Goldsteins G et al.,
1997).
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Figure 38. Comparison of TTR X-ray derived structures. The monomers were
aligned using the a-carbon atoms common to all structures. The pairwise RMSD of
the a-carbons was then calculated and used to cluster the structures using a
hierarchical clustering algorithm. Structures were considered to be part of a different
cluster if their RMSD was above 1 A. 258 structures had an RMSD < 0.6 A (blue,
PDB code 1BM7). Only 5 structures of the F87M/L110M mutant at different pH (red,
PDB code 3GRG) and 2 structures of the triple mutant G53S/E54D/L55D (gray,
PDB code 1G10) had a difference of more than 1 A and were therefore clustered

apart.

It therefore appears plausible that some structure and dynamics differences
existing among the 258 structures analysed are not identified by X-ray
crystallography. In fact, the X-ray structure reports the conformation of the
protein corresponding to an energy minimum inside the crystal and may only

represent a partial view of a more complex set of conformers that may be
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present in equilibrium solution. Suggestions on the crucial role played by the
dynamics of specific regions of the protein in determining the susceptibility to
proteolysis come from the different behaviours observed for distinct TTR
variants in the fibrillogenesis experiments presented in chapter 3, and the
different protection against proteolysis resulting from the binding of small
molecules presented in chapter 4. Indeed, the superior resistance to
proteolysis conferred by simultaneous occupancy of both T4 binding sites, in
comparison with the effect obtained when only one site is saturated, is a
good example of how binding-induced structural changes can have a
protective effect towards proteolysis mediated fibrillogenesis.

To address the more complex pattern present in solution in physiological
conditions, we used NMR spectroscopy. This technique can be applied to
investigate protein structures and dynamics in solution, including those
changes induced by pathogenic mutations and ligand binding. In addition, it
can also assist in the understanding of the superior efficacy shown by
bivalent ligands in comparison with monovalent, for which some
considerations have already been presented in the previous chapter. Indeed,
one of the key advantages offered by this technique is the ability to
investigate protein dynamics in the nanosecond-second timescale. TTR is a
55 kDa protein and is therefore a rather large protein in NMR terms. In fact,
the general molecular weight cut off for NMR spectroscopy is around 30 kDa
for mono or double labelled proteins (usually >N and/or 3C). This is due to
nuclear spin relaxation effects, including chemical shift anisotropy interaction
and dipole-dipole relaxation. Deuterium labelling and the use of appropriate
NMR experiments (described in paragraph 5.2.2), though, can overcome this

issue making larger proteins suitable candidates for NMR analysis.

Literature review

Some pioneering NMR work on TTR was done by Wemmer and Kelly (Liu K
et al., 2000; Liu K et al., 2000; Liu K et al., 2002) who deposited the full
assignment of the WT protein at pH 5.75 and used ?H-H exchange to study
the stability of the WT tetramer under non-denaturing (pH 5.75) and patrtial
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denaturing conditions (pH 4.5). They showed that at pH 5.75 B-strands A, B,
E and G and their interconnecting loops were the most slowly exchanging
core of the protein (Liu K et al., 2000), while moving to pH 4.5 B-strands B
and E, together with part of B-strand C and F rapidly exchanged with the
solvent, thus suggesting a cooperative disruption of half of the B-sandwich
that characterises the protein structure (Liu K et al., 2000). In a follow up of
this initial work, the same approach was used to investigate the stability of
three different TTR isoforms, L55P, V30M and T119M, showing that the two
pathogenic mutations induced important destabilisation in the core of the
protein, shown by increased 2H-H exchange rate, while enhanced
stabilisation was observed for the protein core in the T119M mutation (Liu K
et al., 2002). Overall these observations led to the conclusion that
destabilisation of the folded state contributes to the amyloidogenicity of TTR,
thus supporting the experimental results obtained on TTR fibrillogenesis at
low pH. The same ?H-H exchange approach was used to study residue-
specific solvent protection factors within the aggregates obtained at pH 4.5
from the Y114C TTR variant (Oloffson A et al., 2004).

Lim and co-workers (Lim KH et al., 2013) utilised a monomeric variant of TTR
(F87M/L110M, M-TTR) to investigate the localised structural fluctuation that
might predispose the protein to aggregate. They also utilised a triple mutant
(F87M/L110M/T119M) in order to compare the data obtained on M-TTR with
those obtained with M-T119M TTR, which is the monomeric form of the
protective T119M TTR variant. The results suggested that the amyloidogenic
state of WT TTR is characterised by a largely native-like CBEF [B-sheet
conformation, disrupted DAGH B-sheet and structurally perturbed AB loop.
The introduction of the mutation in position 119 determines a great reduction
of these fluctuations, possibly explaining its stabilising effect in vivo. In a
follow up paper, by a combination of solid-state and in solution NMR, Lim and
colleagues confirmed the data previously published, showing that the soluble
amyloidogenic precursor state of TTR contains a native-like CBEF -
structure (Lim KH et al., 2016) and a disrupted DAGH B-sheet.
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The M-T119M TTR (F87M/L110M/T119M) structure in solution was solved by
Kim and colleagues (Kim JH et al., 2016) who highlighted the sliding of [3-
strands G and H to a non-native position due to the substitution of T119,
whose side chain assumes an outward-pointing position in the WT protein,
with M119, whose side chain inserts into the hydrophobic core of monomeric
TTR (Kim JH et al., 2016). Apart from the initial work by Wemmer and Kelly,
most NMR analyses have been conducted on monomeric forms of the
protein, which, although useful to have an insight of the structural fluctuations
undergone by the core of the protein, do no resemble its fully folded
tetrameric assembly.

Only recently two papers were published by the Wright group on the kinetic
analysis of the aggregation pathway at low pH and the effect of pathogenic
mutations on the fully folded TTR tetramer (Sun X et al., 2018; Leach BI et
al., 2018). A 19F-NMR assay using a trifluoroacetyl probe linked to cysteine
85, in the engineered C10S/S85C TTR variant, that gives distinct shifts for
the TTR tetramer and monomeric intermediate was used to directly quantify
their populations during the aggregation process and to investigate the
kinetics and mechanics of the aggregation pathway of WT and pathogenic
mutants of TTR (V30M, L55P, F87A and V122l). Performing experiments at
different temperatures and pH 4.4, Sun and co-workers were able to
simultaneously investigate the populations of tetrameric TTR, monomeric
intermediates and aggregated states, highlighting the critical role played by
intersubunit hydrophobic interactions in the stabilisation of the tetramer. They
also showed that above 298 K, in their experimental conditions, no soluble
oligomers accumulated as the monomeric intermediates rapidly converted
into highly-ordered structures.

Analysis of the effect of three pathogenic mutations, V30M, L55P and V122I,
showed a number of subtle structural differences between WT and mutant
TTR in its tetrameric form. Both V30M and L55P mutations were observed to
induce chemical shift perturbations, which propagated from the site of
mutation through the B-sheets to the strong dimer interface. The L55P
mutation induced structural perturbations in both the DAGH and CBEF B-
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sheets and caused a disruption in the hydrogen bond network between
strands D and A as well as in strand C, which directly packs against the
mutated side chain. Such perturbations propagated through the hydrogen
bond network of the CBEF sheet to the strong dimer interface, the CD loop,
part of the DE loop and finally the AB loop, which is involved in intermolecular
contacts at the level of the weak dimer interface. The V30M substitution
mainly affected the CBEF B-sheet, where it perturbed the local hydrogen
bond network. Moreover it affected residues both in the E and F strands,
which are located in the strong dimer interface. To a lesser extent than for
the L55P variant, a minor perturbation was also observed for the DAGH (3-
sheet. Interestingly, the V122l-induced structural changes were only minor
when compared to the WT counterpart and clustered around the site of
mutation, from which they propagated to both the strong and the weak dimer
interface without inducing major perturbations. Protein dynamics in the
millisecond time scale was measured by NMR relaxation dispersion and
revealed the existence of a common excited state for all the variants,
characterised by an altered structure at the level of both the strong and the

weak dimer interfaces.

No literature is available on the structural effects in solution induced by the
binding of small molecules to the T4 binding pockets and/or the occupancy of
the central region by an aliphatic linker. The data presented in this chapter try
to offer a molecular insight on the effects induced on the protein by the
binding of the monovalent ligand tafamidis and the bivalent prototypic

compound mds84.
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5.2 Materials and methods

5.2.1 Methodological approach: considerations on protein structure,
deuterium labelling and Transverse Relaxation-Optimised
Spectroscopy (TROSY) NMR

It has already been mentioned that usually the molecular weight cut off for
NMR spectroscopy of 3C, °N labelled proteins is ~30 kDa. The molecular
weight of TTR is ~55 kDa, which places it above the upper limit of the
common size of NMR samples. However, a few considerations have to be
made: TTR is a homotetramer, therefore constituted of four identical 127
amino acid long subunits and is characterised by 2,2,2 molecular symmetry,
which makes resonances from all subunits equivalent. As a result, despite
the presence of 127 * 4 = 508 amino acid residues in the protein, effectively
only 127 theoretical peak resonances are observed when an NMR spectrum
of TTR is acquired. Considering then that proline residues are not observed,
the total number of resonances present in the spectrum becomes 127 - 8 =
119, thus simplifying the analysis of the data, including the full assignment of
the protein. In addition to this advantage that strictly derives from the nature
of the protein structure, the technical advance in the last 20 years has made
it possible to push the boundaries of the molecular weight limit up to 800 kDa
or even further, when the correct conditions are met. Undoubtedly, the
introduction of high field spectrometers and of cryoprobes has helped in
making large proteins suitable samples for NMR spectroscopy experiments,
but the parallel development of new technical and experimental strategies
appears equally important, in particular the introduction of deuterium labelling
and the use of Transverse Relaxation-Optimised Spectroscopy (TROSY).
NMR measures the signal of nuclear spins immersed in a homogeneous
magnetic field. Such signal is the sum of radio frequencies that have been
emitted by the nuclei, in response to a sequence of externally applied radio
frequency pulses (Fernandez C & Wider G, 2003). The speed at which the
signal decays is inversely proportional to the transverse relaxation time (T2)
and so are the resonance linewidths in the NMR spectrum. For large

molecules the transverse relaxation rates of 3C and °N spins tend to
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increase leading to large linewidths and low signal-to-noise ratio. The major
source of relaxation is associated with the presence of hydrogen atoms,
which cause an efficient distribution of magnetization through the spin system
of dipolar coupled protons (spin diffusion; Sattler M and Fesik SW, 1996).
The replacement of hydrogen with deuterium eliminates many of the
relaxation pathways, thus improving the signal-to-noise ratio. Furthermore
the dipolar interaction between 3C or N nuclei and an attached proton,
which is proportional to the square of the gyromagnetic ratio (y), is
significantly reduced when the proton is replaced by a deuteron, given that
the gyromagnetic ratio of deuterium is about 6.5 times smaller than that of
hydrogen (Sattler M and Fesik SW, 1996; Fig. 39). As a result, the directly

attached carbon and Hn T2 relaxation times are increased.
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Figure 39. Advantages offered by the use of deuterium labelling. (a) The
replacement of hydrogens with deuterium significantly reduces spin diffusion; (b)
Due to the reduced gyromagnetic ratio of deuterium, the relaxation times of *C and

15N spins are greatly increased (figure from Sattler M and Fesik SW, 1996).

In combination with deuterium labelling, TROSY NMR uses spectroscopic
means to reduce transverse relaxation by mutual cancellation of relaxation
contributions from dipole-dipole relaxation and chemical shift anisotropy
(Venters RA et al.,, 2002). This approach was first described by Pervushin
and co-workers in 1997 (Pervushin K et al., 1997). In a typical decoupled ‘H-
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5N heteronuclear single quantum coherence (HSQC) spectrum, the
averaging of the four cross-peak multiplet components observed without
decoupling produces one observable peak. As the protein size increases, the
spin relaxation introduced by dipole-dipole relaxation and chemical shift
anisotropy increases, thus determining different relaxation times for each
peak of the multiplet component. As a consequence, while some peaks
remain relatively narrow, some others become broad. When decoupling is
applied, the averaging of broad and narrow peaks causes a general
broadening of the linewidths up to the point when no more signal can be
observed. TROSY NMR solves this issue by using phase cycling sequences
that cancel out the broad signal components and keep only the narrow
component. It can be theoretically shown that TROSY is most effective at
high magnetic fields where all the transverse relaxation effects can be nearly
completely cancelled for one of the four multiplet components. The 2H-
labelling of the protein further suppress the residual linewidth of the TROSY
peak due to coupling with remote hydrogens, so that further line narrowing
can be achieved. Even though by selecting one specific linewidth about half
of the potential signal is lost, in large molecules this is compensated by the

slower relaxation and subsequent gain in sensitivity (Fig. 40).
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Figure 40. TROSY NMR. (a) The result of
decoupling for a *H-®N HSQC spectrum is a single
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In order to acquire the high quality NMR spectra of TTR presented in this
chapter both deuterium labelling (the protocol for expression in D20-enriched

medium can be found in paragraph 2.2.4) and TROSY NMR were used.

5.2.2 Assignment of 2H 3C 1SN WT TTR
Full assignment of TTR resonance signals was achieved using several triple
resonance NMR experiments. The experiments used are now briefly

described. A schematic representation is shown in figure 41.

HNCO

This experiment shows the connectivity between the amide of one residue (i)
and the carbonyl of the preceding residue (i-1). The magnetisation is
transferred from the Hn of the amide group to the corresponding N+ and
then onto the carbonyl (*3CO) of the preceding residue through **Nv—3CO J-
coupling before being transferred back through the °Nn to the Hn for
detection. HNCO is the most sensitive of all triple resonance NMR

experiments.

HN(CA)CO

This experiment shows the connectivity between the amide of one residue (i)
and the 3CO of the same residue (i) and the preceding one (i-1). The
magnetisation is transferred from the amide !Hn to the corresponding *°NH
and then to the 13Cq of the same residue and the preceding one via ®Nn-13Cq
J-coupling. From there via the 13Cq-13CO J-coupling the signal is transferred
to the 13CO before being transferred back through the same way onto the Hn
for detection. The chemical shift is only evolved for Hn, °>Nw and 13CO,

therefore the Cq signal is not detected.

HNCO and HN(CA)CO were used together to assign carbonyls.
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HNCA

This experiment shows the connectivity between the amide of one residue (i)
and the 3Cq of the same residue (i) and the preceding one (i-1). The
magnetisation is transferred from the amide 'Hn to the corresponding *°NH
and then to the 13Cq of the same residue and the preceding one via ®Nn-13Cq
J-coupling before being transferred back, via *°Nn, on the Hn for detection.

HN(CO)CA

This experiment selectively shows the connectivity between the amide of one
residue (i) and the 3Cq of the preceding one (i-1). The magnetisation is
transferred from the amide 'Hn to the corresponding '°Nw, then to both the
13CO and the *Cq of the preceding residue (i-1) before being transferred
back through the same way onto the 'Hn for detection. The chemical shift is
only evolved for Hn, *®Nx and 13Cq therefore the 3CO signal is not detected.

HNCA and HN(CO)CA were used together to assign a carbons.

HNCACB

This experiment shows the connectivity between the amide of one residue (i)
and both the Cqa and Cg of the same residue (i) and the preceding one (i-1).
The magnetisation is transferred from the 'Ha and ‘Hp of both residue i and
residue i-1 to the corresponding Ca and Cg respectively and from the Cg to
the corresponding Ca. The signal then gets transferred to the *>Nn and then
onto the Hn for detection. Because of *®Nk-3Cq J-coupling, the signal is also
transferred onto the Nu from the 3Ca of the preceding residue (i-1)

therefore for each *Nn two Cq and Cg are visible.

The corresponding experiment HN(CO)CACB to distinguish (i) from (i-1) Ca
and Cg, was attempted but the signal to noise was insufficient to be of any
use. Nevertheless, the identification of Ca was achieved with the combination

of HNCA and HN(CO)CA experiments and the beta carbon resonances were
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inferred, taking into consideration that (i) Cpg give a more intense cross peak
than (i-1) and considering the appropriate shift from the protein sequence.

HN(CA)CcO

Figure 41. Schematic representation of the three-dimensional NMR
experiments used for TTR assignment. Blue indicates atoms for which the signal
is evolved. Grey indicates atoms, which get excited during the experiment, but for

which the signal is not evolved. Figure prepared using Power Point.
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The assignment through 3D NMR experiments exploits the fact that each
residue in the protein is linked to the following and preceding ones and the
fact that different amino acids have distinct Cqa and Cp resonances, some of
which are extremely characteristic and can be used as entry points when a
protein needs to be assigned from scratch. Table 9 reports typical values for
o and B carbons for the 20 amino acids. For example, the resonance for the
Ca of glycine is normally around 45 ppm, thus clearly distinguishable from the
Cq of all other amino acids. Similar considerations can be made for the Cgs.
For example, the resonances for the Cg of serine and threonine residues are
typically around 63-69, while for other amino acids the average resonance is
around 30-40 ppm (with the exception of alanine for which the Cp resonance
is around 19 ppm).

Table 9. Typical resonances of a and 8 carbons for the 20 amino acids.

Amino acid Ca Cp
Gly 45.37 NA
Ala 53.17 18.99
Ser 58.76 63.80
Thr 62.24 69.73
His 56.49 30.23
Trp 57.72 29.96
Cys 59 (ox), 55.4 (red) 40.7 (ox), 28.3 (red)
Gln 56.61 29.18
Glu 57.36 30.00
Met 56.14 32.99
Arg 56.81 30.68
Lys 56.97 32.79
Asn 53.56 38.70
Asp 54.70 40.88
Tyr 58.14 39.31
Phe 58.12 39.95
Leu 55.66 42.30
Val 62.53 32.72
lle 61.64 38.61
Pro 63.35 31.85
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If we consider the pair of experiments HNCA/HN(CO)CA, the first will provide
information on both the Cq of residue i and i-1, while the second will only
show the Cq of residue i-1. Moving from one amino acid to the previous or
following one, a network that links together all the residues and leads to the

full assignment of the protein can be created (Fig. 42).

4CA-T75

103CA-R104

R104CA-R104

8.843 8.83 8.829 8.115
127.4 120.7 121.3 117.2
1107 HN T106 HN Y105 HN R104 HN

Figure 42. Example of assignment. Assignment of TTR residues 1107, T106, Y105
and R104 using the combination of HNCA (yellow) and HN(CO)CA (red)
experiments. A network is established between residues located in the backbone of

the protein.

The backbone assignment of WT TTR was carried out with the data obtained
from the three-dimensional NMR experiments (3D NMR) described above.
Spectra of 2H 13C 15N WT TTR, 50-135 uM, were recorded at 310 K at both
pH 7.4 and pH 7 in PBS.

The acquisition parameters are listed in table 10.
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Table 10. Acquisition parameters for 3D NMR experiments.

Number of Spectral width (ppm)
complex points 1H, N, 3C
HNCO 3072 x 64 x 64 18, 27, 10
HN(CA)CO 3072 x 64 x 64 18, 27, 10
HNCA 4096 x 50 x 96 18, 27, 30
HN(CO)CA 4096 x 50 x 96 18, 27, 30
HNCACB 4096 x 50 x 96 18, 27,70

5.2.3 Ligands titration

Tafamidis and mds84 stock solutions were prepared to a final concentration
of 10 mM in 99.9 % dimethyl sulfoxide-de (DMSO-Ds; Sigma Aldrich).

2H 13C 15N WT TTR was dissolved in PBS, pH 7.4 at 54.5 uM.

The drug to TTR ratios were 0, 0.5, 1, 1.5 and 2 for tafamidis and 0, 0.5 and
1 for mds84. The titration was followed acquiring *H-®N TROSY-HSQC

spectra for each experimental point (table 11).

Table 11. HSQC acquisition parameters.

Number of Spectral width (ppm)
complex points H, ®N
IH-1N HSQC 2048 x 256 15, 32

In order to confirm the assignment of new peaks arising after the addition of
ligands, HNCA spectra were also recorded. 1.5 pl of ligand stock solution
was added each time to progressively increase the ligand:TTR ratio.
Following this procedure a total of 6 ul DMSO were added to a 600 ul
solution containing tafamidis, thus accounting for 1% of the total volume. The
effect of 1% DMSO was checked and considered irrelevant.

All spectra were processed with Topspin 3.5 (Bruker Biospin) or NMRPipe
(Delaglio F et al., 1995) and analysed in NMRFAM-SPARKY (Lee W et al.,
2015). NMR spectra were acquired at 310K with Bruker Avance 700 and 800
MHz NMR spectrometers.
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5.3 Results

5.3.1 Assignment of 2H 3C 1SN WT TTR

An assignment obtained under different experimental conditions (K3sPO4 50
mM, NaCl 100 mM, pH 5.75 at 298 K was already deposited in the Biological
Magnetic Resonance Bank (BMRB). HSQC spectra of our 2H 3C SN WT
TTR were recorded on a 135 pM sample at 310 K in PBS at both pH 7.0 and
pH 7.4,

A set of three-dimensional experiments, including HNCO, HNCA, HN(CO)CA
and HNCACB, was used to fully assign the protein.

At pH 7.4 no (or an extremely weak) *H-°N correlation was observed for
residues G4, T5, G6 and K9, C10 in the N-terminal region. Improved
correlation was observed at pH 7.0, leading to a complete assignment.
Residues H56 and G57, located in the DE loop, were not visible at both pH
7.4 and 7.0. Peaks for F95 and T119, which were partially overlapping with
other signals at pH 7.4, became clearly distinguishable at pH 7.0.

While reassigning the protein, two issues with the deposited assignment
were found. A mistake was found in the assignment of peaks R103-R104,
which had erroneously been labelled as H90-E89 and vice versa.

The assignment of the peak corresponding to A120 was challenging as no
1H-15N correlation was observed when the protein was dissolved in PBS only.
Interestingly when 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS, an NMR
reference standard) was added, the signal corresponding to A120 appeared,
suggesting an interaction of the reference standard with the protein, most
likely at the level of the T4 binding pockets. Upon addition of DSS, chemical
shifts involving residues M13, K15 and L17, which define HBP1, were
observed as well as the weakening in intensity of some peaks located in
strand H at the level of the dimer-dimer interface, in the specific S112, Y114
and S117.
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5.3.2 Effect of ligands on TTR

Full assignment of the protein was necessary in order to investigate the effect
induced by ligand binding on the protein. The effect of ligands on TTR was
monitored recording *H-°N TROSY-HSQC spectra for each experimental
point. In the case of tafamidis 5 different spectra were collected starting with
the protein alone and slowly increasing the ligand:protein ratio up to 2:1.
Similarly to T4, tafamidis has as a negative cooperative behaviour that was
proven by Bulawa and co-workers (Bulawa CE et al., 2012), and was
evidenced by different values of the dissociation constants for the two binding
sites (Kdai= 2 nm and Kd2= 154 nm, respectively). On the basis of these
affinity constants, at molar ratio tafamidis:TTR 2:1 and with a protein
concentration of 50 uM, all of the TTR molecules present in solution were
fully occupied. In the case of the bivalent mds84, instead, only 3
experimental points were necessary as in a 1:1 ratio the ligand fully occupies
both binding sites and the inner channel of all the TTR molecules available in
solution according to the mechanism described by Kolstoe and collaborators
(Kolstoe SE et al., 2010).

Upon progressive addition of ligand, a number of peaks were affected. At a
first glance, a slow exchange regime could be hypothesised. In fact, the
peaks corresponding to the apo form decreased in intensity and
simultaneously those of the holo form appeared and increased. A deeper
look, though, interestingly revealed a shift of both the apo and holo form to
new positions in the HSQC spectra at molar ratios tafamidis:TTR of 0.5:1 and
1:1. The peaks were therefore classified on the basis of their behaviour into
three distinct groups, named 11, 12 and AH.

e |1 was used to classify those peaks for which a decrease in intensity
and a shift from the original position was observed for the peak
corresponding to the apo (i) form upon binding of tafamidis at ratios
0.5 and 1. In the presence of higher molar ratios of drug (1.5 and 2),
such peak completely disappeared. Similarly, the peak corresponding

to the holo form (f) appeared in a different position for molar ratios < 1.
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The behaviour of residue L55 is representative of peaks belonging to
the 11 category.

e Peaks belonging to the category 12, such as S117, were characterised
by the disappearance of the peak corresponding to the apo form
already at a tafamidis: TTR molar ratios of 0.5 and 1.

e AH was instead used to classify those peaks behaving as expected
from a slow exchange regime, for which a progressive transition
between the apo and holo form was observed without the formation of

intermediates, like in the case of residue D99.

Figure 43 exemplifies the considerations just made by showing the behaviour
of residues L55, S117 and D99.

Tafamidis: TTR
" 0 0.5 1.0 15 20
e LB o Lsst ... Lost .
155y L85y L85y Lsg] Lo5t
12
SH7H S117f ¢ S117f % S117f ST
S \ SN \ ol
my X ® X Xy O X X X i X .
S117i S117i S117i S117i 170 e
AH
i D9gf DO9f mm 0 DOYf mm v X D9Yfmm <
D99 | = D9gi D9 D9gi

D99

Figure 43. Behaviour of peaks belonging to categories 11, 12 and AH. L55, S117
and D99 are used to exemplify the behaviour of peaks belonging to the different
classes. i indicates the initial position, while f indicates the final position at complete

saturation.
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These observations, in agreement with the previously mentioned negative
cooperative effect, suggest that when only one of the two T4 binding sites is
occupied, intermediate species, different from the initial and final ones, are
present in solution, thus validating the hypothesis of an induced-fit
mechanism.

A full list of the peaks classified according to their behaviour in the presence
of tafamidis: TTR molar ratios of 0.5 and 1 is presented in table 12 and their
localisation on the TTR structure is reported in figure 44. The majority of the
peaks interested are located in the dimer interface, but some structural

variations were also observed in the outer strand F.

Table 12. WT TTR peaks classified according to their behaviour in the

presence of sub-stoichiometric ratios of tafamidis.

11 12 AH

13-16, 18-19, 23, 25- |17, 21, 88, 114, 117,22, 67, 72, 76, 80, 98-
27, 33, 50, 53-55, 59, | 118 99, 105, 123-124.

74-75, 89-90, 92-94,
96, 108-112, 115, 122

Figure 44. 11, 12 and AH peaks projected
onto WT TTR structure in complex with
tafamidis. 11 peaks are coloured in light
orange, 12 in dark orange and peaks

belonging to the AH group in blue.
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On the contrary, the binding of mds84, which simultaneously occupies both
binding sites, did not originate any intermediate species with all the peaks

belonging to the group AH (Fig. 45).

mds84:TTR
0 0.5 1.0
AHE
L55i L55i L55i
55t N\ 55 . st \
X () X
o [-ET2i X =ET72i
I "l\"‘lr:‘“ = X
N E72f N E72f

Figure 45. Behaviour of peaks in the presence of mds84. Residues L55 and E72
are shown as examples of the general behaviour observed in the presence of the

bivalent ligand.

As already mentioned, in the presence of tafamidis:TTR ratio 2:1 and
mds84:TTR ratio 1:1, full occupancy of both binding sites was achieved.

The overlays of the H-15’N TROSY HSQC spectra for WT TTR in the
presence of tafamidis and mds84 at the respective titration endpoints are
shown in fig. 47 and 48).

As expected, extensive chemical shift perturbations were observed for both
ligands at the level of the dimer-dimer interface (involving B-sheets DAGH of
both dimers) in correspondence of the three halogen binding pockets (HBPSs):
HBP1 formed by M13, K15, L17, T106, A108, HBP2 comprising L17, A108,
A109, L110, V121 and the inner pocket HBP3 composed of A108, L110,
S117 and T119. Chemical shift perturbation in the presence of the two
ligands are shown in figure 46.
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Chemical Shift Perturbation upon ligand binding
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Figure 46. Chemical shift perturbations in the presence of tafamidis (top) and
mds84 (bottom).
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Full occupancy of both binding sites affected almost all the residues defining
the HBPs with the exception of T119, in the presence of both ligands, and
V121, in the case of mds84 only. The latter was indeed not observed either in
the apo or holo form. While chemical shift perturbations were expected
around the binding site, the perturbation of other peaks, located in the outer
regions of the protein 12-36 A far from the HBPs, was not easily predictable.
Strands B, E and F, located in the outer B-sheet, loops AB, CD and DE as
well as a-helix H1 were indeed affected by the binding of both ligands.
Interestingly, tafamidis only determined a perturbation of loop BC, while loop
EH1 was selectively targeted by mds84 (Fig. 49).

Peaks shifting more than 1 standard deviation in loop AB, which is involved in
the weak dimer-dimer interface with the loop GH of the opposite chains, were
19-21 for tafamidis and 18, 20, 25 for mds84. A25 is involved in the formation
of H-bond with T490y1 and is subjected to the highest chemical shift
perturbation observed in the presence of mds84. The loop CD as well as
strands D and E and the a-helix were perturbed by both ligands, even though
a stronger effect was achieved when the bivalent ligand was bound.

Both ligands highly affected strand F: for tafamidis, major chemical shift
perturbations were observed for residues E89 and T96, which are involved in
H-bonding with K76. In the case of mds84, a minimal chemical shift was
observed for E89, while the signal for T96 could not be detected.
Interestingly, though, K76, which had a minimal perturbation in the presence
of tafamidis, was instead highly affected by the binding of mds84. In addition,
in the presence of the bivalent ligand, perturbations were also observed for
H90 and V93, which face each other. One interesting observation was made
for residues K9 and A120, which were not visible in the apo form, but whose
resonances appeared clearly when both compounds were bound. Similarly,
resonances for A91 and V121, which were lacking in the apo form, were
detected, although only when tafamidis was bound. These behaviours could
be explained by a reduced exchange rate of the amide with water when a
ligand is present, in comparison to the apo form. When mds84 was added,

the resonances of 15 residues, distributed in strands A, G, and H at the level
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of the dimer interface, in strand F and in loops AB, DE and H1F were lost.

This effect was only observed for the bivalent ligand.

tafamidis

Figure 49. Chemical shift perturbation projected onto the TTR structure.
Chemical shifts upon binding of ligands mapped on the structure of TTR in complex
with tafamidis (A, C, E; PBD file 3TCT) and mds84 (B, D, F; PDB file 3IPE).
Residues highlighted in blue shifted more than the average. Red indicates peaks
whose resonances were visible only after binding. The purple spheres in the
structure with mds84 indicate residues whose resonances could not be detected

following ligand binding.
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5.4 Discussion

The NMR chemical shift data presented in this chapter give an insight on the
structural perturbations originated by the binding of small molecules to the T4
binding pockets.

Given the different experimental conditions used for previous assignment of
WT TTR (Liu K et al.,, 2000), a totally new assignment was obtained at
physiological pH in PBS, using a combination of three-dimensional NMR
experiments. The analysis of the 3D spectra led to the observation that
residues R103, R104 in the deposited assignment had erroneously been
labelled as H90, E89 and vice versa. Furthermore, the reassignment of the
protein led to the observation that DSS, commonly used to reference NMR
spectra, interacts with the protein, likely binding to the T4 binding pocket, and
that it is possibly present in the samples used for the deposited assignment
in the bio magnetic resonance bank (BMRB) with code 5508.

As discussed in the introduction, despite the large number of X-ray structures
available for TTR in the apo form or in complex with ligands, no evident
structural variations, such to explain the effect of stabilisers or the
amyloidogenic potential of distinct TTR variants had previously been
observed.

Even in our specific case, the differences in terms of rmsd of Ca between the
X-ray structures of apo TTR and TTR in complex with tafamidis or mds84
appeared modest, in the range of 0.618 and 0.315 A, respectively, given a

small deviation in the FG loop (residues 100-103), as shown in figure 50 .
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Figure 50. X-ray structures comparison. Superimposition of X-ray structures of
apo TTR (red; PDB file 5CN3), TTR in complex with tafamidis (cyan; PDB file 3TCT)
and mds84 (grey; PDB code 3IPE). The FG loop on the tafamidis structure is
highlighted in green.

On the contrary, NMR allowed the observation of several structural changes
induced by the binding of small molecules.

While the binding of mds84 at sub-stoichiometric ratio did not cause any
intermediate species to form, as suggested by a normal behaviour typical of
a slow exchange regime, the binding of tafamidis in ligand:TTR molar ratios
of 0.5 and 1 clearly highlighted the presence of intermediate species in
solution. Indeed most of the observable peaks were classified in the 11 and 12
groups, with only a small proportion belonging to the AH group, which is
associated with the standard behaviour observed in a slow exchange regime.
As mentioned in chapter 4, tafamidis is bound with negative cooperativity, a

phenomenon initially described for the binding of thyroxine to TTR in 1975
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(Ferguson RN et al., 1975). Some hypotheses regarding small differences
existing between the two sites have been made over the years in an attempt
to explain the negative cooperativity effect observed for several ligands.
Based on the analysis of the X-ray structures of TTR in complex with ligands,
several researchers have suggested the possibility of an asymmetry existing
between the two sites, which results in different binding affinity (Neumann P
et al.,, 2001; Tomar D et al., 2012). It has also been suggested that TTR can
undergo structural fluctuations, which temporarily make the two sites
different. The ligand would then bind one or the other site according to its
affinity and by doing so it would affect the conformation of the other binding
site, whose affinity for the same molecule would therefore drop (Cianci M et
al., 2015; Zanotti G et al., 2017).

The analysis of the *H-*N correlations in the HSQC NMR spectra acquired in
the absence of ligand, did not reveal any evident differences existing
between the two binding sites. In the presence of tafamidis in sub-
stoichiometric ratios, the formation of intermediate species was instead
observed upon occupancy of the first binding site, suggesting some
rearrangement taking place on the second binding site, located at the level of
the dimer-dimer interface. In 1:1 ratio some effects were also observed in the
outer regions of the protein. Of particular interest is the effect induced by full
occupancy of both binding sites: as highlighted by the behaviour of peaks
belonging to group 11, the conformation of the second binding site changes
upon binding of two molecules, thus shifting to a new final position.
Therefore, these data support the idea of an allosteric modification of the
geometry of the second binding site, when the first one is occupied and might
explain the almost 100-fold difference existing between Kd1 and Kadz.

The results obtained at complete saturation are of extreme interest: while
chemical shift perturbations were expected around the binding site, the long
distance effect observed on the helix, B-sheets BEF and several loops was
not predicted. Although the presence of aromatic rings in the ligands modify
the chemical shift of nearby amides, such an effect cannot be responsible for

the chemical shift perturbation observed for residues located more than 12 A
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from the centres of the rings themselves. Any chemical shift perturbation
observed in the outer regions of the protein can therefore only be ascribed to
structural reorganization induced by the binding of a ligand.

The appearance of A120 and V121 located in strand H could be explained by
a stabilisation of the inter-chain hydrogen bonds between A120 (chain A, C)
and Y114 of strand H’ (chain B, D) and the intra-protomer hydrogen bond
between V121 and T106 located on the opposite strand G.

A striking difference between the mono and bivalent ligand was observed
when mds84 was bound, causing the disappearance of 15 amide resonances
from the HSQC spectrum. Such effect might be explained with an overall
stabilising effect of the bivalent ligand, which changes the protein dynamics
to the ps-ms timescale that is unfavourable for investigation by NMR.
Although most of the peaks affected are located at the level of the dimer-
dimer interface, also the signal relative to residues located in loops AB, DE,
H1F and strand D were lost, possibly due to the occupancy of the central
channel.

The data shown in the previous chapter highlighted the efficacy of mds84 in
preventing both proteolysis and subsequent aggregation. In this light the
behaviour of A25 appears of particular interest: it appeared as the most
perturbed peak when mds84 was added, while the chemical shift perturbation
observed in the presence of tafamidis was just above the average. The
reason A25 is so important is that its O is involved in the formation of an H-
bond with the side chain of T49, which is located in the hot spot where
proteolytic cleavage takes place (peptide bond K48-T49). When first
describing the S52P TTR variant, our group highlighted the importance of the
H-bond network formed by residues S50, S52 and E54 (Mangione PP et al.,
2014). Such network was lost in the variant, due to the substitution of residue
52 with a proline, thus increasing the flexibility of the CD loop and the
susceptibility to proteolysis. It is possible that the binding of the bivalent
ligand induces a conformational change that favour the strengthening of this
cluster of H-bonds, thus decreasing the accessibility to the proteolytic site

and conferring a higher protection against mechano-enzymatic mediated
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aggregation. It is indeed interesting to note that the chemical shift
perturbations observed in this region appear more intense for mds84 than
tafamidis. Another interesting effect, observed for both ligands, is the
perturbation of residues K76, E89 and T96 that form an inter-chain H-bond
network connecting the apexes of two monomers, thus stabilising the dimer.
It is also worth noting that no hydrogen bonds connect the dimer-dimer
interface with the outer B-sheet. Given that most of the residues pointing in
the protein core are of hydrophobic nature, it can be hypothesised that the
structural deviations observed in the outer (3-sheet are driven by hydrophobic

interactions (Fig. 51).

Figure 51. Hydrophobic core. (left) front view and (right) top view of the WT TTR
dimer (PDB code 5CN3) in which the hydrophobic residues pointing towards the
core of the protein have been highlighted in red.

In conclusion the use of NMR appears extremely promising for the
investigation of conformational changes associated with the binding of
specific ligands, which are not observable through other techniques, making
it an invaluable tool to scrutinise and design new chemical entities acting as
TTR stabilisers.
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Chapter 6. From in vitro towards the elucidation of

the mechanism of TTR amyloidogenesis in vivo

6.1 Introduction

Despite the enormous progress that has been made in reproducing in vitro
the fibrillar transformation of peptides and proteins, the mechanism that
drives the in vivo transition of globular proteins from their native functional
state to a polymeric fibrillar structure represents an unsolved molecular issue.
Solving this is crucial for the understanding of the natural history of amyloid
diseases and designing of effective therapies. Moving from pure in vitro
studies towards the elucidation of the mechanism of a disease in vivo
represents therefore a crucial step for basic science research. In the amyloid
field there has been a continuous attempt over the years to establish
aggregation conditions in vitro, which could as closely as possible resemble
the in vivo scenario. For example in the case of 32-micrglobulin, the pH of
the buffers adopted for aggregation experiments has moved from extremely
acid to neutral pH in an attempt to move from totally artificial to more
biocompatible conditions (Stoppini M & Bellotti VV, 2015).

In this attempt to understand the complex biology underlying the amyloid
disease and given the extracellular deposition of fibrils, the role of common
constituents of the extracellular matrix, such as glycosaminoglycans has
been extensively investigated. In particular, the highly charged heparin
molecule has previously been described in several papers as an enhancer of
amyloid formation by various amyloidogenic proteins including the amyloid-i3
peptide (McLaurin J et al., 1999), a-synuclein (Cohlberg JA et al., 2002) and
32-m (Relini et al., 2008; So M et al., 2017). Different researchers suggest
that this sulphate-rich molecule can accelerate the rate of fibrillogenesis by
offering charged surfaces to amyloidogenic proteins and inducing partial
misfolding that predispose them to aggregation.

At the same time, since its first description by Naiki and collaborators in
1997, the effect of preformed fibrils has been widely accepted and described
in several papers. A seeding effect is also observed in vivo, where the

process of amyloid deposition is drastically accelerated once the first nuclei
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have formed and deposited in the extracellular matrix, leading to the clinical
manifestation of the disease.

It has been shown that a large number of amyloidogenic proteins can be
seeded in vitro in order to accelerate or sometimes induce fibril formation. A
PubMed search gives hundreds of results, showing the effect of seeding on
proteins such as 32-micrglobulin (Natalello A et al., 2016), tau (Mirbaha H et
al., 2018), lysozyme (Krebs MR et al., 2004) and many others.

Only recently there has been the first report of seeding effect on TTR at low
pH using ex vivo cardiac fibrils (Saelices L et al., 2018).

The first part of this chapter is focused on the evaluation of the effect of
heparin and seeds on the newly identified mechano-enzymatic mechanism
described by our group (Mangione PP et al., 2014; Marcoux J et al., 2015). In
contrast with the generally accepted mechanism of fibrillogenesis (Colon W &
Kelly JW, 1992), which involves a long incubation at non physiological pH,
the mechano-enzymatic mechanism allows the formation of genuine amyloid
fibrils by several TTR variants, including the WT protein, at physiological pH
in the presence of shear stress and proteolysis.

Although the mechano-enzymatic mechanism effectively describes a
plausible pathway leading to amyloid fibril formation, it does not fully
resemble the in vivo scenario since trypsin was used in the original set up
designed in vitro.

Indeed trypsin, even though effective in vitro in priming TTR amyloidogenesis
by selective proteolysis of the loop interconnecting strands C and D, is
unlikely to represent the culprit protease responsible for proteolysis of TTR in
vivo as it is uniquely synthesised by the liver and, once secreted, it is
compartmented in the small bowel lumen. Considering that TTR is a
circulating plasma protein, it is extremely likely that the enzyme associated
with the formation of the amyloidogenic fragment is located in the
extracellular matrix and/or in the plasma.

As a consequence of this first part of my work, the second part of this chapter
mainly focuses on the strategy adopted to identify a pathophysiologically
plausible serine-protease responsible for cleavage in vivo, taking advantage
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of the MEROPS database (Rawlings ND et al., 2016), which is a manually
annotated database with information on more than 4000 peptidases
classified according to families and clans.

From a pool of potential candidates, we were able to identify plasmin, on the
basis of its structural similarity with trypsin, which proved able to prime TTR
amyloidogenesis in vitro in the same fashion as trypsin under mechano-
enzymatic conditions. The effects of heparin and seeds were also confirmed
in the presence of the newly identified enzyme.

Finally, in order to resemble as much as possible the mechanism in vivo, we
have designed an in vitro assay that recapitulates not only the activation of
plasmin, but the entire pathway in which plasminogen-plasmin activation is
just one of the several intermediate steps. This activation pathway in vivo is
ubiquitous and constantly activated and is therefore fully consistent with a
possible key role played in TTR amyloidogenesis.

The atomic force images shown in this chapter were acquired by Dr Annalisa

Relini at the University of Genoa, Italy.
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6.2 Materials and methods

6.2.1 S52P TTR fibrillogenesis in the presence of heparin

Samples of recombinant S52P TTR, 100 yl at 1 mg/ml in PBS, pH 7.4
containing 10 uM ThT, were incubated at 37 °C in Costar 96-well black plates
in the presence of trypsin (enzyme:substrate ratio of 1:200) and 0.1 mg/ml
heparin (Sigma-Aldrich). The plate was sealed with clear sealing film and
subjected to 900 rpm double-orbital shaking. Bottom fluorescence was
recorded at 500 s intervals (BMG LABTECH FLUOstar Omega).

6.2.2 S52P TTR fibrillogenesis in the presence of seeds

Samples of recombinant S52P TTR, 100 pyl at 1 mg/ml in PBS, pH 7.4
containing 10 uM ThT, were incubated at 37 °C in Costar 96-well black plates
in the presence of trypsin (enzyme:substrate ratio of 1:200) and 0.1 mg/ml of
preformed S52P TTR in vitro fibrils. The plate was sealed with clear sealing
film and subjected to 900 rpm double-orbital shaking. Bottom fluorescence
was recorded at 500 s intervals (BMG LABTECH FLUOstar Omega).

6.2.3 MEROPS database search

MEROPS database (http://www.ebi.ac.uk) contains information on more than

4000 peptidases classified according to families and clans. The residues
belonging to the proteolytic substrate are named Pn---P4-P3-P2-P1-||-P1’-
P2’-P3’-P4’---Pm’ where the || sign represents the scissile bond. The
substrate specificity was based on the frequency of Lys in position P1 in the

substrates reported in the database.

6.2.4 Evaluating proteolytic activity in the presence of D-Val-Leu-Lys 4-
nitroanilide dihydrochloride peptide

Specificity for the C-terminal end of lysine of the database-identified enzymes
was evaluated using the D-Val-Leu-Lys 4-nitroanilide dihydrochloride peptide
(Sigma-Aldrich), following the instructions provided by the manufacturer, by
monitoring absorbance at 405 nm using a BMG LABTECH FLUOstar Omega

plate reader.
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6.2.5 Proteolysis of S52P TTR and fibrillogenesis

Samples of recombinant S52P TTR, 100 pl at 0.5 mg/ml in PBS, pH 7.4
containing 10 uM ThT, were incubated at 37 °C in Costar 96-well black-wall
plates in the presence of a protease; either plasmin, trypsin, thrombin,
proteinase K, chymotrypsin kallikrein-related peptidase 12 or tryptase alpha,
using an enzyme/substrate ratio of 1:50. The plate was sealed with clear
sealing film and subjected to 900 rpm double-orbital shaking. Bottom
fluorescence was recorded at 500 s intervals (BMG LABTECH FLUOstar
Omega).

6.2.6 Effect of a2-antiplasmin on TTR fibril formation

Recombinant S52P TTR in 200 ul volumes at 1 mg/ml in 20 mM Tris-HCI at
pH 7.5, containing 150 mM NaCl, 5 mM CaCl2, 10 uM ThT, was incubated at
37°C in sealed Costar 24- well black-wall plates, together with 20 ng/ul of
plasmin and a2-antiplasmin at 0.09, 0.18, 0.36 and 0.72 yM. A sample
without a2-antiplasmin was used as control. The selected inhibitor
concentrations corresponded to molar ratios to plasmin of 0.25:1, 0.5:1, 1:1
and 2:1, based on an average molecular weight of 55 kDA for plasmin. The
plate was subjected to 900 rpm double orbital shaking and ThT fluorescence
emission was monitored using a BMG LABTECH FLUOstar Omega plate
reader. Data were normalized to the ThT signal at plateau reached in the
samples without the plasmin inhibitor. All experiments were conducted in

triplicate.

6.2.7 Preparation of S52P TTR amyloid seeds in the presence of
plasmin

S52P TTR fibrillar seeds were prepared in 96-well black-wall plate containing
200 pl of 1 mg/ml S52P TTR and plasmin at an enzyme:substrate ratio (w/w)
of 1:50 in 20 mM Tris-HCI, 150 mM NaCl, 5 mM CaClz, 10 uM ThT pH 7.5 at
37 °C. The plate was sealed with clear sealing film and subjected to 900 rpm
double-orbital shaking. Bottom fluorescence was recorded in a BMG
LABTECH FLUOstar Omega. Aliquots of the final ThT positive material were
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stained with alkaline alcoholic Congo red and examined under high intensity
cross polarised light. Samples were also examined by negative transmission

electron microscopy (TEM).

6.2.8 Effect of plasmin on pre-formed S52P TTR fibrillar seeds

After quantification by bicinchoninic acid protein assay kit (Pierce), 200 pl
aliquots of fibrils at 0.1 mg/ml per well were further monitored in a sealed
Costar 96-well black-wall plate in the presence and in the absence of 4 ng of
plasmin in 20 mM Tris-HCI, 150 mM NacCl, 5 mM CaClz, 10 uM ThT pH 7.5 at
37 °C and agitation as above. Bottom ThT fluorescence was monitored at
500 s intervals as usual in a multimode-plate reader in three replicate test

and control wells.

6.2.9 Fibrillogenesis of other TTR variants and WT TTR

Fibrillogenesis of a number of TTR isoforms including S52P, V30M, L55P,
V122l, WT and T119M TTR was carried out in a sealed Costar 24-well black-
wall plate subjected to a 900 rpm double orbital shaking using 500 pl of
solution at 1 mg/ml of TTR in 20 mM Tris-HCI containing 150 mM Nacl,
5mM CaClz, 10 uM ThT, pH 7.5 at 37 °C in the presence of 20 ng/ml of
plasmin. ThT fluorescence emission was monitored over time until it reached

a plateau. All experiments were conducted in triplicate.

6.2.10 Effect of seeds on plasmin-mediated fibrillogenesis by S52P TTR
ThT emission in the 96-well black-wall plate containing 200 pl at 1 mg/ml
S52P TTR and plasmin at an enzyme:substrate ratio (w/w) of 1:50 was
monitored in three replicates in the presence and in the absence of 0.1 mg/ml
S52P TTR fibrils prepared as described above. All the reactions were
conducted in 20 mM Tris-HCI, 150 mM NaCl, 5 mM CaClz, 10 uM ThT pH 7.5
at 37 °C. The plate was sealed with clear sealing film and subjected to
900 rpm double-orbital shaking. Bottom fluorescence was recorded at 500 s
intervals (BMG LABTECH FLUOstar Omega). Data were normalised to the
highest value of ThT signal after subtraction of the seeds related

fluorescence intensity.
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6.2.11 Effect of heparin on plasmin-mediated fibrillogenesis by S52P
TTR

Samples of recombinant S52P TTR, 100 pl at 1 mg/ml in 20 mM Tris-HCI at
pH 7.5, containing 150 mM NacCl, 5 mM CaCl2, 10 uM ThT, were incubated
at 37 °C in Costar 96-well black-wall plates in the presence of plasmin
(enzyme:substrate ratio of 1:50 w/w) and 0.1 mg/ml heparin (Sigma-Aldrich).
The plate was sealed with clear sealing film and subjected to 900 rpm
double-orbital shaking. Bottom fluorescence was recorded at 500 s intervals
(BMG LABTECH FLUOSstar Omega).

6.2.12 Effect of seeds on plasmin-mediated fibrillogenesis by S52P TTR
Samples of recombinant S52P TTR, 100 pl at 1 mg/ml in 20 mM Tris-HCI at
pH 7.5, containing 150 mM NacCl, 5 mM CaCl2, 10 uM ThT, were incubated
at 37°C in Costar 96-well black plates in the presence of plasmin
(enzyme:substrate ratio of 1:50 w/w) and 0.1 mg/ml S52P in vitro fibrils. The
plate was sealed with clear sealing film and subjected to 900 rpm double-
orbital shaking. Bottom fluorescence was recorded at 500 s intervals (BMG
LABTECH FLUOstar Omega).

6.2.13 Formation of clot, fibrinolysis and/or fibril formation

A two-stage procedure was set up for clot formation (1), fibrinolysis and/or
fibril formation (). All experiments were conducted in Costar 96-well black—
wall plates at 37 °C using a multimode plate reader (BMG LABTECH
FLUOstar Omega) to monitor either changes in turbidity at 350 nm or ThT
emission fluorescence. Fibrin polymerisation was initiated by adding thrombin
(O5NIHU/ml) to 1puM human fibrinogen in 20 mM Tris-HCI, pH 7.5
containing 150 mM NaCl and 5 mM CacCl2 (buffer A) using a total volume of
100 pl per well. Change in turbidity at 350 nm was recorded to monitor clot
formation every 20 s. After turbidity had reached a stable level (~30 min),
100 pl of buffer A containing tPA (2 x 0.027 pM), plasminogen (2 x 1 uM) and
TTR (2 x 18 puM) were gently layered on top of the fibrin polymer. The plate

was then sealed with clear sealing film and subjected to 900 rpm double-
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orbital shaking. Turbidity at 350 nm was measured at 500 s intervals at
37 °C. Blank subtraction and a correction based on the volume per well and
the microplate dimensions was selected to normalise all absorption values to
1 cm path length. The two-stage procedure was performed in the presence
of 10 uM ThT. Bottom fluorescence was recorded every 20 s for 30 min in
stage I; after addition of tPA, plasminogen and TTR in stage Il, the ThT signal
was monitored at 500 s intervals for 20 h. SDS-homogenous 15 % PAGE
(GE Healthcare) under reducing conditions was carried out to analyse protein
composition before and after enzyme treatment with fluid agitation. Pellets
harvested at the end of stage Il were further analysed by TEM, light
microscopy after alkaline alcoholic Congo red staining as described above

and atomic force microscopy (AFM).

6.2.14 Atomic force microscopy

Atomic force microscopy was performed by Dr Annalisa Relini in Genoa,
Italy. Briefly, the aggregated material obtained at the end of phase Il was
resuspended in water and diluted 100-fold. 10 pl aliquots were deposited on
freshly cleaved mica and dried under mild vacuum. Samples in which no
pellet was present were diluted, deposited and dried as described above, but
were rinsed with water to remove excess of salts. Tapping mode AFM
images were acquired in air using a Multimode scanning probe microscope
equipped with an “E” scanning head (maximum scan size, 10 um) and driven
by a Nanoscope V controller (Digital Instruments, Bruker). Single beam
uncoated silicon cantilevers (type OMCL-AC160TS, Olympus and
TESPA V2, Bruker) were used. The drive frequency was between 260 and
310 kHz; the scan rate was 0.25— 0.5 Hz.
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6.3 Results

6.3.1 Effect of heparin on S52P TTR mechano-enzymatic aggregation
The effect of heparin was tested on trypsin-mediated S52P TTR
fibrillogenesis at physiological pH and temperature.

100 pl of protein at 18 uM concentration were incubated at 37° C in 96 wells
plate in PBS, pH 7.4 in the presence of trypsin 5 ng/ul (trypsin: TTR ratio
1:200 w:w), heparin (100 pg/ml) and ThT 10 puM.

The sample was shaken at 900-rpm double orbital in a BMG FluoStar plate
reader (BMG Labtech). The aggregation was measured by monitoring the
ThT emission signal at 480 nm after excitation at 445 nm.

In order to exclude the possibility of heparin making ThT positive
peptides/aggregates or promoting aggregation in the absence of proteolysis,
control samples with only TTR and heparin or heparin and trypsin alone were
included.

Two main heparin-induced effects, which agree with the data available in the
literature, could be observed: the highly charged glycosaminoglycan
promoted TTR amyloidogenesis and induced a shortening of the lag phase
associated with the nucleation phase as well as an increased final yield in
terms of amyloid fibrils as indicated by the higher intensity of the ThT
emission signal at plateau. No ThT signal could be detected when heparin
and trypsin were incubated together, suggesting that no ThT positive
peptides/aggregates were formed. Furthermore, heparin alone was not
sufficient to promote aggregation, confirming the importance played by
proteolysis in priming the fibrillogenesis through selective cleavage and

tetramer destabilisation (Fig. 52).
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Figure 52. Effect of heparin on S52P TTR fibrillogenesis. ThT emission
fluorescence at 480 nm of S52P TTR alone (grey), S52P TTR in the presence of
heparin (green), S52P TTR in the presence of trypsin 1:200 (black) and S52P TTR
in the presence of both trypsin and heparin (red). A control sample with trypsin and
heparin (blue) was included. Samples were subject to 900 rpm double orbital
shaking at 37° C. Results expressed as mean (SD) of 3 independent experiments.
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6.3.2 Effect of seeds on S52P TTR fibrillogenesis

The effect of preformed recombinant S52P fibrils was tested on S52P TTR
fibrillogenesis in vitro.

S52P TTR at different concentrations (18 uM, 9 uM, 4.5 uM, 2.25 uM and
1.125 uM respectively) was incubated in 96 wells plates at 37 °C in the
presence of 10 uM ThT, 900 rpm double orbital agitation, 0.1 mg/ml of S52P
TTR preformed fibrils and trypsin in a constant enzyme to protein ratio (1:200
w/w). A set of samples in the same experimental conditions, but without any
preformed fibrils added was run in parallel.

The experiment was left to proceed until a stable plateau of the ThT emission
signal was reached (Fig. 53).

The addition of seeds in the system caused a shortening of the lag phase,
normally required for nucleation, suggesting that the critical concentration of
full length and truncated TTR necessary for nucleation of fibrils was reached
from the very start of the experiment and induced an acceleration of the
fibrillogenesis even at lower TTR concentrations.

Due to the strong dependency of fluorescence on temperature, the samples
were incubated at 37 °C and the ThT emission signal was recorded for 30
minutes before trypsin was added. Following this procedure allowed a flat
ThT baseline, which was necessary in order to perform further analysis on
the total amount of amyloid fibrils formed in the presence and absence of
seeds.

160



3000+

20004

10004 \l/

Tht Flucrescence (a.u.)
L,
FI L]
by
I-I!: ‘ |

o
-
N
-

Time (h)

3000+

. /;gfii!‘ll

Tht Fluorescence (a.u.)

1000- \L ’l

{

Time (h)
Figure 53. Effect of seeds. S52P TTR fibrillogenesis at different concentrations in
the presence of a constant trypsin to protein ratio (1:200) in the absence (top) and
presence (bottom) of seeds (0.1 mg/ml) monitored by ThT fluorescence emission at
480 nm over time. S52P TTR concentrations: 18 pM (black), 9 uM (red), 4.5 pM
(green), 2.25 pM (yellow), 1.125 uM (blue).The signal recorded without seeds was
subtracted from the data obtained in the presence of seeds. The arrow indicates the

addition of trypsin.
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In the absence of seeds a progressive delay in the onset of fibrillogenesis
could be observed with the decrease of the protein concentration in solution.
Such delay was completely absent in the presence of seeds, suggesting a
strong effect in promoting aggregation even at low protein concentrations.
Indeed all the samples behaved in the same in terms of length of the lag
phase. The shortening of the lag phase becomes more evident by plotting the

length of the lag phase against the concentration of the protein (Fig. 54).

1.00-
0.754
£
B
@ N
N r
S 0501 3
(@)]
©
|
0.254
000 T T T (l:b !
o ®
\,;ﬁ’ qf.ﬁ’ "> N

S52P concentration (uM)

Figure 54. TTR concentration plotted against length of the lag phase.
Schematic representation of the behavior of the lag phase in the absence (red) or
presence (black) of seeds. The lag phase was determined considering the addition
of trypsin to the solution as time 0. Trypsin was added 30 minutes after the

beginning of the experiment (indicated by an arrow in the previous figure).
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The difference in terms of intensity of ThT emission before and after
aggregation was analysed and the intensity of such signal was used as a
guantitative parameter to evaluate the amount of amyloid fibrils formed
during the aggregation process.

The two sets of samples appeared significantly different in terms of total yield
of amyloid fibrils formed. For every TTR concentration tested, the total
amount of amyloid aggregates formed resulted about 1/3 more for the

samples in which seeds were added at the start of the experiment (Fig. 55).
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Figure 55. Difference in ThT emission signal before and after aggregation. The
histograms represent the difference in terms of quantum fluorescence before and
after aggregation has occurred in the absence (red) and presence (black) of seeds
for the different TTR concentrations tested. Data expressed as mean (SD) of three

different experiments.
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6.3.3 Search for the putative enzyme in the MEROPS database
Peptidases were specifically identified in the MEROPS database amongst
those able to cleave at the C-terminal end of lysine in the substrate (position
P1). Amongst the initial 344 proteases showing the same specificity as
trypsin and wider tissue localization, only 75 fulfilled the requisites of being
human and with an extracellular localisation according to the UNIPROT
protein database. Within this group, the majority belonged to the Serine
Chymotrypsin like and metallopeptidase types (Table 13).

To further reduce the number of potential candidates, only those enzymes
which had specificity for lysine in P1 higher than 30% were considered. Only
four potential candidates were left after this strict selection: trypsin, tryptase
alpha, kallikerein-related peptidase 12 and plasmin (Table 14).

Trypsin appeared as the most specific enzyme with specificity for lysine in P1
around 60%. As mentioned in the introduction, though, it was excluded due
to its selective localization in the small bowel lumen, which is not compatible
with a proteolytic event expected to take place in plasma. On the contrary,
despite a reduced specificity, all the other enzymes identified were secreted
and interestingly, apart from kallikrein-related peptidase 12 for which no
structural information has been reported yet, they shared structural similarity

with trypsin.
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Table 13. Summary of the human extracellular proteases identified in the

MEROPS database considering lysine in position P1 of the substrate.

Clan Family Type Number
A A0l Asp_pepsin_like 3
C Co1 Cys_papain_like 1

MA MO1 Aminopeptidase_like 2
MA M10 metallopeptidase 14
MA M12 astacin_like 7
MA-MC M13-M43 neprilysin_like; carboxypeptidase 7
PA S01 Ser_Chymotrypsin_like 38
SB S08 Ser_subtilisin_like 2
SR S60 Ser_lactoferrin 1
Total 75

Table 14. Peptidases with specificity for lysine in position P1 higher than 30%.

Specificity for Lys in P1 Primary
Enzymes (%) Localization
S01.151 60 intestinal tract
trypsin 1
lung, stomach,
S01.143 56 spleen, heart and
tryptase alpha skin

salivary glands,
stomach, uterus,
trachea, prostate,
thymus, lung, colon,
brain, breast, and

S01.020
kallikrein-related 55
peptidase 12

thyroid

plasma and many

S?alérzr]?r? 45 other extracellular
P fluids
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6.3.4 Mechano-enzymatic S52P TTR fibrillogenesis in the presence of
the identified enzymes

Before any aggregation experiment was started, the three selected enzymes
were screened using a simple yet effective colorimetric assay, which is based
on cleavage of the D-Val-Leu-Lys 4-nitroanilide dihydrochloride peptide. If the
enzyme specifically recognises the C-terminal end of the lysine residue, 4-
nitroanilin is released from the tripeptide in the solution determining a
progressive change in colour, which can be detected over time at 405 nm
using a spectrophotometer. This initial screening was necessary as in some
cases the producers did not specifically test for preserved enzymatic activity
after the purification and could therefore not guarantee that the enzyme was
actually fully functional. Plasmin, kallikrein-related peptidase 12 and tryptase
alpha were all able to cleave at the C-terminal of lysine with similar kinetics
(Fig. 56)
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Figure 56. Evaluation of selective enzymatic activity. Plasmin (black), tryptase
alpha (red) and Kkallikrein-related peptidase 12 (green) activity was tested by
following the release of 4-nitroanilin from the D-Val-Leu-Lys 4-nitroanilide
dihydrochloride peptide (inset) at 405 nm over time using a BMG LABTECH
FLUOstar Omega. The curves were normalised to 100% of 4-nitroanilin released at

the end of the experiment.
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Once the activity was confirmed, the three enzymes were tested on S52P
TTR to see whether they could induce proteolysis-mediated fibrillogenesis.
S52P TTR was selected, as it is a very unstable variant, which is easily
cleaved and was therefore the best choice to rapidly screen the effect of the
proteases. 100 pl of protein at 0.5 mg/ml (9 uM tetramer) were incubated in a
96 well plate at 37 °C in the presence of plasmin, tryptase alpha or kallikrein-
related peptidase 12 in ratio 1:50. The plate was then shaken at 900 rpm with
double orbital movement. Aggregation was monitored by ThT emission at
480 nm (final ThT concentration in the sample 10 puM).

Tryptase alpha, although active on the peptide, did not trigger TTR amyloid
conversion and the ThT emission signal remained flat throughout the length
of the experiment. On the contrary, both plasmin and kallikrein-related
peptidase 12 induced amyloid fibril formation, even though the latter had a
very modest activity (Fig. 57).
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Figure 57. Aggregation of S52P TTR in the presence of plasmin, tryptase alpha
and kallikrein-related peptidase 12. Tht emission signal for plasmin (red),
kallikrein related peptidase 12 (green) and tryptase alpha (blue) was recorded at
480 nm after excitation at 445 nm every 500 s. Aggregation was followed until the
signal reached a plateau. Data presented as mean (SD) of 3 different experiments.

As a control, in order to confirm that a close correlation exists between
enzyme specificity and subsequent TTR fibrillogenesis, other enzymes with
different substrate specificity such as thrombin, chymotrypsin and proteinase
K were tested in the same experimental conditions used for plasmin,
kallikrein-related peptidase 12 and tryptase alpha. Once again ThT emission
was used to follow the aggregation over time. The enzyme to protein ratio
adopted was 1:50 for all the proteases. All of them proteolysed TTR to a
different extent, but none of them triggered TTR fibrillogenesis, confirming
that not proteolysis in general, but specific cleavage at the C-terminal of

lysine is essential in order to promote aggregation (Fig. 58).
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Figure 58. Non-specific enzymes did not trigger amyloid formation. ThT
emission signal for S52P TTR in the presence of thrombin (green), chymotrypsin
(orange) and proteinase K (blue). Trypsin (black), plasmin (red) and S52P TTR
alone (light blue) are included for reference. Results presented as mean (SD) of

three replicates.

The results obtained strongly implicated plasmin as a candidate to be the
possible putative enzyme responsible for proteolytic cleavage of the peptide
bond Lys48-Thr49 of TTR in vivo. Plasmin appeared less active than trypsin
as indicated by the lower intensity of the ThT emission signal at plateau and
the longer lag phase preceding the growth phase.

These observations are consistent with the SDS PAGE analysis of the

sample after fibrillogenesis, which highlighted the formation of less
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amyloidogenic TTR fragment 49-127 the presence of plasmin if compared to
the trypsin treated sample. Electron microscopy analysis as well as Congo
red staining of the aggregated material confirmed the presence of genuine
amyloid fibrils comparable to those previously obtained through trypsin-

mediated fibrillogenesis (Fig. 59).

TTR monomer —»

TTR 49-127 —»

Figure 59. Comparison between aggregates formed in the presence of trypsin
and plasmin. SDS 15% PAGE analysis of the aggregated material after
fibrillogenesis. Lane 1: marker proteins (14.4, 20.1, 30.0, 45.0, 66.0 and 97.0 kDa);
lane 2: S52P TTR, time O; lane 3: in vitro S52P TTR fibrils in the presence of trypsin;
lane 4: in vitro S52P TTR fibrils with plasmin. Congo red staining of aggregate
obtained in the presence of trypsin (top left) or plasmin (top right). Negatively
stained transmission electron micrographs of S52P TTR amyloid fibrils formed in the

presence of trypsin (bottom left) or plasmin (bottom right).
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6.3.5 Effect of a2-antiplasmin on plasmin mediated S52P fibrillogenesis
The effect of a2-antiplasmin, a natural inhibitor of plasmin, was tested on
S52P TTR fibrillogenesis.

Full-length plasminogen (Glu-plasminogen) comprises 791 residues and
seven domains: an N-terminal Pan-apple domain (PAp), 5 kringle domains
(KR1-5) and the serine protease domain (SP), which contains the active site.
The natural activation process of the zymogen into plasmin involves a
structural rearrangement and the proteolytic cleavage of the peptide bond
Arg561-Val562 located into the so-called activation loop (Law RH et al.,
2013). Following its activation, plasmin can then be further proteolysed to a
different extent on its kringle domains. The enzyme used for the
fibrillogenesis experiment was purchased from Sigma-Aldrich and was
purified from human plasma. The manufacturer provided information on the
molecular weight of the protein, which, due to different extent of proteolysis
during its activation in vivo, appeared very heterogeneous in the range 86-24
KDa. An average molecular weight of 55 KDa was therefore considered in
order to establish the correct molar ratios a2-antiplasmin:plasmin for the
inhibition experiments.

Plasmin-mediated fibrillogenesis was carried out as before, but 0.09, 0.18,
0.36 and 0.72 uM a2-antiplasmin was added, corresponding to molar ratios
to plasmin of 0.25:1, 0.5:1, 1:1 and 2:1.

Aggregation was monitored by ThT fluorescence emission until the control
sample, incubated with plasmin in the absence of inhibitor reached a plateau
(Fig. 60).

In a molar ratio of 0.25:1, a2-antiplasmin approximately halved the ThT
emission signal by inhibiting plasmin activity. The aggregation was already
completely abrogated at molar ratio 0.5:1 and the ThT signal remained flat at

higher molar ratios suggesting that no amyloid fibrils were formed.
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Figure 60. a2-antiplasmin inhibits plasmin-mediated fibril formation by S52P
TTR. S52P TTR in the presence of plasmin (black), a2-antiplasmin 0.25:1 (red), a2-
antiplasmin 0.5:1 (yellow), a2-antiplasmin 1:1 green) and a2-antiplasmin 2:1 (blue)
in PBS at 37 °C under vigorous agitation at 900 rpm . TTR alone (light blue) is
shown for reference. The aggregation was stopped when the ThT signal reached a

plateau. Data presented as mean (SD) of three replicates.
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6.3.6 Effect of plasmin on TTR amyloid fibrils

It has been suggested that plasmin might play an important protective role
against Alzheimer’s disease by digesting AR amyloid fibrils (Tucker HM et al.,
2000). We decided to investigate whether plasmin exhibits the same effect
on TTR amyloid fibrils in vitro. The digestion of TTR pre formed fibrils was
monitored by ThT emission fluorescence. If ThT is added to a suspension
containing amyloid fibrils, the dye will bind to the fibrils and a corresponding
emission signal will be detected. If the fibrils are not degraded, the emission
signal will remain constant over time. On the contrary, if the fibrils are
degraded the ThT will decrease over time as the total amount of amyloid
decreases. This principle was used to investigate the eventual digestion of
the aggregates by plasmin.

In vitro amyloid fibrils were prepared following the standard aggregation
protocol in a plate reader under agitation with S52P TTR dissolved 1 mg/ml
in 20 mM Tris-HCI, pH 7.5, containing 150 mM NaCl and 5 mM CaClz and
plasmin added in ratio 1:50. CaCl. was added to increase both plasmin
stability and activity. Precise quantification of the final aggregated material
was obtained using a commercial bicinchoninic acid protein assay kit
(Pierce). 200 pl of fibrils at a final concentration 0.1 mg/ml were then
incubated at 37 °C in Tris-HCI buffer in the presence of 10 uM ThT, 4 ng of
plasmin and subjected to 900 rpm double orbital shaking.

Under continuous agitation a very slow decay in the fluorescence intensity
was observed both in the presence and in the absence of plasmin (Fig. 61).
This behavior can be explained as a result of the rearrangement of the
macro-assembly of fibrils, which took place during the experiment
independently of the presence of the enzyme.

Interestingly while native TTR showed susceptibility to cleavage by plasmin
in the presence of mechanical forces, TTR amyloid fibrils were completely

resistant to degradation by plasmin under the same experimental conditions.
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Figure 61. Effect of plasmin on S52P TTR in vitro fibrils. ThT emission signal of
0.1 mg/ml S52P fibrils in the presence (red) and absence (black) of plasmin 1:50.
Tht fluorescence at 37 °C under shaking at 900 rpom was monitored every 500s.

Results presented as mean (SD) of three replicates.
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6.3.7 Plasmin-mediated cleavage of other TTR variants

As initially done with trypsin when the mechano-enzymatic mechanism was
further investigated (Marcoux J et al., 2015), it became crucial to investigate
the effect of plasmin on TTR variants other than the highly unstable S52P
variant. Fibrillogenesis of other variants including V122l, V30M, L55P, T119M
and WT TTR was tested under mechano-enzymatic conditions in the
presence of plasmin.

Due to the higher thermodynamic stability of the other TTR variants, the
aggregation protocol had to be modified in order to increase the intensity of
the forces acting on the protein during aggregation. Following on from the
experimental work previously published (Marcoux J et al., 2015), the strategy
adopted was to increase the hydrophobic-hydrophilic interface by switching
from 96-well plates to 24-well plates and increase the volume added to each
well to 500 pl.

All the amyloidogenic TTR variants tested, as well as WT TTR, were cleaved
by plasmin in this in vitro mechano-enzymatic system and they all formed
genuine amyloid fibrils. In terms of amyloid fibrils yield, the data agreed with
those previously published in the presence of trypsin. S52P TTR aggregated
the most and was followed by V122l, V30M and L55P TTR while WT TTR
aggregated to a much lower extent. As expected, the stabilising T119M TTR
variant did not aggregate at all (Fig. 62). This difference in terms of amyloid
yield correlates with the early onset and severity of the clinical phenotype
associated with the amyloidogenic variants in comparison with the late onset
and slow progression associated with WT TTR. T119M TTR is a well-known
protective mutation co-expressed in some people carrying the V30M
mutation, which  prevents them from developing V30M-related
polyneuropathy by super stabilisation of the TTR tetramer (Hammarstrom P
et al., 2003)
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Figure 62. Cleavage of other TTR variants by plasmin. V122I, V30M, L55P and
WT TTR were cleaved by plasmin (plasmin:TTR ratio 1:50) under mechano-
enzymatic conditions. The samples were tested in triplicate. Data presented as
mean (SD).
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6.3.8 Effect of heparin and seeds on plasmin-mediated S52P TTR
fibrillogensis

The effect of heparin and seeds, already tested in the presence of trypsin,
was investigated on plasmin-mediated S52P TTR fibrillogenesis.

TTR was dissolved 1 mg/ml in 20 mM Tris-HCI, pH 7.5, containing 150 mM
NaCl and 5 mM CacClz. Heparin was added in the same concentration used
before at 0.1 mg/ml. Plasmin was added in a protease to TTR ratio of 1:50.
200 ul were transferred into a 96-well plate and were subjected to 900 rpm
double orbital shaking at 37 °C. Aggregation was monitored by ThT emission
fluorescence at 480 nm following excitation at 445 nm (Fig. 63).

To a different extent, the effects of heparin on plasmin-mediated
fibrillogenesis were similar to those observed in the presence of trypsin even
though the shortening of the nucleation phase appeared less pronounced
than in the presence of trypsin. The aggregation was enhanced when heparin
was present as indicated by the higher intensity of the ThT fluorescence
signal.

The effect of seeds was also investigated in the presence of plasmin. As
previously observed in the presence of trypsin, TTR amyloid fibrillogenesis
mediated by plasmin under mechano-enzymatic conditions was accelerated
by the presence of preformed TTR amyloid fibrils, which substantially

abrogated the lag phase and produced a higher final yield (Fig. 64)
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Figure 63. Effect of heparin on plasmin-mediated S52P TTR fibrillogenesis.
ThT emission signal curves for S52P in the presence of plasmin (black), S52P in the
presence of both plasmin and heparin (red) and heparin in the presence of plasmin

(orange). Data presented as mean (SD) of three replicates.
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Figure 64. Effect of seeds on plasmin-mediated S52P TTR fibrillogenesis.
ThT fluorescence emission curves for S52P TTR in the presence of plasmin (black)
and in the presence of plasmin and seeds (red). Data presented as mean (SD) of

three replicates.
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6.3.9 Linking in vitro and in vivo: from fibrin to fibril formation

In an attempt to make the model closer to the in vivo conditions, the fibrillar
conversion of TTR was studied in an in vitro system mimicking the
environment in which two major phases of the dynamic process
characterised by the formation of clot and amyloid take place. Fibrinolysis of
the in vitro model fibrin clot was initiated in the presence of either S52P TTR
or the stabilising T119M variant. A control sample without TTR was included.
The process of polymerisation and depolymerisation was monitored by
measuring both the non-specific spectrophotometric turbidity at 350 nm and
the specific spectrofluorimetric signal of the complex ThT-fibrils at 480 nm
following excitation at 445 nm. The experiment was divided into two phases:

clot formation (phase I) and clot dissolution/fibril formation (phase II).

Turbidity

In phase I, fibrinogen was converted into fibrin under the action of thrombin.
The formation of clot was associated with a rapid increase in turbidity (Fig 65
A, top left). Tissue plasminogen activator (tPA), plasminogen and TTR were
then carefully layered on top of the clot. tPA promoted the activation of
plasminogen into plasmin, which started to dissolve the clot as normally
happens in the physiological process of coagulation and fibrinolysis. The clot
lysis was visualised by a rapid decrease in turbidity in phase Il

Two divergent spectroscopic profiles characterised phase Il (Fig. 65 A, top
right), depending on which TTR variant was layered on top of the clot. In the
presence of the highly unstable S52P TTR variant, a decrease in turbidity
following the dissolution of the clot was observed although this was then
followed by a sharp rise in light scattering associated with the formation of
TTR insoluble aggregates.

On the contrary, when the stabilising T119M TTR was added, only a drop in
turbidity, associated with clot dissolution, was observed and this was not
followed by any sharp increase in light scattering since this TTR variant is

resistant to cleavage and fibrillogenesis as shown in figure 65, thus
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confirming the data reported by Marcoux J and collaborators (Marcoux J et
al., 2015).

ThT emission fluorescence

In parallel, the same process was monitored by ThT emission fluorescence.
In phase | the signal remained completely flat, indicating that the presence of
the fibrin clot did not interfere in any way with the ThT emission signal (Fig.
65 A, bottom left).

Once again two different behaviours were observed in phase Il. When the
pathogenic S52P TTR variant was added, the ThT emission signal rapidly
increased as a consequence of the formation of ThT positive amyloid fibrils.
On the contrary, in the presence of the super stable T119M TTR variant, the
signal remained completely flat as only clot dissolution took place and no
amyloid fibrils were formed (Fig. 65 A, bottom right).

At the end of the experiment, the different samples were collected and sent
to our collaborator Dr. Annalisa Relini in Genoa in order to analyse them by
atomic force microscopy.

Different structural features were observed in the presence of the pathogenic
S52P or the stable T119M variant TTR (Fig. 65 B). Fibrillar structures
compatible with the size of mature amyloid fibrils were indeed observed in
the sample containing S52P TTR. This longer fibrils were observed emerging
from a thick layer of shorter fibrillar structures, confirming that extensive
fibrillation occurred in this sample. No fibrillar material was observed both in
the presence of T119M TTR and in the absence of any TTR variant. These
samples only contained globular structures, both arranged in short chains
and isolated, corresponding to small aggregates of fibrin.
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Figure 65. From fibrin to fibril formation. (A) Clot formation and dissolution/fibril
formation monitored by generic spectrophotometric turbidity at 350 nm (top) and
amyloid specific ThT emission fluorescence (bottom) in the presence of S52P TTR
(red) and T119M TTR (black). The gap between phase | and the beginning of phase
was ~1 min. The control sample in which TTR was not added behaved similarly to
the sample containing T119M and is therefore not shown. (B, left to right) Surface
plots of topographic tapping mode AFM images of the final material obtained in the
presence of S52P TTR, T119M TTR and in the absence of any TTR isoforms. (C,
left to right) Picture of wells containing: (1) fibrinogen and thrombin before the clot is
formed; (2) fibrin clot; (3) TTR, tPA and plasminogen layered over the clot; (4)
fibrinolysis in the presence of T119M TTR; (5) fibrinolysis in the presence of S52P
TTR with turbidity caused by insoluble amyloid fibrils.

183



6.4 Discussion

The processes involved in the misfolding of native precursors, the formation
of amyloid fibrils and the anatomical localisation of amyloid deposition in vivo,
are still unknown for TTR as well as for other types of systemic amyloidosis
(Pepys MB, 2009).

The aggregation-enhancing effect showed by heparin both in the presence of
trypsin and plasmin highlights the importance that the composition of the
extracellular matrix might play in inducing partial unfolding and subsequent
local deposition of amyloidogenic proteins. The observed shortening of the
lag phase may, in fact, be explained by heparin-induced partial unfolding of
TTR, which predisposed the protein to proteolysis and subsequent
aggregation. The increased amyloid yield is instead associated with the
stabilisation of the fibrillar aggregates by heparin.

Pre-formed fibrils had a dramatic effect on TTR aggregation both in the
presence of trypsin and plasmin. The final amyloid yield was significantly
higher when seeds were added, thus indicating a more effective
incorporation of amyloid precursors into the fibrils. This effect resulted in a
shortening of the lag phase preceding aggregation as shown when S52P
TTR aggregation was monitored at different concentrations, but in the
presence of a constant trypsin to TTR ratio.

All the experimental work performed by our group in recent years has been
focused on the hypothesis that mechano-enzymatic mechanism can be
involved in the in vivo pathogenic pathway leading to amyloid fibril formation
by TTR. As mentioned in the introduction, it is very unlikely that trypsin,
despite being extremely effective in priming TTR amyloidogenesis, could
represent the enzyme responsible for proteolysis in vivo, therefore the crucial
guestion about the culprit protease responsible for proteolytic cleavage in
vivo has always been open. A bioinformatics approach allowed the
identification of three possible enzymes and the data presented in this
chapter on the efficacy of plasmin to trigger amyloid formation by TTR in vitro
strongly suggest it as a plausible candidate. Several proteolytic enzymes

were tested and proved completely inefficient in triggering amyloid formation
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in vitro. Plasmin provided the essential selectivity of cleavage and triggered
TTR fibrillogenesis, which was characterised by classical kinetic phases of
nucleation and elongation. Plasmin-mediated fibrillogenesis determined the
formation of genuine amyloid fibrils, which share structural similarities with ex
vivo TTR amyloid fibrils. Other than plasmin, only kallikrein-related peptidase
12 produced an increase in the ThT signal associated with amyloid formation
by S52P TTR, which is the most unstable and amyloidogenic TTR variant
described so far. Kallikrein-related peptidase 12, however, was not
considered as it has a very transient activity in vivo and its effect in vitro was
characterised by a long lag phase and a very modest final amyloid yield.

In comparison to trypsin, plasmin showed a lower activity, which could not
only be explained on the basis of an inferior specificity for the substrate (45%
against 60%). Once activated, plasmin undergoes extensive self-digestion,
which could contribute to a reduction of its activity and a consequent delay in
the formation of the first amyloid nuclei necessary to initiate the whole
aggregation process. Several amyloidogenic TTR variants, including the WT
protein were all cleaved by plasmin to a different extent, replicating the
results previously published for trypsin. On the contrary, the protective
T119M variant proved resistant to the action of the enzyme.

Interestingly plasmin is ubiquitously and continuously activated in vivo as it
plays important physiological roles in fibrinolysis and haemostasis, cell
migration, tissue remodelling, wound healing, angiogenesis and degradation
of extracellular matrix (Law RH et al., 2013), where TTR deposition takes
place. The possible in vivo scenario of plasmin-mediated TTR fibrillogenesis
involves activation of plasminogen to plasmin by tPA within the clot and by
urokinase plasminogen activator (UPA) in the extracellular matrix. Stochastic
cleavage of the TTR tetramer by plasmin may initiate aggregation by
providing the critical concentration of full length and truncated TTR necessary
for nucleation. The results obtained in the presence of seeds suggest that
once nucleation has occurred, the elongation of fibrils can then proceed even
in the presence of low concentrations of amyloid precursors. In vivo plasmin

activity has to be finely tuned by balancing the activity of activators, such as
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tPA and uPA, and inhibitors, such as a2-antiplasmin and plasminogen
activator inhibitor. In this delicate balance, the conditions for cleavage of TTR
may happen rarely, but there may also be some external events influencing
the plasminogen-plasmin activation pathway. For example, the intensity of
normal physical activity is known to increase fibrinolytic activity (Weiss C et
al., 1998). Increased physical activity is also known to increase the heart rate
and activity as well as increase the mechanical stress associated with
movement in places like the carpal tunnel or the spine, where TTR deposition
is often observed. The importance of mechanical stress in favouring
structural perturbations and promoting cleavage and aggregation has been
discussed in chapter 2.

Interestingly Ishiguro and collaborators (Ishiguro K et al.,, 2018) have
observed increased level of plasmin-a2-antiplasmin inhibitor complex in
patients with AL amyloidosis, who show a tendency to bleed due to the
activation of fibrinolysis. Proteolysis is not exclusive to TTR amyloidosis, but
is a common feature of other forms of amyloidosis including 32-m dialysis
related amyloidosis and indeed AL amyloidosis suggesting that an imbalance
in the plasminogen-plasmin system might be involved to a different extent in
the pathogenesis of several amyloid diseases. This hypothesis emphasises
the importance that several factors may play in determining individual
susceptibility to familial and acquired forms of TTR amyloidosis. Such factors
may also dramatically affect the manifestation of the disease and determine
its natural history including progression and tissue distribution of amyloid

deposition.
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Chapter 7. Structure, function and aggregation
propensity of the novel amyloidogenic

D25V apolipoprotein C-lll variant

7.1 Introduction

As mentioned in the general introduction, the D25V apo C-IlI variant was the
first ever apo C-lll variant described for having an association with amyloid
deposition.

Apo C-lll, as well as other lipoproteins, belongs to the group of intrinsically
unstructured proteins, which are characterised by a lack of stable tertiary
structure when existing in a lipid-free state under physiological conditions
(Dyson HJ & Wright PE, 2005; Dunker AK et al., 2008). Despite the lack of a
well-defined structure these proteins can readily fold following the interaction
with other macromolecules. Indeed, intrinsically unstructured proteins are
highly dynamic and constantly switch back and forth between the folded and
the unfolded state. It is this transient permanence in the unfolded state
which, as discussed in the introduction, may lead to the self-assembly into
pre-fibrillar intermediates and finally insoluble amyloid fibrils.

This chapter focuses on the biochemical, functional and structural studies
performed on the D25V apo C-Ill variant in an attempt to understand the
molecular basis of its tendency to form amyloid fibrils in vitro, thus allowing

the speculation on the processes occurring in vivo.

Following successful protein expression of both WT and variant apo C-lll, the
experimental work was organised into three main research areas:

1. Structural characterization of the variant in comparison with the WT
protein by NMR spectroscopy. All NMR experiments were performed
and analysed together with Dr Chris Waudby from the UCL Institute of
Structural and Molecular Biology.

2. Functional comparison between WT apo C-lll and D25V apo C-III with
particular focus on the lipid binding properties and the inhibitory

activity on lipoprotein lipase (LPL). In order to perform LPL inhibition
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experiments | visited the lab of Prof Gunilla Olivecrona at the
University of Umea, Sweden.

. Investigation of the aggregation propensity of the variant in
physiological buffer. Several techniques including ThT fluorescence,
Congo red UV-vis spectroscopy and circular dichroism were used in
this part of the project.
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7.2 Materials and Methods

7.2.1 NMR spectroscopy

NMR spectra were acquired at 315 K, using a 700-MHz BrukerAvance lll
spectrometer equipped with a TXI cryoprobe. WT and D25V apo C-lll were
dissolved in 10 mM sodium acetate (pH 5.0), 180 mM SDS, 10 % D20
(Gangabadage CS et al.,, 2008) to a final concentration of 0.5 mM (~3
mg/ml). H-*N HSQC and nuclear overhauser effect spectroscopy (NOESY)-
HSQC were used for peak assignment. 'H-1>N TRACT experiments were
used to determine the theoretical hydrodynamic radii of both WT and D25V
apo C-Ill in solution. The data were processed using NMRFAM-SPARKY.

7.2.2 Interaction with DMPC multilamellar vesicles

Interaction of recombinant WT and D25V apo C-llI  with
dimyristoylphosphatidylcholine (DMPC) multilamellar vesicles (De Pauw M et
al., 1995) was followed by monitoring the decrease in turbidity of DMPC
liposomes at 325 nm as a function of time at 30 °C (Liu H et al., 2000) in 10
mM Tris-HCI buffer pH 8.0 containing 150 mM NaCl, 8.5% KBr, 0.01% NaNs
and 0.01% EDTA using a 1 cm path length quartz cell in a Jasco V-650
spectrophotometer equipped with a Peltier temperature controller. The
DMPC vesicles were obtained by sonication of the phospholipid for 3 cycles
of 7 min at 37 °C. The lipid to protein ratio was set to 2:1. The lipid/protein
association was expressed as percentage of the turbidity of DMPC vesicles
in the absence of apo C-lll. The lipid-binding properties of the two apo C-lI
isoforms were determined from the curves by evaluating the time required to

reduce the absorbance at 325 nm by 50% of its initial value.

7.2.3 Native agarose gel electrophoresis

The electrophoretic mobility of native WT and D25V apo C-lll in the presence
and absence of DMPC was analysed using 1 % medium electroendosmosis
agarose gel dissolved in 70 mM barbiturate-sodium barbiturate buffer, pH 8.6
containing 2 mM calcium lactate. 3 pl of sample were loaded onto the gel.

Fivefold diluted human plasma in 2 % bromophenol blue solution was used
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as marker for protein electrophoretic mobility. Electrophoresis running
conditions: 20 V/cm in a water-thermostated chamber at 10 °C. The gel was
fixed for 15 min in a 15 % acetic acid solution containing 1 % picric acid,

pressed overnight, dried and stained with Coomassie Blue.

7.2.4 Circular dichroism in the presence of sodium dodecyl sulphate
(SDS)

Far-UV CD spectra were acquired for both WT and D25V apo C-lll using a
Bio-Logic MOS-500 spectrometer at 25 °C. Apo C-IIl was dissolved 1 mg/ml
in PBS, pH 7.4. Several samples were prepared by diluting an SDS stock
solution in PBS to the following final concentrations: 0; 0.2; 0.3; 0.4; 0.5; 0.6;
0.7; 0.8; 0.9; 1; 1.5 mM respectively. 100 ul of protein were then added to
each sample in order to reach a final volume of 200 pl and a final protein
concentration of 0.5 mg/ml (50 uM). The CD spectra were recorded in the
range 195-250 nm using a step of 0.25 nm and averaging of 3 acquisitions.
The acquisition period was set to 1s. All spectra were blank subtracted. Mean
residue ellipticity was calculated taking into consideration the sample

concentration and its molecular weight.

7.2.5 Inhibition of lipoprotein lipase activity

The catalytic activity of bovine LPL, in the presence of either WT or D25V
apo C-lll, was measured using an emulsion with the same composition as
Intralipid 10% (Fresenius-Kabi, Sweden) containing 3H triolein as substrate
(Bengtsson-Olivecrona G & Olivecrona T, 1992). The composition of the
incubation medium contained: 2 % (v/v) of the emulsion, 0.1 M NaCl, 60
mg/ml BSA, 0.15 M Tris-HCI, pH 8.5, and 16.7 U/ml heparin. Before addition
of bovine LPL (0.25 mg/ml) in a final 200 ml mixture, the medium was pre-
incubated with or without each apo C-Ill sample for at least 10 min. After 30
min incubation under agitation at 25 °C, 2 ml of isopropanol, heptane and 1
M H2SOa4 (40:48:3:1) and 0.5 ml of water were added in order to stop the
reaction. Free fatty acids were extracted using sequential centrifugations in

glass tubes for 3 min at 2,580 g to obtain two phases. Following the first
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centrifugation, 800 ml of the upper phase were transferred to other vials
containing alkaline ethanol. 3 ml of heptane were added and the sample was
mixed and centrifuged again. After removal of the upper phase, 3 ml of
heptane were mixed into the lower phase, which was then centrifuged
following the same procedure described above. The supernatant was
removed and 800 ml of the lower phase were transferred to a vial containing
2 ml of scintillation liquid to count radioactivity and quantify the 3H free fatty
acids (nmol*ml/min). The LPL activity was then expressed as percentage of

the enzyme activity in the absence of apo C-lll.

7.2.6 Prediction of B-sheet content

Prediction of the B-sheet content for WT and D25V apo C-Ill was calculated
using the Garnier-Osguthorpe-Robson (GOR) method version IV (Garnier J
et al., 1996).

7.2.7 Prediction of aggregation-prone regions
Prediction of the aggregation-prone regions was calculated using the
Zyggregator method (Tartaglia GG et al., 2008).

7.2.8 Change in secondary structure monitored by CD spectroscopy

Far-UV CD spectra were acquired using the same parameters described in
paragraph 8.2.5. The protein was dissolved in PBS, pH 7.4 at a concentration
of 1 mg/ml (100 uM). Spectra were acquired at 37 °C at 0, 0.5, 4 and 6 hours
respectively. CD measurements were combined with the fibrillogenesis

experiments described in the next paragraph.

7.2.9 Apo C-lll fibrillogenesis in physiological buffer under agitation

Fibrillogenesis experiments were performed in standard quartz cells stirred at
1,500 rpm (IKA magnetic stirrer) at 37 °C in PBS, pH 7.4 at a protein
concentration of 100 pM. Aggregation was carried out without seeds of
preformed fibrils and monitored following the increase of turbidity at 350nm.
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ThT fluorescence emission of the protein aggregate suspension was
measured at the end of the aggregation.

7.2.10 ThT fluorescence emission

ThT fluorescence emission at 480 nm following excitation at 445 nm was
measured for each apo C-lll isoform at the end of fibrillogenesis on a 10 pl
aliquot of protein sample added to 490 ul of PBS, pH 7.4, in the presence of
10 mM ThT.

7.2.11 Transmission electron microscopy (TEM) and atomic force
microscopy (AFM)

Transmission electron microscopy analysis was performed using protein
samples stained with 2% (w/v) uranyl acetate using a CM120 microscope at
80 keV by Alejandra Carbajal at the Division of Medicine Electron Microscopy
Unit, Royal Free Campus, UCL.

AFM analysis was carried out by Dr Annalisa Relini at the University of
Genoa, Italy, on 10 pl of fibrillar sample incubated on a freshly cleaved mica
substrate for 5 min, then rinsed and dried. AFM measurements were
performed in tapping mode with a Multimode Scanning Probe Microscope
driven by a Nanoscope IV controller (Digital Instruments, Bruker), using
single-beam uncoated silicon cantilevers (type OMCL-AC160TS, Olympus).
The drive frequency was between 290 and 320 kHz, the scan rate was

between 0.5 and 0.8 Hz. Scan size is 1.2 mm.

7.2.12 Congo red UV-vis spectroscopy

Congo red UV-vis spectroscopy (Klunk WE et al., 1989) was performed on
the aggregated material coming from fibrillogenesis experiments. At the end
of the experiment the sample was pelletted for 15 mins at 10000 g. The total
amount of aggregate was calculated by difference between the total initial
concentration and the concentration of soluble protein present in the

supernatant at the end of the experiment. The pellet was resuspended at 1
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mg/ml, 50 pl were mixed with 450 ul of a 10 uM solution of Congo Red in
PBS and left 15 mins at room temperature before recording the UV trace.

7.2.13 Congo red staining
Congo red staining was performed as described in paragraph 4.2.5
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7.3 Results

7.3.1 Structural characterization by NMR spectrosocopy

A full assignment of the wild protein was already available (BioMagResBank

database accession number 15268) and published by Gangabadage and

colleagues (Gangabadage CS et al., 2008). In the experimental conditions

selected, due the presence of 180 mM SDS, the protein is thought to assume

its fully folded state, characterised by the presence of six amphipathic a-

helices. WT apo C-lll was prepared in the same conditions previously

published and a good quality *H-*>*N HSQC spectrum was obtained (Fig. 66

left). The available assignment was used as a template to assign all the

peaks of our recombinant WT protein, which appeared identical to the

published one. D25V apo C-lll was then prepared in the same conditions and

a *H-®>N HSQC spectrum of similar quality to the WT one was obtained (Fig.

66, right).
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Figure 66. *H-®N HSQC spectra of WT (blue) and D25V (red) apo C-lll. Spectra

were acquired at 315 K on a 700-MHz BrukerAvance Il spectrometer equipped with

a TXI cryoprobe on a 0.5 mM protein sample in 10 mM sodium acetate (pH 5.0), 180

mM SDS, 10 % D-0.
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A nuclear overhauser effect spectroscopy (NOESY)-HSQC spectrum was
then recorded in order to reassign perturbed residues located around the
mutation site, which could not directly be assigned by simple comparison with
the WT apo C-lIl *H-1>N HSQC spectrum. Gangabadage and colleagues had
already shown the formation of a-helical structure for the WT protein.
NOESY-HSQC was helpful to confirm the presence of a-helical structure in
case of the D25V variant also. Indeed, the presence of sequential NOEs from
the Ha atom of residue i to the Hn atom of residues i+1/i+3, typical of the a-

helical secondary structure, was observed, (Fig. 67).
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Figure 67. Typical NOEs associated with the a-helical structure. *H strips from
the NOESY-HSQC spectrum of D25V apo C-lll. Sequential NOEs from the Hq atom
of residue i to the Hy atom of residue i+1/i+3 are highlighted by the dashed arrows

The H-®N HSQC spectra of WT and variant apo C-lll appeared almost
completely superimposable and only peaks located near the site of mutation
showed significant chemical shifts (Fig. 68).
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Figure 68. Superimposition of *H-®N HSQC spectra of WT and D25V apo C-lIl

Chemical shift difference (p.p.m.)
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and amide chemical shift differences. (previous page) The two 'H-®N HSQC
spectra appeared almost completely superimposable apart from residue 25 and
some peaks located in proximity of the site of mutation. The black arrows indicate
large chemical shifts from the WT spectrum. The spectra were recorded at 315 K,
using a 700-MHz BrukerAvance Il spectrometer equipped with a TXI cryoprobe.
(left) Amide chemical shift differences between WT and D25V apo C-lll. Residue 25
is indicated with an asterisk. (right) Plotting the amide chemical shift differences onto
the apo C-lll structure (PDB code pdb2jg3) clearly highlighted the clustering of

chemical shifts around the mutation site.

The rotational correlation time (T¢), which in folded proteins usually correlates
to a good approximation with the molecular weight (Lee D et al., 2006), was
determined for both WT and D25V apo C-lll using 'H->N TROSY for
rotational correlation times (TRACT) experiments. Based on the TROSY
technique, introduced in chapter 6, *H-1>SN TRACT enables highly efficient
measurements of the effective rotational correlation times in biological
macromolecules by suppressing the influence of dipole—dipole (DD)
relaxation by remote protons in backbone '°N-'H moieties as well as
relaxation contributions from chemical exchange (Lee D et al., 2006). The

measurement of Tc was used to estimate the Stokes radii (Rs) of the two
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proteins (i.e. is the radius of a sphere with the same hydrodynamic properties
experimentally determined).

In good agreement with the mild differences observed in H-°>N HSQC
spectra, the two proteins appeared almost identical with estimated Stokes
radii (Rs) of 20.3 + 0.6 A and and 19.6 + 0.2 A for WT and D25V apo C-llI
respectively, which correlated with the expected radius for a folded protein of
~10 KDa.

In conclusion, NMR results evidenced a substantial structural identity
between WT and variant apo C-Ill in their folded state. The relatively modest
number of chemical shifts observed, apart from the expected ones around
the mutation site, the identical Stokes radii and the results of NOESY-HSQC
experiment suggested that the mutation Asp-Val was well tolerated and the

protein could reach a properly folded state in the presence of ligands.

7.3.2 Lipid binding in the presence of DMPC multilamellar vesicles

The structural information obtained by NMR spectroscopy suggested that
both proteins could fold correctly upon interaction with lipid-like micellar
structures. However whether they could bind lipid particles with the same
efficacy was still unknown.

An experimental set up for the determination of apo C-lll lipid binding
properties had already been described by Liu and collaborators (Liu H et al.,
2000). The assay was based on the spectrophotometric determination of the
decrease in turbidity at 325 nm following the interaction of apo C-lll with
DMPC liposomes at 30 °C.

The DMPC vesicles were prepared by sonication (8.2.2) and used within 24
hours to avoid the risk of disruption of the micellar structures. Following
sonication the lipid suspension appeared cloudy and an intense absorbance
could be detected at 325 nm.

The protein was then added and a real time measurement of the absorbance
at 325 nm was followed with a spectrophotometer for 15 minutes. Upon

binding of the protein, the vesicles became soluble as demonstrated by the
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progressive decrease of the turbidity signal. By the end of the experiment the
suspension had clarified.

Binding to DMPC multilamellar vesicles could be observed for both WT and
D25V apo C-lll, although the time required by the latter to reduce the
absorbance at 325 nm to 50 % of its original value resulted 168.7 + 8.1 s
against 114.7 £ 4.2 s required by the WT. These results suggested that the
mutation may cause a less efficient binding as already observed for other
apo C-lll variants (Liu H et al., 2000). Moreover at equilibrium the
absorbance at 325 nm was decreased by approximately 85-90 % of its
original value in the presence of the WT, while the decrease was
approximately 70% in the presence of the variant, suggesting a different

extent of interaction (Fig. 69).
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Figure 69. WT (blue) and D25V (red) apo C-lll binding to DMPC liposomes.
Absorbance at 325 nm was monitored in real time with a spectrophotometer for 15
minutes at 30 °C. Apo C-lIl/lipid ratio was 2:1 (w/w). The binding curves shown are
representative of three independent experiments and expressed as percentage of
the initial absorbance of the vesicles at 325 nm. The time required to reduce by 50%
the initial signal at 325 nm. t50% was 114.7 + 4.2 s and 168.7 £ 8.1 s for WT and
D25V respectively.
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The change in motility in native gel electrophoresis, however, showed that at
equilibrium, even the variant was fully integrated in the lipid vesicles.
Interestingly, the solubility of the variant that in the absence of lipids was very
poor and caused precipitation at the site of deposition was rescued once the
protein was bound to the lipid particles, suggesting that, in vivo, aggregation
could indeed take place when the protein is in the lipid-free unfolded state
(Fig. 70).

Figure 70. Native gel electrophoresis of WT and D25V apo C-lll in complex with
DMPC vesicles. 1) WT apo C-lll alone 2) WT apo C-Ill in complex 2:1 with DMPC
liposomes 3) marker 4) D25V apo C-lII 5) D25V apo C-lll in complex 2:1 with DMPC
liposomes. The marker was human plasma diluted 1:5 in 2 % bromophenol blue.
The major plasma components are highlighted: albumin (I), a-1 antitrypsin (11),
haptoglobin (lIl), transferrin (1V), fibrinogen (V) and y-globulin (VI). The arrow
indicates the site of deposition
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7.3.3 Circular dichroism in the presence of SDS

In order to further investigate the binding properties of the protein, the folding
of the protein in the presence of SDS was investigated by circular dichroism
spectroscopy. Study of the folding in the presence of SDS by CD
spectroscopy had previously been successfully used for a-synuclein (Gosh D
et al., 2013).

Several samples containing the same amount of protein and increasing
concentrations of SDS were prepared in PBS, pH 7.4. The final SDS
concentrations were 0; 0.2; 0.3; 0.4, 0.5; 0.6; 0.7; 0.8; 0.9; 1; 1.5 mM
respectively. The CD spectra were recorded in the range 195-250 nm using a
step of 0.25 nm between experimental points. Averaging of three distinct
recordings was used. Spectra were acquired at 30 °C.

The concentration of both proteins was checked with a spectrophotometer by
measuring the absorbance at 280 nm (molar extinction coefficient 19480)
and was adjusted to 0.5 mg/ml before the different samples in the presence
of SDS were prepared. Interestingly the CD spectra in the absence of SDS
suggested that the variant was less structured than its WT counterpart. It is
worth noting that for practical reasons, the concentration of SDS used was
below the critical micellar concentration (8.2 mM) therefore the lipid-like
particles obtained under these conditions were less structured than those
obtained with DMPC. Nevertheless, upon binding to SDS particles, a
progressive increase of the specific a-helix signals at 222 and 208 nm was
observed for both proteins, suggesting that the interaction and subsequent
folding was less efficient for the variant in comparison with the WT (Fig. 71).
These results appeared in line with what was already observed in the
presence of DMPC, where a different reduction in turbidity was observed
between WT and variant.
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Figure 71. CD spectroscopy of apo C-lll in the presence of SDS. CD spectra
were recorded at 30 °C on a Bio-Logic MOS-500 spectrometer in the range 195-250
nm using 3 accumulations and 0.25 nm step. WT (top) and D25V apo C-III (bottom)
spectra in the presence of 0 (black), 0.2 (yellow), 0.3 (orange), 0.4 (red), 0.5
(brown), 0.6 (light green), 0.7 (dark green), 0.8 (light blue), 0.9 (blue). 1 (violet) and
1.5 mM (purple) SDS. Data expressed as mean residue ellipticity calculated

considering concentration and molecular weight of the sample.
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7.3.4 Inhibition of LPL activity

In order to further characterise the variant from a functional point of view, its
ability to inhibit lipoprotein lipase in vitro was evaluated. In order to do so, |
spent a week in the laboratory directed by Professor Gunilla Olivecrona at
the University of Umea, Sweden. Professor Olivecrona was the first to
describe the methodology to evaluate inhibition of LPL (Bengtsson-Olivecrona
G & Olivecrona T, 1992) and her laboratory is the only one in the world
performing this assay which is based on the evaluation of the release of *H
labelled fatty acids from triolein by LPL in the presence of different
concentrations of apo C-lIl.

Either WT or D25V apo C-lll were added to the 3H triolein emulsion at 5
different concentrations: 2.5, 3.75, 5, 6.25 and 7.5 uM respectively. After 10
minutes LPL was added to start the reaction, which was carried out for 30
minutes at room temperature before being stopped by the addition of H2SOa4
in combination with isopropanol and heptane. The free fatty acids that have
been hydrolysed were extracted with a series of sequential centrifugations
and phase separations. The final product of these separation steps contained
the 3H labelled free fatty acids, which were quantified by radioactivity count.
LPL activity was then expressed as nmol of product formed for ml of starting
solution per minute.

A progressive decrease of LPL activity was detected in response to
increasing concentrations of apo C-lll. No significant difference could be
observed between WT and variant, indicating that the mutation did not affect

in any way the inhibitory activity on LPL (Fig. 72).
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Figure 72. Inhibtion of LPL activity. WT (blue) and D25V apo C-lll (red) exhibited
the same inhibitory activity on LPL. Data expressed as mean (SD) of three
independent experiments. LPL activity expressed as percentage of the activity

measured in the absence of apo C-IlI.

7.3.5 Prediction of B-sheet content and aggregation prone regions
Several algorithms are available to predict the a-helical or B-sheet content of
a protein on the basis of its sequence. For example, a sequence of large
aromatic residues and/or B-branched amino acids is likely to be found in (-
sheet. The Garnier-Osguthorpe-Robson (GOR) method takes into account all
of these parameters and gives as an output a “map” of the a or B propensity
plotted against the protein sequence.

The GOR method was used to predict the 8 propensity of both WT and D25V
apo C-lll (Fig. 73) and showed that, due to the substitution of a charged
aspartic acid with an hydrophobic valine, the variant had an increased
propensity to assume a B-sheet conformation around the site of mutation. No

other differences were predicted for the rest of the sequence.
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Figure 73. Prediction of the B-sheet content. WT (blue) and D25V apo C-llI (red)
B-sheet content was predicted using the GOR method. An increased propensity to

assume [3-sheet conformation was suggested around the site of mutation.

The Zyggregator method, developed by Tartaglia and colleagues in
Cambridge, predicts from the amino acid sequence the aggregation
propensity of a protein considering parameters such as a and 3 propensity,
hydrophobicity, charge, hydrophobic patterns, gatekeepers and local stability.
The aggregation propensity of both WT and D25V apo C-lll was predicted
using the software available at http://www-
vendruscolo.ch.cam.ac.uk/zyggregator.php.

The predicted effect of the mutation was an increased aggregation propensity

for the variant in comparison with WT apo C-lll (Fig. 74).
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Figure 74. Aggregation propensity predicted by the Zyggregator method. D25V

apo C-lll (red) showed an increased aggregation propensity around the mutation
site when compared to WT apo C-IlI (blue).
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7.3.6 Fibrillogenesis in physiological buffer

The predictions suggested an increased tendency to form B-sheet secondary
structure, which correlated well with the predicted higher aggregation
propensity. The precipitation at the site of deposition in native gel
electrophoresis and the difference in the CD spectra in the absence of SDS
seemed to confirm at least the second prediction on the aggregation
propensity. The overall structural similarity observed by NMR spectroscopy in
the lipid bound state and the capacity to interact with lipid-like particles,
although to a different extent than WT apo C-lll, indicated that the maximal
difference between the two proteins existed in the lipid-free state.
Fibrillogenesis was therefore performed in PBS, pH 7.4, in the presence of
100 uM either WT or D25V apo C-lll. The temperature was set to 37 °C and
the sample was subjected to mechanical agitation by the mean of a magnetic
bar rotating at 1500 rpm (IKA magnetic stirrer). Aggregation was followed by
monitoring the increase in turbidity at 350 nm (Fig. 75). WT apo C-llI did not
aggregate throughout the experiment and the solution appeared clear by the
end of it. On the contrary the variant rapidly aggregated and reached a plateu
around 2.5 hours after the start of the experiment, to which point the sample
appeared cloudy. Our data suggest that the mutation causes a reduced
affinity and therefore we can speculate that in vivo the percentage of variant
in lipid-free state might increase. The mechanism of fibrillogenesis in vivo
could therefore be determined by two synergistic factors: increased free form

and reduced threshold for aggregation.

207



15
D25V ApoClll
=]
8
£ 1.0
[
o
w0
[40]
()]
(@]
{ e
s
£ 0.5
(/2]
Q0
< WT ApoClll
0 1 2 3 4 5

Figure 75. Fibrillogenesis in physiological buffer. WT (blue) and D25V apo C-llI
(red) aggregation was followed monitoring the increase of turbidity at 350 nm with a
spectrophotometer. Rapid aggregation was observed for the variant. Data presented

are representative of three replicates.

In parallel with turbidity measurements, CD spectra for both WT and variant
apo C-Ill were recorded in order to monitor the structural transitions
undergone by the proteins during the aggregation experiment. Spectra were
recorded at 0, 0.5, 4 and 6 hours respectively (Fig. 76). In agreement with the
turbidity measurements the CD spectra recorded for WT apo C-Ill remained
identical over time, confirming that the protein did not undergo any structural
change whilst exposed to perturbing conditions. On the contrary for the
variant a shift toward a (B-sheet prominent content was already observed

after 30 minutes in total agreement with the aggregation data.
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Figure 76. CD spectra of apo C-lll samples during aggregation. (top) WT apo C-
Il and (bottom) D25V apo C-lll spectra recorded at 0 (red), 0.5 (green), 4 (light
blue0 and 6 hours (orange) respectively. CD spectra were recorded at 37 °C on 200
ul of the aggregation sample using a Bio-Logic MOS-500 spectrometer. A rapid

change toward 3-sheet conformation was observed for the variant.
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To confirm the amyloid nature of the aggregate, ThT emission fluorescence
was measured at the end of the fibrillogenesis experiment.

10 pl of sample were mixed with 490 pl of a 10 uM solution of ThT in PBS
and the emission fluorescence at 480 nm was measured with a
spectrofluorometer following excitation at 445 nm. Only D25V apo C-lll was
ThT positive, confirming the presence of amyloid fibrils in the sample. Further
confirmation of the fibrillar nature of the aggregate came from both electron
microscopy and atomic force microscopy performed by Alejandra Carbajal in
London and Dr Annalisa Relini in Genoa, Italy, on the pellet obtained after
centrifugation (Fig. 77).
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Figure 77. ThT, EM and AFM analysis of the apo C-lll samples. ThT results
presented as mean (SD) of three separate experiments. Both EM and AFM

confirmed the fibrillar nature of the aggregate.
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Congo red staining and Congo red UV-vis spectroscopy were performed to
add another proof of the presence of amyloid fibrils. As described in the
general introduction, Congo red exhibits a characteristic apple-green
birefringence under polarised light if amyloid fibrils are present. The
interaction between the dye and the fibrils can also be monitored by UV-vis
spectroscopy as described by Klunk and colleagues (Klunk WR et al., 1989).
Congo red UV-vis absorbance spectrum is characterised by a maximum of
absorbance around 480 nm. When Congo red is bound to amyloid fibrils, the
Congo red/amyloid fibrils spectrum shifts toward the right and the maximum
of absorbance can be recorded at 540 nm. 50 pl of a 1 mg/ml solution of
D25V fibrils were mixed with 450 pl of a 10 uM solution of Congo red in PBS.
In order to allow full binding, the solution was left for 15 minutes at room
temperature.

In the meanwhile UV-vis spectra for Congo red alone and apo C-IlI fibrils
alone were recorded. Following the 15 minutes incubation, a spectrum was
recorded for Congo red/apo C-llI fibril complex (Fig. 78).

A clear shift towards the right with a new maximum of absorbance at 540 nm
was detected, confirming once more the presence of genuine amyloid fibrils
in the D25V apo C-llIl sample. The same analysis could not be performed for

WT apo C-lll as no pellet was obtained after centrifugation.
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Figure 78. Congo red UV-vis spectroscopy and staining. (top) Spectra for Congo
red 10 uM alone (black), D25V apo C-IllI fibrils alone (blue) and Congo red/fibril
complex (red). The maximum of absorbance around 480 nm for Congo red alone
shifted to 540 nm when the dye was in complex with D25V apo C-IlI fibrils. (bottom)
Congo red staining was performed on the aggregated material obtained from
fibrillogenesis experiments. Upon light polarization, the typical apple-green

birefringence was observed.
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7.4 Discussion

The results presented in this chapter offer an insight on the structural and
functional characterization of the first described amyloidogenic mutation of
apo C-lll, characterised by the substitution Asp to Val in position 25, together
with the investigation of its aggregation propensity in physiological buffer.
NMR was used to investigate the structural differences existing between WT
and variant in their lipid-bound state. The 'H-1>N HSQC spectra appeared
very similar and significant chemical shifts could be observed only within a
few residues from the mutation site. NOESY-HSQC showed that the a-helical
conformation was preserved despite the mutation. Determination of the
rotational correlation time (T¢) by*H-1°>N TRACT experiments and subsequent
calculation of the theoretical Stokes radius did not reveal any difference
between the two proteins.

The lipid-binding properties were investigated both in the presence of DMPC
and SDS. Some differences could be observed with D25V apo C-IlI reducing
the turbidity of DMPC liposomes to a less extent that its WT counterpart (70
% against 85-90% respectively) and requiring more time to reduce by 50 %
the initial turbidity (168.7 + 8.1 s and 114.7 £ 4.2 s respectively). These
results suggest that the interaction with lipid particles is partially impaired by
the presence of the mutation, although at equilibrium also the variant was
fully integrated in the liposomes and its solubility was rescued. In agreement
with the data collected in the presence of DMPC, SDS-induced a-helical
conformation was observed for both proteins by far-UV CD spectroscopy,
confirming the structural data obtained by NMR. The extent of interaction with
SDS was reduced for the variant, which appeared extensively less structured
than the WT protein in the absence of any lipid-like molecules. No difference
was observed in terms of inhibition of LPL activity supporting the results
previously published on another variant designed in silico, D25N apo C-llI, for
which the change in charge associated with unmodified hydrophobicity did
not interfere with the inhibitory effect on LPL activity (Larsson M et al., 2013).

In conclusion, the two proteins appeared similar from a structural and
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functional point of view in their lipid-bound state. On the contrary, they
appeared significantly different in the lipid-free state.

Sequence-based predictions of the p-sheet content as well as of the
aggregation propensity suggested for the variant an increased propensity to
acquire B-sheet conformation and undergo aggregation. Indeed rapid
aggregation was observed when the protein was incubated under shaking
conditions in physiological buffer. The presence of amyloid fibrils in the
aggregate was confirmed by several different approaches including ThT
emission fluorescence, electron microscopy (EM), atomic force microscopy
Congo red staining and Congo red UV-vis spectroscopy. It is worth noting
that aggregation of WT apoC-Illl into polymeric ordered structures in the
shapes of triangles, squares and loops, following a 3 days incubation under
shaking in physiological buffer, was previously reported (de Messieres M et
al., 2014). No resemblance exists between these structures and the genuine
amyloid fibrils obtained with the D25V variant, although a structural transition
similar to the one followed by CD spectroscopy was also observed for the

WT protein, thus not implying any amyloidogenicity in vivo.

The nature of the protein, constantly transitioning between the lipid-free and
the lipid-bound state, could be crucial in the understanding of the mechanism
of fibrillogenesis in vivo. It is indeed possible that due to its strong instability
in physiological buffer, the variant can rapidly aggregate and form fibrils when
the concomitance of lipid-free state and right environmental conditions is
present. The imbalance in the WT/variant ratio observed in vivo could be
explained by the preferential incorporation of the variant only in the amyloid
deposits and a potential partial impairment of secretion by the intracellular
quality control. This would be in line with the observations made for some of
the amyloidogenic variants of apo A-l for which the same unbalance was
found (Marchesi M et al., 2011).
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Chapter 8. Conclusions and future work

The work presented in this thesis is focused on the characterisation of the
molecular mechanism underlying the transition of two different amyloidogenic
proteins from their soluble functional state to insoluble amyloid fibrils in
conditions of pH, ionic strength and temperature that resemble the

physiological environment in vivo as closely as possible.

When | started my research project, the mechano-enzymatic mechanism for
TTR amyloidogenesis had just been discovered on the very unstable S52P
TTR variant (Mangione PP et al., 2012). It was then validated as a general
mechanism on other TTR variants, including the WT protein (Marcoux J et
al., 2014). The results previously published clearly highlighted a different
susceptibility to proteolysis exhibited by distinct variants, which translated in
a different propensity to aggregate. It was not known whether this difference
could correlate with the thermodynamic stability of each variant. The overall
stability of each variant was therefore determined from denaturation curves
obtained at different concentrations of guanidine-SCN. The tendency to
aggregate, which is strongly based on the susceptibility to proteolysis, was
instead studied in two distinct experimental conditions characterised by
different intensity of the forces acting on the protein during cleavage and
subsequent aggregation. The results show a correlation between forces
applied, thermodynamic stability, susceptibility to proteolysis and
aggregation. We need to consider that, in vivo, the mechanical forces
originated by the extracellular flow can be extremely high in certain organs,
including the heart where TTR deposition commonly occurs. A clear
quantification of the total forces acting in vivo in the heart is not simple.
Dokos and his group have estimated (Dokos S et al, 2000, 2002) the forces
acting in the ventricles of the heart, showing that they have similar intensity, if
not higher, to that present in our experimental condition, also considering the
contribution coming from the mechanical contraction associated with the
organ function. It is therefore more than plausible that the forces acting in

vivo are sufficient to destabilise TTR (either WT or variant), thus predisposing
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it to proteolysis and aggregation. The less stable the variant, the lower the
intensity of the forces required to induce partial unfolding.

The role played by ubiquitous components of the extracellular matrix has not
yet been clarified (Stoppini M & Bellotti V, 2015). Further characterisation of
the mechano-enzymatic mechanism was carried out testing the effect of
heparin on S52P TTR aggregation. As already observed for other
amyloidogenic proteins such as f2-m (Relini et al., 2008; So M et al., 2017),
aggregation was strongly accelerated and enhanced when the
glycosaminoglycan was present, highlighting the role that common
constituents of the extracellular matrix may play in driving tissue specific
amyloid deposition.

The aggregation-enhancing effect of seeds has to be carefully considered
when imagining the possible scenario in vivo (Fig. 79). We can envisage an
initial situation in which, in the absence of seeds, proteolysis followed by the
release of amyloidogenic fragments can take place. Indeed, in these initial
stages, the equilibrium could point towards the complete digestion of the
fragments, rather than amyloid deposition. It is plausible that at any given
time, a certain proportion of fragments escape digestion, thus reaching a
critical concentration suitable for a crucial nucleation event. Our data suggest
that the scenario would then drastically change with the equilibrium rapidly
shifting towards amyloid deposition as the process would be accelerated by
the elongation of fibrils nuclei.

In this light, the efficacy of treatments aiming to reduce the level of circulating
TTR, such as siRNAs and ASOs, has to be carefullly evaluated. The
presence of amyloid deposits in the tissues of the treated patients, even if
minimal, could be enough to favour further deposition, independently of the
concentration of the protein precursor, thus only delaying the progression of

the disease rather completely stopping it.
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Figure 79. TTR amyloid formation. Schematic representation of the model
proposed for amyloid formation by TTR. ki, k2, ks and k4 represent the kinetics
constants regulating the different steps. The presence of seeds would shift the
equilibrium towards the formation of amyloid fibrils by increasing ka, thus reducing k:

and ks, associated with complete digestion of both TTR monomers and fragments.

Even though trypsin effectively cleaves TTR and promotes its fibrillogenesis
in vitro, one of the open questions about the mechano-enzymatic mechanism
has always been the identity of the culprit protease responsible for
proteolysis in vivo. A bioinformatics approach was used to identify a pool of
possible candidate proteases andfrom these, we demonstrated
experimentally that plasmin can promote TTR fibrillogenesis in a similar
fashion to trypsin, leading to the formation of genuine amyloid fibrils.

Plasmin is ubiquitously expressed and it is involved in the remodelling of the
extracellular matrix as well as fibrinolysis. If we consider that these two
events are constantly taking place in the body, the possibility that plasmin
represents the enzyme responsible for cleavage in vivo is real.

Using an experiment combining clot formation and plasminogen activation in

the presence of TTR, we suggest a possible connection existing between the
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physiological pathway of fibrinolysis and the pathological process of fibril

formation.

The mechano-enzymatic mechanism offers a new challenge in terms of
inhibition of aggregation by the mean of small ligands. In this mechanism,
two physically different events affect the protein: partial unfolding and
proteolysis. Separately, these two events, have been extensively studied and
dissected for their role in promoting amyloidogenesis of globular proteins.
The novelty of the observations reported in this thesis lies in the
demonstration that local unfolding caused by bio-mechanical forces allows
the action of specific proteases. Unfolding and proteolysis cannot therefore
be considered as separate events, but have to be considered as integrated
multiple steps at the origin of amyloid conversion of globular proteins.
Compounds able to stabilise TTR, such as tafamidis, designed as drugs to
treat and prevent systemic TTR amyloidosis, have been identified exclusively
by their capacity to inhibit TTR dissociation and aggregation induced by low
pH invitro. However, even with apparently complete pharmacological
stabilisation of circulating TTR, the clinical benefit observed so far is limited
to modest slowing of the progression of peripheral neuropathy. The data
presented in chapter 4 highlight the superior efficacy exhibited by bivalent
ligands that are able to simultaneously occupy both T4 binding sites at 1:1
molar ratio, over monovalent ligands, such as tafamidis. Even when apparent
complete inhibition of aggregation is obtained, a careful analysis of the
material obtained after aggregation highlights the presence of some amyloid
aggregates that we can define as “minimal residual disease material’, which
also has to be carefully considered in the light of the considerations made on
the effect of seeds. The superiority showed by bivalent ligands can be
explained not only by the simultaneous occupancy of both binding sites, but
also by the occupancy of the central cavity of the TTR molecule.

The results obtained in solution by NMR spectroscopy provide an insight on
the molecular rearrangement taking place when ligands are bound to the

protein and which are not observable by other techniques, including X-ray
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crystallography. Indeed, the long distance effect observed when the ligands
are bound, has never been described before. The results suggest that these
structural variations, affecting the outer regions of the protein, might be
driven by hydrophobic interactions involving residues located in the core of
the protein. Furthermore, the results obtained at substoichiometric ratios of
tafamidis offer some hints on the negative cooperativity exhibited by
monovalent ligands, which cannot be fully explained by the analysis of the X-
ray data so far available.

According to the NMR data, the superior efficacy shown by the bivalent
compound mds84 seems to be associated with the stabilisation of the local
H-bond network in the CD loop, where the cleavage site is located. Upon
binding the loop becomes more rigid, thus reducing its accessibility to the
action of the protease. These results could have a strong implication on drug
discovery, highlighting a potential central role played by NMR in the
development of more effective TTR stabilisers able to fully prevent TTR
cleavage and aggregation.

The molecular abnormalities causing the amyloid conversion of globular
proteins are frequently hidden in the dynamic states that these
macromolecules can transiently visit. NMR is therefore an irreplaceable
technique for the investigation into amyloidogenesis. We have also used this
technique to study another amyloidogenic protein, apo C-Illl, that we have
identified, for the first time as amyloidogenic in humans. The results
presented here show substantial structural similarity between WT apo C-ll
and the amyloidogenic D25V apo C-lll variant in their lipid-bound form.
Indeed, NMR data of both proteins in complex with SDS show minor
chemical shift perturbations located around the site of mutation and no
disruption of the a-helical conformation was observed as a consequence of
the mutation.

Lipid binding and inhibition of LPL activity were also evaluated, but no
macroscopic differences were highlighted.

Sequence-based bioinformatics analysis revealed an increased tendency to

form B-sheet secondary structure and to undergo aggregation.
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Indeed, when moving to conditions of physiological pH, ionic strength and
temperature, the variant showed a strong tendency to rapidly aggregate in
the form of typical amyloid fibrils. This process was associated with a
progressive shift towards a more prominent B-content, as shown by CD

measurement.

Future work

Future work would include the screening and development of new bivalent
TTR stabilisers able to completely inhibit the formation of amyloid fibrils,
including the so called “minimal residual disease” that normally escapes the
classical procedures used to monitor amyloid formation in vitro. This would
involve the evaluation of their ability to stop mechano-enzymatic
fibrillogenesis as well the evaluation of their effect on the protein structure by
NMR spectroscopy.

Further characterisation of the mechano-enzymatic mechanism could also by
achieved by NMR spectroscopy, with particular attention on the investigation,
at atomic resolution, of the structural modifications following protein
cleavage.

It would also be extremely interesting to further characterise the relationship
between protein stability and susceptibility to proteolysis with a precise
quantification of the forces necessary to promote the aggregation of each
variant. We envisage that different variants could respond differently to the
binding of specific ligands as recently shown by Klimtchuk and co-workers
(Klimtchuk et al., 2018), who highlighted the lack of effect shown by diflunisal
in protecting proteolytic cleavage of the CD loop in the E51_S52dup variant.
Other data obtained by our group and not presented in this thesis indicate a
lack of effect of several TTR stabilisers in inhibiting S52P TTR fibrillogenesis,
while better results are obtained when WT TTR is tested.

We therefore suggest the idea of tailored medicine, according to which the
treatment should be strictly related to the specific misfolding dynamics of

every single variant.
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