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Preface

In the last years the advancements in molecular biology and in the expression of
pharmaceutically relevant recombinant biomolecules have completely changed the
perspectives of drug discovery. The present PhD project is focused on the
development of new strategies for expression and characterization of human
recombinant proteins used to investigate the molecular bases of two neurological
diseases and to develop new NMR strategies for the characterization of biomaterials
incorporating protein therapeutics.

The first part of the research activity was focused on clarifying important aspects about
the role of ApB-peptides and a-Synuclein in Alzheimer and Parkinson disease,
respectively.

The pathogenesis of these disorders generally referred as “proteinopathies” is related
to the formation of high molecular weight protein oligomers or aggregates. Kinetic
studies of protein aggregation and the structural characterization at atomic details of
all the species resulting from protein aggregation are important to clarify the molecular
basis of these pathologies and to design new drug discovery campaigns. In this
context, nuclear magnetic resonance (NMR) spectroscopy in solution was used to
investigate the kinetic of a-Synuclein aggregation. Solid-state Nuclear Magnetic
Resonance (SSNMR) spectroscopy is a powerful technique to investigate and
characterize non-crystalline samples including protein oligomers, fibrils, biosilica-
entrapped proteins, PEGylated and polysaccharide-conjugated proteins and proteins
grafted onto nanoparticles. Therefore, SSNMR was used to investigate the structural
features of fibrils obtained by mixing Ap 1-40 and AB 1-42 peptides for a better
understanding of the variable nature of cross-seeding and for the development of new
approaches in Alzheimer prevention and treatment. Finally, it is important to point out
that the integration of SSNMR with other techniques can provide a more complete

picture of the events involved in the aggregation process.

The last part of my research activity was focused on the development of new NMR
strategies for the characterization of protein-based biomaterials and bioinspired
composites. The conjugation of therapeutic proteins with synthetic or natural polymers
is often used to improve the pharmacokinetic properties (stability, solubility, half-life,

immunogenicity, etc.) of biologics and to produce new biomaterials. Several
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biomaterials including hydrogels are currently used to replace/support non-functional
tissues like those damaged or destroyed by injuries or diseases and in controlled drug
release. In particular, protein therapeutics or growth factors can be embedded in
biomaterials like hydrogels to modulate the immune response promoting an extensive
cell colonization and matrix reabsorption. The preservation of the native folding within
the matrix is crucial to maintain the biological/pharmacological activity of the protein.
However, the structural characterization of proteins in these heterogeneous materials
is still a challenge.

In the present PhD thesis therapeutic protein L-Asparaginase |l (ANSIl) and the
potential drug carrier Transthyretin (TTR) were selected to investigate the use of
SSNMR in the characterization of hydrogels incorporating proteins and in the
evaluation of the preservation of the higher order structure. Our results show that
SSNMR is a powerful methodology also for the characterization of these
heterogeneous systems thus opening new perspectives for the design of these

innovative materials.



1. Introduction

1.1 Neurodegenerative Diseases

Neurodegenerative diseases are a large group of disorders characterized by
progressive loss of neurons associated with deposition of proteins showing altered
physicochemical properties in the brain and in peripheral organs. These kinds of
pathologies are untreatable and show a progressive degeneration and/or death of
nerve cells. Neurons from brain and spinal cord do not regenerate themselves:
therefore, when they die, they cannot be replaced. One of the most well-grounded risk
factors for developing a neurodegenerative pathology is the increasing of the age and
several approved drugs do not seem to stop the progression.! Molecular classification
of neurodegenerative disease is protein-based. Consequently, this kind of pathologies
are classified as “Proteinopathies”.?

This emphasizes the role of protein-processing systems in the pathogenesis.
Therefore, a common link of all these diseases is the presence of deposits of proteins,
in a misfolded state, in neurons and other cells or extracellularly. Many factors can
trigger protein misfolding: mutations in the gene sequence leading to the production of
a protein unable to adopt the native folding, errors on the processes of transcription or
translation, failure of chaperone machinery, structural modification produced by
environmental changes, mistakes on the post-translational modifications or on protein
elimination pathways, such as the ubiquitin-proteasome system and the autophagy-
lysosome pathway.3#

Another concept, referred to as prion-like spreading, suggests that the proteins
associated with neurodegenerative diseases spread in the nervous system. The
template-directed protein misfolding, similarities in cell-to-cell propagation of
pathologic proteins, and deposition of proteins that seem to follow anatomic pathways
suggest overlap with the pathogenesis of prion diseases.®

The clinical presentations are defined by the distinct involvement of functional systems
and do not necessarily indicate the molecular pathologic background. Seeding of
pathologic proteins and hierarchic involvement of anatomic regions is commonly seen
in neurodegenerative diseases. Overlap of neurodegenerative diseases and
combinations of different disorders is frequent. Translation of neuropathologic
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categories of neurodegenerative diseases into in vivo detectable biomarkers is only
partly achieved but intensive research is performed to reach this goal.’

The most frequent proteins involved in the pathogenesis of neurodegenerative
diseases are B-amyloid®, prion protein’, tau®, a-synuclein, and Fused-in sarcoma
(FUS) protein®. There are further proteins associated mostly with hereditary disorders
such as familial amyloid polyneuropathy.'°

Disease Protein featured

Alzheimer's disease

AB1-40/42, Tau

Diabetes mellitus type 2 Amylin

Parkinson's disease a-synuclein

Bovine spongiform encephalopathy PrP

Fatal Familial Insomnia PrP

Huntington's Disease Huntingtin

Medullary carcinoma of the thyroid Calcitonin

Isolated atrial amyloidosis Atrial natriuretic factor
Atherosclerosis Apolipoprotein Al

Rheumatoid arthritis

Serum amyloid A

Aortic medial amyloid Medin
Prolactinomas Prolactin
Familial amyloid polyneuropathy Transthyretin
Dialysis-related amyloidosis B2M

Amyloid light-chain (AL) amyloidosis Immunoglobulin light chains

Amyotrophic lateral sclerosis TDP-43
Table 1 - Amyloid-based neurodegenerative diseases and their hallmarks

1.2 Parkinson Disease and a-Synuclein

Parkinson’s disease (PD), the most common neurodegenerative movement disorder,
is pathologically characterized by the presence, in selectively vulnerable brain regions,
of intracytoplasmic and axonal inclusions, called Lewy bodies (LB) and Lewy neurites,
primarily consisting of aggregated a-synuclein (a-syn)."" Accumulation and formation
of insoluble fibrillary a-syn is usually accompanied, both as a cause and a
consequence, by the impairment of the autophagy-lysosomal pathways, which
represents one of the main routes implicated in the intracellular degradation of a-
syn.">16 The clinical diagnosis of PD can be very difficult in early stages of the disease,
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when the motor and neurological symptoms are still not present, with high risk of
misdiagnosis. The long prodromal phase of PD'" provides the possibility for early
therapeutic intervention, once disease-modifying therapies have been developed, but
the lack of biomarkers for early diagnosis and monitoring of disease progression
represents a major obstacle to the achievement of this goal. CSF levels of total a-syn,'®
oligomeric a-syn,’ S129-phosphorylated a-syn,’ DJ-1,2° AB1-42,%° tau?' and
lysosomal enzymes'? are promising candidates for PD biomarkers although they have
still low specificity and sensitivity for PD and other synucleinopathies. The
understanding of the “prion-like” behavior of a-synuclein provided new perspectives for
the development of new diagnostic assays. With respect to this, oligomeric and
fibrillary aggregates of a-syn are found to spread from cell to cell both through
exosomal pathways and by passive diffusion through CSF;??-%4 this evidence makes
the detection of misfolded a-syn in CSF a promising strategy for the pre-symptomatic
diagnosis of PD.

The a-synuclein encoding gene is SNCA (cytogenetic location: 4922.1) and its
mutations are related to pathological phenotype of autosomal dominant Parkinson
disease 1, Parkinson disease 4 and Lewy body dementia. Other two members of
Synuclein family are two homologous proteins, B (SNCB) and y synucleins (SNCC).
-Synuclein, forms fibrils much more slowly than a synuclein, and 8 synuclein does not
form fibrils under typical in vitro or in vivo conditions.?®

Inside the cellular environment, this protein is involved in the regulation of presynaptic
function and in neurotransmitter release (dopamine) and also plays a role in the
movement of microtubules and in the binding of fatty acids. 26

Several factors like post-translational modifications, oxidative stress, fatty acids
concentration, proteolysis, phospholipids and metal ions can promote the misfolding
of a-syn with the consequent formation of oligomers and amyloid-like fibrils.?’
A-synuclein is a 14 kDa highly soluble cytosolic protein. It is classified as an intrinsically
disordered protein (IDP), as well as A peptides. The term “disordered” indicate a lack
of a specific stable three-dimensional structure and the structural disorder in IDPs can
be placed in one or more separate regions along the chain, or it may span the entire
length of the protein.

The monomer of a-synuclein is composed of three distinct regions: an amphipathic a-
helical domain in the N-terminus which mediates binding to phospholipid membranes,
a central hydrophobic region, called NAC (non-AB component), having the B-sheet
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potential, and a C-terminus that is highly negatively charged, and is prone to be

unstructured. 28
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Figure 1 - a-synuclein regions. BLUE: N-term domain (1-60), RED: NAC domain (61-95), GREEN: C-
term domain (96-140).

1.3 Alzheimer Disease and Ap-Amyloid

Alzheimer disease (AD) neuropathology is characterized by the extracellular
accumulation of AB peptide and intracellular aggregation of hyperphosphorylated tau.
With the progression of the disease, macroscopic atrophy affects the entorhinal area
and hippocampus, amygdala, and associative regions of the neocortex. The deposition
of Ap is first made of diffuse deposits. Amyloid focal deposits constitute the core of the
senile plague which also comprises a corona of tau-positive neurites. Ap deposits are
found successively in the neocortex, the hippocampus, the striatum, the
mesencephalon, and finally the cerebellum together with the pontine nuclei (Thal
phases).?®

AB is normally synthesized in the brain with a rapid turnover.®° It is the product of the
cleavage of a large transmembrane precursor protein, the amyloid precursor protein
or APP, coded by the APP gene on chromosome 21. APP is successively cleaved by
B-secretase activity cleaving enzyme (BACE1) and by the y-secretase complex, in
which presenilin (PS) bears the catalytic site. The C-terminus of A is variable, the
peptide ending at amino acid 36—43, AR 1-40 and AB 1-42 being the most abundant.®"
AB 1-42 is less soluble than Ap 1-40 and aggregates spontaneously. Function of AB is

largely still unknown.



Tau pathology affects in a stereotyped order some specific nuclei of the brain. Loss of
synapses is observed in association with tau and Ap pathology; neuronal loss occurs
in the most affected areas. However, the physiopathology of Alzheimer disease
remains unknown. Familial cases suggest that A deposition is the initial step, but tau
pathology appears early in the course and seems to be better correlated with the

symptoms.2°
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Figure 2 - Amyloid beta peptides

The two major AP species are AB1-40 and AB1-42. Although neurotoxicity can be
induced by deposit of Ap fibrils, recent studies have established close link between the
reciprocal ratio of AR 1-40 and Ap 1-42 and the stability of intermediate neurotoxic
species. Moreover, AB 1-40 and AB 1-42 have been found to affect each other’s
aggregation.3?

Investigation of the properties of the mixture of Ap 1-40 and AB 1-42, by different
research groups, clearly show that these two species interact. In vitro and in vivo
studies confirmed that A 1-40 delays AP 1-42 aggregation, whereas Ap 1-42 has an
opposite effect.33

AB 1-42, the most prone to aggregate of AB peptides, tends to self-assembly. Once a
small but critical concentration of amyloid fibrils has accumulated, the toxic oligomeric
species are mainly formed from monomeric peptide molecules through a fibril-
catalyzed secondary nucleation reaction, rather than through a classical mechanism
of homogeneous primary nucleation.3* Initially, in the absence of fibrils, all oligomers
are generated through primary pathways because secondary nucleation requires the
presence of fibrils. Once a critical concentration of amyloid fibrils has formed, however,



secondary nucleation will overtake primary nucleation as the major source of new

oligomers and fibrils proliferation.
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Figure 3 - Aggregate classification for amyloidogenic proteins. Monomers: Native and (generally)
unfolded proteins. Oligomers: transient intermediate aggregates, soluble oligomers and protofibrils are
known to be the most toxic species among the aggregates of amyloidogenic proteins. Oligomeric
intermediates can either have fibrillary B-sheet structure or be in a more globular and amorphous state.
Fibrils: last stage of aggregation, fibrils have well characterized cross B-sheet motif. Fibril structure,
although characterized by a common cross B-sheet moitif, is found be different between different proteins
and isoforms of the same proteins (e.g. S-shape structure for AB1-42, U-shape structure for AR1-40).

The presence of several AR peptides differing in length by one or a few amino acids,
and the connection between disease progression and both the total AR concentration
and the AB 1-42 fraction motivates studies of co-aggregation and cross-seeding
behavior among those peptides. Co-aggregation refers to the formation of mixed fibrils
of any size. Cross-seeding is the ability of aggregates of one peptide to promote the
conversion of soluble peptides of the other type into growing aggregates. Although
there are in literature works that demonstrate that fibril-catalyzed nucleus formation
and elongation are highly sequence specific events, even when A 1-40 and A 1-42
interact during primary nucleation,®® no structure of fibrils including both peptides
(mixed fibrils) has been reported so far. There are several works instead in which the
AB 1-40 and AP 1-42 alloforms separately were extensively characterized by SSNMR,
and all the AB 1-40 species resolved by NMR, share a U-shaped motif 36, while the A
1-42 fibrils structure, which was only recently resolved, has an S-shaped fibrillar
species.?’

In the chapter 3.1 will be reported a work in which the structure of a mixed fibrils
(containing AB1-42 and AB1-40 peptides) is characterized at atomic detail by SSNMR.
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Afl(1-20) Bertini and coworkers 2011 AB(1-40) Bertini and coworkers 2011

Figure 4 — AB 1-40 and AR 1-42 alloforms structures by SSNMR. All the AR 1-40 species share a U-
shaped motif, while the AB 1-42 fibrils structure has an S-shaped fibrillar species.

1.4 “Seeding Aggregation Assays” (SAA)

The comprehension of the aggregation mechanism of amyloidogenic proteins has
several possible direct applications. The recent development Protein Misfolding Cyclic
Amplification (PMCA)*® and Real-Time Quaking Induced Conversion (RT-QuIC)%,
born for misfolded prion protein (PrPSc) detection in biological fluids of animals and
humans, have been recently applied for the detection of prone-to-aggregation a-syn in
CSF and brain homogenates.*>4* These two biophysical assays take advantage on
the peculiar aggregation kinetics of prion proteins by amplifying small amounts of
aggregates in biological fluids at the expense of recombinant monomeric protein added
in solution. The PMCA assay was also applied for the detection of misfolded AB1-42
in CSF,** for the diagnosis of Alzheimer Disease (AD), but the existence of accurate
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and reliable CSF and blood biomarkers for AD**-4" diagnosis makes the research on
new applications of PMCA and RT-QulC assays more valuable for PD and other
synucleinopathies. Furthermore, there are two very recent and interesting studies in
this field. The first, of the group of Prof. A. J. Green, which performed a pilot study to
evaluate the ability of a-syn RT-QuIC in stratifying PD patients;*® the second one is a
comparative study conducted by the group of Prof. Claudio Soto in collaboration with
the group of Prof. A. J. Green in order to validate a-syn PMCA and a-syn RT-QuIC in
an independent cohort of patients and control. These studies confirmed the incredible
diagnostic potential of these two techniques. The two research groups, considering the
similarities of a-syn PMCA and a-syn RT-QuIC agree that the name “seeding
aggregation assays” (SAA) can group up the two techniques for the future.

The project on PD was born from a collaboration between CERM (Centro Risonanze
Magnetiche) of the University of Florence and the Laboratory of Clinical
Neurochemistry of the University of Perugia. The scientists involved in this research
have very different academic background (physicians, chemists, biochemists, and
physicists) but they work together for the ambitious goal of developing assays, based
on PMCA and RT-QuIC techniques, at first for the pre-symptomatic diagnosis of PD,
and for identification of compounds able to modulate a-syn aggregation, not only to
improve the development of SAAs but may also to indicate novel chaperones able to
inhibit the amyloidogenic potential of extracellular a-syn aggregates.

‘20 00]

Figure 5 - PMCA assay description. i) monomer (red spheres) is incubated with seeds (blue cubes). ii)
Seeds undergo elongation at their extremities and catalyze the formation of new nuclei of polymerization
on their surfaces. iii) Sonication or shaking cycles increase the number of points of polymerization. Steps
ii) and iii) are repeated several times, depending on the protocol adopted. iv) End point of the procedure
in which the initial quantity of protein is exponentially amplified. (Reprint from Paciotti, Silvia et al. “Are
We Ready for Detecting a-synuclein Prone to Aggregation in Patients? The Case of “Protein-Misfolding
Cyclic Amplification” and “Real-Time Quaking-Induced Conversion” as Diagnostic Tools.” Front. Neurol.
(2018).)

12



1.5 Bioprinting and Drug Release

In the last years a very important role has been played by Hydrogels and Nanogels.
Injectable hydrogels have gained wider admiration among researchers as they can be
used in minimally invasive surgical procedures. Injectable gels completely fill the defect
area and have good permeability and hence are promising biomaterials.*® This
technique can be effectively applied to deliver a wide range of bioactive agents, such
as drugs, proteins, growth factors, and even living cells. Nanogels (highly cross-linked
Nano-sized hydrogels ranges from 20-200 nm) in particular, can be administered
through various routes, including oral, pulmonary, nasal, parenteral, intra-ocular etc.
Hydrogels and Nanogels have a high degree of drug loading capacity, good
permeation capability and tolerability. They release the drug by pH responsive,
thermosensitive,  volume  transition, photochemical internalization  and
Photoisomerization mechanism. Nanogels can be classified by stimuli responsive or
non-responsive behavior and type of linkages present in the network chains of gel
structure. They can be used for the treatment of cancer, diabetes, inflammation, and
bone regeneration. They are the novel drug delivery systems for both hydrophilic and
hydrophobic drugs.5° Furthermore, 3D Bioprinting technology has been recognized as
one of the latest biotechnologies, which is highly used in tissue engineering and
regenerative medicine to develop complex artificial tissue and organ structures to
mimic native organs and tissues. The bioprinting involves additive deposition of cells-
loaded hydrogels in a predetermined structural architecture to regenerate functional
and site-specific tissues or organs. This technique integrates hydrogels live cells and
controlled printing systems to create complex morphological structures, also in this
case Hydrogels and Nanogels has been demonstrated to be perfect materials for the
controlled release of therapeutics because of their capacity to embed biologically
active agents in their watery environment, high protein-loading capacity, and excellent
protein compatibility.’

Since they are particularly appealing for protein delivery in the chapter 3.3 it will be
described a SS-NMR application for the characterization of pharmaceutically relevant
proteins encapsulated in this kind of gel matrices in order to understand if the structures

of these enzymes, directly related to their activity, is preserved.
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For this purpose, Escherichia coli L-asparaginase Il (ANSII) and Transthyretin (TTR)
were used. ANSII is an enzyme that catalyzes the hydrolysis of L- asparagine to L-

aspartic acid with the release of ammonia.

O O

0 ()
YY}\OH « H0 MOH - NHy
NH, NH, OH NH,
L-asparagine L-aspartic acid

Figure 6 - Hydrolysis reaction of L -Asparagine to L- Aspartic Acid

This enzyme is a complex of four identical subunits, each of them of about 34.6 kDa
(326 amino acids). Each subunit consists of two a/f3 domains connected by a linker.
According to the crystal structure the tetramer belongs to the D2 point group and can

be considered a dimer of two identical intimate dimers.

Figure 7 - Crystal structure of ANSII (PDB: 3ECA)

The catalytic site sits at the interface of each couple of intimate dimers for a total of
four catalytic sites per tetramer. The medical interest for ANSII was born during 1960s
when it was found that this enzyme could have effects against lymphoma, leukemia
and other malignant neoplasms.5? In particular, several medical formulations of ANSII
are still currently used for the treatment of acute lymphoblastic leukemia (ALL) in
children. The antitumor activity of ANSII is correlated to its effect in depletion of L-
asparagine. In normal cells circulatory L-asparagine is hydrolyzed into L-asparatic acid
which is pumped inside the cell and then reconverted into L-asparagine destined to

protein synthesis by the action of asparagine synthase. Tumor cells instead lack
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asparagine synthase; thus, they are forced to use directly exogenous L-asparagine for
the protein synthesis. However, whether they are treated with ANSIl-based drug L-

asparagine level is drastically depressed and tumor cells head for apoptosis.®3

L-Asn —ANSI _ | asp L-Asn —ANSI _ | Asp m- L-Asp

[l

.“-lunnq%%g-----..‘.

L-Asp O L-Asp .

= -

= ]

asparagine E H

synthetase - :

H H

H -

H 3

L-Asn L-Asn 2 H

(for protein synthesis) (for protein synthesis) % ¥ 2

PR — 4
(a) (b) (C) apoptosis

Figure 8 - Schematic representation of the action of ANSII. (a) Health cells (blue circle) use ANSII to
covert L-asparagine (L-Asn) into L-aspartic acid (L-Asp) which can be delivered inside the membrane
and reconvert to L-Asn by asparagine synthase. (b) Tumor cells (red circle) instead employ directly (bold
black arrow) circulatory L-Asn since they lack asparagine synthase. (c) If a ANSIl-based drug (black
square) is administered, the depletion of circulatory L-Asn (grey font) causes the apoptosis of the cell
(dot red circle).

Several medical preparations of ANSIlI were or are commercially available. Since
1990s, Pegasparaginase — a 5 kDa PEG coated ANSII formulation — is mainly used
as drug. Its trade name is Oncaspar ®and is sold in UE, USA and Canada as injectable
solution. Considering its relevance as biological drug and the quality of the NMR
spectra collected in solution and at the solid state, ANSIlI was chosen as a model.

Transthyretin (TTR) is a plasma protein implicated also in human amyloid diseases.
Several small molecules that bind to the thyroxine-binding site of TTR have been
shown to stabilize the TTR tetramer and to inhibit amyloid fibril formation of TTR.

TTR amyloid fibrils are found in patients afflicted with familial amyloidotic
polyneuropathy (FAP), familial amyloid cardiomyopathy (FAC) and senile systemic
amyloidosis (SSA). More than 100 mutations have been shown to induce amyloidosis.
The structure of TTR is a homotetrameric B-sheet-rich protein composed of four
subunits, termed A, B, C and D. Each subunit is composed of 127 amino acid residues
and has eight 3-strands designated A-H and a short a-helix termed EF-helix. The TTR
tetramer is formed by the association of two dimers (the AB dimer and CD dimer). The
dimer—dimer contacts predominantly involve several hydrogen bonds and hydrophobic
interactions between residues located in the AB and GH loops. The TTR tetramer
contains two funnel-shaped T4-binding sites, each defined by a dimer—-dimer

interface.®
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Figure 9 - Crystal structure of TTR (PDB: 3TCT)

TTR has a lot of interesting functions, for instance, it is a physiological protein acting
as a hormone carrier. It is found in human plasma, where it binds to retinol-binding
protein and to thyroxine (T4). TTR is a potential drug carrier and has been recently
proposed as a multivalency Fab platform for target clustering.®® Considering its
relevance as potential delivery system and the quality of the NMR spectra collected in
solution and at the solid state, TTR was chosen as a model.

16



2. Materials and Methods

The present chapter describes all the experimental procedures for the production of
recombinant AB-peptides, A-synuclein, L-Asparaginase Il (ANSIl), Transthyretin
(TTR). These proteins are used to fulfill the aims of my PhD project. Protocols for their
expression and purification are reported.

2.1 Recombinant protein expression and purification

The requirement of rapid and economical production of high-quality recombinant
proteins, has driven the development of a variety of strategies for achieving high level
expression of protein. These strategies involve several aspects such as expression
vector design, gene dosage, promoter strength, mRna stability, translation initiation
and termination, host design considerations, codon usage, and fermentation factors.
The proper selection and manipulation of the expression conditions is essential in
obtaining the high yield of protein at low cost.

Several host systems for protein production, including bacteria, yeast, plants, fungi,
insect, and mammalian cells have been developed and evaluated. Their choice
depends on many factors, including cell growth characteristics, expression levels,
intracellular and extracellular expression, posttranslational modifications as well as
biological activity of the protein of interest.>®

For producing many recombinant proteins, E. coli is one of the most widely preferred
host organisms. The important advantages of this host organism are well recognized:
fast growing %7, high cell density is easily attained %8, inexpensive complex media can
be used for growth %°, well-characterized genetics, physiology and metabolism has led
to the availability of a large number of cloning and expression strains and vectors €,
transformation with foreign DNA can be straightforward and quick and at the end also
very easy to scale for fermentation. Furthermore, E. coli can also incorporate various
labelling types, including stable isotopes for NMR studies ¢! (e.g.2H, '3C, '>N)
radiolabels 62 (e.g. ®H, '“C, 3°S) and non-natural amino acids (e.g. Se-Met for
crystallography). 63

However, there are disadvantages in the E. coli expression system, especially for
producing biopharmaceuticals. These disadvantages include the inability to perform
posttranslational modifications found in eukaryotic proteins, since the prokaryotic cells

lack the Endoplasmic Reticulum and Golgi Apparatus, which are responsible for these
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important processes, low solubility, improper protein folding, inclusion body formation,
endotoxin issues, and poor secretion. These drawbacks are being addressed by
advances in biotechnology, thus allowing E. coli to remain an attractive protein
expression system. Affinity tags have greatly assisted the efficient purification of
proteins of interest, whereas solubility tags are still a trial and error experience and the
passenger protein can be differentially affected by several fusion tags.’* Once the
expression system is selected, the expression condition should be tested. It is
important to take into consideration such factors as culture media composition,
temperature, optical density, isopropyl-p-d-1-thiogalactoside (IPTG) inducer
concentration, induction time, as well as different E. coli strain possessing different
properties. For instance, E. coli strain BL21(DE3) and its derivatives are one of the
most widely used strains for recombinant protein expression. BL21(DE3) is protease-
deficient, lacking Lon protease (cytoplasm) and OmpT protease (outer membrane), it
also contains the ADES3 lysogen that carries the gene for T7 RNA polymerase under
control of the lacUV5 promoter, which can direct high-level expression of cloned genes
under control of the T7 promoter. Rosetta (DE3) and Ripl Codon Pluse for gene
containing rare codons, Origami (DE3) and Shuffle®T7 for protein containing disulfide
bridges and all the pLysS strain that contain a gene for Lysosyme that binds to T7 RNA
polymerase and inactivates the enzyme. After the addition of IPTG the expression level
of the polymerase will be much higher than that of lysozyme and this will overcome the
repression.

Optical density has significant effect. High cell-density culture system suffers from
several drawbacks, including limited availability of dissolved oxygen, carbon dioxide
levels which can decrease growth rates and stimulate acetate formation. Reduction in
the mixing efficiency of the culture and heat generation. Nutrient composition and
fermentation variables such as temperature, pH, and other parameters can
differentially affect the translation of different mRNAs, proteolytic activity, secretion,
and production levels.

The cell can be growth in different types of media: rich media, Luria Bertani (LB), 2xYT,
terrific broth, NZY and minimum media (M9).

For expression of isotopically enriched samples, the M9 medium supplied with ">NH4CI
and "3C Glucose is used.

After expression protocol optimization is essential, for the characterization, to obtain
high protein purity. The best protein purification strategy is one in which the highest
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level of purification is reached in the fewest steps, since each protein purification step
usually result in some degree of product loss.

The preliminary step in protein purification is cell lysis. The method of choice of protein
extraction depends on how fragile the protein is and how the cells are. Inadequate
chosen method can affect the target protein’s integrity and activity or expose it to
degradative condition. Among many various mechanical, physical or chemical
techniques, more frequently used are sonication, repeated freeze-thaw lysis, detergent
lysis enzymatic lysis and osmotic lysis.

The subsequent steps of purification procedure involve several chromatographic
methods. The three most used techniques in these works were: lon Exchange
Chromatography (IEX), Size Exclusion Chromatography (SEC) and Immobilized Metal
lon Affinity Chromatography (IMAC).

IEX separates proteins with different differences in charge. The separation is based on
the reversible interaction between a charged protein and an oppositely charged
chromatographic medium. Elution is usually performed by changing pH or lonic
Strenght of the elution buffer in a gradient.

SEC is a chromatographic technique in which molecules are separated by their size or
better by their Hydrodynamic Radius. The column matrix is composed of a range of
beads with slightly different pore sizes. When the dissolved molecules of various size
flow into the column, the large molecules migrate quickly through the column, because
they do not penetrate the pores.

IMAC is one of the most used technique. It separates proteins on the basis of reversible
interaction between sidechains of specific amino acids and a specific ligand attached
to a chromatographic matrix (mainly chelated transition metal ions e.g. Zn?* or Ni?*)

Elution is usually performed by using a competitive agent such as imidazole.
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2.2 Preparation of human recombinant AB-peptides with

exogenous methionine

Escherichia coli BL21 (DE3) pLysS were transformed with a pET3a vector cloned with
the gene encoding AB-peptides (1-40 and 1-42 with exogenous methionine). Fresh
transformed cells were resuspended in LB rich medium, and 100-fold diluted in the
medium and induced at an ODeoo value of 0.6-0.8 with 1.2 mM IPTG; after 3-4 h of
incubation at 37 °C, the cells were harvested at 7500 rpm (JA-10, Beckman Coulter).

Extraction step was performed through sonication for 35 minutes followed by IBs
solubilization through a homogenization process with Urea 8 M. Purification was
performed via anion exchange chromatography using AKTA FPLC System through the
Q-column with linear gradient of NaCl + Urea 8 M buffer (GE Healthcare HiPrep Q HP
5 mL). The last step of purification was a size-exclusion chromatography (SEC) using
the preparative column Sephadex 75 HiLoad 16/60 (or 26/60) with 50 mM Ammonium
acetate buffer at pH 8.5 as elution buffer.

13C and "SN-labeled AB-peptides was expressed in Escherichia coli grown in M9
minimal medium supplemented with >NH4Cl and "3C Glucose and purified as started
for E. coli in LB medium. There are also commercially available and quite expensive
enriched media (e.g., ?H,"3C,">N -enriched Silantes OD2 medium) which are
particularly advantageous for the expression of deuterated labeled protein in terms of
simplified cells adaptation process.

Sometimes, however main fraction of the protein is produced in the insoluble fraction
known as inclusion bodies (IBs). Although IBs are usually unwanted, they represent
still a possibility to obtain the protein, and they are a good alternative in the case of
intrinsically disordered proteins (IDPs). In case of structured protein, this problem can
be overcome by refolding process. It is a very challenging goal to achieve because
each protein can require specific different approach.

When also the refolding trials are unsuccessful, the last choice is to redesign the entire
system or to use another expression host.
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2.3 Preparation of human recombinant a-synuclein

Escherichia coli BL21 (DE3) Gold were transformed with a pT7-7 vector cloned with
the gene encoding a-synuclein. The overnight preculture of transformed cells was
diluted 100-fold in LB medium and induced at an ODggo value of 0.6-0.8 with 1 mM
IPTG; after 5 h of incubation at 37 °C, the cells were harvested at 4000 rpm (JA-10,
Beckman Coulter). The extraction was carried out through osmotic shock using 100
mL of the buffer Tris 30 mM, ethylenediaminetetraacetic acid (EDTA) 2 mM, and
sucrose 40%, at pH 7.2, according to Shevchik et al.®> and Huang et al.®¢

The suspension was then ultra-centrifuged at 20 000 rpm (Type 70 Ti rotor, Beckman
Coulter) for 25 min, and the pellet was collected and resuspended with 90 mL
precooled ultrapure water containing 38 puL of 1 M MgCl. and then ultra-centrifuged a
second time. Supernatants derived from these two centrifugation steps were combined
and dialyzed against 4 L of 20 mM Tris/HCI buffer at pH 8.0. The protein was then
loaded in the fast protein liquid chromatography system, and anion-exchange
chromatography was carried out with 0-50% linear gradient 1 M NaCl (GE Healthcare
HiPrep Q HP 16/10 Column). The collected fractions were lyophilized and
resuspended in 10 mM Tris/HCI, 1 mM EDTA, and 8 M urea at pH 8.0 for chemical
denaturation. To eliminate all of the protein that formed aggregates, two size-exclusion
chromatographies (HiLoad 16/600 Superdex 75 pg Column) were performed with 20
mM phosphate and 0.5 mM EDTA at pH 8.0 as the elution buffer. Purified a-synuclein
(a-syn) was dialyzed against Milli-Q water and lyophilized in batches for long-term
storage. The Roche complete protease inhibitor cocktail was added only during the
extraction step in the quantity suggested by the producer. '>N-labeled wild-type a-syn
was expressed in Escherichia coli grown in M9 minimal medium supplemented with

SNH4Cl and purified as started for E. coli in LB medium.

2.4 Preparation of E. coli L-Asparaginase Il

E. coli C41(DE3) cells were transformed with pET-21a(+) plasmid encoding ANSII
(with the signal peptide). Different culture media, always supplied with 0.1 mg mL""
ampicillin sodium salt, were used for the expression of differently isotopic labelled
ANSII and different expression approaches were employed. For the expression of
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natural abundance (NA) ANSII, transformed cells were inoculated into 10 mL LB
medium. After shaking at 37 °C overnight, the preculture was poured in 1 L LB fresh
medium which was let again shake at 37 °C until OD600 nm reached 0.6. The culture
was then induced with 750 uM IPTG, shaken at 25 °C overnight and pelleted by
centrifugation at 7500 rpm for 15 minutes.
For the expression of [U-'3C,’>N] ANSIl, a Marley-like method was applied.
Transformed cells were indeed inoculated in 10 mL LB medium and the preculture was
incubated at 37 °C for 8 hours under shaking, then 100-fold scaled up and kept on
shaking at 37 °C overnight. The culture was centrifuged at 4000 rpm for 20 minutes at
4 °C, then the harvested pellet was resuspended in 1 L M9 minimal medium, supplied
with 2.0 mM MgS0Q,, 0.2 mM CaCl,, 3.0 g "*C-D-glucose and 1.2 g ">N-ammonium
sulphate. After one hour of shaking at 37 °C, the culture was induced with 750 yM
IPTG, let shake at 25 °C for 5 hours and pelleted by centrifugation at 7500 rpm for 15
minutes.
Regarding the expression of [U-?H,'3C,"N] ANSII, transformed cells were inoculated
into 10 mL 2H,"3C,"®N -enriched Silantes OD2 medium. After shaking at 37 °C
overnight, the preculture was scaled up to 1 L of the same enriched medium which
was let again shake at 37 °C until OD600 nm reached 0.6. The culture was then
induced with 750 uM IPTG, shaken at 25 °C overnight and pelleted by centrifugation
at 7500 rpm for 15 minutes. Despite the expression protocol, all samples of ANSII were
extracted and purified in the same way. In particular, the cellular pellet was
resuspended in 10 mM Tris-HCI, pH 8.0, 15 mM EDTA, 20% w/V sucrose buffer (60
mL per liter of culture). The suspension was stirred at 4 °C for 20 minutes, then
centrifuged at 10000 rpm for 30 minutes. The supernatant was discarded, whereas the
pellet redissolved in H20 milli-Q (30-60 mL per liter of culture) and incubated at 4 °C
for 20 minutes under stirring. The mixture was again centrifuged at 10000 rpm for 30-
60 minutes. The pellet was discarded, while the supernatant was treated with solid
ammonium sulfate, which was added slowly under stirring at 4 °C until reaching 50%
of saturation. The precipitate was collected by centrifugation and then discarded,
whereas the supernatant similarly treated with solid ammonium sulfate until reaching
90% of saturation. This time, the supernatant was discarded, while the precipitate was
redissolved in a minimal amount of 20 mM Tris-HCI, pH 8.6 buffer. The solution was
dialyzed against 4 L of 20 mM Tris-HCI, pH 8.6 buffer, which was refreshed once after
a night. ANSII was further purified by anionic exchange chromatography using a
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HiPrep 16/10 Q FF column (GE Healthcare) which was preliminary equilibrated with
20 mM Tris-HCI, pH 8.6 buffer. The sample was loaded onto the column at 3 mL min-
1. After washing with 3 CV of binding buffer, the protein was eluted with a 0-300 mM
NaCl gradientin 15 CV. 5 mL fractions were collected and then checked by Coomassie
staining SDS-PAGE gels. Fractions containing the protein were joined and
concentrated down to 3 mg mL-'. An additional purification was achieved by size-
exclusion chromatography using a HiLoad Superdex 75 pg column (GE Healthcare).
The protein was eluted in 150 mM NaPi, pH 7.5 buffer. Fractions of pure protein were
joined, and the solution stored at 4°C.

2.5 Preparation of human recombinant Transthyretin

Escherichia coli BL21(DE3) RIPL PLysS cells were transformed with pET-28a(+)
plasmid encoding TTR gene. The cells were cultured in LB Medium containing
0.1 mg/mL of Kanamycin, grown at 37 °C, until ODesoo reached 0.6—-0.8, then induced
with 1 mM IPTG. They were further grown at 37 °C overnight and then harvested by
centrifugation at 6500 rpm (JA-10 Beckman Coulter) for 15 min at 4 °C. The pellet was
suspended in 20 mM Tris-HCI, pH 8.5 (60 mL per liter of culture) and sonicated at 4 °C
for 40 min. The suspension was centrifuged at 40,000 rpm (F15-6x100y Thermo
Scientific) for 40 min and the pellet discarded. TTR was purified by anionic-exchange
chromatography using a HiPrep Q FF 16/10 column (GE Healthcare Life Science). The
protein was eluted in 20 mM Tris-HCI buffer at pH 8.6 with a linear 0—1 M NaCl gradient.
Fractions containing pure TTR were identified by Coomassie staining SDS-PAGE gels,
then joined and purified by Size Exclusion Chromatography using HiLoad Superdex
26/60 75pg in 50 mM phosphate buffer at pH 7.5. "*N-labeled wild-type TTR was
expressed in Escherichia coli grown in M9 minimal medium supplemented with

SNH4Cl and purified as started for E. coli in LB medium.

2.6 UV-visible spectroscopy (UV-Vis)

UV-visible spectroscopy (UV-Vis) is a technique that measure the absorption of
electromagnetic radiation by molecules in the ultraviolet-visible region. In this region of

the electromagnetic spectrum, molecules undergo electronic transition.
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UV-vis spectroscopy allows for following ligand-binding interaction, enzyme catalysis,
conformation transition and is commonly used as a tool to quantify the concentration
of proteins and nucleic acids. Protein concentration can be determined by the
absorption around 280 nm (most of the proteins contain aromatic residues —
tryptophan, tyrosine and phenylalanine), using the Beer-Lamber law reported here:

A=ecl
In which e is the extinction coefficient ¢ is the concentration | is the optical length.

2.7 Fluorescence spectroscopy

Fluorescence spectroscopy is a common technique used in studies of the structure
and dynamics of macromolecules, which allows a real-time observation of the
dynamics of intact biological system with an unprecedented resolution. In fluorescence
spectroscopy, the molecule is first excited, by absorbing a photon, from its ground
electronic state to one of the various excited electronic states. This higher energy state
is unstable, and when the molecule returns to the ground state again a photon with a
different wavelength is emitted and can be measure.®’

Fluorescent studies provide several information about physical and physicochemical
properties of proteins, as well as their intermolecular interactions and conformational
changes. In addition, fluorescence spectroscopy can be used to study those structural
and dynamics properties of protein which are directly related to such biological
functions as specific binding, biocatalysis, membrane transport, and muscular motility.
However, the use of Fluorescence spectroscopy is only possible when the biologically
active compounds contain in their structure a fluorophore.

Fluorescent proteins contain three aromatic amino acid residues (tryptophan, tyrosine
and phenylalanine) which may contribute to their intrinsic fluorescence when are
excited by UV light. The most important is the presence of tryptophan, which has much
stronger fluorescence and higher quantum yield then the other two aromatic amino
acids.

In this thesis work fluorescence spectroscopy was used to monitor the formation of
aggregates of a-synuclein and amyloids. In vitro, the amyloid fibrils are easily and
readily detected by using benzothiazole salt Thioflavin T (ThT), a commonly used
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probe to monitor their formation. In particular, the binding of ThT to amyloid fibrils,
induces a shift in excitation maximum (385 nm to 450 nm) and emission maximum

(445 nm to 482 nm), as is shown in the spectrum in the Figure 10.

Relative Intensity (%)

500 600 700 800 900
Wavelength (nm)

Figure 10 - Excitation/emission spectrum of the fluorophore ThT (Reprint from AAT Bioquest's
interactive Spectrum Viewer tool)

The mechanism of ThT strong fluorescence signal at 482 nm has been associated with
the rotational immobilization of the central C—C bond connecting the benzothiazole and
aniline rings (Figure 11). The target sites of ThT-fibrils interaction are the side chain
channels along the long axis of amyloid filaments and the minimal binding site on the
fiber surface has been suggested to extend across three or four consecutive (3-strands.
The reagent binds rapidly and specifically to the anti-parallel beta-sheet fibrils but does
not bind to monomer or oligomeric intermediates. In addition, the binding of ThT does
not interfere with the aggregation of beta-amyloid peptide into amyloid fibrils.
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2.8 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique in which a beam
of electrons is transmitted through an ultra-thin specimen of interest, interacting with
the specimen as it passes through. An image is formed from the interaction of the
electrons transmitted through the specimen. Once the electrons pass the anode, they
are focused by condenser lens onto the sample grid. The sample grid is usually a
copper mesh grid with a support film. Before TEM analysis, specimen of interest is
adsorbed to this film and typically stained using a heavy metal salt which have high
atomic number capable of scattering electrons.

The TEM reveals levels of detail and complexity inaccessible by light microscopy
because it uses a focused beam of high energy electrons and allows detailed micro-
structural examination through high-resolution. It is used to investigate the
morphology, examine the structure, composition, and properties of specimens in
submicron detail.

In this thesis work was used to characterize the morphology and molecular architecture
of Amyloid peptides and Alfa-Synuclein fibrils and prefibrillar aggregates.

2.9 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is the most common of the Scanning Probe
Microscopy (SPM) techniques, diffusely applied in a wide range of research as well
as industrial fields. The surface is probed through a sharp tip, located at the free end
of a cantilever that is 100 to 400 ym long. This tip is some microns long, with a
curvature at the very end that is often less than 10 nm; high force sensitivities
(between 107 and 10-'2 N) make possible the measurement of a single, chemical
bond-breaking force. Having an appropriately sized tip is important for acquiring real
surface features and atomic resolutions, but advancements in piezoelectric
transducers (PZT) are responsible for enabling SPMs to probe a surface with sub-
Angstrom precision. As the tip is scanned over the sample, or the sample is scanned
under the tip, forces between the tip and the sample surface cause spatial deflections
and oscillations of the cantilever. The key information gathered in AFM comes with
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measuring those deflections, quantified by means of an optical lever system, coupled
with position sensitive a photodiode.

2.10 SSNMR spectroscopy

NMR spectroscopy is a technique based on the interaction of the nuclear spin with the
electromagnetic radiation, in the presence of an external magnetic field. Nowadays
solution and solid-state NMR (SSNMR), are powerful tools to characterize the
structure, dynamics, and interactions of biomolecules. Solution NMR is the most
common tool for structure determination and SSNMR is in continue development in
terms of sample preparation, device optimization and theoretical background.
SSNMR is one of the best techniques for obtaining atomic resolution structures of
amyloid fibrils, large protein complexes and bioconjugates.

In this thesis work SSNMR was applied to detailed structural characterization of fibrillar
assemblies, evaluation of the maintenance of High Order Structure (HOS) of protein
encapsulated in hydrogels. In these works, a method defined as sedimented solutes
NMR (SedNMR) was applied. In this method, experiments are used to observe
proteins that are sedimented from solution using an ultra-centrifugal field.58

To immobilize macromolecules and make them amenable for SedNMR studies,
sedimentation through in situ ultracentrifugation, by magic angle spinning (MAS) was
performed.®°

This application is possible on several systems with high molecular weight that are
large enough to sediment and thus become visible by SSNMR.®
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3. Results and Discussion

3.1 Mixing AB1-40 and AB1-42 peptides generates unique

amyloid fibrils

The aim of this work is to characterize the structure of the mixed fibrils (containing AR1-
42 and AB1-40 peptides) at atomic detail. My contribution to this project was to express
and purify AB1-42 and AB1-40 monomers and to generate fibrils by mixing the
isotopically enriched peptides in an equimolar ratio. AR peptides have been expressed
through different labeling schemes to confirm the observations previously
hypothesized in our lab during the past years. To investigate the arrangement of the
fibrils obtained by mixing AB1-40 and AB1-42 peptides, equimolar solutions of the two
proteins were mixed and the resulting fibrils investigated by Solid-state NMR
Spectroscopy (SSNMR). | was involved in the production of mixed fibrils using specific
labeling schemes to record SSNMR experiments to demonstrate the interleaved
arrangement of AB1-40 and AB1-42 peptides along the fibril axis. In particular, these

labeling schemes are:

e "N-uniformly enriched AB1-42/ '3C-uniformly enriched AB1-40.

e "N-uniformly enriched AB1-42/ natural isotopic abundance AB1-40 (control
sample).

e "N-uniformly enriched AB1-40/ natural isotopic abundance AB1-42 (control

sample)

In our experimental conditions, under vigorous agitation (aimed at favoring the
establishment of a thermodynamic equilibrium of AB1-40 and AB1-42), a very stable
and homogeneous interlaced 1:1 assembly was formed. The characterization of mixed
AB fibrils has been carried out by acquiring High-Resolution SS-NMR Spectra in
combination with microscopy (AFM and TEM).
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Recent structural studies show distinct morphologies for the fibrils
of AB(1-42) and Ap(1-40), which are believed not to co-fibrillize.
We describe here a novel, structurally-uniform 1:1 mixed fibrillar
species, which differs from both pure fibrils. It forms preferen-
tially even when Ap(1-42) : AB(1-40) peptides are mixed in a non-
stoichiometric ratio.

Among the major unknowns in Alzheimer’s disease research
are the mechanisms by which different AB(1-42) and/or AB(1-
40) aggregate species cause toxicity in mammalian cells. Most
biophysical studies on AP peptides reported in the literature
only deal with the behavior of a single alloform of the peptide,
and do not consider the many AP peptides that coexist in vivo.'™®
However, it has been widely demonstrated that increasing
amounts of AB(1-42) relative to AB(1-40) speed up the aggrega-
tion kinetics and also alter the pattern of spontaneously formed
oligomeric species,”™" which are considered the main toxic
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species.'>™* The rate of formation of these species is markedly
different between the two main isoforms.">'®

Kuperstein et al. have previously reported that all mixtures
of AB(1-42) and AP(1-40) peptides with ratios higher than 3:7
are equally prone to aggregation, and show a similar lag-
phase.'” Based on this observation, it was concluded that
toxicity results from an increase of the AP(1-42)/AB(1-40)
ratio, ' suggesting that the properties of mixture do not match
the sum of the properties of the two individual components,
therefore implying the formation of mixed species. The for-
mation of mixed intermediate species has been proposed,'”
and can be considered the result of the diverse conversion and
aggregation pathways of these peptides.'™'®'® However, it is
widely believed that AB(1-42) and AB(1-40) do not co-fibrillize."”
Whether the two alloforms interplay or act separately instead is an
important question, as this has implications for the propagation
of fibrillar seeds in the brain.”**"

We have prepared fibrils in the same experimental condi-
tions as those previously used to obtain well-shaped fibrils of
pure AB(1-40),> using a 1:1 ratio of the two isoforms (Fig. S1
and S2, ESIf). A new single species is spontaneously formed.
The mixtures before fibrillization show a marked toxicity to
cultured neurons (see for the characterization Fig. S3, ESIY).
When a 3:7 AB(1-42) : AB(1-40) ratio (previously found to be the
most toxic mixture'®) is used, the same single species is
observed, but with the excess AB(1-40) simultaneously forming
the same pure fibrillar species previously characterized by
Bertini et al.®* (Fig. S4, ESIt). No cross-peaks among the two
species are observable. The ratio between the two species has
been estimated from the intensity of the signals in the 2D
13C-13C correlation spectra and found to be approximately 4: 3,
in line with the expectation (see ESIt)|.

We have acquired solid-state NMR spectra on two samples of
the species obtained at the 1:1 ratio with either one of the
peptides uniformly *C-"°N labeled. The spectra of the labeled
AB(1-42) and the AB(1-40) components in the two 1:1 mixed
samples are superimposable (Fig. 1). The spectra of the AB(1-42)

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Section of the overlaid 2D *3C-**C-correlation spectra of the
AB(1-42) component (black) and of the AB(1-40) component (red) in the
1:1AB(1-42) : AB(1-40) mixed fibrils. Mixing time = 100 ms. Magnetic field:
700 MHz (16.4 T), dimension of rotor: 3.2 mm (~14 mg of fibrils), 12 kHz
spinning, 100 kHz *H decoupling, T = 283 K. The resonances are assigned
as indicated. The crosspeaks corresponding to 141 are magnified by a
factor 2.

component show some extra peaks (particularly for S8 and G9),
suggesting that the AP(1-42) may be more rigid than the AB(1-40)
in the N-terminal loop, as well as a few minor peaks attributable
to other species, possibly linked to a slight imbalance in the
concentration of the two isoforms. When assigned®** (Fig. S6
and S7, ESIt), the spectra yield the same intra- and intermolecular
contacts, showing that the conformation of the two peptides is
identical. Signals correlating the side chains of Leu17 with Leu34/
Val36, Phe19 with Gly33/Leu34, Ala21 with Ile32, and His13 with
Val40 were detected and assigned unambiguously on the *C-*C
correlation®® spectra at different mixing times on both samples
(see Table S1, ESIT). These contacts are only consistent with a U-
shaped conformation of the monomer typical of AB(1-40) and not
with the characteristic S-shaped conformation of AB(1-42)
(Scheme S1, ESIt).

When the unambiguous contacts are reported on the topol-
ogy of the monomer, it is clear that in the B-arch the reciprocal
packing of the two B-strands (f; and f,) (Fig. S8A, ESIY), is
different from that of pure AP(1-40) obtained in the same
conditions®* (Fig. S8B, ESLi and Scheme 1) and, instead,
resembles that reported for fibrils of pure AB(1-40) or AB(1-42)
obtained under different conditions by Tycko and Smith and
coworkers>**?” (Scheme S1, see ESL{ for the details of structure

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Topologies of monomer and the interprotofilament interface
identified in the present work and in previously studied pure Ap(1-40).2?
The dashed/dotted lines represent unambiguous experimental restraints
used to derive the corresponding topology. In the schematic description
of the monomer, the hydrophobic, acidic/basic, and other types of
residues are shown in white, black, and gray, respectively. The filled black
circles represent the C, of the Met35 residue. Other residues included in
SS-NMR-observed structural restraints for linking the protofilaments are
shown as hollow circles.

calculations), and has also the same register of the highly toxic
oligomers stabilized by an intramolecular disulfide bond between
residues 21 and 30, mutated to cysteine.”®

As previously observed,?* Lys28 is exposed to the solvent and
not involved in the formation of salt-bridges.”** The analysis
of the cross-peaks in the *C-'*C correlation spectra supports
the presence of a parallel arrangement of the protein molecules
along the B-spine. No cross-peaks correlating the N-terminus
and C-terminus of f; or f§, strands have been observed in
the spectrum of either sample. This indicates that the B-strand-
turn-B-strand motif is organized in parallel cross-p sheets as reported
in the literature for mature fibrils of AB(1-40).>*>?%%7333% This
model is further supported by the presence of a single pattern
of signals for each residue in the SS-NMR spectra. For symmetry
considerations, this is consistent only with the presence of a
parallel in-registry B-spine.*® Each of the B-spines constituting
the sides of the cross- sheet arrangement is called “protofila-
ment” for simplicity.

More specifically, the f,-f, arrangement of the 1-40 fila-
ments of both AB(1-40) and AP(1-42) are identical in the mixed
fibrils.

Chem. Commun., 2020, 56, 8830-8833 | 8831
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Fig. 2 2D ®N-"3C hNhhC spectra of the AB(1-42) : AB(1-40) mixed fibrils
in the 1:1 molar ratio, where (A) AB(1-42) is "°N-enriched and AB(1-40) is
*C-enriched, (B) AB(1-42) is *N-enriched and AB(1-40) is in natural
abundance. Magnetic field: 800 MHz (19 T, 201.2 MHz **C Larmor
frequency), dimension of rotor: 3.2 mm, 16 kHz spinning, 80 kHz 'H
decoupling; number of scans: 2048. The strong cross peaks in the
carbonyl and C, regions in (A) and the total absence of signals in (B) clearly
demonstrates that the transfer in (A) is occurring between the two allo-
forms. (C) The H-bonds pattern of AB(1-42) interlaced with AB(1-40) in the
B-spine is displayed.

Homogeneous protofilaments of either AB(1-40) or AB(1-42)
can be excluded by the presence in the spectra of cross-peaks
between N-terminus and C-terminus of the f3, strand, which
would not be present if all the labeled peptide molecules were
in the same protofibril (Fig. S9 and S10, ESIt). We are thus left
with the possibility of an interlaced arrangement. To further
prove this, fibrils from 1:1 mixtures of "*N-enriched AB(1-42)
and '*C-enriched AB(1-40) were prepared, in such a way as to
have NMR signals only if "N and "*C nuclei are in close
proximity. In particular, a two-dimensional nitrogen-carbon
correlation experiment, 2D "*N-"*C hNhhC?® shows good signal
intensity in several parts of the spectrum and particularly in the
NH-carbonyl region, thus demonstrating direct, short range
contacts between AP(1-40) and AP(1-42) filaments (Fig. 2),
further confirmed by a 1D TEDOR experiment (Fig. S11, ESI).*”
These data demonstrate beyond any doubt that AB(1-40) and
APB(1-42) can co-fibrillize in a 1:1 ratio to form an interlaced
fibril (Fig. 3 and Fig. S12, ESI¥).

The heterogeneity observed in the SS-NMR spectra of pure
AB(1-42) under the present conditions may reflect the endpoint
of a fast aggregation reaction, which is instead prevented by the
formation of a 1:1 product when AB(1-40) and AP(1-42) are
present simultaneously in solution and which also favors a

8832 | Chem. Commun., 2020, 56, 8830-8833
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Fig. 3 Structural model of AB(1-40)/AB(1-42) interlaced mixed fibrils. The
AB(1-42) polypeptide is colored in magenta while the AB(1-40) polypep-
tide in blue.

conformation with the turn at positions G25 and S26 over the
one with the turn at positions E22 and D23, which are puta-
tively involved in the toxicity of early aggregates.’®*° In the
present interlaced fibrils, the observed U-shape register ideally
accommodates the requirements of both filaments, and is
likely to provide an extra stabilization by preventing the steric
clashes potentially caused by Ile41 and Ala42 because these two
residues are alternatively present and absent in the interlaced
fibrils. The buried surface area is maximum for the mixture in
this arrangement, see Table S5 (ESIT).

The present observation that a single fibrillary species is
obtained from mixtures of AB(1-42) and AP(1-40) indicates that
the interplay between the two alloforms may contribute to
extend the number of possible polymorphs formed by these
peptides, increasing the complexity of the structural landscape
of the amyloid aggregates, which may correspond to phenotypic
differences.”® We expect that the availability of a structural
model for this mixed-species will be useful for a better under-
standing of the variable nature of cross-seeding,*****
as in the development of potential drugs.****
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Figure S1. Native polyacrylamide gel electrophoresis of mature fibrils showing no sign of smaller

aggregates; Arrows indicate high molecular weight aggregates (top) and monomers (bottom),
respectively. The abbreviation PF stand for protofibrils, M for monomers. The prepared amyloid
fibrils are detectable in the gel pockets, while monomers or smaller protofibrillar AB(1-42)
oligomers, which were used as controls, can enter the separating gel. This indicates that all three
aggregate preparations contain large, relatively stable structures that cannot be dissociated with

native polyacrylamide gels.
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Figure S2. Analysis of 1:1 AB(1-42):AB(1-40) mixed fibrils by AFM (A, B) and TEM (C, D). B)
and D) show a detail from A and C in higher magnification (see frames). A) and B) color gradient:
0-40 nm height. D) The line and the arrowheads illustrate how the length and breadth of fibrils were
determined. Under the fibrillization conditions used in the present work the resulting fibrils appear
short and highly associated in flat bundles, which do not disassemble to isolated fibrils upon
sonication (data not shown). For length determination 592 fibrils have been measured which show
an average length of 106.61 nm (SD = 54.75). For breadth determination 244 fibrils have been
analyzed which show an average breadth of 3.25 nm (SD = 0.67).
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Figure S3. (A) Viability of primary hippocampal mouse neurons in a Cell-Titer blue assay after 72
h treatment with 10 pM of pre-aggregated pure AB(1-40), pure AP(1-42), and mixture of AB(1-
42):AB(1-40) peptides in different ratios. In this assay only the 1:1 AB(1-42):AB(1-40) preparations
induce a significant reduction of cell viability of about 30 % (Mean+St.Dev.,***p<0.001, 2-tailed
unpaired t-test, comparison to untreated cells, n=3-4). All other preparations did not significantly
reduce cell viability, indicating that they are less toxic than the 1:1 AP(1-42):AB(1-40) preparations.
Note that non-aggregated and aggregated A} preparations at a concentration below 10 pM did not
show any cytotoxicity under the same conditions. (B) Presence of fibrillar (Thioflavin-T reactive)

species in the samples at different incubation times. Mean+St.Dev., ThT concentration 12 uM (vide

infra).
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Figure S4. A) 2D SN-13C NCA spectra of the AB(1-42):AB(1-40) mixed fibrils in the 3:7 molar
ratio (black) overlaid with the 2D N-13C NCA spectra of AB(1-42):AB(1-40) mixed fibrils in the
1:1 molar ratio (red) and with fibrils of pure AB(1-40) (blue). Magnetic field: 700 MHz (16.4 T),
dimension of rotor: 3.2 mm (~10-14 mg of fibrils), 14 kHz spinning, 100 kHz 'H decoupling. B) 2D

13C-13C correlation spectra (in the region of the Co of the isoleucine residues) of the AP(1-

42):AB(1-40) mixed fibrils in the 3:7 molar ratio (black) overlaid with the 2D 3C-13C correlation
spectrum of AB(1-42):AB(1-40) mixed fibrils in the 1:1 molar ratio (red) and with 2D '3C-13C-
correlation spectrum of fibrils of pure AP(1-40) (blue). Magnetic field: 700 MHz (16.4 T),
dimension of rotor: 3.2 mm (~10-14 mg of fibrils), 12 kHz spinning, 100 kHz 'H decoupling.
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Figure S5. A) 2D BC-13C correlation spectrum of the AB(1-42) aggregates. Magnetic field: 700
MHz (16.4 T), dimension of rotor: 3.2 mm (~10-14 mg of aggregates), 12 kHz spinning, 100 kHz
'H decoupling; B) 2D N-13C NCA spectrum of the AB(1-42). Magnetic field: 700 MHz (16.4 T),
dimension of rotor: 3.2 mm (~10-14 mg of aggregates), 14 kHz spinning, 100 kHz 'H decoupling.
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Figure S6. (A) 2D N-13C NCA spectrum of the AB(1-42) component (black) overlaid with the 2D
IBN-BC NCA spectrum of the AB(1-40) component (red) in the 1:1 AP(1-42):AB(1-40) mixed
fibrils; the full assignment of the spectrum is shown. (B) 2D N-3C NCA spectrum of the AB(1-
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Figure S7. Secondary structural analysis of AP(1-42):AB(1-40) mixed fibrils (1:1 ratio). Chemical
shift differences with respect to the corresponding random coil values (panel A) and residue specific
B-probabilities predicted by TALOS+ (panel B) are displayed. In panel A the red line indicates the
cutoff of -1.4 ppm and the A6Ca shifts for the glycines are displayed in light-grey.
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Table S1. Long-range intramolecular contacts between ;- and B,-strands observed and used for

deriving the structural models of AP(1-42):AB(1-40) mixed fibrils in the present work.

Number Contacts Source spectra
1 HI13 Cg, - V40 CB DARR (300 ms)
2 HI3 Cy - V40 Cy, DARR (300 ms)
3 H13 Cy-V40 CB DARR (300 ms)
4 L17 CB - L34 C8, DARR (100 ms)
5 L17 CB - L34 CS§, DARR (100 ms)
6 L17 CB-L34CP DARR (100 ms)
7 L17 C3,- V36 Cy, DARR (100 ms)
8 L17N-L34Cs, PAIN(10ms)
9 L17 N - L34 C§, PAIN(10 ms)
10 F19 C§, - L34 C3, DARR (200 ms)
11 F19 CB - G33 Ca DARR (100 ms)
12 A2l Co - 132 Cy, DARR (300 ms)

13 A21 CB-132 Cy, DARR (100 ms)
14 A21 CB-132CPB DARR (300 ms)
15 D23 CB - A30CB DARR (100 ms)
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A B1-turn p2 topology in 1:1 Ap(1-42):Ap(1-40)

GLU-11

Figure S8. Folding of the monomeric AB(1-40) peptide in the model of 1:1 AB(1-42):AB(1-
40) mixed fibrils (A) and in the model obtained for the fibrils of pure AB(1-40) 2 (B). It is clear
that, in the current conformation of the f—arch, the contacts indicate a reciprocal packing of the two
B-strands (B; and B;) (A), which is different from that previously calculated for the fibrils of pure

APB(1-40) 2 (B), but is consistent with the contacts observed in reference 1°.
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Table S2. Long-range intermolecular contacts between two [3,-strands observed and used for
deriving the structural models of AB(1-42):AB(1-40) mixed fibrils in present work. The contacts of
the side chains of Ile31 with Gly38/Val39/Val40, and of Met35 with Gly38/Val39, indicate the
presence of a head-to-tail antiparallel association of two B,-strands of different monomers. These
experimental restraints are in agreement with a two-fold rotational symmetry (also reported for the

co-aligned homo-zipper model ) and with the parallel registry of the protofilament.

Number Contacts Source spectra
1 M35 Ce-V39Cp DARR (200 ms)
2 M35 CB - G38 Ca PDSD (400 ms)
3 131 C3,- G38 Ca PDSD (400 ms)
4 I31 Cy,- G38 Ca. PDSD (400 ms)
5 131 CB - V39 Cy, DARR (200 ms)
6 131 C3;- V39 Cy, DARR (200 ms)
7 131 Cy,- V39 C DARR (100 ms)
8 131 Cy,- V39 CB DARR (200 ms)
9 131 Cy,- V39 Cy, DARR (100 ms)
10 131 Cy,- V40 Cy, DARR (200 ms)
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A Inter-protofilament contacts between two monomers
of AB(1-40) in 1:1 Ap(1-42):Ap(1-40)

Figure S9. Lateral packing of two different protofilaments in the model of 1:1 AB(1-
42):AB(1-40) mixed fibrils (A) and in the model of the fibrils of pure AB(1-40) 2 (B), calculated
implementing long-range distance restraints in HADDOCK “. The contacts and the generated model
(A) are similar, but not identical, to those of the pure AB(1-40) (B) 2. In particular, the contacts
Tle32-Val39, Gly33-Val39 and Met35-Gly37 are not observed in the mixed fibrils, while the
additional contact between Ile31 and Val40 is observed because of the higher rigidity of Val40.
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B 1-turn—-P2 topology Inter-protofilament contacts

A)  AR(I-40YAB(1-42) mixed fibrils G) ARi1-40y.AM1-42) mixed fibrils

® s @@

B) Ap(1-40) Bertini and coworkers 2011 H)

C) Ap(1-42) Grffin and coworkers 2016 and Meler and I) Ali{1-42) Griffin and coworkers 2016 and Maier and
coworkers 2016 cowarkers 2016

Scheme S1. Different B-strand zippers in various SS-NMR-derived structural models of A fibrils.
The topologies of the Bi-turn-f3, motif identified in the present work (A) and in other previously
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studied AB(1-40) fibrils (B, D) 237 and AB(1-42) fibrils (C, E, F) 310 are shown in the left column.
The dashed/dotted lines represent unambiguous experimental restraints used to derive the
corresponding topology. In the schematic description of distinct structures of the U-shaped motif,
the hydrophobic, acidic/basic, and other types of residues are shown in white, black, and gray,
respectively. The topologies of the interprotofilament interface (B,-B, zippers) in the fibrils
determined in the present work (G) and proposed in previous studies (H, I, J, K) 2°¢ are shown in
the right column. The dashed lines represent unambiguous experimental restraints used to derive the
corresponding topology. The filled black circles represent the Ce of the Met35 residue. Other
residues included in SS-NMR-observed structural restraints for linking the two [B,-strands are
shown as hollow circles. Residues Ile41 and Ala42, in the present model of the mixed fibrils, are

indicated with dashed circles to stress that both AB(1-40) and AB(1-42) share the same arrangement.
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Figure S10. Possible reciprocal packing modes of AB(1-40) and AB(1-42) peptides along
the fibril axis generated and scored by HADDOCK 2.2 4 homogeneous protofilaments (all
composed of either AB(1-40) or AP(1-42) peptides) that form a mixed cross-f structure (model A);
interlaced protofilaments that form a paired (model B), or staggered (model C) cross-f structure.
The APB(1-42) polypeptide is colored magenta and the AB(1-40) polypeptide in blue. The model of
pure AB(1-40) fibrils is also displayed (panel D).2 Model A is excluded by the presence of cross-
peaks between the N-terminus and C-terminus of the B, strand. Arrangements B and C are very

similar and equally possible (see Table S3).
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150 100 50

5 “C (ppm)

Figure S11. 1D zTEDOR spectra of the AP(1-42):AB(1-40) mixed fibrils in the 1:1 molar
ratio, where A) AB(1-42) is ""N-enriched and AB(1-40) is '3C-enriched and B) AB(1-42) is 'SN-
enriched and AB(1-40) is in natural abundance, and C) AB(1-42) is in natural abundance and AB(1-
40) is ’N-13C-enriched. Magnetic field: 800 MHz (19 T, 201.2 MHz 3C Larmor frequency),
dimension of rotor: 3.2 mm, 16 kHz spinning, 80 kHz 'H decoupling. The number of scans was
tuned according to the sample amount (10240, for sample A and C, and 40960 for sample B). The
signal of the backbone carbonyls appears only in (A), whereas it is absent in (B), confirming an
interlaced arrangement. The spectrum (C) shows relatively lower intensity in the carbonyl region

because the coupling across the hydrogen bond is masked by other intra-filament couplings.
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Figure S12. Family of the best four structures corresponding to model B (left) and model C
(right), obtained with an experimental restraint-driven calculation with HADDOCK 2.2. Two
identical interlaced AP(1-40)/AP(1-42) protofilaments (left) and two different interlaced
protofilaments, AP(1-40)/AP(1-42) and AP(1-42)/AP(1-40) (right) have been considered,
respectively, in the calculations. The HADDOCK-scores for the models of the two families are not
very different, although somewhat more favorable for the right-hand model (Table S3), so that firm

conclusions for one or the other model cannot be drawn.
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Table S3. HADDOCK statistics evaluated on the 200 water refined models. The reported data are
related to the best four structures of the clusters with the lowest HADDOCK-scores. The packing

density and number of cavities have been evaluated using the Voronoia plugin in Pymol !!.

Model B Model C
HADDOCK-Score -353+5 267 +2
HADDOCK-Score
-394 +5 299 +£2
(Without EAIR)
NP° of structures of
199 200
the cluster
RMSD 03+0.2 0.3+0.2
Desolvation Energy -185+£4 -150 £5
Buried surface area
4862 + 33 4686 + 21
(BSA)
Ambiguous
interaction restraint 418 + 23 321+8
energy (EAIR)
A ki
verage packing 0.810.01 0.82 4 0.01
density
Number of cavities 22 +4 29+5
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Table S4. HADDOCK statistics evaluated on the water refined models of model B, fibrils of pure

AB(1-40) and fibrils of pure AP(1-42) in the S-shaped conformation after HADDOCK

minimization. The reported data are related to the best four structures of the clusters with the lowest

HADDOCK-scores.

AB(1-42) 2 s

energy (Ear)

conformation
HADDOCK-Score -353+5 -322+3 -407 £0.4
HADDOCK-Score
-394+ 5 -326+3 -408 £ 0.4
(without EAIR)

RMSD 03+0.2 02+0.1 0.2+0.1
Desolvation Energy -185+4 -135+4 -104+5
Buried surface area

4862 + 33 4073 £ 30 5617 +71

(BSA)

Ambiguous
interaction restraint 418 £23 38+4 15+£2
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Table S5. HADDOCK statistics evaluated on 20 water refined models. The reported data are
related to the best four structures. The calculations were performed on the HADDOCK?2.2 web-
server using the refinement interface. The models that were refined derived from calculations where
the last residues of AB(1-42) were left free without the imposition of B-strand restraints.

AB(1-40) AB(1-42) AB(1-40)/
monomer AB(1-40) monomer Ap1-42) Ap(1-42)
monomer monomer
conformation . conformation . monomer
conformation conformation .
of of conformation
.. of . . of
Bertini et al. rrent work Bertini et al. current work of
2011 o 2011 " current work
HADDOCK-
-238+3 205+£2 204 £3 -235+3 -266 £ 1
Score
N° of
structures of 20 20 20 20 20
the cluster
RMSD 0.3+£0.2 0.3+£0.2 0.3+£0.2 0.3+£0.2 03+0.2
Desolvation
57+1 371 49+ 6 -68+5 581
Energy
Buried
surface area 4072 + 29 3979 £22 4703 + 56 4661 + 40 4888 + 37
(BSA)
Ambiguous
interaction
T+2 19+2 T+2 18+ 4 21+1
restraint
energy (Ear)
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Methods
Expression, purification, and sample preparation of AP(1-42):Ap(1-40) mixed fibrils

The cDNAs encoding the AB(1-40) and APB(1-42) polypeptides were cloned in the pET3a
vector using the Ndel and BamHI restriction enzymes. The peptides were expressed in the BL21
(DE3)pLys E. coli strain.

The peptides were purified as reported in the literature >!3-1® with the modification of using a
combination of anion-exchange and size exclusion chromatography. All the manipulations were
performed at slightly alkaline pH in order to avoid the formation of structural contaminants
produced by isoelectric precipitation. The inclusion bodies were first solubilized with 8 M urea and
then purified by ion exchange chromatography performed in batch. All the obtained fractions of the
diluted proteins were concentrated to a final volume using an Amicon device. The next step of
purification was gel filtration, which was performed using the preparative column Sephadex 75
HiLoad 26/60 with 50 mM (NH4)OAc pH 8.5 as a buffer. The obtained fractions were collected
together and concentrated. During all the purification steps, the protein purity was analysed by

SDS-PAGE, whereas the protein concentration was estimated spectrophotometrically.

Both AB(1-42) and AB(1-40) bear the exogenous N-terminal Met0O due to the introduction of
a translation start codon that has been shown previously to not significantly influence aggregation
or toxicity of AP aggregates '4!7. Both peptides were expressed using the Marley method '8, and
purified as reported in literature >'3-16 but using a combination of anion-exchange and size
exclusion chromatography 2. These two-steps of purification allowed us to obtain highly pure
products with the yield in the range of 10 mg for Ap(1-40) and 5-10 mg for AP(1-42) per liter of
culture 1921,

The fibrils for SS-NMR studies were produced as described by Bertini et al. 2. Some
samples were obtained by mixing 3C, ’N-uniformly enriched AB(1-40) polypeptide with AB(1-42)
in natural isotopic abundance. Solutions containing AB(1-42) and AP(1-40) (total concentration of
100 uM) in 50 mM ammonium acetate (pH 8.5) were incubated at 310 K under agitation (950 rpm)
for 5 weeks. The 3:7 mixture sample was prepared using 30 uM and 70 uM of AP(1-42) and AB(1-
40) respectively, while the 1:1 sample was produced using the same concentration (50 pM) of both
proteins. The 3:7 sample spontaneously resulted in two species (see main text), one of which
corresponds to the previously characterized pure AP(1-40), and the other is a different species.
Assuming that all the available AB(1-42) 30 pM formed fibrils with a stoichiometric amount of
APB(1-40), 40 uM of AP(1-40) are free to form pure fibrils that, having a symmetric dimer as basic

unit, contribute to 4/3 times the signal intensity of the other species, in line with the experimental

S21

54



observation. Fibrils were collected by ultracentrifugation at 60,000 rpm and 277 K for 24 h. The
pellet was washed with fresh and cold ultrapure water (Millipore) for three times (1 mL per time).
About 14 mg of wet material were packed into a 3.2 mm ZrO, magic angle spinning (MAS) rotor at
277 K using an ultracentrifugal device (GiottoBiotech) 2%23. The fibril samples were kept fully
hydrated during all steps.

An equimolar mixture of 3C, N-uniformly enriched AB(1-42) polypeptide (50 uM) and
AP(1:40) polypeptide (50 uM) in natural isotopic abundance was prepared using the same protocol.

13C, SN-uniformly enriched AB(1-42) fibrils were also grown, incubating the AP(1-42)

polypeptide at the concentration of 20 uM to slow down the oligomerization process.

Equimolar mixtures of AP(1-42) and AB(1-40) polypeptides with different labeling schemes
['*N-uniformly enriched AB(1-42)/'3C-uniformly enriched AB(1-40) and 'N-uniformly enriched
AP(1-42)/matural isotopic abundance AP(1-40)] were also prepared following the same protocol.

Preparation of AP(1-42) monomer solutions and Af(1-42) protofibrillar aggregates

Synthetic AB(1-42) peptide produced by Bachem (Bubendorf, Schwitzerland) was dissolved
in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) for three days, aliquoted and then lyophilized.
Monomeric AB(1-42) solutions were prepared by dissolving peptides in 10 mM NaOH, sonication
for 5 min and dilution to the final concentration in low salt buffer (LSB, 1.9 mM KH,PO,, 8.1 mM
K,HPO,4, 10 mM NaCl, pH 7.4). Synthetic AB(1-42) peptide produced by the laboratory of Dr.
Volkmar-Engert (Institute for Medical Immunology, Charité, Berlin, Germany) was dissolved in
HFIP overnight, sonicated for 30 min, aliquoted and then lyophilized. HFIP-treated peptide was
dissolved in 100 mM NaOH, sonicated for 5 min and diluted in LSB to a final concentration of 200
UM. The solution was incubated for 6 h in an Eppendorf Thermomixer (Wesseling-Berzdorf,
Germany) at 310 K and 300 rpm. The protofibrillar aggregate species was aliquoted and stored at
193 K.

Separation of AP(1-42) aggregates by native gels.

AP aggregates or monomers (4.5 pL, 10 uM) were diluted with NativePAGE 4x sample
buffer (2.5 pL, Invitogen/Thermo Scientific, Dreieich, Germany) and LSB. Samples were loaded
onto a Novex Bis-Tris 4-16% gel (Invitogen/Thermo Scientific, Dreieich, Germany) and separated.
Aggregates were transferred to a nitrocellulose membrane (GE Healthcare, Freiburg, Germany) and
visualized using the 6E10 antibody (BioLegend, San Diego, US) and a mouse anti-POD detection
antibody (Sigma, Taufkirchen, Germany). Secondary antibody binding was detected by
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chemiluminescence using ChemiGlow West Substrate (Alpha Innotech, Kasendorf, Germany);

luminescence was measured using a FujiFilm LAS-3000 imager (Fuji, Kleve, Germany).
Microscopic characterization

For the AFM measurements of AP(1-42):AB(1-40) mixed fibrils, sheet mica (Glimmer V3;
Plano, Wetzlar, Germany) was glued to a microscope slide and samples (20 pL) were adsorbed for
10 min onto the freshly cleaved mica, washed with freshly filtered deionized water (4x30 pL) and
dried overnight. Dry AFM images were recorded on a Nanowizard II/Zeiss Axiovert setup (JPK,
Germany) using intermittent contact mode and PPP-NCHAuD probes (NANOSENSORS™,

Neuchatel, Switzerland).

For the TEM measurement, samples of AP(1-42):AB(1-40) mixed fibrils were adsorbed onto
formvar-carbon coated grids, stained with 5 % of uranyl acetate, and analyzed with a Morgagni
electron microscope (Thermo Fisher), and a Morada camera. Pictures were taken and analyzed with

the iTEM software (EMSIS GmbH, Miinster, Germany).

Cell viability assay

Primary hippocampal neurons were prepared from trypsinized brains of 17-days old
C57/Bl6 mouse embryos, and plated out in minimal essential medium (Invitrogen, catalogue no.
31095-029) supplemented with horse serum, penicillin, and streptomycin (PenStrep, Invitrogen,
catalogue no. 15140-122). 4 h after plating, medium was replaced with Neurobasal medium (NB,
Invitrogen, catalogue no. 21103-049) supplemented with B27 (Invitrogen, catalogue no. 17504-
044), and PenStrep. Neurons were grown in B27-supplemented Neurobasal medium for 10 days,
and then were treated with 10 uM of pre-aggregated AB(1-40), AB(1-42) and a mixture thereof (Fig.
S3 A). Pre-aggregation was obtained from recombinant monomers incubated at the concentration of
100 uM in Tris-EDTA buffer (50 mM Tris, | mM EDTA, pH 7.4) for 2 h at room temperature. At
this stage, AB(1-42) and preparations AB(1-42):AB(1-40) 1:1 and 3:7 demonstrated a pronounced
Thioflavin T (ThT) incorporation whilst AB(1-40) and AB(1-42):AB(1-40) 1:9 still had a very low
content of aggregates (Figure S3 B). AP(1-40) aggregation was detectable at 10 h and 20 h of
incubation, and aggregation of AP(1-42):AB(1-40) 1:9 increased at 20 h of incubation (Figure S3
B). After 72 h treatment, 10 pL Cell-Titer-Blue dye (Promega) was added to 200 pL of the culture
medium on the cells. After 3 h, the fluorescence intensity of the samples was measured at an
excitation wavelength of 560 nm and an emission wavelength of 590 nm. Data was normalized to
untreated cells (100%) and presented as MeantSt.Dev.; statistical significance is indicated by ***

(Figure S3 A), p<0.001, 2-tailed unpaired t-test (comparison to untreated cells), n=3-4.
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NMR measurements

I5N-BC NCA and NCO (2D), NCACX, NCOCX, NCACB, N(CO)CACB and CANCO (3D)
experiments were performed either on a Bruker Avance III 850 MHz wide-bore spectrometer (20.0
T, 213.7 MHz 13C Larmor frequency), or on a Bruker Avance II 700 MHz wide-bore spectrometer
(164 T, 176.1 MHz '3C Larmor frequency) using 3.2 mm DVT MAS probeheads in triple-
resonance mode. MAS frequency (w,/2m) was set to 17.0, 14.0 or 12.0 kHz (+ 2 Hz) depending on
the experiment. The NCA, NCO, NCACX, NCOCX, NCACB, N(CO)CACB and CANCO
experiments were carried out using the pulse sequences reported in the literature 2425, At 700 MHz
NC transfers were achieved by optimal-control derived pulses 6. Backwards CN transfer was
achieved with a time-reversal of the same optimal-control pulses. The amount of material used to
fill the rotor was ~ 10-14 mg; NCA and NCO experiments were acquired using 256 and 128 scans,
respectively, with an acquisition time on tl dimension of 9 ms, and a recycle delay of 1.8 sec;
NCACX and NCOCX experiments were acquired using 64 and 32 scans, respectively, with an
acquisition time of 7 ms on t1 dimension and of 6 ms on t2 dimension, and a recycle delay of 1.9
sec; NCACB and N(CO)CACB experiments were acquired using 64 and 144 scans, respectively,
with an acquisition time of 5 ms on t1 dimension and of 4 ms on t2 dimension, and a recycle delay
of 1.9 sec; CANCO experiment was acquired using 64 scans, with acquisition time of 5 ms on tl
dimension and of 6 ms on t2 dimension, and recycle delay of 2 sec.

2D 1BC-13C proton-driven spin diffusion (PDSD) 27, dipolar-assisted rotational resonance
(DARR) 2728 and Second-order Hamiltonian among Analogous Nuclei Generated by Hetero-nuclear
Assistance Irradiation (SHANGHAI) ?° correlation spectra with different mixing times (15 to 800
ms) were recorded on the 700 MHz instrument. For these experiments, the MAS frequency was
stabilized at 12 kHz (= 2 Hz). SHANGHAI was included, with respect to the characterization
reported in 2, because it warrants a more homogeneous transfer throughout signals at different
frequencies at high field and moderate spinning rates. The *C-13C correlation spectra were acquired
using increasing number of scans with increasing mixing time (from 32 scans for shorter mixing
times up to 96 scans for longer mixing times). For the sample of the 1:1 mixture of AB(1-42): AB(1-
40) were AP(1-42) is 3C-15N isotopically enriched higher number of scans were employed since the
amount of material was smaller (~8-10 mg; number of scan from 128 to 256). The acquisition time
on t1 dimension was 8 ms and the recycle delay 1.9 sec.

Bidimensional (2D 'SN-13C hNhhC, 500 pus HH mixing time) and monodimensional
(zTEDOR, 10 ms mixing time) nitrogen and carbon correlation spectra were recorded on a Bruker
Avancelll spectrometer operating at 800 MHz (19 T, 201.2 MHz '3C Larmor frequency) equipped

with Bruker 3.2 mm Efree NCH probe-head. The spectra were recorded at 16 kHz (= 2 Hz) MAS
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frequency; the number of scans was 2048 for the bidimensional (10 ms of acquisition time on tl
dimension) and 10240 or 40960 (according to the fibril amount) for the monodimensional
experiments, respectively; the recycle delay was 3 sec.

In all cases, '"H decoupling was applied at 80-100 kHz (optimized on the basis of the 13C'
echo lifetime 3°) using sw{TPPM 31733, During the experiments, the sample was cooled by a dry,
cold air flow (> 935 L/h), and the effective sample temperature was estimated to be ~283 K 23,

Spectra were analyzed by the program CARA (Computer Aided Resonance Assignment,
ETH Zurich) 34,

SS-NMR data analysis and structural modeling.

Sequential assignment of the new species present in the AP(1-42):AB(1-40) mixed fibrils,
where either AB(1-40) or AB(1-42) was '3C, SN-uniformly enriched, was performed using the same
procedure for both samples, starting from the identification of the residues 311le-321Ile. These two
consecutive residues can be identified following the signals of the two sidechains, which can be
easily distinguished in the 2D '3C-13C correlation spectra. Starting from these residues, the
sequential assignment was obtained by analyzing the 3D ’N-13C spectra according to the procedure
reported by Bertini et al. 2. The assignment is deposited in the BMRB with ID 34455). The
secondary structure was predicted by TALOS+ 3 using the chemical shifts of the N, C, Co. and CB.

For model building, the length of the [, and B, strands was based on the secondary structure
predicted by TALOS+. The B;- and B,-strands were then docked to one another by HADDOCK *#
using all the experimental long-range B,-B, restraints. HADDOCK calculations were performed on
the WeNMR GRID (http://www.wenmr.eu/, Guru interface, see supporting information for details).

The B-sheets were then generated by duplicating the B, and B, strands along the direction of
the backbone N-H and C=0 bonds with PYMOL, using the inter-strand distance of 4.8 A 36, typical
of the parallel register. Eight B-strands for each ; and 3, sheets were generated, considering for the
[,-sheet an interlaced arrangement of the AP(1-40) and AB(1-42) monomers.

The turn regions were randomly generated using MODELLER 37 and the final one was
selected from the resulting pool of 50 structures.

The inter-protofilament structural models were generated by docking calculations starting
from two PB,-sheets belonging to two different protofilaments and imposing non-crystallographic

symmetry restraints between the two B,-sheets.

During HADDOCK calculations, first the B;- and B,-strands were docked to one another,

using all the experimental long-range B;-B, restraints of ;- and f,-strands. The lower distance
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cutoff was set to 3.0 A, and the upper to 6.0 A for the shorter mixing times (100 and 200 ms) and to
7.5-8.0 A for longer mixing (300 and 400 ms). The charges on the N- and C-termini of the B;-
strands and on the N-termini of the B,-strands were not included in the calculations in order to
prevent electrostatic interactions, which do not exist when the two B-strands are linked by a turn
region. The histidine protonation states were automatically determined by the Molprobity module
embedded in the HADDOCK server. During the rigid docking calculations, 1000 structures were
generated, then the best 200 structures were selected for the semi-rigid simulated annealing in

torsion angle space, and finally refined in Cartesian space with explicit solvent.

The structural models were then generated by implementing in the calculations all the
observed intermolecular B,-p, long-range contacts and inter-strand distance restraints. All the
restraints were duplicated symmetrically between the two B,-sheets using the same protocol used
for structural calculations of symmetric protein dimers. Since these long-range distance restraints
could be identified only using long mixing times, the upper distance cutoffs in the HADDOCK
calculation was set to 8.0 A. Semi-flexible refinement was enabled on both B,-sheets.

The family of structures obtained for the mixed AB(1-42) and AP(1-40) fibrils have been
deposited in the protein data bank (model B, PDB ID: 6TI6 and model C, PDB ID:6T17), together
with the structure of the pure AP(1-40) fibrils previously reported by Bertini and co-workers (model
D, PDB ID: 6TI5, BMRB ID: 34454) 2,
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3.2 Evaluation of the Higher Order Structure of
biotherapeutics embedded in hydrogels for bioprinting

and drug release

The aim of this work is to characterize, by SS-NMR, pharmaceutically relevant proteins
encapsulated in two different type of hydrogel matrices in order to understand if the
structures of these biomolecules, directly related to their activity, is preserved. For this

purpose, my contribution to this project was:

e Expression and Characterization of recombinant [U-'3C,"N] Escherichia coli L-
asparaginase |l (ANSII)

e Expression and Characterization of recombinant [U-'3C,’®N] Human
Transthyretin (TTR)

e Preparation of Hydrogel Matrices

e Encapsulation in the Hydrogel Matrices

e Preparation of SSNMR Sample
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ABSTRACT: Biocompatible hydrogels for tissue regeneration/replace-
ment and drug release with specific architectures can be obtained by three-
dimensional bioprinting techniques. The preservation of the higher order
structure of the proteins embedded in the hydrogels as drugs or modulators
is critical for their biological activity. Solution nuclear magnetic resonance
(NMR) experiments are currently used to investigate the higher order
structure of biotherapeutics in comparability, similarity, and stability
studies. However, the size of pores in the gel, protein—matrix interactions,
and the size of the embedded proteins often prevent the use of this
methodology. The recent advancements of solid-state NMR allow for the
comparison of the higher order structure of the matrix-embedded and free
isotopically enriched proteins, allowing for the evaluation of the
functionality of the material in several steps of hydrogel development.
Moreover, the structural information at atomic detail on the matrix—
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protein interactions paves the way for a structure-based design of these biomaterials.

B INTRODUCTION

The continuous development of new biocompatible materials
is opening new frontiers in medicine and new biotechnological
opportunities. Several biomaterials are currently used to
replace/support non-functional tissues like those damaged or
destroyed by injuries or diseases and in controlled drug release.
Materials for tissue regeneration are designed to provide
mechanical support to the surrounding tissue, to stimulate cell
growth, and to modulate the immune response promoting an
extensive cell colonization and matrix reabsorption."”
Composite scaffolds with a highly resolved architecture,
incorporating proteins and seeding cells, can be obtained by
three-dimensional (3D) bioprinting techniques starting from
biocompatible hydrogels like those formed by hyaluronic
acid®™” or mixtures of alginate and gelatine.”*™"* In  this
context, there is an increasing interest in loading proteins on
hydrogels as drugs or modulators of the biological
activity.'*>* The biological function of a protein is strictly
related to its native folding, and the preservation of the higher
order structure (HOS) in the composite biomaterial is crucial
for its therapeutic function. Actually, the interaction of the
protein with the matrix components can alter the protein
structure leading to a loss of activity and immunological effects.

Several biophysical methodologies, such as attenuated total
reflectance Fourier-transformed infrared and fluorescence
spectroscopy, circular dichroism, and differential scanning
calorimetry, are usually used to characterize the protein

© XXXX The Authors. Published by
American Chemical Society
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component in heterogeneous materials.”*"** However, these
analytical methods measure different aspects of the structure,
either directly or indirectly, and are often not sensitive enough
to small, local changes in the protein fold. Nuclear magnetic
resonance (NMR) and mass spectrometry are well-established
techniques to investigate the preservation of the HOS of
biologics in solution.”” ™ Solution NMR has been used
previously on small proteins and peptides embedded in
hydrogels to investigate the folding state in a confined
environment™ and for the structural characterization through
residual dipolar couplings, since hydrogels behave as
anisotropic external alignment media.*'~* However, when
the size of the pores in the gels is too small or strong
interactions between the gel matrix and the cargo protein take
place, the rotational correlation time of the protein in solution
increases and makes solution NMR ineffective in the analysis
of the protein structure at the atomic level.

Recently, solid-state NMR has emerged as a tool to
characterize the protein component and to reveal protein—
matrix interactions in heterogeneous materials. In this respect,
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the use of solid-state NMR has been described to characterize
noncrystalline large protein assemblies,** ™" biomaterials,”"**
bioinspired silica matrix embedding enzymes,”*™** conjugated
I;u'ol‘.eins,sg_{‘2 protein-grafted nanoparticles,(’3 and vac-
cines.** "% Here, we prove that solid-state NMR provides
detailed information on the preservation of the HOS of
proteins embedded into two popular matrices used for 3D
bioprinting.

The therapeutic protein E. coli asparaginase-Il (ANSII),
clinically used against acute lymphoblastic leukemia, has
recently shown its activity also against solid tumor when
administered in long half-life formulations that reduce
immunological adverse reactions.®’

Human transthyretin (TTR) is a physiological protein acting
as a hormone carrier.”>® Although some genetic variants of
TTR lead to a systemic amyloidosis called familial amyloid
polyneuropa’chy,70 TTRis a potential drug carrier and has been
recently proposed as a multivalency Fab platform for target
clustering.”!

Therefore, these two proteins are suitable models to
investigate how the matrices used for 3D bioprinting interplay
with embedded proteins and are used here to prove the
potential of solid-state NMR (SSNMR) in the characterization
of the protein components during the design of these
composite hydrogels.

B EXPERIMENTAL SECTION

Sample Preparation and NMR Measurements.
[U-'3C-'SN] ANSII was expressed and purified as previously
described.*”*'~%* The expression and purification protocol of
[U-BC-*N] TTR is reported in the Supporting Information.
All the hydrogels embedding the selected proteins (ANSII and
TTR) were directly generated in Bruker 3.2 mm thin-walls
zirconia rotors with bottom and top caps, starting from the
dried materials prepared by using the different procedures
described below.

The sample of [U-C-"*N] ANSII encapsulated in the
alginate/gelatine hydrogel was prepared by incorporating the
freeze-dried protein (4 mg) into a mixture of 1:1 alginate/
gelatine powders (S mg) and then by rehydrating the dried
mixture within the rotor.”” A different procedure was used to
prepare the sample of [U-*C-"N] TTR encapsulated in the
alginate/gelatine hydrogel. The dry mixture containing TTR
was prepared by lyophilizing a solution containing all the
components (6 mg of protein and S mg of the 1:1 alginate/
gelatine mixture). In both cases, the dried material was packed
in the rotor and hydrated with MilliQ H,O to reach a final
concentration of ~5—7% w/w for alginate and gelatine. Finally,
a concentrated solution of CaCl, (to reach a concentration of
100 mM in the rotor) was added to cross-link the hydrogel
materials within the rotor.”>”*

A sample of [U-*C-"*N] TTR protein encapsulated in the
alginate/gelatine hydrogel was also analyzed by solution NMR.
The gel was prepared by dissolving a mixture of alginate and
gelatine (~7% w/w) in 600 uL of a solution of TTR (100 uM
in 50 mM MES, pH 6.5, 100 mM NaCl, S mM DTT). Then,
the material was transferred in a S mm tube and cross-linked
by adding a concentrated solution of CaCl, (to reach a
concentration of 100 mM) in the NMR tube. The 2D 'H-'N
TROSY-HSQC spectrum recorded on the encapsulated
protein was superimposed with that of TTR collected in
solution (see Figure S1).

The hyaluronic acid hydrogels encapsulating the selected
proteins ([U-*C-"*N] ANSII or TTR) were prepared by
packing the rotor with consecutive layers of the freeze-dried
protein (~4—6 mg) and freeze-dried hyaluronic acid (Jonexa,
7—9 mg), which had been previously dialyzed against MilliQ
H,0 to remove the excess of salts. The material was finally
rehydrated with MilliQ H,0 (from 10 to 20 uL). Sample
homogeneity was obtained after rotor spinning and supported
by the quality of the spectra that suggests the presence of a
protein experiencing a single environment.

Samples of freeze-dried proteins were prepared as reference.
The free proteins (~20 and 25 mg of ANSII and TTR,
respectively) were freeze-dried in the presence of PEG1000 (4
and 2.5 mg for ANSII and TTR, respectively); the materials
were packed into a Bruker 3.2 mm zirconia rotor and
rehydrated with MilliQ H,O (~9 and 16 uL for ANSII and
TTR, respectively). CaCl, was not present in the samples of
rehydrated freeze-dried proteins.
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Figure 1. (A, C) 2D "N ¥C NCA and (B, D) NCO spectra of
ANSII-HA (red, top) and TTR-HA (red, bottom) superimposed with
NCA and NCO of the rehydrated freeze-dried reference proteins
(black). The spectra were acquired at ~290 K, MAS 14 kHz and 800
MHz.

Silicon plugs (courtesy of Bruker Biospin) placed below the
turbine cap were used to close the rotor and preserve
hydration.

SSNMR experiments were recorded on a Bruker Avance III
spectrometer operating at 800 MHz (18.8 T, 201.2 MHz Bc
Larmor frequency) equipped with a Bruker 3.2 mm Efree
NCH probe-head. The spectra were recorded at 14 kHz MAS
frequency, and the sample temperature was kept at ~290 K.
The sample of the alginate/gelatine hydrogel encapsulating
TTR was also investigated at a higher spinning frequency (16
and 20 kHz).

Standard "*C-detected SSNMR spectra (2D *N-3C NCA,
SN-BC NCO, and C-*C DARR, mixing time 50 ms) were
acquired on all the samples (except for TTR encapsulated in
the alginate/gelatine hydrogel) using the pulse sequences
reported in the literature.”” 2D *C-'*C CORDxy4 ° was
instead recorded for the sample of the alginate/gelatine

https://doi.org/10.1021/acs.analchem.1c01850
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Figure 2. (A) Chemical shift perturbations (CSPs) of ANSII-HA with respect to rehydrated freeze-dried ANSII, evaluated according to the formula

Ad = %, (A8co/2)* + (ASy/5)”. The residues experiencing the largest variations have been highlighted in magenta. (B) CSP mapping on the
protein surface (PDB code: 3ECA) with the region with the largest perturbation in magenta. (C) Electrostatic potential generated by APBS plugin

in PyMOL on 3ECA with blue and red representing the regions of positive and negative electrostatic potential, respectively.
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Figure 3. (A) Chemical shift perturbations (CSPs) of TTR-HA with respect to rehydrated freeze-dried TTR, evaluated according to the formula

Ad = %\ (A8c,/2)* + (ASy/5)*. The residues experiencing the largest variations have been highlighted in magenta. (B) CSP mapping on the

protein surface (PDB code: 1BMZ) with the region with the largest perturbation in magenta. (C) Electrostatic potential generated by APBS plugin
in PyMOL on 1BMZ with blue and red representing the regions of positive and negative electrostatic potential, respectively.

hydrogel encapsulating TTR at a higher frequency speed (20
kHz), to favor the protein sedimentation.

All the spectra were processed with the Bruker TopSpin 3.2
software package and analyzed with the program CARA.”

B RESULTS AND DISCUSSION

Analysis of the Preservation of the HOS of the
Proteins Encapsulated in the Hyaluronic Acid Hydrogel
by SSNMR. The selected proteins (ANSII and TTR)

encapsulated in the hyaluronic acid hydrogel (ANSII-HA and
TTR-HA, respectively) were first analyzed by SSNMR. The
1D {'H}-®C cross polarization spectra of ANSII-HA and
TTR-HA show well-resolved and sharp signals with quality
comparable with that of the spectra of the rehydrated freeze-
dried materials (Figure S2).

Despite the limited concentration of the embedded proteins
in the hydrogel, the 2D amide-carbon alpha (2D N “C
NCA) and amide-carbonyl (2D "N 3C NCO) correlation
spectra of ANSII-HA (Figure 1A,B) and TTR-HA (Figure

https://doi.org/10.1021/acs.analchem.1c01850
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Figure 4. (A) 2D N 3C NCA and (B) NCO spectra of ANSII-AG
(blue) superimposed with the NCA and NCO of the rehydrated
freeze-dried reference protein (black). The spectra were acquired at
~290 K, MAS 14 kHz and 800 MHz.

1C,D) are of high quality and comparable, for the number of
cross-peaks detected, with those of rehydrated freeze-dried
proteins. For both proteins embedded in the hyaluronic acid
matrix, the matching of the resonances of the 2D-NMR
spectral fingerprints with those of their own reference allows us
to assess the preservation of the HOS after encapsulation in
the matrix.

The assignment of the 2D '*N C NCA and NCO spectra
of ANSII-HA and TTR-HA was easily obtained by comparison
with the 2D N C NCA and NCO collected for the
rehydrated freeze-dried proteins and also using the information
from the 2D C-B3C correlation spectrum (dipolar assisted
rotational resonance, DARR) acquired for ANSII-HA and
TTR-HA. The analyses of the chemical shift perturbation
(CSP) of the NCA spectra of the proteins embedded in the
hyaluronic acid hydrogels, with respect to the NCA of the
corresponding rehydrated freeze-dried references, are reported
in Figures 2 and 3. Most CSP values were less than 0.1 ppm for
ANSII-HA and even lower for TTR-HA. The analysis of the

CSPs shows that for ANSII-HA, hydrophobic (Ala, Val, Ile,
Tyr, and Phe) and neutral polar (Thr, Ser, Asn, and Gln)
residues experience the largest effects (Figure 2). Minimal
CSPs were observed in TTR-HA protein where the largest
effects again involve hydrophobic residues and neutral polar
surface patches (Figure 3).

Analysis of the Preservation of the HOS of the
Proteins Encapsulated in the Alginate/Gelatine Hydro-
gel by SSNMR. The same analysis was also performed on the
alginate/gelatine hydrogels encapsulating ANSII and TTR,
respectively (ANSII-AG and TTR-AG). The 1D {'H}-"*C
cross polarization spectra of ANSII-AG and TTR-AG show the
same spreading of the resonances of the corresponding
rehydrated freeze-dried analogue. However, in particular for
TTR-AG, the signals feature broader lines than in the
rehydrated freeze-dried protein (Figure S2).

The NCA and NCO correlation spectra collected for ANSII-
AG (Figure 4) are still of high quality and comparable, for the
number of cross-peaks detected, with those collected on
rehydrated freeze-dried ANSIIL On the contrary, for TTR-AG,
the fast decay of the NMR signal does not allow us to collect
high quality and well-resolved 2D spectra. However, by
increasing the spinning rate up to 16 and 20 kHz, the signals
become sharper and increase in intensity (Figure S3),
indicating a more efficient protein immobilization. Therefore,
it was possible to acquire a 2D *C-3C correlation spectrum at
20 kHz, which allowed us to assess the folding state of the
protein in the hydrogel and, after comparison with that
acquired for the rehydrated freeze-dried reference (Figure S4),
confirm the preservation of the HOS after encapsulation. The
structural analysis of TTR encapsulated in the alginate/gelatine
matrix was also attempted using solution NMR. However, all
the signals, but the N- and C-termini (Thr3-Ser8; Lys126-
Glul27), are broadened beyond detection (Figure S1).
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Figure S. (A) Chemical shift perturbations (CSPs) of ANSII-AG with respect to rehydrated freeze-dried ANSII, evaluated according to the formula

Ad = %, (A8c,/2)* + (A8y/5)". The residues experiencing the largest variations have been highlighted in green. (B) CSP mapping on the

protein surface (PDB code: 3ECA) with the region with the largest perturbation in green. (C) Electrostatic potential generated by APBS plugin in
PyMOL on 3ECA with blue and red representing the regions of positive and negative electrostatic potential, respectively.
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The assignment of the ANSII-AG spectra could be easily
obtained by comparison with the spectra collected for the
rehydrated freeze-dried protein and complemented with the
information from the 2D 3C-'3C correlation spectrum
acquired for ANSII-AG. The analysis of the CSP of the
NCA spectrum of ANSII-AG with respect to the NCA of the
rehydrated freeze-dried reference is reported in Figure 5.

The analysis of the CSPs shows that also for ANSII-AG,
hydrophobic (Ala, Val, Ile, Tyr, and Phe) and neutral polar
(Thr, Ser, Ans, and Gln) residues experience the largest effects.
In particular, many threonine residues are affected by
significant CSP, thus suggesting a possible interaction of
these surface residues with the hydroxyl groups of alginate in
the hydrogel.

Collectively, the good superimposition of the spectra and the
small CSPs observed for the two proteins prove the
preservation of their native HOS, thus providing the first
fundamental information on the investigated biomaterial.
Additional information on protein—matrix interactions is
obtained from the line broadening of the signals in the
spectra. For TTR, the large line broadening, its dependence
from the spinning rate, and the small CSPs suggest a weaker
protein—matrix interaction with respect to ANSII protein,
although the different molecular weights may also play a role.
The different behavior is probably related to the different sizes
of the proteins and to the physical—chemical properties of the
surface due to the different amino acid compositions. In this
respect, the observation that hydrophobic and polar neutral
amino acids on the protein surface experience the largest
effects provides a way to design possible chemical modifica-
tions of the matrix in order to tune the protein—matrix
ing%rascztions and the properties of the resulting biomateri-
al.””

Bl CONCLUSIONS

In summary, we demonstrate that 2D-SSNMR spectra can be
exploited to assess the preservation of HOS of proteins when
embedded in matrices used for 3D bioprinting and drug
release. This analytical method can be integrated in the
pipeline for the development of new composite hydrogels
bearing biotherapeutics. In particular, when the assignment is
available, the analysis of the residues experiencing chemical
shift variations can provide information for a quality by design
approach of these innovative biomaterials.
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Expression and purification of uniformly isotopically enriched ANSII [U-3C-">NJ. Escherichia coli
C41(DE3) cells were transformed with pET-21a(+) plasmid encoding ANSII gene. The cells were
cultured in 13C-, ’N-enriched minimal medium (M9) containing 0.1 mg/mL of ampicillin, and grown
at 310 K until ODgg reached 0.6—0.8. Then, the cells were induced with 1 mM isopropyl B-D-1-
thiogalactopyranoside and further grown at 310 K overnight. Finally, they were harvested by
centrifugation at 6500 rpm (JA-10 Beckman Coulter) for 15 min at 277 K. The pellet obtained from
1 liter of culture was suspended in 60 mL of 10 mM Tris-HCI buffer, at pH 8.0, with 15 mM EDTA,
20% sucrose and incubated at 277 K for 20 min, under magnetic stirring. The suspension was
centrifuged at 10,000 rpm (F15-6x100y Thermo Scientific) for 30 min, and the supernatant discarded.
The recovered pellet was re-suspended in H,O milli-Q and newly incubated with the Tris-HCI buffer
solution at 277 K for 20 min under magnetic stirring. Again, the suspension was centrifuged at
10,000 rpm (F15-6x100y Thermo Scientific) for 30 min. The pellet was discarded, whereas the
supernatant was treated with ammonium sulfate. Still under magnetic stirring, aliquots of solid
ammonium sulfate were added up to 50% saturation. Then, the precipitate was removed by
centrifugation, and ammonium sulfate added again up to 90% saturation to trigger the precipitation
of ANSII, which was recovered by centrifugation. The precipitated ANSII was re-dissolved in a
minimal amount of 20 mM Tris-HCI buffer at pH 8.6 and dialyzed extensively against the same
buffer. ANSII was purified by anionic-exchange chromatography using a HiPrep Q FF 16/10 column
(GE Healthcare Life Science). The protein was eluted in 20 mM Tris-HCI buffer at pH 8.6 with a
linear 0—1 M NaCl gradient. Fractions containing pure ANSII were identified by Coomassie staining
SDS-PAGE gels, then joined and dialyzed extensively against 0.5 mM Tris-HCI buffer at pH 7.5.
Aliquots of 0.5 mL, each containing 1 mg of protein, were freeze-dried to be used for SSNMR

analysis.

Expression and purification of uniformly isotopically enviched TTR [U-3C-I°NJ. Escherichia coli
BL21(DE3) RIPL pLysS cells were transformed with pET-28a(+) plasmid encoding TTR gene. The
cells were cultured in '3C-, '’N-enriched minimal medium (M9) containing 0.1 mg/mL of kanamycin,
grown at 310K, until ODgyy reached 0.6-0.8 and then induced with 1 mM isopropyl B-D-1-
thiogalactopyranoside. The cells were further grown at 310 K overnight and then harvested by
centrifugation at 6500 rpm (JA-10 Beckman Coulter) for 15 min at 277 K. The pellet was suspended
in 20 mM Tris-HCI at pH 8.5 (60 mL per liter of culture) and sonicated at 277 K for 40 min. The
suspension was centrifuged at 40,000 rpm (F15-6x100y Thermo Scientific) for 40 min and the pellet
discarded. The protein was purified by anionic-exchange chromatography using a HiPrep Q FF 16/10
column (GE Healthcare Life Science). The protein was eluted in 20 mM Tris-HCI buffer at pH 8.6

with a linear 0—1 M NaCl gradient. Fractions containing pure TTR were identified by Coomassie
S2
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staining SDS-PAGE gels, then joined and purified by Size Exclusion Chromatography using HiLoad
Superdex 26/60 75pg in 50 mM phosphate buffer at pH 7.5; then dialyzed extensively against 2 mM
Tris-HCI buffer at pH 7.5. Aliquots of 1 mL, each containing 6 mg of protein, were freeze-dried to
be used for SSNMR analysis.
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Figure S1. 2D 'H-’N TROSY-HSQC spectrum of TTR (blue) collected on a solution of the protein
at the concentration of 100 uM superimposed with the same spectrum collected on TTR (100 pM)
encapsulated in alginate/gelatine hydrogel (red). The spectra were recorded on a 950 MHz
spectrometer at 310 K.
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Figure S2. 1D {'H}'3C cross-polarization spectra acquired on the re-hydrated freeze-dried proteins,
on the proteins embedded in the hyaluronic acid hydrogels, and in the alginate/gelatine hydrogels
(ANSII, top, and TTR, bottom). The signals of the hyaluronic acid are highlighted by a red box. The
spectra were acquired at ~290 K, MAS 14 kHz and 800 MHz (number of scans: 512, recycle delay: 3
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MAS: 20 kHz

MAS: 16 kHz

MAS: 14 kHz

1 1
180 160 140 120 100 80 60 40 20

O.c (Ppm)

Figure S3. 1D {'H}!3C cross-polarization spectra acquired on the TTR-AG at the different MAS
speeds indicated in the figure. The spectra were acquired at ~290 K and 800 MHz (number of scans:
512, recycle delay: 3 sec).
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Figure S4. Aliphatic region of the 2D BC-13C CORDxy4 recorded on TTR-AG hydrogel (blue)
superimposed with the CORDxy4 recorded on the re-hydrated freeze-dried TTR (black). The spectra
were acquired at ~290 K, MAS 20 kHz and 800 MHz.
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components for the development of promising diagnostic tools for the diagnosis of
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synuclein and recombinant Transthyretin with very high purity level, to perform seeding
aggregation assays (SAAs), CSF pooling and fractionation and NMR experiment in
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Abstract

Aggregation of a-synuclein (a-syn) is a prominent feature of synucleinopathies,
including Parkinson’s disease. In these diseases, the extracellular spreading of
misfolded a-syn significantly contributes to the cell-to-cell propagation of the a-syn
misfolding pathology in a prion-like fashion. Therefore, extracellular a-syn aggregates
are considered primary targets both for diagnostics and for novel disease modifying
therapies. a-Syn seeding aggregation assays (SAAs) in cerebrospinal fluid (CSF)
represent the most promising diagnostic tools for the diagnosis of synucleinopathies.
However, CSF itself contains several compounds that are able to modulate the
aggregation of a-syn and significantly alter the performances of SAAs. Indeed, human
CSF exerts an inhibitory effect on a-syn aggregation both in the presence and in
absence of preformed a-syn aggregates. In our work, we focused on the inhibitory
effect of CSF on a-syn aggregation in SAAs. After having assessed that the inhibitory
effect is mainly produced by the CSF high-molecular weight fraction, we selected some
candidate inhibitors by considering the most abundant compounds determined by
mass-spectrometry. Among the tested compounds, lipoproteins produced the most
marked effects on a-syn aggregation. Although a direct interaction between
lipoproteins and monomeric a-syn was not detected by solution nuclear magnetic
resonance spectroscopy, lipoprotein-a-syn complexes were detected by transmission
electron microscopy, suggesting that the interaction may not involve monomeric but
rather oligomeric/proto-fibrillary intermediates. The identification of compounds able to
modulate a-syn aggregation in CSF may not only improve the development of SAAs
but may also indicate novel chaperones able to inhibit the amyloidogenic potential of
extracellular a-syn aggregates.

Significance Statement

Among the constituents of human cerebrospinal fluid, we identified lipoproteins as
major responsible for the delay/inhibition of a-synuclein aggregation in diagnostic
aggregation assays. Both high-density and low-density lipoproteins inhibited or
significantly delayed a-synuclein aggregation, even at levels lower than the ones
physiologically present in human cerebrospinal fluid. The interaction between
lipoproteins and a-synuclein did not involve a-synuclein monomers while involved a-
synuclein protofibrillary/oligomeric intermediates. The identification of endogenous

compounds able to modulate a-syn aggregation may not only improve the
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development of seeding aggregation assays by identifying possible confounders but
may also indicate novel chaperones able to inhibit the amyloidogenic potential of
extracellular a-syn aggregates that may be of interest for the development of novel

disease modifying agents.

Introduction

Accumulation, misfolding and aggregation of a-synuclein (a-syn) are prominent
biochemical features of Parkinson’s disease (PD), dementia with Lewy bodies (DLB)
and multiple system atrophy (MSA). These neurodegenerative diseases,
pathologically characterized by the presence of cytoplasmic and axonal inclusions in
selectively vulnerable brain regions, are commonly referred to as synucleinopathies.
Apart from rare familial monogenic forms’", the sporadic accumulation and consequent
misfolding of this protein in synucleinopathies may result from an impairment of protein
degradation pathways, such as the autophagic lysosomal pathway 72, as well as
exposure to environmental factors 7. In physiological conditions, a-syn is mainly
located in the intracellular environment, prevalently in synaptic terminals, where it
participates in maintaining the structural integrity of membranes and in the formation
of SNARE complexes 74. Conversely, pathologically aggregated a-syn species are able
to move from the intracellular to the extracellular environment and vice versa ">~"7. In
particular, oligomeric and protofibrillary a-syn species have been found to spread from
cell to cell either via exosomal pathways or by passive diffusion through extracellular
milieu and/or cerebrospinal fluid (CSF) 7>77. The extracellular spreading of misfolded
a-syn eventually results in the propagation of the a-syn misfolding pathology from an
initial site to the whole CNS in a prion-like fashion. This is why extracellular a-syn
aggregates are being considered primary targets both for diagnostic assays as well as
for novel disease modifying therapies. In particular, the detection of cerebrospinal fluid
(CSF) a-syn oligomers by immunoassays showed good performance in differentiating
patients affected by synucleinopathies from patients affected by other
neurodegenerative diseases and from controls 7778, More recently, the development
of seeding aggregation assays (SAAs), among which protein cycling misfolding
amplification (PMCA)”® and real-time quaking-induced conversion (RT-QulC),
significantly improved the diagnosis of synucleinopathies. These assays, initially
developed in the field of prion diseases, enabled efficient detection of prions in

peripheral tissues of diseased patients, including urine, blood, CSF, skin and olfactory
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mucosa 8283 SAAs are currently being adapted for the detection of a-syn aggregates
in biological specimens of patients affected by synucleinopathies. SAAs is based on
the amplification of a small amount of prone-to-aggregation prion-like protein (a-
synuclein in this case) present in a biological fluid by recruiting recombinant monomers
that are provided in the reaction mixture, through cycles of incubation and
sonication/shaking 8'. Usually, monomeric recombinant a-syn is used as a reaction
substrate and the aggregation process is monitored in real-time using thioflavin-T
(ThT), a fluorescent dye that binds with high affinity to the cross-B-sheet motifs of
amyloid aggregates. SAAs have been recently tested in different biological matrices,
such as olfactory mucosa 84 and skin biopsies 8586, with good sensitivity and specificity
in detecting synucleinopathies. Notably, a-syn aggregation assays similar to SAAs are
commonly used also to discover novel therapeutical agents against a-syn
misfolding/aggregation 8. The most reliable results have been obtained in
cerebrospinal fluid (CSF), where the reaction is thought to be “seeded” by extracellular
oligomeric/fibrillary a-syn aggregates 79.80.888% However, the proteostasis of a-syn in
this extracellular fluid has been poorly characterized. Indeed, in some works applying
a-syn PMCA/RT-QuIC on human CSF, it was observed that, CSF exerts an inhibitory
effect on a-syn aggregation with respect to the sole buffer, independently of the
presence of a synucleinopathy 799091 and that efficient seeding can be obtained only
after determining an optimal CSF dilutions 89°'. This effect has been repeatedly
observed but, surprisingly, not yet characterized, in spite of the opportunities arising
from improving SAAs and of the relevance of the autoprotective effect of CSF. This is
thus the topic of the present work. Here, we tested the inhibitory effect of CSF on a-
syn aggregation in SAAs, and specifically characterized its interactions with a-syn.
After having assessed that the effect is mainly produced by the CSF high-molecular
weight fraction (HMW), we have selected some candidate inhibitors by considering the
most abundant compounds in the HMW CSF fraction and the ones that were previously
reported to have an effect on AR aggregation/clearance 9293, and specifically analyzed
their interactions with monomeric a-syn and their effect on a-syn aggregation.
Understanding the role of a-syn interactions with CSF can provide useful information
for development and standardization of CSF SAAs. Thus, the fact that CSF modulates
a-syn aggregation in SAA may lead to the identification of novel endogenous anti-
aggregation agents that could be of interest for the development of novel disease
modifying therapies targeting a-syn aggregation.
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Results

CSF abolishes the fibrillization of a-syn in SAAs

To evaluate the ability of human CSF in modulating a-syn aggregation in SAAs, we
tested the effect of adding human CSF (from a pool of CSF samples belonging to
cognitively unimpaired neurological non-neurodegenerative controls) to a physiological
buffer (phosphate buffer saline, PBS) containing recombinant a-syn at a concentration
of 0.7 mg/mL, in a 1:5 volume ratio (40 yL CSF in 200 pL total reaction volume). We
chose to test the inhibitory effect of CSF in PBS to see if the inhibitory effect of CSF
observed in previous works 799091 could be observed also in physiological pH and ionic
strength values. Our results showed that the addition of CSF to the reaction substrate
drastically reduced a-syn aggregation (Fig.1A). The same effect was observed also
with other reaction buffers/experimental conditions (S/ Appendix Fig. S1).

The experiment was then repeated by adding preformed a-syn aggregates to wells
containing and not containing CSF (Fig. 1B) to analyze the effect in “seeded”
conditions. By looking at Fig 1B and Fig. S2 in the S/ Appendix, it can be noticed that
a-syn aggregation was efficiently seeded in wells without CSF (S/ Appendix Fig. S2)
while the inhibition effect of CSF was enough to impede a consistent aggregation even
in the presence of preformed aggregates.

To quantitatively analyze the a-syn aggregation kinetics we fitted thioflavin-T (ThT)
fluorescence profiles with a sigmoidal function. Since we repeatedly observed a two-
phase growth in fluorescence, (i.e., a small increase in fluorescence, followed by a
plateau, followed by an exponential fluorescence increase, followed by a second
plateau) we decided to use a double sigmoid to fit our data. The exact fitting function
and the analytical meaning of fitted parameters are displayed in Fig. 1C. In Fig. 1D the
average fitted A2 parameters are representative of the value of the final fluorescence
plateau, the average maximum fluorescence values (MAX) are also displayed in the
same bar plot. The parameters A2 and MAX provide similar information, however, we
decided to display both since, whereas A2 may be a more robust estimate of the final
fluorescence plateau, it is not measurable when fitting is not possible (i.e., in the

absence of an appreciable increase in ThT fluorescence).
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a-syn aggregation is inhibited by high-molecular weight constituents of CSF

We proceeded with our analysis by investigating which components of CSF were most
responsible for the inhibitory effect. Thus, we fractionated the CSF pool used for the
experiments as shown in S/ Appendix Fig. S3. Further details about the fractionation
procedure and the characteristics of the CSF fractions are described in the S/ Appendix
Materials & Methods section (CSF pools and fractionation) and Table S1. After the
fractionation procedure, we obtained 6 samples, relative to: whole CSF, CSF
constituents of molecular weight (MW) above 100 kDa, CSF constituents of MW
between 100 and 50 kDa, CSF constituents of MW between 50 and 10 kDa, CSF
constituents of MW between 10 and 3 kDa, and CSF constituents of MW below 3 kDa.
To characterize the protein content of the CSF fractions, we performed a
nanoLiquidChromatography coupled to high resolution mass spectrometry equipped
with a nanoelectrospray interface (nLC-nESI HRMS/MS). Among the detected protein
constituents in whole CSF, the most abundant were human serum albumin (HSA),
apolipoproteins, transthyretin (TTR) and prostaglandin-D synthase (PGDS, also known
as B-trace protein). Interestingly, all of these compounds previously showed
antiaggregatory properties on AR 929 or a-syn %49, Considering that the measured
exponentially modified protein abundance index (emPAl) score (see S/ Appendix
Materials and Methods: nLC-nESI HRMS/MS) can be considered approximately
proportional to the amount concentration of the compound, in order to make
comparisons among fractions, we multiplied the emPAI score with the MW in kDa to
obtain a value proportional to the mass/volume concentration. The average of this
value on 3 runs in each sample is plotted in the bar graph in Fig. 2A (in logarithmic
scale) while raw values are shown in SI Appendix Table S2. Almost no measurable
quantities of these proteins or other relevant peptides were measured in the 10-3 kDa
and <3 kDa fractions (just very low levels of albumin). Among apolipoproteins, ApoA-I
and ApoE were the most abundant, representing ~80% of the relative apolipoprotein
weight in the >100 kDa fraction, with Apod and ApoD contributing by a ~6% each. We
subsequently tested the CSF fractions with SAAs to test their inhibitory effect on a-syn
aggregation. The measured kinetic parameters of this experiment are shown in Fig. 2B
and Fig. 2C, while the average ThT fluorescence intensity profiles are shown in S/
Appendix Fig. S4. Except for whole CSF and the >100 kDa fraction (in which we did
not detect any relevant increase in fluorescence), we were able to efficiently fit the ThT
fluorescence profiles with the double sigmoid function described in Fig 1C. Samples
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relative to fractions 50-100 kDa and 10-50 kDa showed a reduced final fluorescence
(~2000 a. u.) but it was still possible to identify and fit the typical a-syn aggregation
profile. The fraction that exhibited the most similar effect compared to whole CSF was
the >100 kDa fraction, the fraction in which apolipoproteins (and lipoproteins) were
most abundant (S/ Appendix Table S1). On passing, we note that a-syn aggregation
is slightly reduced also by the <3 kDa CSF fraction. However, this effect is related to a
change in the pH of this sample and better described in S/ Appendix Solution NMR
experiments on CSF fractions. In summary, we observed a complete inhibition of a-
syn aggregation in the presence of the >100 kDa CSF fraction, the fraction in which
we measured the highest concentration of apolipoproteins. An appreciable inhibition
was also observed in the presence of the 100-50 kDa and 50-10 kDa fractions. As
another confirmation of the relevance of HMW CSF constituents on the inhibition of a-
syn aggregation, we applied a slightly modified version of the diagnostic protocol of
Shahnawaz et al. 7 (see S/ Appendix Materials and Methods: SAA protocols) on two
CSF samples belonging to two cognitively unimpaired normal-pressure hydrocephalic
(NPH) patients who produced very different SAA outcomes. As can be seen from the
averaged ThT profiles (Fig. 3A), and from the average maximum fluorescence values
and averaged fitted A2 (Fig. 3B), t1 and t2 parameters (Fig. 3C), NPH1 produced a
much stronger inhibitory effect compared to NPH2. Since these patients were not
affected by clinical synucleinopathies, we hypothesized that the marked difference in
the aggregation inhibition could be produced by different concentrations of compounds
present in the two samples due to different CSF dilution effects, which are commonly
observed in NPH patients %. To qualitatively test this hypothesis, we analyzed the
content of these two CSF samples by high-field NMR spectroscopy.

A portion of 1D 'H solution NMR spectra is shown in Fig. 3D. The most apparent
differences between the two spectra were detectable between 1.5 and 0 ppm, where
methyl resonances are usually observed. Interestingly, some species seems more
concentrated in the CSF of NPH1 with respect to NPH2. Most of the difference between
the spectra is due to the different amplitudes of the broad peaks underlying the methyl
peaks of smaller metabolites. From metabolomics studies, fatty acids-rich lipoproteins
and/or other HMW proteins are known to produce similar broad peaks in 'H solution
NMR spectra "%, By summarizing the results obtained on CSF fractions and the
observations on CSF samples from NPH, lipoproteins are likely the species most
contributing for the inhibitory effect, and these are found, to a lesser extent, also in the
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100-50 kDa and 50-10 kDa fractions. It is therefore relevant to understand if
lipoproteins can exert their inhibitory effect also at the concentrations that are likely
present in these fractions (as it will be shown later), and that the inhibitory effect of
these fractions is not related to other CSF macromolecular constituents abundant in
these fractions. To test these hypotheses, we proceeded by analyzing the individual
effects of the most abundant compounds present in the >100 kDa fraction on a-syn

aggregation, namely lipoproteins, HSA and TTR.

Lipoproteins inhibits a-syn fibrillization in SAAs already at sub-physiological
CSF concentrations

We differentially tested the effect of serum-purified lipoproteins, serum-purified HSA
and recombinant TTR on a-syn aggregation by SAAs. In a previous work, we described
the effect of HSA on a-syn aggregation %. HSA significantly reduced a-syn fibrillization
at typical plasma concentrations but was poorly effective at CSF concentrations. In a
first experiment, in addition to HSA, we also tested the effect of serum-purified human
high-density lipoproteins (HDL) (LP3, Sigma-Aldrich) at two different concentrations
(0.12 mg/mL and 0.57 mg/mL), comparable to HDL plasma levels, on a-syn
aggregation with the same SAA protocol of those published results. The results of this
experiment are shown in Fig. 4A, while average maximum fluorescence values and
average fitted A2 are shown in Fig. 4B for all the tested conditions. By looking at Fig.
4, the lowest tested concentration of HDL (0.12 mg/mL) produced a stronger inhibitory
effect compared to the highest tested concentration of HSA (43 mg/mL comparable to
HSA concentration in blood). It is possible that the presence of HDL might have favored
the formation of recombinant a-syn aggregates that were not efficiently detectable by
ThT, thus explaining the negative results observed in SAAs. To exclude this
hypothesis, we performed a dot-blot assay by using A11 and OC conformational
antibodies, which are specific for amorphous and fibrillary oligomeric aggregates,
respectively *°. The inverted, window-level adjusted image of the dot-blot is shown in
Fig 4C (the native image is shown in S/ Appendix Fig. S7), and the intensity profile
over a rectangle containing the dots is shown in Fig. 4D.

The dot-blot assay confirmed the results of the ThT assay, since much less oligomeric
and fibrillary aggregates were detected in a-syn + HDL compared to a-syn + HSA
samples. Of importance, neither OC antibody nor A11 antibody showed affinity for HSA
and HDL.
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We therefore tested more HDL concentrations (1, 0.3, 0.03 and 0.003 mg/mL). The
results of this experiment are shown in Fig. 5. Indeed, the concentrations of the two
most abundant CSF apolipoproteins, ApoE and ApoA1, are approximately 0.01 mg/mL
and 0.004 mg/mL, respectively 1. Thus, considering that these proteins constitutes
about 50-60% of CSF HDL "%, total CSF HDL concentration is approximately 0.03
mg/mL. By looking at the average ThT fluorescence profiles in Fig. 5A and at the kinetic
parameters shown in S/ Appendix Table S3, it can be noticed that even at
concentrations lower than the ones of CSF, HDL exerts a marked antiaggregatory
action on a-syn. For further confirmation, we monitored monomer depletion for
samples containing a-syn alone during the time course of the SAA and the remaining
monomer for all the samples at the end of the experiment by Western-blot (WB). These
experiments produced results in agreement with the ThT fluorescence profiles. As time
increased, fibrils started to form at the expense of the free a-syn monomer in solution
(Fig. 5B). At increasing HDL concentrations, higher levels of monomeric a-syn were
found at the end of the experiment (Fig. 5C).

By looking at the zoom shown in Fig. 5A and by the fitted kinetic parameters shown in
SI Appendix Table S3, it can be noticed that, in samples where a-syn aggregation was
detectable (0, 0.003 and 0.03 mg/mL HDL), increasing HDL concentrations were
accompanied by longer t2 parameters and by lower ThT intensities at the first plateau
(quantified by A1 parameters).

Recalling that CNS HDL has an intermediate size between serum HDL and serum LDL
100-102 " we also tested the effect of serum-purified LDL (LP2, Sigma-Aldrich) on a-syn
aggregation; in parallel, the effect of adding recombinant TTR was also analyzed.
Since in the previous experiments the antiaggregatory effects at HDL concentrations
above 0.3 were too strong to observe an appreciable aggregation, in the subsequent
experiment we doubled the shaking time in the SAA protocol (from 14 min rest and 1
min shaking at 500 rpm to 13 min rest and 2 min shaking at 500 rpm) to further assist
a-syn aggregation. In these conditions we were able to obtain a detectable
fluorescence increase even in the presence of HDL 0.3 mg/mL. Considering the high
number of ThT profiles obtained, only the fitted kinetic parameters are shown in Fig.
6A and Fig. 6B, while the average ThT profiles of a-syn in the presence of LDL are
shown in S/ Appendix Fig. S8. By looking at maximum fluorescence levels and fitted
A2 parameters (Fig. 6A), it can be noticed that TTR produced a significantly less
marked inhibitory effect compared to human serum HDL and LDL, even at very high
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concentrations of TTR (1.0 mg/mL), similar to those in plasma (44). However, longer
t2 parameters were found for TTR 1.0 mg/mL and 0.3 mg/mL with respect to a-syn
alone. Between the tested lipoproteins, serum LDL seemed to have comparable or
even stronger antiaggregatory properties compared to serum HDL. The final reaction
mixtures of these experiments belonging to samples with a-syn alone, LDL alone and
a-syn + LDL, were subsequently analyzed by transmission electron-microscopy
(TEM). Some representative images of this analysis are shown in Fig. 6C-D-E. By
looking at these images, in agreement with the fitted parameters of Fig. 6A and Fig.
6B, it can be noticed that less a-syn fibrils are formed in the presence of LDL.
Interestingly, the formed fibrils were intertwined with lipoproteins, which probably
prevented them from interacting with other monomers and/or oligomers of a-syn.
Similar images, obtained by incubating a-syn with HDL and human CSF, are shown in
SI Appendix Fig. S9. For CSF we assumed that the observed globular structures were
lipoproteins, due to their relatively high concentration in CSF and because no lipid
bilayers (found in vesicles) were observed.

Solution NMR experiments on HDL, LDL and TTR

Solution NMR experiments were performed to assess whether the tested compounds
were able to significantly interact with monomeric a-syn. In a previous work we already
demonstrated the interaction between monomeric a-syn and HSA °: the most
interacting residues were in agreement to the ones found by Theillet et al. 1%, At the
tested HDL concentrations (0.57 mg/mL and 0.12 mg/mL), no significant interactions
were observed by 2D 'H-">N HSQC experiments (SI Appendix Fig. S9A). As we did
for HDL, we tested the interaction between monomeric a-syn and LDL by solution
NMR, to test whether the strong inhibitory effect of LDL on a-syn aggregation could be
due to a monomer-lipoprotein interaction. The amplitude ratios of the peaks of the 2D
"H-N HSQC experiments performed on '“N-labelled monomeric a-syn, before and
after the addition of LDL, are shown in S/ Appendix Fig. S9B. No relevant intensity
decreases were observed, even by adding 1 mg/mL of LDL into the NMR tube.
However, though not significant, a slight trend toward lower amplitude ratios can be
noticed at the N-terminus and NAC region of a-syn compared to residues 105-140 (C-
terminus). This is in line with the fact that, at physiological pH, the C-terminus of a-syn
is negatively charged, while the N-terminus and the NAC region are lipophilic and

confer apolipoprotein-like properties to a-syn 19519 _|nterestingly, a similar pattern was
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observed for the >100 kDa CSF fraction rich in lipoproteins (S/ Appendix Fig. S4C).
Similar results (lack of evident interaction) were obtained also for TTR (S/ Appendix
Fig. S10C) except that the slight trend toward lower amplitude ratios was observed at

the C-terminus of a-syn.

Discussion

The repeated observation that human CSF naturally inhibits a-syn aggregation 79:90.91
prompted us to characterize the interaction between CSF constituents and a-syn. A
multi-technique integrative approach (SAA, nLC-nESI HRMS/MS, solution NMR, dot-
blot assays and TEM) was applied for this purpose. In the cases in which an increase
of ThT fluorescence could be detected, quantitative analysis of SAA kinetic traces was
also performed. We initially confirmed that human CSF naturally inhibits a-syn
aggregation in different experimental conditions, even when supplemented with a-syn
preformed aggregates. After the fractionation of human CSF, we noticed that CSF
fractions of different MW differently modulated a-syn aggregation. The low MW fraction
(MW <3 kDa) slightly inhibited a-syn aggregation and produced a quite different 2D
'H-SN HSQC pattern on monomeric '®N-labelled a-syn with respect to the other
fractions, but similar to the one of whole CSF in PBS. These effects were probably due
to a pH drift of CSF, and not further analyzed here. It is worth mentioning that in our
experiments normal PBS was not able to fully counteract this pH drift, which is reported
to be a result of air exposure and the consequent loss of carbon dioxide 197-109,

The strongest inhibitory effect on a-syn aggregation was observed for the CSF fraction
relative to high MW compounds (>100 kDa). In this fraction (where the lower MW
components of the CSF result diluted by the repeated washing with PBS) we did not
find any relevant alteration in the 2D 'H-"SN HSQC spectra of monomeric '°N-labelled
a-syn (SI Appendix Fig. S5C). In order to characterize the biospecimens contained in
it and responsible of such inhibitory effect, nLC-nESI HRMS/MS experiments were
performed. We observed that the most abundant macromolecular constituents in
unfractionated pooled human CSF were albumin, TTR, apolipoproteins and PGDS. All
of these compounds were previously investigated as modulators of A
aggregation/toxicity 92, but only albumin was previously studied as an a-syn chaperone
9_Among these, apolipoproteins (in particular, ApoA1 and ApoE) were mostly present
in the >100 kDa fraction. Considering the MW of these apolipoproteins (28.3 kDa and
34 kDa for ApoA1 and ApoE, respectively) we can assume that their lipidated versions
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(HDL and LDL) were likely present in that fraction. We subsequently tested the effect
of the three most abundant constituents of the >100 kDa CSF fraction. We observed a
strong antiaggregatory effect for HDL with respect to HSA by SAA. These results were
confirmed by WB and dot-blot analyses of the SAA final products with OC and A11
conformational antibodies. Moreover, while the effect of HSA on a-syn aggregation
was shown to be negligible at its physiological concentrations in CSF 9, the inhibitory
effect of HDL on a-syn aggregation was detectable even at sub-physiological levels
(Fig. 5). In the SAA experiments presented in Fig. 5A, the kinetics of a-syn aggregation,
mirrored by ThT fluorescence, showed a double sigmoidal behavior. This peculiar
behavior, probably caused by the transient formation of protofibrillary/oligomeric
species, was previously observed for AR 9. The main effect of HDL on a-syn
aggregation consisted in the lowering of the intensity of first plateau, that consequently
slowed or blocked the formation of the second. Since no relevant interactions were
detected by solution NMR between HDL and monomeric a-syn, we hypothesize that
HDL interacted with oligomeric species present during the lag-phase of the
aggregation process prior to or during the formation of the first fluorescence plateau.
These effects were observed at HDL levels lower than the physiological HDL content
of CSF. Since CSF HDL are bigger in size than blood HDL and smaller than LDL "01:102,
in subsequent experiments the effects of HDL on a-syn aggregation were compared
to those produced by LDL and TTR. TTR did not generate significant effects at
physiological CSF levels (~0.03 mg/mL), while a delayed a-syn aggregation was
observed at higher TTR concentrations with respect to PBS (Fig. 6 A and B). Much
stronger effects were observed for HDL and LDL, with LDL producing the most marked
inhibition of a-syn aggregation (Fig. 6A and B). The TEM analysis of the final reaction
products revealed a decreased number of formed fibrillary aggregates in a-syn + LDL
with respect to a-syn alone, with the few aggregates formed being interlaced to
lipoparticles. Similar structures have been observed by co-incubating a-syn with CSF
and serum-derived HDL (S/ Appendix Fig. S9). Of note, the globular structures
observed in CSF resembled those observed in serum-derived LDL more than serum-
derived HDL (smaller in size). Similar structures have been previously observed by
TEM by incubating prion aggregates (PrPS¢) with LDL '"'. Interestingly, PrPS¢ was
shown to bind to LDL with an apparent dissociation constant (Kd) of ~30 pM.

In conclusion, we described a drastic reduction of a-syn aggregation in the presence
of human CSF by SAAs. CSF lipoproteins are the main responsible of this inhibitory
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effect, although it cannot be excluded that other less abundant constituents may also
contribute. These findings are in line with previous studies which demonstrated an
interaction between a-syn and lipoproteins both in plasma % and CSF "2 by
coimmunoprecipitation. Our data provide strong support for this interaction by
complementary techniques, demonstrating that the interaction may be relevant in
diagnostic SAA protocols and that it does not involve a-syn in its monomeric state.
Together with a-syn-lipoprotein interaction, CSF pH drift can be another confounder in
SAAs. The use of reaction buffers more concentrated than PBS or using smaller CSF
volumes can mitigate these effects in RT-QulC and PMCA diagnostic applications. The
fact that lipoproteins can target extracellular a-syn aggregates blocking their
amyloidogenic potential may be clinically meaningful, especially in the view of
identifying novel disease modifying drugs for synucleinopathies. Intravenous injections
of ApoA1 or ApoA1-Milano, a genetic variant expressed by centenarians inhabitants
of Limone sul Garda, Italy '3, have been already tested for human safety 14115
showing interesting therapeutic potential for the treatment of arteriosclerosis ''°. More
recently, promising results have been obtained in transgenic mouse model of AD, in
which the peripheral administration of recombinant ApoA1-Milano lipoproteins resulted
in a lower AB plaques load and in a lower inflammatory response 6. Thus, considering
the high tolerability of its intravenous administration in humans ''5, the fact that it is
able to cross bidirectionally the BBB %5117 and the results obtained in AD animal
models "6, our results also support the idea that ApoA1 isoforms should be further

investigated as therapeutic candidates for synucleinopathies.

&9



Figures and Tables

50000
35000 - Y 0.5 pg seeds
iy ® o-synalone l% P { ® 50pgseeds
A eed
& 00~ m  a-syn+CSF ;“ﬂ ;'_ 40000 - 5000 pg-weada
2 2 ¥ 0.5 py seeds + CSF
& 25000 B @ 50pgseeds ~ CSF
8 T 300004 < 5000 pg seeds + CSF
T 20000 <
= £
o 8
§ 15000 g 20000 4
@ b
© 10000 - 9
S S 10000
o 5000 o
0 T T T T S P ) 0- I e—
o 20 4 80 80 100 120 140 160 o 250 aw | o ‘s0 oo Vsd | 6. ‘ied
Time (h) Time (h)
c 1 il A1 -A2 A0 - A1 s BA2 EMAX
yir = t—12 F-tl
e teem(g?) 1+ ew () — 45000
=
= s 40000
@ 2 35000
2 y(® & 30000
8 £ 25000
& ; 8 20000
1* 1 o
3 ; 3 15000
- 1 0
S i £ 10000
o i ]
I — : 3 5000
AQ [ H o 0 W W =T W W
d1 1d2
1 > 0\9 "?oo "00 ‘5\00‘0 ‘%oo 0'6:0 6:0.0 dbo ‘5\00 '9000
| Time D % o 20 0, ‘9"00“00‘9" %

Fig. 1. CSF inhibit a-syn aggregation in unseeded and seeded conditions. A) SAA performed using 0.7 mg/mL
(50 uM) of recombinant a-syn in PBS with (black) and without (red) 40 pl of human pooled CSF (final volume of
200 pL). B) The experiment was repeated by adding to the a-syn substrate 0.5, 5, 50, 500 and 5000 pg of preformed
a-syn fibrils (seeds). The data shown in A) and B) represent the average fluorescence of three replicates with error
bars representing the standard error of the mean value (SEM). Only the ThT profiles relative to samples with 0.5,
50 and 5000 pg seeds are shown for the sake of viewing. C) Graphical description of the fitting function used. A2
fits the fluorescence value of the second plateau, Al fits the fluorescence value of the first plateau and AO fits the
baseline fluorescence. The time parameters t1 and t2 fit the first and the second inflection points, respectively,
while dl and d2 represent the slopes of the sigmoids. D) The fitted A2 plateau parameters and maximum
fluorescence values (MAX) for the seeded experiment with and without 40 puL of pooled CSF. Both A2 and MAX
values result from the average of three replicates, error bars reflect the SEM. Fitting with sigmoids was not possible
for samples with CSF.
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Fig. 2. Different CSF fractions differently affect a-syn aggregation. A) Relative concentration (emPAI score
multiplied by protein molecular weight) of the most abundant protein constituents measured by nLC-nESI
HRMS/MS. Apolipoproteins scores were summed together, with ApoA-I and ApoE being the most abundant.
Scores for fractions 3-10 and <3 kDa are not shown since the protein content of these fractions was negligible with
respect to the others. Due to the fractionation procedure, macromolecular constituents of the CSF fractions (>100,
50-100, 10-50 and 3-10) were more concentrated (by a theoretical factor of 5) compared to whole CSF and to the
<3 kDa fraction. B-C) SAAs performed using 0.7 mg/mL (50 pM) of recombinant a-syn in PBS with 40 pl of
PBS/human pooled CSF fractions (final volume of 200 ul). Six glass beads with a diameter of 1 mm were added
in each well. The SAA protocol consisted in 14 min rest at 37°C and 1 min shaking at 500 rpm. To remove the
background fluorescence, the average fluorescence of three replicates containing PBS, whole CSF and CSF
fractions without a-syn was subtracted prior to the analysis. B) Mean fitted A2 parameters (fitting was not possible
for samples with whole CSF and the >100 kDa fraction) and maximum fluorescence values (MAX) of samples
with 40 pl of PBS/CSF fractions. Two scales of fluorescence intensity were used to better compare the results. C)
Mean fitted t2 parameters. All the values displayed in the bar-plots of panels A, B and C result from the average
of three replicates with error bars reflecting the SEM.
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Fig. 3. CSF aggregation inhibition may differ from a subject to another. A) SAAs performed using 0.1 mg/mL
of recombinant a-syn in PIPES pH 6.5 and 500 mM NaCl with 40 uL of human CSF (final volume of 200 pL)
obtained from two NPH patients. The data shown represent the average fluorescence of three replicates with error
bars representing the SEM. B) C) Average (3 replicates) of maximum fluorescence values, fitted A2, t1 and t2
parameters for the two tested CSF samples. NPH2 showed a weaker aggregation inhibition capability compared

to NPH1. D) Portion of 1D 'H NMR spectra relative to the two NPH CSF samples analyzed with SAAs.
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Fig. 4. HDL reduce a-syn aggregation more efficiently than HSA. A) average SAA performed using 0.7 mg/mL
of recombinant a-syn (50 uM) in PBS pH 7.4 in the presence of different concentrations of HSA (0, 0.3, 6.7 and
43 mg/mL) and HDL (0, 0.12 and 0.57 mg/mL). For the sake of viewing the fluorescence profiles of samples
containing HSA at 0.3 and 6.7 mg/mL were not shown. To remove the background fluorescence, the average
fluorescence of three replicates containing the same amount of HSA and HDL without a-syn was subtracted prior
to the analysis. The data represent the average fluorescence of three replicates with error bars representing the
SEM. The addition of HDL or HSA reduced the efficiency of a-syn aggregation with HDL producing a much
stronger effect. B) Maximum fluorescence values (MAX) and fitted A2 parameters averaged on the three replicates
are shown. C) Inverted and window/level-adjusted image of the dot-blot assay performed on the HSA and HDL
containing samples with OC (detection of fibrillary oligomers) and All (detection of amorphous oligomers)

conformational antibodies. D) Intensity profile (gray level) over a rectangle containing the dots (samples 1-5).
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Fig. 5. HDL reduce a-syn aggregation even at CSF physiological (ca. 0.03 mg/mL) and sub-physiological
levels by preventing the formation of transient oligomeric/protofibrillary species. A) SAA performed using
0.7 mg/mL (50 uM) of recombinant a-syn in PBS with 0, 0.003, 0.03, 0.3 and 1 mg/mL of added human serum
HDL. To remove the background fluorescence, the average fluorescence of three replicates containing the same
amounts of HDL without a-syn was subtracted prior to the analysis. B) The presence of monomeric a-syn (14-18
kDa) was monitored during SAA by WB. Samples derive from replicate wells containing a-syn alone recovered
at different timepoints of the SAA protocol. With reference to panel A and C, monomeric a-syn decreases as t
increases due to the formation of HMW fibrils.
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Fig. 6. HDL and LDL impede a-syn aggregation more efficiently than TTR. Lipoproteins exert their anti-
aggregation properties by interlacing to early protofibrillary/oligomeric species. A-B) Fitted kinetic
parameters of a SAA performed using 0.7 mg/mL (50 pM) of recombinant a-syn in PBS with different
concentrations of LDL, HDL and TTR. The average fluorescence of three replicates containing the same amounts
of LDL, HDL and TTR without a-syn was subtracted prior to the analysis. C-E) TEM images relative to the final
products obtained in SAA reactions performed using (C) a-syn alone (0.7 mg/mL), (D) LDL 0.3 mg/mL alone and
(E) a combination of both a-syn 0.7 mg/mL + LDL 0.3 mg/mL. This last condition indicates that the LDL are able
to reduce the aggregation of a-syn and probably by interlacing to early protofibrillary/oligomeric species, thus
impairing their “seeding” effect.
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Supplementary Information

Supplementary Results

Solution NMR experiments on CSF fractions

To clarify the molecular basis of the inhibition of a-syn aggregation by CSF, we titrated
SN isotopically enriched monomeric a-syn (144 mg/mL, 100 uM) with all the CSF
fractions and evaluated the intensity changes in a-syn amide resonances by 2D 'H-
SN HSQC solution NMR spectra. Relevant intensity decreases were observed by
titrating a-syn with whole CSF and with the <3 kDa fraction (Fig. S5A and S5B), while
no relevant intensity decreases were detected for the other fractions (as an example,
the results for the >100 kDa fraction are shown in Fig. S5C). However, the intensity
decreases observed by titrating a-syn with whole CSF and with the <3 kDa fraction
were accompanied by a shift in the position of the amide-proton of histidine-50 (for
whole CSF A'H = 0.042 ppm, AN = 0.26 ppm). The resonance frequency of histidine-
50 amide protons of a-syn is known to be particularly sensitive to pH changes, which
also affect the chemical exchange between bulk water protons and amide protons,
which in turn modulates the intensity of peaks in 2D 'H-">N HSQC solution NMR
spectra. To test whether CSF could produce such a pH change also in the presence
of PBS, we performed pH measurements over-time on the whole CSF fraction (2/3
CSF + 1/3 PBS 3x) and in undiluted CSF. The results of these experiments are shown
in Fig. S6: exposing CSF to air upon vigorous shaking caused a significant increase in
pH both in the presence and absence of PBS. This effect had been reported previously
107,108 and is produced by the loss of carbon dioxide from CSF (and the consequent
displacement of the CO2/HCO3~ equilibrium). This effect is likely responsible for the
intensity decreases observed in HSQC spectra while titrating a-syn with whole CSF
and with the <3 kDa fraction. It is also well known that the aggregation propensity of
a-syn is strongly dependent on pH '8, For this reason, we interpreted the slight
decrease in the maximum fluorescence signal observed for the <3 kDa fraction (main
text Fig. 2B), as a possible effect of the pH increase due to the loss of CO2, which
could be significantly present both in this fraction and in the whole CSF sample (the
other fractions were washed multiple times with PBS).
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Materials and Methods

Protein expression and purification

Recombinant a-synuclein (a-syn) expression and purification

Escherichia coli BL21 (DE3) Gold were transformed with a pT7-7 vector cloned with
the gene encoding a-synuclein. The overnight preculture of transformed cells was
diluted 100-fold in LB medium and induced at an ODeoo value of 0.6—0.8 with 1 mM
isopropyl-B-d-thiogalactoside; after 5 h of incubation at 37 °C, the cells were harvested
at 4000 rpm (JA-10, Beckman Coulter). The extraction was carried out through osmotic
shock using 100 mL of the buffer Tris 30 mM, ethylenediaminetetraacetic acid (EDTA)
2 mM, and sucrose 40%, at pH 7.2, according to Shevchik et al.®> and Huang et al.®®.
The suspension was then ultra-centrifuged at 20 000 rpm (Type 70 Ti rotor, Beckman
Coulter) for 25 min, and the pellet was collected and resuspended with 90 mL
precooled ultrapure water containing 38 puL of 1 M MgCl. and then ultra-centrifuged a
second time. Supernatants derived from these two centrifugation steps were combined
and dialyzed against 4 L of 20 mM Tris/HCI buffer at pH 8.0. The protein was then
loaded in the fast protein liquid chromatography system, and anion-exchange
chromatography was carried out with 0-50% linear gradient 1 M NaCl (GE Healthcare
HiPrep Q HP 16/10 Column). The collected fractions were lyophilized and
resuspended in 10 mM Tris/HCI, 1 mM EDTA, and 8 M urea at pH 8.0 for chemical
denaturation. To eliminate all of the protein that formed aggregates, two size-exclusion
chromatographies (HiLoad 16/600 Superdex 75 pg Column) were performed with 20
mM phosphate and 0.5 mM EDTA at pH 8.0 as the elution buffer. Purified a-synuclein
(a-syn) was dialyzed against Milli-Q water and lyophilized in batches for long-term
storage. The Roche complete protease inhibitor cocktail was added only during the
extraction step in the quantity suggested by the producer.

SN-labeled wild-type a-syn was expressed in Escherichia coli grown in M9 minimal
medium supplemented with '>NH4ClI and purified as started for E. coli in LB medium.

For '®N-labelled and unlabelled a-syn, protein expression and purification was
performed as previously described %. An extended description of the methodologies
used is present in the Supplementary Material.
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Recombinant transthyretin (TTR) expression and purification
For TTR, Escherichia coli BL21(DE3) RIPL PLysS cells were transformed with pET-
28a(+) plasmid encoding TTR gene. The cells were cultured in LB Medium containing

0.1 mg/mL of Kanamycin, grown at 37 °C, until ODesoo reached 0.6—-0.8, then induced
with 1 mM isopropy! 3-D-1-thiogalactopyranoside. They were further grown at 37°C
overnight and then harvested by centrifugation at 6500 rpm (JA-10 Beckman Coulter)
for 15 min at 4°C. The pellet was suspended in 20 mM Tris-HCI, pH 8.5 (60 mL per liter
of culture) and sonicated at 4°C for 40 min. The suspension was centrifuged at
40,000 rpm (F15-6x100y Thermo Scientific) for 40 min and the pellet discarded. TTR
was purified by anionic-exchange chromatography using a HiPrep Q FF 16/10 column
(GE Healthcare Life Science). The protein was eluted in 20 mM Tris-HCI buffer at pH
8.6 with a linear 0—1 M NaCl gradient. Fractions containing pure TTR were identified
by Coomassie staining SDS-PAGE gels, then joined and purified by Size Exclusion
Chromatography using HiLoad Superdex 26/60 75pg in 50 mM phosphate buffer at pH
7.5.

Cerebrospinal fluid (CSF) pools and fractionation

CSF from neurological OND (Other Neurological Diseases) control subjects were
collected in order to perform a fractionation to discover the molecular weight range of
the compounds responsible for the interaction effects.

CSF from 19 different subjects (10 females and 9 males, average age = 70 y, standard
deviation= 8 y) were collected reaching a total volume of 8 mL that was split in 2
aliquots of 3 mL and 10 aliquots of 200 pL.

An aliquot of 3 mL was resuspended in 1.5 mL of PBS 3x in order to have 4.5 mL of
human pooled CSF in PBS 1x. This volume was then subjected to a series of filtrations
using Centricon® filters of different molecular weight cut-offs. We did not performed
size-exclusion chromatography since the concentration of the constituents ''°® was too
low to see a chromatogram and we did not want to start our analysis from an ultra-
concentrated CSF (e.g. 40:1, as it was done in the work of Padayachee et al.’?°). The
procedure used to fractionate human CSF is schematized in Fig. S3. The aliquots
collected in this way contained the different constituents of the starting 4.5 mL of CSF
in PBS with different concentration factors, the volume and the relative concentration
factors (with respect to fraction 1) of the aliquots depicted in Fig. S3 are summarized
in Table S1. Aliquots 2, 3, 4 and 5 were washed 2 times with PBS before the storage,
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to dilute as much as possible compounds smaller than the cutoff value. The ability to
interact with a-syn monomers was then tested for all the CSF fractions. for seeding
aggregation assays (SAAs) and nLC-nESI HRMS/MS experiments, concentration
factors of samples 2, 3 and 4 were brought to the same concentration factor of fraction
5 by diluting them with PBS. We chose to bring these concentrations to a factor of 5
(with respect to whole CSF) in order to take into account possible loss of protein due
to the not perfect recovery efficiency of centrifugal filters.

Generation of preformed a-syn aggregates

Preformed a-syn aggregates were generated by incubating 1 mg/mL of a-syn in PBS
for one week at 37°C under vigorous double orbital shaking (500 rpm) in a sealed 1.5
mL polypropylene vial. The final products were subjected to cycles of sonication (20
sec tip sonication, 20 sec rest) with an amplitude of 12 ym. The polypropylene vial had
been immersed in ice for the whole duration of the sonication procedure. The
aggregates were then diluted at 0.25, 2.5, 25, 250 and 2500 pg/uL, considering the
initial monomer concentration as reference. The generated a-syn aggregates were

then aliquoted and stored at -80°C.

SAA protocols

All the SAA experiments were performed with a programmable BMG LABTECH
ClarioStar® fluorimeter in Greiner clear-bottom 96-well plates. The ThT fluorescence
was read from the bottom using excitation and emission wavelengths of 450 and 480
nm, respectively. An incubation temperature of 37°C was used for all the experiments.
A ThT concentration of 10 yM was used for all the experiments, 0.1% NaN3 was also
present in all the tested conditions to avoid bacterial contamination.

Testing of the inhibitory effect of CSF
Lyophilized recombinant a-syn was thawed in NaOH 3 mM at the concentration of 3.5

mg/mL. The solution was brought to physiological pH by diluting it with four-times
concentrated phosphate-buffered saline (PBS) and distilled water, reaching a
concentration of PBS 1.27x, 0.89 mg/mL a-syn, 12.7 uM ThT and 0.127% NaNs. 158
uL of the solution containing monomeric a-syn was then poured in wells, each of them
containing 6 glass beads of 1 mm diameter. In half of the wells 40 yL of human pooled
CSF were added, while in the others, 40 yL of PBS were added instead. Subsequently,
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2 pL of PBS containing 0, 0.25, 2.5, 25, 250 and 2500 pg/pL of a-syn aggregates were
added to the wells. Each concentration of a-syn aggregated was replicated in 3 distinct
wells. The plate was then sealed, put inside the fluorimeter at 37°C and subjected to
cycles of shaking (14 min rest at 37 °C, 1 min double-orbital shaking at 500 rpm). At
the end of each cycle the fluorescence of ThT was read from the bottom using

excitation and emission wavelengths of 450 and 480 nm, respectively.

SAA on NPH CSF
Lyophilized recombinant a-syn was thawed in NaOH 3 mM at the concentration of 3.5

mg/mL. The solution was brought to physiological pH by diluting it with concentrated
buffer and distilled water, reaching the final condition of PIPES pH 6.5, 500 mM NaCl,
0.125 mg/mL a-syn, 12.5 yM ThT and 0.125% NaNs. 160 pL of the reaction buffer
when then poured in 6 wells, each of them containing 21 glass beads of 0.5 mm
diameter; 40 pL of CSF belonging to two hydrocephalus patients were then added in
3 wells, respectively. The plate was then sealed, put inside the fluorimeter at 37°C and
subjected to cycles of shaking (29 min rest at 37°C, 1 min double-orbital shaking at
500 rpm). At the end of each cycle the fluorescence of ThT was read from the bottom

using excitation and emission wavelengths of 450 and 480 nm, respectively.

Testing of the inhibitory effect of CSF fractions

Lyophilized recombinant a-syn was thawed in NaOH 3 mM at the concentration of 3.5
mg/mL. The solution was brought to physiological pH by diluting it with concentrated
PBS (4x) and distilled water, reaching a concentration of PBS 1.25x, 0.75 mg/mL a-
syn, 12.5 yM ThT and 0.125% NaNs. 160 pL of the solution containing monomeric a-
syn was then poured in wells, each of them containing 6 glass beads of 1 mm diameter.
40 yL CSF fractions were added. Each condition was replicated in 3 distinct wells. The
plate was then sealed, put inside the fluorimeter at 37°C and subjected to cycles of
shaking (14 min rest at 37 °C, 1 min double-orbital shaking at 500 rpm). At the end of
each cycle the fluorescence of ThT was read from the bottom using excitation and
emission wavelengths of 450 and 480 nm, respectively.

SAA with human serum albumin (HSA) and high-density lipoproteins (HDL)

The experiment was performed in the same exact way as it is described in Bellomo et
al. (2019)%. Briefly, 0.7 mg/mL of recombinant a-syn (50 uM) in PBS pH 7.4 was used.
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Six glass beads with a diameter of 1.0 mm were added in each well, the
shaking/incubation protocol consisted in 29 min rest at 37°C and 1 min shaking at 500
rpm (double-orbital shaking). In addition to HSA, wells containing 0.12 mg/mL and 0.57
mg/mL human serum HDL (Sigma Aldrich, LP3) with and without a-syn were also
analyzed (3 replicates for each condition).

SAA with HDL, low-density lipoproteins (LDL) and TTR
Lyophilized recombinant a-syn was thawed in NaOH 3 mM at the concentration of 3.5

mg/mL. The solution was brought to physiological pH by diluting it with concentrated
PBS (4x) and distilled water, reaching a concentration of PBS 1.25x, 0.75 mg/mL a-
syn, 12.5 yM thioflavin-T (ThT) and 0.125% NaN3. 160 uL of the solution containing
monomeric a-syn was then poured in wells, each of them containing 6 glass beads of
1 mm diameter. Subsequently, 40 uL of solutions containing different dilutions (all the
products were diluted with distilled H20) of human serum HDL (Sigma-Aldrich LP3),
human serum LDL (Sigma-Aldrich LP2), recombinant TTR were added (final condition:
0.7 mg/mL of recombinant a-syn in PBS 1x, final volume of 200 pL). Each condition
was replicated in 3 distinct wells in the presence and absence of a-syn. The plate was
then sealed, put inside the fluorimeter at 37°C. For the experiments in which we tested
the effect of different concentrations of human serum HDL (0, 0.003, 0.03, 0.3 and 1
mg/mL) the plate was subjected to cycles of shaking (14 min rest, 1 min double-orbital
shaking at 500 rpm).

For the experiments in which we tested the effect of different concentrations of human
serum HDL (0.3 mg/mL), LDL (0.03 and 0.3 mg/mL) and TTR (1.0, 0.3 and 0.03
mg/mL) the plate was subjected to cycles of shaking (13 min rest, 2 min double-orbital
shaking at 500 rpm). At the end of each cycle the fluorescence of ThT was read from
the bottom using excitation and emission wavelengths of 450 and 480 nm,

respectively.

SAA data analysis

The average background fluorescence produced by three wells containing the analyte
without a-syn was subtracted prior to the analysis to the ThT intensity profiles relative
to the same analyte in the presence of a-syn. While analyzing data relative to the sole
a-syn the background fluorescence from well containing only the reaction buffer were
subtracted. Each ThT kinetic trace was then fitted with the double sigmoid function
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described in Fig. 1C (main text) by using Origin Pro v9.0. In the fitting model, A2 fits
the fluorescence value of the second plateau, A1 fits the fluorescence value of the first
plateau and AO fits the baseline fluorescence. The time parameters t1 and t2 fit the
first and the second inflection points, respectively, while d1 and d2 represent the slopes
of the sigmoids. In the non-linear fitting procedure used, the following bounds were
applied: 0 < A0 < 1000, 500 < A1 < 5000, A2 > 2000, 0 <t1 <100 h and t2 > 0. For
some Kinetic traces, a decrease in fluorescence was observed after reaching the
second plateau. This known phenomenon is caused by the sequestration of ThT
molecules by mature HMW fibrillary aggregates and by the sedimentation of HMW
insoluble aggregates '2'. In these cases, the last descending part of the ThT profile
was removed prior to fitting. Fitting was rejected when the adjusted determination
coefficient R was below 0.3.

Western blot and dot-blot assays

Equal amounts of SAAs products (volumes containing an initial a-syn concentration of
2 ug) were added with Laemmli’s sample buffer without sodium dodecyl sulfate (SDS),
without boiling them to prevent solubilization of SDS-sensitive aggregates. Samples
were separated through SDS-PAGE on 4-20% polyacrylamide gels (Bio-Rad) and
transferred into PVDF membranes (0.45 pm, Bio-Rad) by wet transfer at 100 V
constant for 90 min using a 25 mM Tris-HCI, 192 mM glycine, 20% methanol added
with 0.015% SDS. Membranes were fixed with 4% PFA for 30 min prior to blocking
with 5% non-fat milk in TBS-T (TBS with 0.1% Tween 20) for 1 hour at RT. After
blocking, filters were incubated with primary antibody against a-syn (211, sc-12767,
Santa Cruz Biotechnology) O/N at 4°C. The membranes were further incubated with a
goat-anti-mouse IgG-HRP conjugate (Bio-Rad, 1706516; 1:5000) secondary antibody
for 1 hour at RT, and signals were visualized using an ECL reaction.

For dot blotting aliquots of products obtained in SAAs corresponding to 300 ng of
monomeric a-syn in the initial reaction mixtures were spotted (2 pL/spot) on
nitrocellulose membrane pre-equilibrated with TBS-T. Samples were dried at RT and
fixed with PFA (0.4% in PBS) for 30 min, and then filters were blocked with 2% non-fat
milk (in TBS-T). The membranes were incubated overnight at 4 °C with OC (1:1000)
or A11 (1:1000) antibodies followed by incubation with goat-anti-rabbit 1gG-HRP
conjugate (1:5000; 1706515 Bio-Rad) secondary antibody for 1 hour at RT.
Membranes were developed with an ECL reaction and images were acquired through
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a ChemiDoc™ imaging system. Densitometric analysis was performed with ImageJ
software (National Institute of Health). Dot-blot images were inverted, and window/level
adjusted prior to the analysis. The gray level profile was extracted from a rectangle
containing all the a-syn containing samples. The intensity profile of an adjacent
rectangle not containing any dot was subtracted to remove the background intensity.
No significant gray level fluctuations were found while repeating the same procedure

for control samples not containing a-syn.

Solution nuclear magnetic resonance (NMR) experiments
All the NMR spectra were acquired at 283 K with a Bruker Avance Ill HD NMR
spectrometer operating at 950 MHz 'H Larmor frequency, equipped with a

cryogenically cooled probe. For all the measurements performed, samples were
analyzed in 3 mm diameter NMR tubes. Spectra were initially processed with the
Bruker TOPSPIN 4.0 software tools.

Solution NMR experiments on NPH CSF
1D NMR experiments (Bruker sequence: zgesgp, number of scans = 128) on NPH
CSF were performed by analyzing 170 pyL of CSF samples + 10 yL D20 (5.6%).

Solution NMR titrations with monomeric a-syn

2D "H-">N HSQC spectra (Bruker sequence: hsqcetfpf3gp, number of scans = 16) were
performed to test possible interactions between monomeric a-syn and CSF
fractions/HDL/LDL/TTR.

Solution NMR titration experiments were carried out starting from 200 yL of a solution
containing 100 uM of recombinant >N labelled a-syn in PBS buffer and 10% D-O.
For CSF fractions titration experiments, the added volumes were 100 uL for fraction 1,
5 and 6, while 62.5 pL, 71 pL and 83 pL were added for fraction 2, 3 and 4 respectively
to compensate for the different concentration factor with respect to fraction 5.

For HDL titration experiments 2 and 10 pL of a solution containing 11.97 mg/mL of
human serum HDL (Sigma Aldrich, LP3) were added to the solution containing
monomeric a-syn.

For LDL titration experiments 2, 10 and 40 pL of a solution containing 6.27 mg/mL of
human serum LDL (Sigma Aldrich, LP2) were added to the solution containing

monomeric a-syn.
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For TTR titration experiments 20 and 40 pL of a solution containing 30 mg/mL of
recombinant human TTR were added to the solution containing monomeric a-syn.

In order to compute amplitude ratios and/or evaluate chemical shifts perturbations, 2D
'H-SN HSQC spectra were further analyzed by the program Computer Aided

Resonance Assignment 22,

nLC-nESI HRMS/MS
The analyses of proteins contained in CSF and in each CSF fractions were performed

by nanoLiquidChromatography coupled to High Resolution Mass Spectrometry
equipped with a nanoelectrospray interface (nLC-nESI HRMS/MS). From each CSF
fraction a 10 yL volume was taken in triplicate and reduced with DTT (1 pyL of a 0.5
mg/mL solution in ultrapure water) for 30 min at room temperature (RT) in the dark and
then alkylated adding 1 pL of a 2.5 mg/mL iodoacetamide solution in ultrapure water
and left for 20 min at RT in the dark. The samples were diluted with four volumes of 50
mM NHsHCO3 pH 8. Protein digestion was started adding 1 pL of 0.4 mg/mL LysC
solution and incubated for 3 h at 37 °C, then adding 1 yL of 0.5 mg/mL sequencing
grade trypsin (Promega) solution and incubated at 37 °C overnight. The reaction was
stopped adding 1 uL 10% trifluoroacetic acid to reach a <2.5 pH value. C18 Empore
(3M) Stage tips were prepared in-house and sequentially conditioned with 50 pL
methanol, 50 uL 80% acetonitrile, 19.5% ultrapure water, 0.5% acetic acid and then
with 50 pyL 0.5% acetic acid. The digested samples were loaded into the stage tips,
washed with 50 pL 0.5% acetic acid, then dried and peptides eluted with 50 pL
methanol, 50 pyL 80% acetonitrile, 19.5% ultrapure water, 0.5% acetic acid. The
samples were then concentrated to less than 10 pL and bring to a final volume of 20
ML with 0.5% acetic acid; a 1 pL volume was injected into the nLC-nESI HRMS/MS
system; this was composed of a nanoLC system EASY-nLC 1200 coupled to a LTQ
Orbitrap hybrid mass spectrometer (Thermo Scientific). The nESI spray potential was
1.7 kV, capillary and tube lens voltages were 42 and 120 V, respectively. The
chromatographic column was an Acclaim® PepMap 100 C18, 3 um, 100 A, 75 pm x
150 mm, operating at 300 nL/min flow rate. Solvent A was 100 % water and solvent B
was 80% acetonitrile/20% water, both containing 0.1% formic acid; solvents were of
LC-MS grade from Sigma (Sigma ltaly, Merck). Elution was done by gradient starting
from 2% B for 5 min, then to 40% B in 340 min, to 90% B in 5 min and returning to

initial conditions. Data were acquired in data dependent manner, performing a survey
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HRMS full scan from 350 to 2000 m/z at 60000 nominal resolution (at m/z 400) in the
Orbitrap, using a 1 x 10° target value. Precursors were isolated from the seven most
intense signals above 500 a.u. threshold with an isolation window of 2 Da. Normalized
collision energy of 35% and an activation time of 20 ms were used. Precursor ions with
no charge state assigned and singly charged did not trigger MS/MS experiments.
Precursor masses already selected were dynamically excluded for 30 s with an
exclusion window of 20 ppm (repeat count 2, repeat duration 15 s).

The acquired data were searched with Mascot 2.4 search engine (Matrix Science Ltd.,
London, UK) against a human database created from NCBI. Searches were performed
allowing: (i) trypsin as enzyme, (ii) up to two missed cleavage sites, (iii) 10 ppm of
tolerance for the monoisotopic precursor ion and 0.5 mass unit for monoisotopic
fragment ions, (iv) carbamidomethylation of cysteine and oxidation of methionine as
variable modifications. A target-decoy search was used: a false discovery rate (FDR)
of 1% was imposed and the criterion used to accept protein identification included
probabilistic score sorted by the software. The exponentially modified PAI (emPAl)

values were used to estimate protein abundances 23124,

TEM

The final reaction products of SAA for samples containing a-syn 0.7 mg/mL, LDL 0.3
mg/mL, a-syn 0.7 mg/mL + LDL 0.3 mg/mL, a-syn 0.7 mg/mL + HDL 0.3 mg/mL and
a-syn 0.7 mg/mL + pooled human CSF (1:5 ratio) were diluted 3-fold in water. Ten pL
of each dilution was adsorbed onto 200-mesh Formvar-carbon coated nickel grids, at
room temperature. After 30 minutes, the remaining drop was dried using filter paper
and the grids were stained with 25% Uranyl Acetate Replacement (negative staining)
for 10 min and air-dried for 15 minutes. Images were taken using a FEI Tecnai Spirit
electron microscope (120kV), equipped with an Olimpus Megaview G2camera.
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Supplementary Figures
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Fig. S1. CSF inhibit a-syn aggregation in different experimental conditions. A) SAA performed
using 0.1 mg/mL of recombinant a-syn in PBS pH 7.4 + 137 mM NaCl with (red) and without (green) 40
gl of human CSF (final volume of 200 pl). Six glass beads with a diameter of 1.0 mm were added in
each well (14 min rest, 1 min shaking at 500 rpm). B) SAA performed using 0.08 mg/mL of recombinant
a-syn in PIPES pH 6.5 + 500 mM NaCl with (red) and without (green) 40 pl of human CSF (final volume
of 200 pl). 21 glass beads with a diameter of 0.5 mm were added in each well (29 min rest, 1 min shaking
at 500 rpm). The data shown are the averages of three replicates on a 96-well plate.
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Fig. S2. Quantitative regression analysis of the seeded SAA in the absence of human CSF.
Measured t2 parameters (in hours) for the seeded experiment vs the quantity of seeds added; the
horizontal axis is displayed in log10 scale. The t2 values displayed result from the average of three
replicates, error bars reflect the standard deviation of the mean value. The data were fitted with a natural
logarithm function, the correlation between t2 and the added seed masses was assessed by means of
Pearson’s correlation coefficient (r).
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Fig. S3. Scheme of the CSF fractionation procedure. From a starting aliquot of 4.5 mL of CSF in
PBS 1x, we collected 6 aliquots containing compounds of different molecular weight and froze them in
liquid nitrogen. After every filtration with centrifugal filters, the flow-through of the filtered fraction was
passed to a filter with smaller cutoff. Aliquots 2, 3, 4 and 5 were washed 2 times with PBS before storage,
to dilute as much as possible compounds smaller than the cutoff value. The aliquots collected in this
way contained the different constituents of the starting 4.5 mL of CSF in PBS with different concentration
factors. The volume and the relative concentration factors (with respect to sample 1) of the aliquots
depicted are summarized in Table S1.
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Fig. S4. Average a-syn aggregation profiles in the presence of CSF fractions. Average ThT
fluoresce intensities relative to SAAs performed using 0.7 mg/mL (50 uM) of recombinant a-syn in PBS
with 40 ul of PBS/human pooled CSF fractions (final volume of 200 pl). Six glass beads with a diameter
of 1 mm were added in each well. The SAA protocol consisted in 14 min rest at 37 °C and 1 min shaking
at 500 rpm. To remove the background fluorescence, the average fluorescence of three replicates
containing PBS, whole CSF, and CSF fractions without a-syn was subtracted prior to the analysis.
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Fig. S5. NMR titrations of a-syn with CSF fractions. Intensity decreases of the signals of two-
dimensional (2D) "®*N-'H HSQC experiments acquired at 950 MHz at T = 283 K on °N labelled a-syn
(100 uM) in PBS after the addition of: (A) whole pooled CSF in PBS, (B) < 3 kDa CSF fraction in PBS
and (C) > 100 kDa CSF fraction in PBS. The residues experiencing the largest decreases in signal
intensity (smaller by one or more standard deviations with respect to the average value) are highlighted
in green. The intensity ratios corresponding to overlapping peaks are highlighted in red (their values
were not considered in the calculation of the average decreases and standard deviations).
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Fig. S6. CSF pH drift. The pH change due to the exposure of CSF to air was monitored over time in
500 pL of undiluted pooled CSF (A) and in the presence of PBS (400 yL CSF + 200 pL PBS 3x) in
polypropylene vials with a Thermo Scientific Orion pH-meter equipped with a glass 6 mm diameter
pHenomenal MIC 220 Micro electrode. Right before each measurement, the sample was vortexed for
20 sec and left open to air for another 20 sec.

1 2 3 4 5 1 2 3 4 5

6- 7.8 :9 .10 6 7 8 910

OC A11

1 a-syn + HSA 4.5 uM (0.3 mg/mL) 5 a-syn + HDL 0.57 mg/mL 9 HDL 0.12 mg/mL
2 a-syn + HSA 100 pM (6.7 mg/mL) 6 HSA 4.5 pM (0.3 mg/mL) 10 HDL 0.57 mg/mL
3 a-syn + HSA 640 uM (43 mg/mL) 7 HSA 100 uM (6.7 mg/mL)

4 o-syn + HDL 0.12 mg/mL 8 HSA 640 uM (43 mg/mL)

Fig. S7. Native image of the dot-blot assay. Native image of the dot-blot assay performed on the HSA
and HDL containing samples with OC (detection of fibrillary oligomers) and A11 (detection of amorphous
oligomers) conformational antibodies.
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Fig. S8. Average a-syn aggregation profiles in the presence of human LDL. ThT aggregation profile
relative to a SAA performed using 0.7 mg/mL (50 uM) of recombinant a-syn in PBS with 0, 0.03 and 0.3
mg/mL of added human serum LDL. Six glass beads with a diameter of 1 mm were added in each well.
The SAA protocol consisted in 13 min rest at 37 °C and 2 min shaking at 500 rpm. For some kinetic
traces, a decrease in fluorescence was observed after reaching the second plateau. This known
phenomenon is caused by the sequestration of ThT molecules by mature HMW fibrillary aggregates
and by the sedimentation of HMW insoluble aggregates 2.

A B o

a-syn + HDL

>

Fig. S9. TEM images of a-syn incubated with HDL, LDL and CSF. Representative TEM images
obtained by analyzing samples obtained by the co-incubation of a-syn 0.7 mg/mL at 37 °C with (A) HDL
0.3 mg/mL, (B) LDL 0.3 mg/mL and (C) pooled human CSF (1:5 ratio with respect to total reaction
volume). Samples were subjected to cycles of incubation (13 min) and shaking (double-orbital, 2 min)
at 500 rpm.
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Fig. S10. NMR titrations of a-syn with HDL, LDL and TTR. A) Intensity decreases of the signals of
two-dimensional (2D) '>N-'"H HSQC experiments acquired at 950 MHz at T = 283 K on "°N labelled a-
syn (100 uM) in PBS after the addition of 0.57 mg/mL serum-derived HDL. The intensity ratios
corresponding to overlapping peaks are highlighted in red. B) Intensity decreases of the signals of two-
dimensional (2D) "®*N-'H HSQC experiments acquired at 950 MHz at T = 283 K on '°N labelled a-syn
(100 pM) in PBS after the addition of 1 mg/mL serum-derived LDL. C) Intensity decreases of the signals
of two-dimensional (2D) ">N-'H HSQC experiments acquired at 950 MHz at T = 283 K on '°N labelled
a-syn (100 pM) in PBS after the addition of 3 mg/mL TTR.
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Supplementary Tables

Table S1. Concentration factors and final volumes of the CSF fractions.

Sample number MW range Volume (mL) :lative concentration Experimenfal
actor concentration factor
1 whole CSF 0.5 1 1
2 >100 kDa 0.5 8 5
3 50-100 kDa 0.5 7 5
4 10-50 kDa 0.5 6 5
5 3-10 kDa 0.5 5 5
6 <3 kDa 2 1 1

Table S2. Measured levels of the most abundant macromolecular CSF constituents by nLC-
nESI HRMS/MS. Albumin was the most abundant protein in whole CSF at its native concentration and
in all concentrated fractions, although its level was similar to the one of apolipoproteins (apolip.) in the
> 100 kDA fraction. TTR was abundant in the 100-50 kDa fraction. Apolipoproteins were mostly
present in the >100 kDa fraction but relevant quantities were also detected in the 100-50 kDa and 50-
10 kDa fractions while PGSD was mostly present in the 50-10 kDa fraction. Table cells are colored
according to the relative concentration (emPAIl x MW, proportional to the protein concentration in
mg/mL) of each analyte in each concentrated CSF fraction, from blue (most abundant), to white (low
levels or not detected, n.d.), the highest value of each analyte is highlighted in bold. The overall
dilution/concentration factors (with respect to whole CSF) of the samples depicted are summarized in
Table 3 in the Materials and Methods section.

Sample whole CSF (| >100 kDa 50-100 kDa 50-10 kDa 10-3 kDa <3kDa

Albumin (MW x emPAl) |[ (520 % 40) - 10*[[ (220 £ 30) - 10* (1090 £ 130) - 10* (180  130) - 10 (1.4%0.4) - 10* n.d.

TTR (MW x emPAI) (130 £40) - 10* || (11 £4) - 10* | (270£100)- 10* (14 £1) - 10* n.d. n.d.
apolip. (MW x emPAI) || (52 £15)- 10* |[(180£10)-10* (28 6) - 10 (24%0.6)-10* n.d. n.d.
PGSD (MW x emPAl) [ (16+4)-10* [ (2.6£1.6)-10* (13%2)-10* (30£14)-10*  n.d. n.d.

Table S3. Mean fitted kinetic parameters and maximum fluorescence values (MAX) of the
analyzed samples. Fitting was not possible for samples containing 0.3 and 1 mg/mL of HDL. Data
are represented as mean * SEM.

MAX 2" plateau 15 plateau 2"%inflection 15! inflection
HDL (mg/mL) (5 u)) A2(au) Al (au) £2 (h) t1 (h)
0 (31+6)-103 (27£5)-10° (12%1.2)-102 120%11 39.1+0.3
0.003 (27+£4)-10° (22+4)-10° (9.4%1.7)-102 135%9 29.6 1.3
0.03 (35+3)-103 (28+2)-10° (3.3+0.7)-102 1397 30.2+0.3
0.3 (50£2)-10 n.d. n.d. > 215 > 215
1 (49+£3)-10 n.d. n.d. > 215 > 215
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During my PhD project | was also involved in a line of research aimed to investigate
the origins of the relaxivity in fruit juice used as oral contrast agents for magnetic
resonance imaging of the gastrointestinal tract. These natural products contain high
concentrations of the paramagnetic Mn(ll) ion but the observed relaxivity is modulated
by the other components of the juice and can be increased by the addition of hydrogels.

The results of this research activity are reported in two following papers.
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Magnetic resonance imaging (MRI) often requires contrast agents to improve the visualization in some tissues and organs,
including the gastrointestinal tract. In this latter case, instead of intravascular administration, oral agents can be used. Natural oral
contrast agents, such as fruit juice, have the advantages of better taste, tolerability, and lower price with respect to the artificial
agents. We have characterized the relaxometry profiles of pineapple juice in order to understand the origin of the increase in
relaxation rates (and thus of the MRI contrast) in reference to its content of manganese ions. Furthermore, we have characterized
the relaxometry profiles of pineapple juice in the presence of alginate in different amounts; the interaction of the manganese ions
with alginate slows down their reorientation time to some extent, with a subsequent increase in the relaxation rates. The
relaxometry profiles were also compared with those of manganese(Il) solutions in 50 mmol/dm® sodium acetate solution (same
pH of pineapple juice), which revealed sizable differences, mostly in the number of water molecules coordinated to the metal ion,
their lifetimes, and in the constant of the Fermi-contact interaction. Finally, the fit of the transverse relaxivity shows that the
increased viscosity in the hydrogel formulations can improve significantly the negative contrast of pineapple juice at the magnetic

fields relevant for clinical MRI.

1. Introduction

Fruit juice rich in manganese ions is increasingly used in
clinical MRI as oral contrast agent for imaging of the
gastrointestinal tract [1]. Magnetic resonance chol-
angiopancreatography images are in fact frequently de-
graded by the high signal due to the fluid collecting in
stomach and duodenum. Oral contrast agents can greatly
improve the visualization of both biliary tree and pan-
creatic ducts, facilitating the evaluation of distal ducts,
and of the stomach and small bowel. Oral manganese ions
were also shown to provide good MRI contrast for the
imaging of peripheral nerves involved in pain perception,
thanks to the ability of Mn>* to enter neurons via calcium
channels [2].

The ideal oral agent must be nontoxic, increase the
contrast homogeneously even when diluted through the
gastrointestinal tract, and have good digestive acceptance,
absence of collateral effects, minimum peristaltic stimula-
tion, and an accessible price [3]. Several natural substances
have been tried because of their content of Mn>* ions [4-9].
Natural commercially available manganese-rich fruits in-
clude pineapple, blueberry, raspberry, blackberry, medlar,
plum, and the Amazonian fruit pulp from Euterpe oleracea
(popularly named Agai) [10-12]. Pineapple juice is the most
promising natural food for higher content of Mn>* ions
[13, 14], providing image contrast of a degree similar to
commercially available negative contrast agents [6]. Since
Mn*" ions can largely increase both the longitudinal and the
transverse relaxation rate of water protons, it can be used as

Natural and Hydrogel
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both T1 and T2 contrast agent. For instance, as T2 agent, it
was shown to suppress the signal from bowel fluid in pe-
diatric magnetic resonance cholangiopancreatography,
while as T1 agent, it can delineate the gut [13].

Pineapple juice has been shown effective as an oral
contrast agent in magnetic resonance images, and, more
recently, concentrated juices added with hydrogels [15] have
been proposed to further enhance the contrast. However, so
far, no detailed studies were performed on natural juices or
on their derivatives to characterize the relaxation properties
in detail. Field-dependent relaxometry [16, 17], which
consists in the measurement of the nuclear relaxation rates
as a function of the applied magnetic field, is a technique of
choice in this respect. In fact, it provides access to a number
of physicochemical parameters upon which the relaxation
rates depend [18-20]. In the presence of paramagnetic
systems, they are structural parameters, such as the number
and distance of water molecules coordinated to the para-
magnetic metal ions, and motional parameters, such as the
reorientation time of the system, the lifetimes of the water
molecules coordinated to the metal, the electron relaxation
parameters, and the unpaired electron spin density delo-
calized onto the water protons [17]. From the values of these
parameters, it is possible to infer on the occurring inter-
actions of the paramagnetic metal with its environment and
to monitor how they change upon changing the experi-
mental conditions. Furthermore, the analysis of the relax-
ometry profiles permits to evaluate the different
contributions to relaxation arising from the modulation of
different types of metal-proton interactions and from the
different motional regimes.

In this study, we characterize the relaxometry profile of
pineapple juice in order to describe the relevance of the
different parameters determining the experimental rates. We
also analyze the effect of alginate added to pineapple juice as
a natural food able to slower the dynamics of the para-
magnetic ions present in the juice and thus to increase the
nuclear relaxation rates. As manganese ions represent the
major actors driving the relaxation properties of pineapple
juice, the relaxation rates of solutions of manganese ions in
conditions similar to those of the juice are also investigated,
in order to evaluate the effects that other components than
these ions have on the relaxation rates of the juice.

2. Materials and Methods

2.1. Sample Preparation. Samples were prepared by dis-
solving sodium alginate (Sigma-Aldrich, A1112) in pine-
apple juice (Coop, 100%, pineapple juice) or in a simulated
pineapple juice to obtain hydrogels at 5% and 15% (w/w) of
polysaccharide. The simulated pineapple juice containing
the same concentration of inorganic salts (4 mmol/dm’
Ca®"; 6 mmol/dm® Mg**; 0.437 mmol/dm® Mn*") and the
same pH (3.6) of the natural product were prepared by
dissolving stock solutions of MgCl,, CaCl,, and MnCl, in
50 mmol/dm® of sodium acetate. Sodium acetate solution
was prepared by dissolving pure acetic acid in water and then
by adding a concentrated solution of sodium hydroxide until
pH 3.6 is reached. Water was then added to match the
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desired concentration. The hydrogels were homogenized by
several steps of sonication.

2.2. '"H NMRD Measurements. Water relaxation profiles
were acquired with a Stelar Spinmaster FFC2000-1T relax-
ometer by measuring the water proton relaxation rates as a
function of the applied magnetic field (0.01-40 MHz proton
Larmor frequency). The relaxation measurements, obtained
from the fit of the magnetization decay/recovery curves
against a monoexponential function, were affected by an
error of about +1%. The relaxivity profiles were obtained by
normalization of the measured relaxation data, subtraction
of the diamagnetic relaxation rate contribution, to the Mn**
concentration (in mmol/dm®). The measurements were
performed at 25 and 37°C.

2.3. High-Field NMR Measurements. R, and R, at high field
were measured on a Bruker Avance III spectrometer op-
erating at 400 MHz 'H Larmor frequency (9.4 T) to mitigate
the effects of relaxation, using a 5mm BBO probehead. To
mitigate the effect of radiation damping, the samples were
put in a single capillary coaxial to the 5mm tube, and the
probehead was detuned by 1 MHz.

2.4. Model Used to Analyze the Data. The experimental water
proton relaxation rates R; = Ryg;, + R;, and R, = Ryg,, + Ry,
are composed of diamagnetic and paramagnetic contribu-
tions. The paramagnetic contributions are related to the
presence of paramagnetic metal ions in solution, which in-
crease the relaxation rates of the water protons coordinated to
the metal ions through hyperfine coupling. These paramag-
netic relaxation enhancements (R;,, and R,,,) are then
transferred to bulk water protons through chemical exchange
so that

- -1
Ry, :fM(R1zl\4+TM) + Rygu )

_fu Rapg + Ry Thf + (A“’M)2
= N2
™ (RZM + TMI) + (A“’M)2 (2)
- -1
= fM(Rzzlw + TM) + Ryoues

being the difference in chemical shift Aw,, between the
paramagnetic and the diamagnetic species much smaller
than R,,, where

2p

q [Mn2+]

i SR | (3)
55.5

fM:

The lifetime 7, is the inverse of the exchange rate, g is
the number of water molecules coordinated to the metal ion,
and R, and R, indicate the paramagnetic relaxation
enhancements due to longitudinal and transverse transla-
tional diffusion (also called outer sphere relaxation), i.e., due
to the dipole-dipole interaction between the paramagnetic
metal ion and the water molecules freely diffusing around it
up to a distance of closest approach d.
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Ry and R,y can be described by the Solo-
mon-Bloembergen-Morgan (SBM) model [21, 22] and are
composed of the Fermi-contact and dipolar contributions:
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where (AFC/h) is the contact coupling constant, r is the
distance between metal ion and coordinated protons, S is the

electron spin quantum number (5/2 in the case of Mn**), 7y,
is the correlation time for the Fermi-contact interaction:

1 1, -1
Tpe = T, + Tpps (6)

and 7, is the correlation time for the dipole-dipole inter-
action, given by
S S S
T, =T, 4T, +Ty, (7)
where 7, is the tumbling time of the paramagnetic system
and 7, is the electron relaxation time, and

2
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described in the pseudorotation model by the parameters A,
and 7,, which correspond to the transient zero-field splitting
and the correlation time for electron relaxation, respectively.
Using the Lipari and Szabo model-free approach [23], in
equations (4) and (5), a squared order parameter Sis is also
introduced to account for contributions arising in the
presence of nonrigid molecular reorientations. In this case,
in fact, the dipole-dipole interaction is partially modulated
with a further correlation time (7 f) which is also determined
by the internal faster mobility, with correlation time 7,:
T}l = T:l + re'l + T;,} + T,_l‘ 9)
Other symbols in equations (4) and (5) have the usual
meaning [17]. The outer sphere relaxation can be described
using the Freed model [24]:

3
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and D is the sum of the diffusion coefficients of the water
molecule and of the paramagnetic complex.

The paramagnetic longitudinal and transverse relaxiv-
ities correspond to R, and R,,, respectively, when the
concentration of the paramagnetic ion is 1 mmol/dm”.

3. Results and Discussion

3.1. Metal Content of Pineapple Juice. The amount of copper,
iron, and manganese ions in pineapple juice was evaluated
through ICP-AES. The resulting concentrations of the three
ions were 0.002-0.007 mmol/dm®, 0.027-0.031 mmol/dm”,
and 0.42-0.46 mmol/dm’, respectively. The ranges refer to
the variability observed for four samples taken from different
fruit juice batches. The concentration of Mn* is more than
one order of magnitude larger than that of iron and copper
so that the relaxation properties of the juice are largely
dictated by the presence of this ion.

3.2."HNMRD Profiles of Pineapple Juice. The 'H longitudinal
relaxation profiles measured for pineapple juice at 25 and
37°C are shown in Figure 1. As expected, for water solutions of
Mn?* ions, there are two dispersions, one at the lowest fre-
quency corresponding to the Fermi-contact dispersion and
the other to the dipolar wg dispersion. In order to evaluate the
paramagnetic relaxivity due to Mn**, we should estimate the
diamagnetic contribution and the contributions from the
other paramagnetic ions. The contribution from copper ions
should be negligible, due to the low concentration and low
relaxivity of this $=1/2 ion [17] and also with respect to the
diamagnetic relaxation rate which is expected to be about
0.45™". We can figure out the relaxation contribution of iron
from the relaxivity of Fe** aqua ion and its concentration in
pineapple juice [25]. Once added to the diamagnetic con-
tribution, we obtain an estimate of the relaxation rates not
ascribable to the hyperfine interaction of the water protons

116



Magnetic field (T)
0.0002 0.0023 0.0235 0.2349 2.3485

60 T BT Y! AT BT B

40 *

20

w

o

Relaxation rate (s™')

Proton Larmor frequency (MHz)

FiGURE 1: Experimental 'H R, profiles (circles) and 'H R, at 400 MHz
(stars) of pineapple juice at 25°C (solid symbols) and 37°C (empty
symbols). The dotted and dashed lines represent estimates of the
diamagnetic contribution and of the latter summed to the R, con-
tribution from iron ions at 37°C, respectively; the dotted-dashed red
line provides an estimate of the contributions to R, from diamagnetic
relaxation and from transverse relaxation of iron ions at 37°C.

with the Mn®* ions, which should amount to the values
indicated by the dashed line in Figure 1 (at 37°C). Since these
contributions are one order of magnitude smaller than the
experimental rates of pineapple juice, we are confident that
some inaccuracies in these estimates do not affect the fol-
lowing analysis appreciably. Once subtracted from the
measured relaxation rates and normalized to the Mn**
concentration, we obtain the relaxivity of Mn®" ions in
pineapple juice, as shown in Figure 2.

The transverse relaxation rates of pineapple juice at
400 MHz and 25 and 37°C were also measured (shown as star
symbols in Figure 1). Again, the rates are more than one
order of magnitude larger than the expected contribution
from iron ions [25] and diamagnetic terms (dotted-dashed
line in Figure 1). The calculated R, relaxivity of Mn** ions in
pineapple juice results as large as 100 and 755 '-mM ™" at 25
and 37°C, respectively (star symbols in Figure 2).

The longitudinal and transverse relaxivity data of Mn?*
ions in pineapple juice were fit to the model described by
equations (1)-(13). In the fit, the Mn-water proton distances r
were fixed to 2.85 A, the distance of closest approach d to
3.6 A, and the diffusion coefficients at 25 and 37°C to 3.0 x 10~°
and 3.9 x 10~ m?/s, respectively. As a first step, the number of
coordinated water molecules g, the reorientation correlation
time 7,, the water proton lifetime 7,;, the electronic pa-
rameters A, and 7,, and the constant of contact coupling
(AFC/h)were left free to be adjusted, with S’ =1. The
resulting best fit is of low quality, as shown in Figure 2 as thin
lines (we checked that the quality of the fit does not improve
even if the parameters indicated as fixed are left free to adjust).
Therefore, a squared order parameter S7¢ was introduced to
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FiGURE 2: 'H longitudinal relaxivity profiles (circles) and transverse
relaxivity at 400 MHz (stars) of Mn®" ions in pineapple juice at 25°C
(solid symbols) and 37°C (empty symbols). The solid and dotted
lines represent the best fit profiles of the longitudinal and transverse
relaxivities, respectively. The thin lines refer to the fit without
inclusion of the order parameter SZ.

account for the presence of contributions arising from two
different reorientation correlation times, namely, 7, and 7,
where 7, is much smaller than 7,. Using this model-free
approach, it is thus possible to consider the relaxation con-
tributions from water molecules experiencing overall and local
dynamics occurring on quite different time scales. In this way,
the fit was very good (thick lines in Figure 2). The best fit
values of the parameters are reported in Table 1. The value of
A, is completely covariant with the values of 7, and 7,,, and it
can thus be fixed (in Table 1, it was fixed to the value obtained
from the analysis of the profiles collected in the presence of
alginate). The contributions from the dipolar interaction
modulated by slow mobility and by fast mobility, from the
Fermi-contact interaction as well as from outer sphere re-
laxation, are shown in Figure 3. The figure shows that the
largest contribution to longitudinal relaxation originates from
the metal-proton dipole-dipole interactions modulated by
reorientation motions with correlation times of about
40-50 ps. The proton lifetime is relatively small, of the order of
tens of nanoseconds. A Fermi-contact contribution is present
with a contact coupling constant of 0.55 MHz. Fermi-contact
relaxation is responsible of the first inflection in the longi-
tudinal relaxation profile and is basically responsible (together
with the water proton lifetime and field-dependent electron
relaxation time) for the very high transverse relaxation at
400 MHz. The need for minor contributions (2%) from dy-
namics in the nanosecond regime, required for achieving a
good fit of the data, suggests that the manganese ions interact
with some macromolecules present in the juice. Consistently,
the occurrence of these interactions decreases the number of
water molecules coordinated to Mn?* (q) from 6 to 4.
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TaBLE 1: Best fit parameters for pineapple juice without and with addition of alginate 5% or 15% w/w.
Pineapple +5% alginate +15% alginate
25°C 37°C 25°C 37°C 25°C 37°C 25°C 37°C
r(*) 2.85 A
q 53+0.3 4.0+0.1 45+03 43+04
A, 0.015 + 0.001 cm™!
T, 42+3 30£2 1700 + 300 1000 + 200 4700 +1100 2900 + 800 4700 + 1200 2700 + 800 ps
T, 11 9+1 941 71 16+1 161 16+3 16+3 ps
Ty 22+2 16+2 39+3 29+2 200+90 91+60 140+ 80 92 +60 ns
Sis — 0.021 £0.003 0.05+0.01 0.10+0.01
T — — 51+2 36+2 74+8 49+6 83+15 54+11 ps
AFC/n 0.63 +0.02 0.55+0.02 0.37+0.02 0.38+0.05 MHz

Outer sphere relaxation was also included with d= 3.6 A and D=3.0-10"° and 3.9-10 °cm?/s at 25°C and 37°C, respectively. (*) fixed.
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FiGure 3: Continued.
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Ficure 3: 'H longitudinal relaxivity (a, ¢) and transverse relaxivity (b, d) at 25°C and their dipolar, Fermi-contact, and outer sphere

contributions in pineapple juice (a, b) and in Mn>* solution (c, d).

3.3. "H NMRD Profiles of Mn®* Solution. In order to check
whether the relaxivity profiles of pineapple juice is only de-
termined by the relaxivity of the manganese ions in water
solution, or whether there are effects from the other com-
ponents of the juice, the relaxivity profiles of a Mn** solution
at the same pH (3.6) and salt concentrations of pineapple juice
were obtained (Figure 4). The low-field relaxivity in this case is
larger, and the Fermi-contact (low field) dispersion is higher
in Mn** solution than in pineapple juice, whereas the high-
field relaxivity is smaller. This suggests that the contact
coupling constant in Mn** solution is larger than in pineapple
juice. The position of the dipolar (high field) dispersion is at
larger frequency in Mn** solution than in pineapple juice,
thus indicating a shorter reorientation correlation time for
dipolar relaxation. The R, values of Mn?" at 400 MHz are
somewhat larger than those of pineapple juice. In this case, the
fit obtained assuming six water molecules regularly coordi-
nated to the manganese ion was excellent (solid lines in
Figure 4). The best fit parameters are reported in Table 2 and
are in good agreement with previous results obtained for
Mn?* aqua ions [26]. The relative contributions of Fermi-
contact and dipolar inner sphere and outer sphere relaxation
are shown in Figure 3. Different from pineapple juice, the
complex is free to reorient with correlation times of 20-30 ps,
as expected for an aqua ion. The contact coupling constant is
0.82 MHz. This value is significantly larger in Mn** solution
than in pineapple juice likely because in the latter, water
coordination is somewhat hampered by macromolecular
interactions. Clearly, Fermi-contact relaxation provides the

major contribution to the longitudinal relaxivity at low fields,
whereas dipolar relaxation provides the major contribution at
high fields. However, the Fermi-contact interaction represents
by far the largest source for transverse relaxation at 400 MHz.
The lifetime of the coordinated water protons is similar to that
of pineapple juice.

3.4. "H NMRD Profiles of Pineapple Juice in the Presence of
Alginate. As a general strategy to increase the relaxation rates
at high fields, the molecular dynamics of the paramagnetic
complex can be slowed down by promoting transient inter-
actions between the paramagnetic complex and macromole-
cules [1, 27, 28]. The relaxivity of Gd** contrast agents, for
instance, has a peak at fields of about 1T when the Gd**
complex binds proteins [29-31], is coordinated to nano-
particles [32-37], or is entrapped into hydrogels [38, 39]. In this
case, we aim at introducing a food stuff containing large
macromolecules with which the Mn®" ion can transiently
interact or which may cause its confinement in a restricted
environment, in such a way as to reduce its mobility. Alginate, a
polysaccharide which is a commercially available natural food,
was used for this purpose. Since sodium alginate increases
dramatically the viscosity of the solution, the relaxometric
analysis can provide crucial data to optimize the amount of
polysaccharide in order to obtain a high contrast and suitable
rheological properties. After a preliminary screening of sodium
alginate concentrations, solutions at 5% and 15% in weight
were investigated to determine the physicochemical parameters
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FIGURE 4: 'H longitudinal relaxivity profiles (circles) and transverse relaxivity at 400 MHz (stars) of Mn?* solutions (pH 3.6) at 25°C (solid
symbols) and 37°C (empty symbols). The solid and dotted lines represent the best fit profiles of the longitudinal and transverse relaxivities,

respectively.

TABLE 2: Best fit parameters for Mn®* solution without and with addition of alginate 5% or 15% w/w.

Mn?* solution +5% alginate +15% alginate

25°C 37°C 25°C 37°C 25°C 37°C
r(*) 2.85 A
q 6
A, 0.018 +0.001 cm™!
T, 28+1 201 4200 + 1400 3100 + 1200 3800 + 600 2700 + 500 ps
T, 53+0.1 4.5+0.1 17+2 16+2 18+1 18+1 Ps
Tm 18+1 14+1 44+ 16 29+11 220+100 100+ 70 ns
S — 0.03 +0.01 0.06 +0.01
7 — — 3941 2941 5143 3642 ps
A"Ih 0.82+0.01 0.48+0.08 0.29+0.02 MHz

Outer sphere relaxation was also included with d=3.6 A and D=3.010" and 3.9-10 °cm?/s at 25°C and 37°C, respectively. (*) fixed.

influencing the relaxation rates of these hydrogels. While so-
lutions at 5% in weight of sodium alginate are still viscous
liquids, solutions at 15% appear to be thick pastes.

The diamagnetic relaxation rates of alginate solutions at
5% and 15% in weight are shown in Figure 5(a). These
solutions were prepared in sodium acetate, in order to have
the same pH of pineapple juice and by addition of 4 mmol/
dm’ (150 mg/L) concentration of Ca”* ions, as present in the
commercial juice, which promotes the formation of a
hydrogel [40]. The large increase in the relaxation rates,
which can be observed by decreasing the magnetic field,
actually indicates cross-linking of alginate polymers [41-43].
Alginate in the same concentration was also added to
pineapple juice, and the relaxation profiles were measured
(Figure 5(a)). At all fields, the relaxation rates in this case are
sizably larger than those measured for the pristine pineapple
juice (Figure 1); the steep decrease in relaxation at low fields
parallels the decrease seen for the alginate sample and is thus

ascribed to the diamagnetic contribution, whereas the
relaxivity peak observed at about 1T originates from the
restricted mobility of the paramagnetic ion and the field
dependence of the electron relaxation rates.

Figure 6 shows the relaxivity data for the samples of
pineapple juice with addition of alginate, obtained after
subtraction of the diamagnetic relaxation rates of alginate
and of the paramagnetic contribution from iron ions, and
subsequent normalization to 1mmol/dm® Mn** concen-
tration. The paramagnetic contribution from iron ions is
assumed similar to that considered in the absence of alginate
because of the polymer chelation of the Fe(III) ions at this
pH [44], with subsequent increase in the reorientation time
and decrease in the number of bound water molecules. The
relaxivity profiles of pristine pineapple juice are also re-
ported in Figure 6 for an easier comparison, as well as the
transverse relaxivity of all samples at 400 MHz. The data
were fit using equations (1)-(13), including an order
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FIGURE 5: (a) Experimental 'H R1 profiles of pineapple juice with alginate (red squares: 15%, and blue triangles: 5% w/w) at 25°C (solid
symbols) and 37°C (empty symbols), and of alginate solutions (pink symbols: 15%, and green symbols: 5% w/w; * and x: 25 °C, + and -: 37
°C). (b). Experimental 1H R1 profiles of the Mn** solutions with alginate (red squares: 15%, and blue triangles: 5% w/w) at 25°C (solid
symbols) and 37°C (empty symbols).
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FIGURE 6: (2) "H longitudinal relaxivity profiles and transverse relaxivity at 400 MHz (stars) of Mn>" ions in pineapple juice without (black
symbols) and with alginate (5%: blue symbols; 15%: red symbols) at 25°C (solid symbols) and 37°C (empty symbols). (b) 'H longitudinal
relaxivity profiles and transverse relaxivity at 400 MHz (stars) of Mn?* solutions without (black symbols) and with alginate (5%: blue
symbols; 15%: red symbols) at 25°C (solid symbols) and 37°C (empty symbols). The solid and dotted lines represent the best fit profiles of the
longitudinal and transverse relaxivities, respectively.

parameter, and the best fit parameters are shown in Table 1.
The contributions from the dipolar interaction modulated
by slow mobility and fast mobility, from the Fermi-contact

interaction as well as from outer sphere relaxation, are

shown in Figures 7(a) and 7(b) for the sample with 15%
alginate at 25°C.
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FiGure 7: 'H longitudinal relaxivity (a, ¢) and transverse relaxivity (b, d) at 25 °C and their dipolar, Fermi-contact, and outer-sphere
contributions in the pineapple juice (a, b) and in the Mn>* solution (c, d) upon addition of 15% w/w alginate.

The fit indicates a similar number of water molecules
coordinated to the Mn*" ions upon alginate addition (the
small increase in the best fit value of g may just reflect larger

outer and/or second sphere contributions arising from the
higher viscosity of the system, which may decrease the
microscopic diffusion constant and slower the lifetime of
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second sphere water molecules). The analysis indicates a
decrease in the value of the contact coupling constant in the
presence of alginate and a sizable increase of the lifetime of
the coordinated water molecules and of the value of S;.

3.5. "H NMRD Profiles of Mn2+ Solution in the Presence of
Alginate. Finally, the relaxation profiles were measured for
Mn*"* solution in the presence of alginate (Figure 5(b)). The
shapes of the profiles are very similar to those observed for
pineapple juice although the rates are in this case somewhat
smaller. The corresponding relaxivity profiles are shown in
Figure 6(b). Like in the previous cases, the data were fit using
equations (1)-(13), and the best fit parameters are reported
in Table 2. Figures 7(c) and 7(d) show the contributions from
the dipolar interaction modulated by slow mobility and by
fast mobility, from the Fermi-contact interaction, as well as
from outer sphere relaxation for the sample with 15% al-
ginate at 25°C. Also, in this case, there is a reduction in the
value of the contact coupling constant with respect to the
pristine Mn>* solution and a large increase in the lifetime of
the coordinated water molecules. As for pineapple juice,
there are contributions from dipolar relaxation with re-
orientation times of the order of nanoseconds, which
originate the relaxation peak at about 1T.

A lower order parameter is obtained for Mn>* solution
than for pineapple juice (in the presence of alginate), and this
causes the observed smaller relaxivity measured for the Mn?*
solutions, despite that the opposite trend was measured in the
absence of alginate. Overall, the analysis indicates a lower
restriction in the mobility of the Mn*" complex caused by
alginate in this solution with respect to pineapple juice.

3.6. Contribution of Hydrogel to the Negative Contrast.
The profiles of the transverse relaxivity in the range
0.01-400 MHz, generated from the fit of the experimental

Bioinorganic Chemistry and Applications

TasLE 3: Relaxation rates (s™') at 37°C measured for pineapple juice
and Mn>* solutions without and with alginate.

R, at R, at R, at
0.94T 94T 94T
Pineapple juice 3.7 24 339
Pineapple juice + 5% alginate 9.6 4.8 58.4
Pineapple juice + 15% alginate 15.2 5.6 73.7
24 . 3
1;/[611 solution 0.43 mmol/dm”, pH 25 22 521
Mn?* solution 0.43
mmol/dm® + 5% alginate 77 39 495
2+ .
Mn~" solution 0.43 126 48 68.0

mmol/dm® + 15% alginate

data, allow for a detailed evaluation of the contrast en-
hancement of pineapple juice in the hydrogel formulations,
at the magnetic fields used in clinical MRI (Figure 8). It is
interesting to observe that the hydrogel formulations exhibit
sizable larger transverse relaxivities than the pristine pine-
apple juice, proportional to the alginate concentration. On
the contrary, the transverse relaxivities of Mn>" solutions are
almost unaffected by the presence of alginate (Figure 6(b)).

4. Conclusions

The acquired 'H NMRD profiles confirm that the relaxation
rates measured for pineapple juice are mostly determined by
the large relaxivity of the Mn”* ions, as expected. However,
the analysis of the profiles indicates that the number of water
molecules coordinated to the Mn*" ions is about 4, instead of
6, as in the aqua ions, the Fermi-contact coupling constant is
smaller than for the Mn** aqua ion, and the tumbling time of
the Mn** complex has components in the nanosecond time
scale, likely due to a fraction of metal ions with mobility
restricted by interactions with macromolecules present in
the juice. The presence of alginate can further slower the
tumbling time, and thus the relaxation rates, the effect being
larger for pineapple juice than for Mn** solution. This makes
the values of R at 0.94 T higher for pineapple juice than for
Mn** solution with the same ion concentration, both in the
absence and in the presence of alginate (Table 3). At 9.4T,
the longitudinal relaxation rates are somewhat smaller than
at 0.94 T, especially for the samples in the presence of al-
ginate. However, the high transverse relaxation rates of
pineapple juice are largely increased upon addition of al-
ginate (of about a factor 2). The R, measured at 9.4 T for
Mn?* solution is somewhat larger than for pineapple juice
due to the larger contact coupling constant, but in this case,
the increase in the rate is minor upon addition of alginate,
due to the lifetime of the water molecules coordinated to the
metal ions which is limiting the increase in the transverse
relaxation.

Collectively, these data provide new hints for the possible
use of a hydrogel prepared from pineapple juice, as negative
oral contrast agent in magnetic resonance imaging. It should
be noted that the profiles of the transverse relaxivity as a
function of the applied magnetic field strength show that the
increased viscosity can improve significantly the negative
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contrast at physiological temperature and MRI fields of
0.5-1T (and at lower magnetic fields, see Figures 6 and 8).
Conversely, at any magnetic field values, the increase of the
viscosity does not enhance significantly the transverse
relaxivity of solutions obtained by dissolving Mn>" salts.
These results suggest that the macromolecular components
that are present in pineapple juice play a pivotal role in the
observed relaxivity enhancement, most likely by immobi-
lizing the Mn*" ions of the solution to a larger extent.
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Abstract

Several fruit juices are used as oral contrast agents to improve the quality of images
in magnetic resonance cholangiopancreatography. They are often preferred to
conventional synthetic contrast agents because of very low cost, their natural origin,
intrinsic safety and comparable image qualities. Pineapple and blueberry juices are the
most employed in clinical practice due to their higher content of manganese(ll) ions.
The interest of pharmaceutical companies for these products is testified by the
appearance in the market of fruit-juice derivatives with improved contrast efficacy. We
here investigate the origin of the contrast of blueberry juice, analyze the parameters
that can effect it, and elucidate the differences with pineapple juice and manganese(ll)
solutions. It appears that, although manganese(ll) is the paramagnetic ion responsible
for the contrast, it is the interaction of manganese(ll) with other juice components that
modulates the efficiency of the juice as magnetic resonance contrast agent. On these
grounds, we can conclude that blueberry juice concentrated to the same manganese
concentration of pineapple juice would prove a more efficient contrast agent than

pineapple juice.

Keywords: manganese in fruit juice, nuclear magnetic relaxation dispersion (NMRD),

relaxometry, paramagnetic molecules

Abbreviations:

NMRD Nuclear Magnetic Relaxation Dispersion

ICP-AES Inductively Coupled Plasma-Atomic Emission Spectroscopy
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Introduction

Oral contrast agents are used in magnetic resonance cholangiopancreatography
because they can greatly improve the visualization of biliary tree and pancreatic ducts,
the images of which are frequently degraded by the high signal due to the fluid
collecting in stomach and duodenum’?5. Ideal oral contrast agents must increase the
contrast homogeneously through the gastrointestinal tract, must be non-toxic and
easily digestible, palatable, not stimulate peristalsis, with no side effects, and with a
low cost'?6. Fruit juices that are rich in manganese ions fulfill most of the above
requirements, and therefore they are conveniently used in magnetic resonance
cholangiopancreatography'?’-13!. Similarly to gadolinium(lll), whose complexes with
multidentate ligands are used as intravenous MRI contrast agents, manganese(ll) is a
paramagnetic ion which can increase the longitudinal relaxation rate (R1) of the
neighboring water protons, thus increasing their signal intensity in T1-weighted MRI
images'?”132-134 " This causes a higher contrast between tissues where the
paramagnetic ions are absorbed and those where they are not present. Manganese(ll)
is also a T2-agent because, similarly to iron oxides, can increase the transverse
relaxation rate (R2) of the neighboring water protons, thus decreasing their signal
intensity in T2-weighted MRI scans. Intravenous administration of contrast agents is a
routine method in neurologic and musculoskeletal T1-weighted MRI images; oral
contrast agents are mostly used for gastrointestinal and hepatobiliary T2-weighted MRI
images'®'. Since manganese(ll) ions can largely increase both Ry and Rz, manganese
oral contrast agents can be used either as T2-agent to suppress the signal from bowel
fluid, or as T1-agent to better delineate the gut'3.

The most promising and clinically employed juices are pineapple and blueberry juices,
due to their relatively high content of manganese(ll) ions'®. These fruit juices have

been shown effective as oral contrast agents in magnetic resonance images. More
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recently, concentrated juices added with hydrogels'®” and semiliquid preparations of
concentrates from pineapple, organic agave syrup, blackcurrant, guar gum (thickening
agent), and defoamers'38.13% have been proposed to further enhance the contrast.

A field-cycling relaxometric analysis of pineapple juice was recently performed to
characterize its relaxation properties in detail, without and with the addition of
hydrogels'#. The field-cycling relaxometric characterization is based on the analysis
of the magnetic field dependence of water proton relaxation rates, called Nuclear
Magnetic Relaxation Dispersion (NMRD) profile'4'-142, Water 'H longitudinal relaxation
rates are measured with a fast-field cycling relaxometer, ranging from ca. 0.0002 T to
1 T'3. Longitudinal and transverse relaxation rates can then be measured at higher
magnetic fields using high-resolution NMR spectrometers. The decrease in the
relaxation rates with increasing magnetic fields, called dispersion, informs on the
timescales of the dynamic processes occurring in the system and causing nuclear
relaxation'42144-146 - whereas the magnitude of the rates can provide information on
structural parameters, such as the number and distance of water molecules
coordinated to the paramagnetic metal ions, and on the unpaired electron spin density
delocalized onto the water protons'#'. The analysis of the NMRD profiles of pineapple
juice permitted to evaluate the contributions to relaxation arising from the modulation
of different types of metal-proton interactions, and to analyze the effects of the addition
of alginate, a natural food able to slow down the dynamics of the paramagnetic ions
present in the juice and thus to increase the relaxation rates.

In this contribution, we analyze the NMRD profiles of blueberry juice, the second fruit
juice mostly employed in oral MRI, and compare its relaxation properties with those of
the pineapple juice and of a solution containing [Mn(H20)s]?*. A commercially available

blueberry nectar was used, in order to investigate the relaxation properties of a readily
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obtainable product, which can be repeatable and immediately available for clinical

administration.

Materials and methods

Sample preparation

The analyzed juice was Viviverde Coop organic blueberry nectar (fruit 40% minimum),
with ingredients: water, blueberry puree (40%), brown sugar, citric acid. The
centrifuged blueberry juice was prepared by collecting the supernatant after

centrifugation of the blueberry nectar at 20000 rpm at 4 °C for 15 minutes.

'"H NMRD measurements

Water '"H NMRD were acquired with a Stelar Spinmaster FFC2000-1T relaxometer by
measuring the water proton relaxation rates as a function of the applied magnetic field
(0.01-40 MHz proton Larmor frequency). The relaxation measurements, obtained from
the fit of the magnetization decay/recovery curves against a monoexponential function,

were affected by an error of about £1%.

High field NMR measurements

R+ and R> at high field were measured on a Bruker Avance lll spectrometer operating
at 400 MHz 'H Larmor frequency (9.4 T), using a 5 mm, BBO probehead. To mitigate
the effect of radiation damping, the samples were placed into a capillary tube, coaxial

to the 5 mm NMR tube filled with D»0O.

Results and Discussion
The 'H NMRD profiles of the blueberry juice were collected at 25 and 37 °C. The

profiles, reported in Figure 1 as red symbols, show two dispersions, as typical of
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solutions containing manganese(ll) aqua ions'’. Figure 1 also shows the relaxation
rates measured for pineapple juice (black symbols), which was determined to contain
0.45 mmol/dm? of manganese’#. The shape of the profiles for the two fruit juice are
similar, as a result of the leading contribution from this paramagnetic ion. The lower
relaxation rates measured for the blueberry juice are in agreement with a lower
manganese concentration expected in this juice'3®, where water was added to the
blueberry puree, with respect to that of the pineapple juice.

The amounts of paramagnetic metals present in the juice were evaluated through ICP-
AES. The concentration of manganese in the blueberry juice was measured equal to
0.116 mmol/dm3. The relaxation efficiency of a paramagnetic metal is expressed by its
longitudinal and transverse relaxivities, r; and r,, defined as the longitudinal and
transverse relaxation enhancements due to the presence of 1 mmol/dm3 of
paramagnetic metal ions in the investigated system. Therefore, since manganese
concentration in the blueberry juice is four times smaller than that in the pineapple
juice, whereas the relaxation rates at low fields are only about 2/3 smaller, the
relaxivities of manganese in the blueberry juice are expected significantly larger than
in pineapple juice.

In order to evaluate the contribution to the relaxation rates from the manganese(ll)
ions, the diamagnetic relaxation rates as well as the contributions from other
paramagnetic ions present in the blueberry juice should be estimated. The appearance
of the juice was not that of a clear solution, but rather a fine suspension, so that the
presence of some aggregated material is expected. This may largely affect the
diamagnetic contribution to the observed relaxation rates, especially at low fields. The
juice was thus centrifuged and the NMRD profiles of the centrifuged juice were
acquired (shown in Figure 1 as blue symbols). Water 'H longitudinal and transverse

relaxation rates were also measured at 400 MHz. The concentrations of manganese
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in the centrifuged blueberry juice was measured equal to 0.109 mmol/dm? (very close
to that of the intact juice, 0.116 mmol/dm?). Consistently, the rates measured for the
centrifuged juice are only slightly smaller than those measured for the intact juice at all
frequencies larger than 0.1 MHz. However, at lower frequencies the disagreement
becomes relevant. This expected disagreement increases with decreasing the
magnetic field, and is thus ascribable to the increasing diamagnetic relaxation rates,
due to the presence of aggregated material, which yields a typical power-law

dependence.
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Figure 1. Experimental 'H Ry profiles of intact blueberry juice (red squares) and of
centrifuged blueberry juice (blue triangles) at 25 (solid symbols) and 37 (empty
symbols) °C. The profiles previously collected for the pineapple juice are also
reported’®. 'TH R, at 400 MHz in the centrifuged blueberry juice (blue stars) and

pineapple juice (black stars) are also shown.
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The concentrations of iron in both the intact and centrifuged blueberry juices were
0.040 mmol/dm3. The concentrations of copper, nickel and cobalt were below 0.002
mmol/dm3. The concentration of manganese is thus sizably higher than that of the
other paramagnetic metals, so that this metal ion is largely determining the relaxation
profile of the juice. The concentration of iron is however not negligible with respect to
that of manganese, and thus also this metal ion may contribute significantly to the
observed relaxation rates. The contribution from iron ions largely depends on the
oxidation state of this metal and on the pH. In fact, the relaxivity of high spin iron(lll) is
expected to be large at very low pH (close to 0), and to decrease markedly above pH
3 as a result of the formation and precipitation of a variety of hydroxides'#®. On the
other hand, the relaxivity of iron(ll) is very low even at very low pH'#'. The pH of the
investigated blueberry juice was measured to be 3.2. It is not thus easy to predict the
contributions to relaxation from iron ions at this pH, and experimental information is
needed.

In order to separate the contribution of manganese(ll) species to the paramagnetic
relaxivity from those of iron species, the contribution from iron ions was estimated
using two different approaches. In the first approach, Fe(NO3); was dissolved at a
concentration of 0.040 mmol/dm? in a citrate buffer solution (pH 3.2) containing 0.1
mmol/dm? oxalate. Citrate buffer was used because the investigated juice contains
citric acid (see materials and methods), and oxalate was added because the juice was
estimated to contain it in the used concentration'4°. Basically identical profiles were
anyway obtained also in the absence of oxalate (Figure S1). The relaxation rates have
very little dependence on the magnetic field, ranging from 0.50 to 0.43 s*! on passing
from low fields to 1 T, at 25 °C. The water proton relaxivity due to manganese(ll) ions
in the centrifuged blueberry juice was then calculated from the differences between the

relaxation rates of the juice and those of the Fe(NOzs)s solution, normalized to 1
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mmol/dm® manganese concentration (Figure 2). In the second approach, Fe(NO3);
was added in known concentrations (0.020, 0.040 and 0.120 mmol/dm?3, corresponding
to 50%, 100% and 300% of the iron amount concentration originally present in the
juice) to the centrifuged blueberry juice, so that the relaxation rates in the absence of
iron could be extrapolated (see Figure S2B). Both approaches provided basically the
same relaxivity profiles (see Figure S2B) for manganese in the centrifuged blueberry
juice.

Figure 2 shows the longitudinal and transverse relaxivity data for manganese in the
centrifuged blueberry juice and in the pineapple juice, as well as the relaxivity data of
the manganese(ll) aqua ion at pH 3.6. As expected, the relaxivity of the blueberry juice
is much higher than that of the pineapple juice. Interestingly, at intermediate fields
(around 1 MHz) the relaxivity is smallest for the manganese aqua ion, and increases
on passing to the pineapple and then to the blueberry juice. This suggests that the
reorientation correlation times should increase on passing from the aqua ion to the
juices, and thus that the manganese ions partially interact with other molecules in the
pineapple juice and possibly even more in the blueberry juice; a larger relaxivity in
blueberry than in pineapple juice may also be due to a higher number of water
molecules coordinated to the manganese(ll) ion and/or to a slightly higher fraction of

manganese(ll) bound to macromolecules.
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Figure 2. 'H longitudinal relaxivity profiles (blue triangles) and transverse relaxivity at
400 MHz (blue stars) of Mn?* ions in centrifuged blueberry juice at 25 (solid symbols)
and 37 (empty symbols) °C. The same data for pineapple juice (grey symbols) and
Mn?* aqua ions (green symbols) are also shown. The solid and dotted lines represent

the best fit profiles of the longitudinal and transverse relaxivities, respectively.

The low field relaxivity is largely determined by the Fermi-contact relaxation. The low
field relaxivity in the blueberry juice, similar to that of the manganese aqua ion,
indicates a greater fraction of manganese aqua ions, or a larger Fermi-contact coupling
constant, than that in pineapple juice (the difference in relaxivity before and after the
first dispersion being however significantly smaller in the blueberry juice than in the
manganese aqua ions). Together with a higher (low field) Fermi-contact longitudinal
relaxivity, also the transverse relaxivity at high field is consistently higher in the

blueberry juice than in the pineapple juice.
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The relaxivity profiles were fitted using the Solomon-Bloembergen-Morgan model'5°-
153 (see Supporting Information) and the best fit parameters are reported in Table 1
together with those previously obtained for the pineapple juice and the manganese
aqua ion'°. The best fit profiles are shown in Figure 2, and the different contributions
to the relaxivity (inner-sphere dipole-dipole relaxation modulated by slow mobility and
by fast mobility, Fermi-contact relaxation and outer-sphere relaxation) in Figure 3.
Clearly, Fermi-contact relaxation provides a very large contribution to the longitudinal
relaxivity at low fields, whereas at high fields the longitudinal relaxivity is determined
by dipole-dipole interactions. However, the Fermi-contact interaction represents by far

the largest source for transverse relaxation at 400 MHz.
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Figure 3. 'H longitudinal relaxivity (left panel) and transverse relaxivity (right panel) of
Mn?* ions at 25 °C and their dipolar, Fermi-contact and outer-sphere contributions in

the centrifuged blueberry juice.

The best fit parameters indicate that, as expected from the inspection of the profiles,
the reorientation time increases on passing from the aqua ion to the juices (from 28 ps

to ca. 50 ps, at 25 °C), with a minor component present only in the juices (with weight
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1.4% in the blueberry juice) experiencing a reorientation times of few nanoseconds.
This points to the presence of some large manganese complexes in the juices, with
molecular weight of at least 5000.'%* The best fit value of hydration water molecules
can result from the averaging between those in aqua ions and in other complexes. This
value in blueberry juice is higher than that in pineapple juice, possibly due to a lower
concentration of polydentate ligands that naturally occur in the juice's®,

The higher r1 relaxivity and, most importantly, the higher r. relaxivity, of blueberry juice
than of the pineapple juice suggests a higher efficiency of the former, if concentrated
in such a way that manganese ions have the same concentration than in the pineapple
juice. This assumes that by concentrating the blueberry juice there are no significant
changes in the parameters on which its relaxation properties depend (aggregation,
lifetimes of water molecules coordinated to manganese(ll), tumbling times, metal ion
coordination environment). To verify this higher efficiency of the concentrated
blueberry juice, 10.0 ml of the juice were freeze-dried and then redissolved in 2.50 ml
of H20 in order to achieve a manganese(ll) concentration of 0.45 mmol/dm3, i.e. the
same concentration of the pineapple juice. The acquired NMRD profiles are shown in
Figure 4 as pink triangles, whereas the profiles calculated from the original blueberry
juice rescaled to account for the increased metal ions concentrations are shown as red
squares. Interestingly, there is a very good agreement at the intermediate magnetic
fields, whereas the longitudinal relaxation rates are smaller than expected at low
magnetic fields and higher at high magnetic fields. These effects were observed also
for pineapple juice upon addition of alginate, and are ascribed to the larger viscosity of
the solution resulting from juice concentration and to transient interactions of
manganese(ll) ions, with possible confinement in a restricted environment, in such a
way as to reduce their mobility '4°. This is confirmed by the appearance of a small

relaxivity peak at about 25 MHz. The increase in the tumbling time is paralleled by a
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reduction of Fermi-contact relaxation (due to a smaller fraction of manganese aqua
ions, a smaller electron relaxation time at low fields and/or a smaller contact coupling
constant), which is also causing a decrease in the observed transverse relaxation rate
at 400 MHz with respect to the prediction from the intact blueberry juice data.
Nevertheless, both the longitudinal and transverse relaxation rates of the concentrated
blueberry juice are sizably larger than those of the pineapple juice, despite the same

Mn2* concentration.
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Figure 4. Longitudinal relaxation rates (triangles and circles) and transverse relaxation
rates at 400 MHz (stars) of the blueberry juice concentrated 4.1 times (pink symbols)
and of the pineapple juice (black symbols). The relaxation rates of these samples,
containing Mn?* with concentration 0.45 mmol/dm?3, are also compared to those of Mn?*
aqua ions (green symbols) and those obtained with rescaling the data collected for
intact blueberry juice (red symbols) at the same Mn?* concentration. Solid symbols

indicate data at 25 °C (left panel), empty symbols at 37 °C (right panel).
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Table 1. Best fit parameters for the centrifuged blueberry juice and for the pineapple

juice and the Mn?* solution. The corresponding best fit profiles are shown in Figures 2

and 3.
Blueberry juice Pineapple juice Mn2* aqua ion

25°C 37 °C 25°C 37 °C 25°C 37 °C
r (%) 2.85 A
q 52+0.2 40+0.1 6 (*)
Ay (%) 0.015 0.018 cm-!
w 0.014 + 0.003 0.021 + 0.003

2800 + 1600 + 1700 + 1000 +
T, 900 600 300 200 28+1 | 20+1 |ps

53¢ 4.5 +

Ty 9+1 811 9+1 7%1 0.1 0.1 ps
Ty 38+2 36+2 39+3 29+2 181 | 14+1 |ns
7 48 £ 2 36 + 1 51+2 36+2 - - ps
AFC/h 0.74 £ 0.02 0.55+0.02 0.82 £ 0.01 MHz

Outer-sphere relaxation was also included with d = 3.6 A and D = 3.0 and 3.9
cm?/s at 25 °C and 37 °C, respectively.

(*) fixed

Conclusions
The relaxometric analysis performed for blueberry juice indicates that the manganese
ions in this juice have a higher relaxivity than those in pineapple juice. Therefore, the

water proton relaxation rates in the blueberry juice are increased to a larger extent than
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in the pineapple juice when manganese(ll) ions are contained in the same
concentration (Figure 4). On the other hand, this implies that a lower quantity of
manganese(ll) contained in blueberry juice is enough to achieve the same relaxation
enhancement, and thus the same contrast in the MRI images, obtainable with a larger
quantity of manganese(ll) contained in pineapple juice.

Very importantly, the transverse relaxation rate at high fields is sizably larger (almost
double) in blueberry juice than in pineapple juice when both juices contain the same
concentration of manganese(ll). This points to a higher efficiency as T2-agent of the
concentrated blueberry juice, similar to that of Mn?* aqua ions, than of pineapple juice.
The analysis of the relaxivity profiles shows that this higher efficacy is determined by
a larger Fermi-contact contribution to relaxation. This larger transverse relaxation rate
is however somewhat smaller than expected without considering in the concentrated
solution the presence of a larger fraction of metal ions interacting with other
molecules/macromolecules contained in the juice. In conclusion, although
manganese(ll) is the paramagnetic ion responsible for the relaxation enhancements
caused by the juices, its interaction with other molecules present in the juices can

sizably affect its efficiency as MRI contrast agent.
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Supporting Information

Theoretical model used for the fit of the relaxivity data

The relaxivity profiles were fitted using the Solomon-Bloembergen-Morgan model'5°-

153 considering the contributions from Fermi-contact and dipole-dipole relaxation, and
the presence of two components, with weights w and (1-w), with a fast (z; ) and a slow

(z, ) reorientation correlation times, respectively:

Mn2*] . _ -
1= L (Rt + 7)™ + Riou (1)

FCy 2 . 2
RlM _ 25(5+1) (A_) [ TFC :|+i(ﬂV19150HB) S(S+ 1) {W[ 7T¢c . 1+ 37¢ 2] + (1_

3 h 1twité, 15 \4r 13 1+w2t2 ' 1+w?it?

W)[ 7Tf 4 37f ]} 2)

1+w§‘tf 1+a)121'}2¢

FCy 2 FC , 2
RZM = S(5+1) (A_) I:Tcl':“lc + Tc2 )2:|+i (ﬂylglsoﬂB) S(S + 1) {W [4TC + 137, +

3 h 1+w2(<ES 15 \4mr 13 1+w?t?
STC 13Tf 3Tf
1+a)121'§] + (1 W) [4Tf + 1+CU§T;‘ + 1+(,()12T;‘ (3)

where j = 1 or 2, q is the number of water molecules coordinated to the manganese
FC
ion, Tt is their lifetimes, AT is the Fermi-contact coupling constant, r the distance

between metal ion and coordinated protons, S the electron spin quantum number (5/2
in the case of Mn?*), 7, the correlation time for the Fermi-contact interaction
Tre =Tc '+ Ty (4)

7. and 7, are the correlation times for the dipole-dipole interaction
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ot =1 v+ )t (5)
= oyt (6)

and 7, is the electron relaxation time,

2
ot =2 [4S(S + 1) = 3] [ + (7)

1twitZ ' 1+4wit?

described in the pseudorotation model by the parameters A, and t,,, which correspond
to the transient zero-field splitting and to the correlation time for electron relaxation,
respectively. R;y,: (in EQ. 1) indicate the paramagnetic relaxation enhancements due
to the dipole-dipole interaction between the manganese ion and the water molecules
freely diffusing around. This contribution has been described using the Freed model'%®
and standard parameters. Other symbols have their usual meaning'®’.

A fit of the longitudinal relaxivity profiles of the blueberry juice was first tried using a
single reorientation correlation time (w = 1). After checking that the best fit profiles
thus obtained were unsatisfactory, the fit was performed by allowing w to be smaller
than 1; the best fit parameters are reported in Table 1 together with those previously
obtained for the pineapple juice and the manganese aqua ion'9. In the fit, the distance
r of the protons in the q fast exchanging water molecules coordinated to the
manganese ion was fixed to 2.85 A, and A, was fixed to the value obtained from the
fit of the relaxivity of pineapple juice with addition of alginate', to remove the strong
covariance of this parameter with t,,, and facilitate the comparison of the obtained
parameters.

The number of hydration water molecules (5.2 + 0.2) in the blueberry juice is somewhat
smaller than 6, but significantly larger than in the pineapple juice. Also the constant of
Fermi-contact interaction is somewhat smaller than for the manganese aqua ion, but
significantly larger than in pineapple juice, likely because water coordination is less

hampered by interactions between the metal and other molecules/macromolecules
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contained in the juice. This significantly larger constant of the Fermi-contact interaction,
causing a high low-field longitudinal relaxivity, is also responsible of a transverse

relaxivity at 400 MHz much larger for the blueberry juice than for the pineapple juice.
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Figure S1. NMRD profiles of Fe(NO3)s at a concentration of 0.040 mmol/dm? in a citrate buffer

solution (pH 3.2) without (blue symbols) and with (black symbols) oxalate (0.1 mmol/dm?).
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Figure S2. (A) Relaxation rates of centrifuged blueberry juice with addition of 0.020, 0.040 and
0.120 mmol/dm?® Fe(NO3); (corresponding to 50%, 100% and 300% of the iron originally
present in the juice), at 25 °C. The relaxation rates in the absence of iron could be extrapolated
from a linear ft. The different lines correspond to the fits obtained for the data collected at the
different proton Larmor frequencies. (B) 'H longitudinal relaxivity of manganese(II) ions in the
centrifuged blueberry juice, calculated from extrapolation of the rates in the absence of iron

(blue symbols), and by subtracting the rates of Fe(NO3); reported in Fig. S1 (red symbols).
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4. Conclusion and Perspectives

This PhD research project was focused on the application of molecular biology
techniques and development of experimental protocols to express and purify several
proteins.

At first human a-synuclein and A peptides were expressed and characterized by NMR
for their importance and correlation in neurodegenerative disorders. These two
proteins, expressed during my research activity, have been used to design and carry
out experiments aimed to investigate i) the structural features of AR mixed fibrils
assembly, ii) the interaction of a-synuclein with human biofluid components. The
quality of the proteins in terms of purity from contaminant proteases was crucial to
obtain reliability and reproducibility in the experimental data. At this regard, two
important results of my research activity have been: i) the development of protocols to
prevent/remove the contamination by bacteria proteases and ii) the purification of
monomeric form of AR peptides and a-synuclein from pre-formed aggregates. These
protocols have been crucial to provide a structural model of interlaced mixed fibrils of
AB1-40 and AB1-42 peptides, and to clarify the origins of the modulation of a-synuclein
aggregation by CSF components.

Concurrently, proteins with potential biotherapeutic applications were expressed and
characterized. These proteins have been used to develop new strategies based on the
use of solid-state NMR spectroscopy to investigate the preservation of the higher order
structure (HOS) in heterogeneous materials. Our results prove that SSNMR can be
efficiently employed to evaluate the preservation of protein folding by a simple and
direct comparison of bidimensional spectra collected on the protein before and after
encapsulation in a matrix. In particular, interesting results were obtained investigating
hydrogels encapsulating the therapeutic protein ANSII and the potential drug carrier
TTR. These proteins were embedded in hydrogel matrices, that can be used for
bioprinting or controlled drug release purposes. The analysis of the solid-state NMR
spectra revealed that encapsulation did not affect the HOS of the two proteins.

The simplicity of the procedures for sample preparation, the sensitivity of magnetic
resonance to structural perturbations and the possibility to obtain a full structural
analysis are important features of this approach that be extended also to other
industrial applications.
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