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Abstract

Prion protein (PrP%) is a cell surface glycoprotein, anchored by the GPI to the cell
membrane. It seems to be involved in some neurodegenerative diseases, but its
physiological function is still undefined. Many cellular functions were proposed as
PrP¢ roles, such as the modulation of several signal transduction pathways known to
promote cellular survival and the protection against oxidative stress. Nevertheless,
the main hypothesis on PrP® role is in copper homeostasis.

Copper is an essential micronutrient (EMN) and all EMNs (vitamins and metals) are
present in bodies and foods in micromolar concentrations. This feature can easily
lead to deficiency. It is also clear that deficiency of EMNs produces overlapping
diseases symptoms. Also the uptake pathway (endocytosis) is common for many
EMN. Thanks to these reasons we hypothesize that prion protein could allow EMNs
uptake.

The aim of this work is to study these binding processes and their characteristics. So
N-terminal domain of mouse PrP® (mPrP*'”) was recombinant expressed and
purified. To study specificity and characteristics of metals binding process, mPrP>'"”
was titrated with five first transition serie divalent metals (Mn, Co, Ni, Cu, Zn), at
several pH values and it was followed in fluorescence spectroscopy. Furthermore, to
define if metal binding could drive structural rearrangements in the prion protein N-
terminal domain, we performed structural analysis using circular dicroism (CD). To

PP was titrated

investigate vitamins stacking between triptophan indolic rings, mPr
with four vitamins belonging to B group and titrations were monitored by
fluorescence anisotropy, that allows to know the fluorophores average molecular
rotational speed. Finally, we also investigated the possibility that prion protein N-
terminal domain could interact with membrane mimetic systems.

Our findings confirm that prion protein has a functional role in copper homeostasis.

We also propose that prion protein, together with copper, plays a key role in

integrated endocytic uptake pathway, involving all EMNs.
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Riassunto

La protein prionica (PrP) & una glicoproteina legata alla superficie extracellulare della
membrana tramite I'ancora GPI. Ad essa ¢ stata attribuita la causa di alcune malattie
neuro degenerative, ma la sua funzione fisiologica non ¢ ancora stata definita. Molte
funzioni sono state proposte, tra cui la modulazione di alcune vie di transduzione del
segnale che promuovono la sopravvivenza cellulare e la protezione da stress
ossidativo, ma l'ipotesi principale ¢ una funzione nel’omeostasi del rame.

Il rame ¢ un micro nutriente essenziale (MNE) e tutti gli MNE sono presenti nel
corpo e negli alimenti in concentrazioni micromolari; cio puo determinare facilmente
una deficinza. E ormai chiaro che i sintomi da deficienza sono comuni a molti MNE.
Inoltre anche le vie di assorbimento di molti MNE sono analoghe fra loro, usando
vie endocitiche. Grazie a queste evidenze abbiamo ipotizzato che la PrP® possa
essere coinvolta nell’assorbimento degli MNE.

Lo scopo di questo lavoro ¢ di studiare questi legami e le loro caretteristiche. Per far
cio, ¢ stato espresso e purificato il dominio N-terminale della proteina prionica di
topo (mPrP*'"™). Per studiare la specificita e le caratteristiche del legame con i
metalli, la proteina ricombinante ¢ stata titolata con cinque metalli divalenti della
prima serie di transizione (Mn, Co, Ni, Cu, Zn), a diversi valori di pH utilizzando la
spettroscopia di fluorescenza. Per definire se le interazioni osservate fossero
funzionali, ¢ stata effettuata I’analisi strutturale in dicroismo circolare. Per verificare la
proabile interazione tra le vitamine ed i triptofani della proteina, mPrP?'” ¢ stata
titolata con quattro vitamine, appartenenti al gruppo B, ed ¢ stata monitorata la
velocita dei fluorofori mediante I'anisotropia di fluorescenza. Infine ¢ stata anche
studiata l'interazione tra dominio N-terminale della PrP® con sistemi mietici di
membrane.

I nostri risultati confermano che la PrP® ha un ruolo funzionale nell’omeostasi del
rame. Inoltre proponiamo che la proteina prionica, insieme con il rame, ricopre un

ruolo chiave nell’assorbimento integrato degli MNE, via endocitosi.
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1. Introduction

1.1. Prion protein

1.1.1. Prion diseases

Prion diseases are a group of fatal neurodegenerative disorders. In table 1 are listed
some of these diseases'.

The history of prion diseases began in nineteen twenties when Creutzfeldt and Jakob
described a clinically polymorphic cerebral syndrome. In 1957 Gajdusek and Zigas
described the kuru disease in a group of cannibals indigenous in Papua. In 1960s
John Stanley Griffith developed the “protein only” hypothesis. Finally, in 1982
Stanley B. Prusiner announced the purification of the hypothetical infectious agent,
called Prion. The specific protein that constitutes the prion was named PrP (Protease

resistant Protein).

DISEASE ABBREVIATION NATURAL HOST
Kuru Human
Creutzfeldt-Jakob disease CJD Human
Gerstmann-Striaussler-Scheinker syndrome GSS Human
Fatal familial insomnia FFI Human
Scrapie Sheep, goat and mouflon
Bovine spongiform encephalopathy BSE Cattle
Chronic wasting disease CWD Deer and elk
Exotic ungulate encephalopathy EUE Nyala, kudu and oryx
Feline spongiform encephalopathy FSE Felines in captivity
Transmissible mink encephalopathy TME Mink (farm raised)

Table 1: Prion diseases.

The “protein-only” hypothesis affirms that the infectious prion pathogen agent
consists only of the abnormal prion protein, PrP*. This protein is an altered isoform
of a normal cellular protein, PP, which is host encoded by a chromosomal gene and

abundantly expressed in mammalian cells. Furthermore, the two prion protein



isoforms have different physical properties. PrP® exists as a monomer that is readily
degradable by proteinase K, whereas PrP* forms insoluble aggregates that show high
resistance to proteinase K digestion and often have the characteristics of an amyloid'.
The covalent structure of PrP* is most likely identical with that of PrP“ %,

The mechanism of PrP“- PrP* conversion and PrP* toxicity is still undefined.

1.1.2. Sequence and structural features of human PrP¢

The human PrP“ mRNA translation is a 253 aminoacid polypeptide (254 in mouse).
First 22 residues are the leader sequence to endoplasmic reticulum (ER) and it is
cleaved after reaching ER. The last 23 aminoacids (24 in mouse) are the signal
peptide to the attachment of a glycosylphosphatidylinositol (GPI) anchor to serine
230°. Further posttranslational processes are two N-linked glycosilations (Asn181 and
Asn197) and one disulfide bond (Cys179 and Cys214)°.

Mature PrP (figure 1) is a cell surface 208 residue glycoprotein anchored by the GPI
to the cell membrane. It is composed by two distinct domains, the N-terminal and C-
terminal domains.

The N-terminal half of the protein (residues 23-125) is random coiled’, with
considerable backbone flexibility’. Residues 51-91 constitute of the so called
octarepeat region; four of which (residues 60-91) have the sequence
(PHGGGWGQ),, that bind cooperatively copper ions® " ?; the last one (residues 51—
59) have a homologous sequence but lack the histidine residue (PQGGGGWGQ). It

7;9;10; 11; 12; 13

is called the 5" site , that has a lower copper affinity.

The C-terminal domain (residues 126-231) is a globular structure, comprising three o-

helices and two short B-strands® '+ ",

1.1.3. Tissue expression, cellular localization and traffiking

PrP® is expressed most abundantly in neurons'® and glial cells'’, but has also been
detected in other non neuronal tissues, as lymphoid cells, lung, heart, kidney,

gastrointestinal tract, muscle, and mammary glands'®.



Figure 1: Theoretical physiological PrP¢ on membrane.

PrP“ is a cell surface glycoprotein, however cytosolic localized PrP has also been
detected"”.

PrP® is found in caveolae like domains both at the transgolgi network, at plasma
membrane and in interconnecting chains of endocytic caveolae like domains™ *'.
These microdomains are enriched in cholesterol and they are called lipid rafts™.
Trafficking of PrP“ seems to be a complex cellular event and may involve more than
one internalization mechanism.

Like several GPI anchored proteins which lack cytoplasmatic domains, PrP® seems
to be internalized through caveolae in a raft dependent mechanism™ *. It is delivered
to the pericentriolar region via caveolae containing early endocytic structures to late
endosomes or lysosomes™.

Furthermore that PrP® traffics through the Golgi complex, plasma membrane and

early recycling endosomes. These observations indicate that traffic of PP is not

determined predominantly by the GPI anchor and that, differently from other GPI



anchored proteins, PrP® is delivered to classic endosomes after internalization via
clathrin dependent endocytosis™ *.
It can be concluded that cell surface PrP® constitutively cycles between the plasma

membrane and early endosomes via a clathrin or caveolin dependent mechanism.

1.1.4. Phylogenesis

Genes encoding homologous prion proteins have been reported in all tetrapod
groups and in lower vertebrates (figure 2).
Analysis of primary amino acid sequences indicates strong structural conservation in

evolution®, suggesting important biological roles for the protein, in spite 3D

>
structure data are available only for some mammalian prion proteins.

Figure 3 shows that the repetitive N-terminal domain within each vertebrate class
contains a distinctive default number of degenerate repeats that share the same
tetrapeptide as a basic unit. From fish to human, the repeat units within one
molecule have reduced in degeneracy, possibly by gene conversion and
homogenization, and have increased their size in discrete steps, reaching a maximum
of eight amino acids in mammals®’.

Inter-group comparisons among mammalian, avian, reptile and amphibian
polypeptides reveal a sharp decrease in sequence identity, without loss of structural
similarity. Therefore, homology between distantly related prion proteins must be
proposed using a minimum set of structural landmarks and not only basing on
sequence similarity. Accordingly, although the 461 residues fish prion polypeptide
(Fugu PrP*") is only 22% similar in primary sequence to mammalian prions, it
contains the characteristic N-terminal repetitive stretch, a hydrophobic motif and a
C-terminal globular domain. Moreover, 3D structural modelling predicts strong
zebrafish PrP and human

conservation of tertiary structure between Fugu PrP*'

PrP¢ (figure 4)*7.
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Figure 4: C-terminal tridimensional structures: panel A, human PrP¢; panel B, Fugu PrP%!; panel C,

zebrafish PrP26 27

These data demonstrate that vertebrate N-terminal and C-terminal domains evolved
as two separate modules, which strongly implies at least two very different functional

properties of the native molecule.

1.1.5. Putative physiological roles

Cellular prion protein (PrP%) physiological function remains ambiguous. It seems to

be involved in different cellular processes, such as the regulation of cell death™ ***

5

31; 32

the protection against oxidative stress and the modulation of several signal

transduction pathways known to promote cellular survival™ ** .

Although all these hypotheses are well documented, the main PrP“ feature is N-
terminal copper binding and, accordingly, copper homeostasys is one of the most
important hypothesized function. There are many important facts that support this
role.

First, copper binding to the octarepeat region reversibly stimulates endocytosis of
PrP® from the cell surface, suggesting PrP“ acts as a receptor for cellular uptake or
efflux of copper™® ">,

It has been described that cerebellar cells from PrP® knockout mice contain only
20% of copper amount present in cells from wild type animals®, and highlighted

sensitivity to Cu”* induced oxidative stress™ *'. As mentioned above, PrP® is high

concentrated at presynaptic membranes in the central nervous system, where Cu®" is



also highly localized”. These data suggest that PrP® is an important copper binding
protein in the brain.

In addition, the octarepeat region of the human PrP® (PrP*™") reduces Cu”* to Cu'"
in vitro, which depends on the tryptophan residues present in the octapeptide

43; 44; 45
repeats .

1.2. Transition metals

1.2.1. Manganese (Mn)

1.2.1.1. Biological function

Manganese is an essential nutrient involved in the formation of bone and in amino
acid, cholesterol, and carbohydrate metabolism. This element appears to be essential
in trace amounts to all forms of life. Manganese metalloenzymes include arginase,
glutamine synthetase, phosphoenolpyruvate decarboxylase, and manganese
superoxide dismutase. Glycosyltransferases and xylosyltransferases, which are
important in proteoglycan synthesis and thus bone formation, are sensitive to
manganese status in animals. Several other manganese-activated enzymes, including

pyruvate carboxylase, can also be activated by other ions, such as magnesium.

1.2.1.2. Physiology of Absorption, Metabolism, and Excretion

Only a small percentage of dietary manganese is absorbed.

Studies in Caco-2 cells*, an in vitro model of the gastrointestinal epithelium, reveal
that iron (Fe) treatment decreases cellular uptake of Fe, Mn, and zinc (Zn),
suggesting that these metals may utilize the same apical and basolateral transporters.
Carrier-mediated Mn transport has been demonstrated in Caco-2 cells from the
apical side”. There is evidence that divalent metal transporter (DMT-1) transports
Mn(II) at the cell membrane® or translocates it from endocytosed vesicles. Intestinal
*Mn absorption in Belgrade omozygous b/b rats, that do not express a significant

amount of functional DMT1 protein, was 40% of that seen in heterozygous +/b



rats, which are phenotypically normal”. On the contrary, Crossgrove and Yokel say
that DMT1 is not a major mechanism of the carrier mediated uptake of Mn into
brain at the blood brain barrier (BBB)”. Carrier-mediated Mn transport has been
demonstrated also in cultured brain endothelial cells’ and in astrocytes™. The precise
transporter for Mn into astrocytes is unknown; however, it has been suggested that
transferrin receptor (TfR) and/or DMT1 proteins may be important™. Brain entry of
the Mn(Il) ion, Mn transferrin (Mn Tf) and Mn citrate across the BBB is transporter
mediated™>>.

Manganese is taken up from the blood by the liver and transported to extrahepatic

tissues by transferrin®” and possibly 02-macroglobulin® and albumin®. Manganese
inhibited iron absorption, both from a solution and from a hamburger meal”. Glial
cells, particularly astrocytes represent the brain manganese reserve”, with
concentrations 10-50 folds greater than in neurons.

Absorbed manganese is excreted very rapidly into the gut via bile”, so this metal is
excreted primarily in feces. Urinary excretion of manganese is low and has not been

found to be sensitive to dietary manganese intake™.
1.2.2. Cobalt (Co)

1.2.2.1. Biological function

Cobalt is an essential nutrient involved in protein synthesis and in cobalamin
(vitamin B,,) structure.

Vitamin B, is a cofactor for a number of enzymes®.

Methionyl aminopeptidase, which catalyzes the removal of the initiator methionine
from nascent polypeptide chains, contains cobalt ions in both prokaryotes and

eukaryotes®™ *» %,

1.2.2.2. Physiology of Absorption, Metabolism, and Excretion

Microorganisms are the only natural sources of the B,, derivatives, whereas most

spheres of life (except for the higher plants) depend on these®.



Little is known about Co metabolism in humans.

There is evidence that DMT1 transports Co in many mammalian tissues, including
intestine™.

It is been reported that cobalt could be uptaked by cells also iz transferrin receptor

(TER)".

1.2.3. Nickel (Ni)

1.2.3.1. Biological function

There have been no studies to determine the nutritional importance of nickel in
humans, nor has a biochemical function been clearly demonstrated for nickel in
higher animals or humans®". Nickel may serve as a cofactor or structural component
of specific metalloenzymes of various functions, including hydrolysis and redox
reactions and gene expression® . Nickel may also serve as a cofactor facilitating
ferric iron absorption or metabolism™. Nickel is an essential trace element in animals,
as demonstrated by deficiency signs reported in several species. Rats deprived of
nickel exhibit retarded growth, low hemoglobin concentrations’' and impaired
glucose metabolism™. Nickel may interact with the vitamin B,,- and folic acid-

dependent pathway of methionine synthesis from homocysteine .

1.2.3.2. Physiology of Absorption, Metabolism, and Excretion

The absorption of dietary nickel is typically less than 10 percent’.

The mechanism by which nickel is taken up from the diet into the enterocyte and
further into the circulation is not known, but results obtained with isolated small
intestinal segments of rats and monolayers of human intestinal Caco2 cells indicate
that nickel and iron share and compete for absorptive pathways™ "*”". DMT1 has
been shown to be present in the apical membrane of enterocytes and it was been
demonstrated to mediate influx of a wide range of divalent metal ions into these

48; 78
cells™ .



Nickel is transported in blood bound primarily to albumin”. Although most tissues
and organs do not significantly accumulate nickel, in humans the thyroid and adrenal
glands have relatively high nickel concentrations™.

Because of the poor absorption of nickel, the majority of ingested nickel is excreted

in the feces, and the majority of absorbed nickel is excreted in the urine with minor

amounts excreted in sweat and bile.
1.2.4. Copper (Cu)

1.2.4.1. Biological function

The biochemical role for copper is primarily catalytic, with many copper
metalloenzymes acting as oxidases to achieve the reduction of molecular oxygen.
Many copper metalloenzymes have been identified in humans.

Amine oxidases participate in important reactions that have markedly different
effects. Diamine oxidase inactivates histamine released during allergic reactions.
Monoamine oxidase (MAO) is important in serotonin degradation to excretable
metabolites and in the metabolism of catecholamines (epinephrine, norepinephrine,
and dopamine). Lysyl oxidase uses lysine and hydroxylysine found in collagen and
elastin as substrates for post-translational processing to produce cross-linkages
needed for the development of connective tissues, including those of bone, lung, and
the circulatory system.

Ferroxidases are copper enzymes found in plasma, with a function in ferrous iron
oxidation (Fe(Il)—>Fe(IIl)) that is needed to achieve iron’s binding to transferrin®.
Ferroxidase 1, also called ceruloplasmin, is the predominant copper protein in plasma
and may also have antioxidant functions. Defects in ceruloplasmin function produce
cellular iron accumulation, a result that supports its ferroxidase role®.

Cytochrome C oxidase is a multisubunit enzyme in mitochondria that catalyzes
reduction of O, to H,O. This establishes a high energy proton gradient required for
adenosine triphosphate (ATP) synthesis. This copper enzyme is particularly abundant

in tissues of greatest metabolic activity including heart, brain, and liver.
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Two forms of superoxide dismutase are expressed in mammalian cells, a mangano
and cupro/zinc form. Coppet/zinc superoxide dismutase (Cu/Zn SOD) uses two
copper atoms for conversion of the superoxide anion (O,) to H,0, and O,. Zinc
atoms have a structural role in the enzyme. The enzyme is localized in the cytosol
and, along with the mitochondrial manganese-containing form, provides a defense
against oxidative damage from superoxide radicals that, if uncontrolled, can lead to
other damaging reactive oxygen species. Mutations in the Cu/Zn SOD gene, which
alter the protein’s redox behavior, produce amyotrophic lateral sclerosis (Lou
Gehrig’s disease).

There is substantial documentation from animal studies that diets low in copper
reduce the activities of many of these copper metalloenzymes. Activities of some
copper metalloenzymes have been shown to decrease in human copper depletion®.
Physiologic consequences resulting from copper deficiency include defects in
connective tissue that lead to vascular and skeletal problems, anemia associated with
defective iron utilization, and possibly specific aspects of central nervous system
dysfunction. Some evidence suggests that immune and cardiac dysfunction occurs in
experimental copper deficiency and the development of such signs of deficiency has

3 . 84; 85
been demonstrated in infants™ ™.

1.2.4.2. Physiology of Absorption, Metabolism, and Excretion

Metabolism of copper in humans relies on the intestine for control of homeostasis as
the capacity for renal copper excretion is limited. Nearly two-thirds of the body
copper content is located in skeleton and muscle, but studies with stable isotopes
have shown that the liver is a key site in maintaining plasma copper concentrations®”
*. Copper has a higher binding affinity for proteins than all other divalent trace
elements. Consequently, precise control of intracellular copper trafficking is needed
to regulate how it is donated to appropriate sites.

Copper absorption occurs primarily in the small intestine.

The Human Copper Transporter (hCtr) Family proteins are the main transporter for

copper. These proteins have three putative transmembrane regions. The N-terminal
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region of hCtrl possesses two methionine-rich regions, known as “Mets” motifs®’
and the C-terminus contain a sequence of conserved cysteine and histidine® (figure
5, panel A).

Human high-affinity Ctrl, a homotrimeric complex, is thought to provide a channel
enabling the passage of copper across the lipid bilayer (figure 5, panel B). Moreover

hCtrl-mediated copper uptake occurs with a millimolar Km and the preferred

N A B

hCtr1 protein topology

Mets motifs
Hypothetical hCtr1
homotrimer
Extracellular
Cytoplasmic
Cys / His motif
Cc

Figure 5: Topological model for the structure of the hCtrl protein. The features, common to Ctrl
family members, include three predicted transmembrane domains, an extracellular amino terminal
region containing two methionine rich (Mets) motifs and a putative cytoplasmic carboxyl terminal
tregion containing a Cys/His motf (panel A). Also shown is a hypothetical model depicting a

transmembrane channel formed by the trimerization of hCtr1.%

substrate is reduced Cu(l), taked up by an energy-independent mechanism stimulated
by extracellular acidic pH”. The mouse Ctrl transporter is essential for Cu(l)
homeostasis and embryonic development’*.

Indirect immunofluorescence experiments with cultured cells suggest hCtrl is
located in perinuclear vesicles and at the plasma membrane™ *.

Mammals possess additional functional copper transport activities. The divalent
metal transporter-1 (DMT1), was considered a possible candidate for this alternative
copper transport activity .

Copper trafficking to the secretory pathway for efflux from cells is mediated by the

Menkes P-type ATPase (MNK; ATP7A)%.
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Copper is released viz plasma to extrahepatic sites where up to 95 percent of the
copper is bound to ceruloplasmin.

Other P-type ATPases (Wilson; ATP7B) are responsible for copper trafficking to the
secretory pathway for ceruloplasmin synthesis or for endosome formation before
transport into the bile”* ”°. Mutations of this copper-transporting ATPase result in
cellular copper accumulation called Wilson’s disease.

Biliary copper excretion is adjusted to maintain balance.

Urinary copper excretion is normally very low over a wide range of dietary intakes.

As with other trace elements, renal dysfunction can lead to increased urinary losses.
1.2.5. Zinc (Zn)

1.2.5.1. Biological function

Zinc is the second most abundant metallic element in the body, following iron. It has
been shown to be essential for microorganisms, plants, and animals. Zinc is an
essential micronutrient that plays fundamental roles in physiology, cellular
metabolism and gene expression. Zn is required as a catalytic cofactor of more than
300 enzymes and it stabilizes the structure of thousands of protein domains.
Examples of zinc metalloenzymes can be found in all six enzyme classes™. Well-
studied zinc metalloenzymes include the ribonucleic acid (RNA) polymerases,
alcohol dehydrogenase, carbonic anhydrase and alkaline phosphatase. Zinc is defined
as a Lewis acid, and its action as an electron acceptor contributes to its catalytic
activity in many of these enzymes.

The structural role of zinc involves proteins that form domains capable of zinc
coordination, which facilitates protein folding to produce biologically active
molecules. The vast majority of such proteins form a “zinc finger like” structure
created by chelation centers, including cysteine and histidine residues”. Some of
these proteins have roles in gene regulation as DNA binding transcription factors.
Zinc also provides a structural function for some enzymes; copper-zinc superoxide

dismutase is the most notable example. Also of potential relevance as a structural role
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is the essentiality of zinc for intracellular binding of tyrosine kinase to T-cell

receptors, CD4 and CD8a, which are required for T-lymphocyte development and
activation”™ ”.

While knowledge of the biochemical and molecular genetics of zinc function is well
developed and expanding, neither the relationship of these genetics to zinc deficiency
or toxicity nor the functions for which zinc is particularly critical have been
established. For example, explanations for depressed growth, immune dysfunction,
diarrhea, altered cognition, host defense properties, defects in carbohydrate

utilization, reproductive teratogenesis, and numerous other clinical outcomes of mild

and severe zinc deficiency have not been conclusively established.

1.2.5.2. Physiology of Absorption, Metabolism, and Excretion

Zinc is widely distributed in foods. Because virtually none of it is present as the free
ion, bioavailability is a function of the extent of digestion. Digestion produces the
opportunity for zinc to bind to exogenous and endogenous constituents in the
intestinal lumen, including peptides, amino acids, nucleic acids, and other organic
acids and inorganic anions such as phosphate. The vast majority of zinc is absorbed
by the small intestine through a transcellular process with the jejunum being the site
with the greatest transport rate' ™ "',

Zn is highly charged and cannot cross biological membranes by passive diffusion,
requiring the aid of a set proteins, grouped into two families on the basis of their
structural and functional features: Solute Carrier Family 39A (SLC39A) includes
mammalian ZRT/IRTrelated proteins (ZIPs)'”) and Solute Carrier Family 30A

103

(SLC30A), comprises mammalian ZnTs . Both ZIPs and ZnTs are multipass
transmembrane proteins and have a high content of lipophilic amino acids. Fourteen
ZIP-encoding genes have been identified in the human genome and are grouped into
four sub-families according to the molecular features of the encoded proteins. All of
the Zip proteins mediate Zn uptake from the extracellular environment or

intracellular vesicles into the cytoplasm. Proteins belonging to the ZnT family were

shown to be responsible for Zn efflux from the cytoplasm towards either
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intracellular vesicles or/and the extracellular space'”, as well as for Zn delivery to

).

specific metalloproteins'”. Mutations in two Zn transporters have been linked to the

106

Zn deficiency diseases acrodermatitis enteropathica (ZIP4) in humans . A point

mutation in ZnT?2 was recently associated with transient Zn deficiency in exclusively
breast-fed infants'”.

Considerable amounts of zinc enter the intestine from endogenous sources.
Homeostatic regulation of zinc metabolism is achieved principally through a balance
of absorption and secretion of endogenous reserves involving adaptive mechanisms
programmed by dietary zinc intake. Over 85 percent of the total body zinc is found
in skeletal muscle and bone. While plasma zinc is only 0.1 percent of this total, its
concentration is tightly regulated at about 10 to 15 pmol/L.

Albumin is the principal zinc-binding protein in plasma from which most metabolic
zinc flux occurs. Plasma amino acids bind some zinc and could be an important
source of zinc excretion.

Metallothioneins (MTs) are small cytosolic proteins with a high cysteine content that
bind Zn, as well as other metal ions, with high affinity. MTs were the first group of
proteins involved in Zn homeostasis to be identified and extensively studied. MT's
are thought to be responsible for the intracellular regulation of Zn concentration and
for detoxification of non-essential heavy metals'”.

Zinc secretion into and excretion from the intestine provides the major route of
endogenous zinc excretion. It is derived partially from pancreatic secretions, which
are stimulated after a meal. Biliary secretion of zinc is limited, but intestinal cell

secretions also contribute to fecal loss. Urinary zinc losses are only a fraction (less

than 10 percent) of normal fecal losses.

1.3. Water soluble vitamins

Water soluble vitamins represent a group of structurally and functionally unrelated
compounds that share a common feature of being essential for normal health and

well being. These micronutrients play critical roles in manteining normal methabolic,
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energy, differentiation and growth status of mammalian cells. Because mammals
cannot synthetize these compounds, except for some synthesis of niacin, they must
obtain them from two exogenous sources: a dietary source, preferentially uptaked in

the small intestine, and a microflora bacterial source, uptaked in the large intestine.
1.3.1. Vitamin B1 (thiamine)

1.3.1.1. Biological function

Vitamin B1, also known as Thiamine, was the first B vitamin identified.

NH,

= =
N | N S
J% JQQ/\
CH; 'N CH, OH

Figure 6: chemical structure of vitamin B1

Thiamine exists mainly in various interconvertible phosphorylated forms, chiefly
thiamine pyrophosphate (TPP). TPP, the coenzymatic form of thiamine, is involved
in two main types of metabolic reactions: decarboxylation of O-ketoacids, like
pyruvate and O-ketoglutarate, and transketolation, for example among hexose and
pentose phosphates.

Chemically, thiamine consists of substituted pyrimidine and thiazole rings linked by a
methylene bridge (figure 06).

Thiamin deficiency causes beriberi that leads to a variety of clinical abnormalities,

: : : : : 109; 110
including neurological and cardiovascular disorders ™ .

1.3.1.2. Physiology of Absorption, Metabolism, and Excretion

Following ingestion, absorption of thiamine occurs mainly in the jejunum.
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Thiamin uptake in the human intestine occurs via a specialized carrier-mediated
mechanism and is pH-dependent, suggesting a thiamine/H" exchange mechanism'"".
The molecular identity of the systems involved has been identified as members of the
monocarboxylate transporter gene family SLC16. Both of the human thiamin
transporters (W"THTRs) hTHTR1 and hTHTR2 were found to be expressed in the
human intestine!'> ' 14115,

Thiamine is transported in blood both in erythrocytes and plasma.

Only a small percentage of a high dose of thiamine is absorbed, and elevated serum

values result in active urinary excretion of the vitamin'".
1.3.2.Vitamin B2 (riboflavin)

1.3.2.1. Biological function

Subsequent to the discovery of thiamine was the discovery of a more heat-stable

factor that was named vitamin B2, or riboflavin (figure 7).

Figure 7: chemical structure of vitamin B2

The primary form of the vitamin is as an integral component of the coenzymes flavin
mononucleotide (FMN) and flavin-adenine dinucleotide (FAD)''" """, Tt is in these
bound coenzyme forms that riboflavin functions as a catalyst for redox reactions in

numerous metabolic pathways and in energy production.
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The redox reactions in which flavocoenzymes participate include flavoprotein-
catalyzed dehydrogenations that are both niacin dependent and independent,
reactions  with  sulfur-containing  compounds, hydroxylations, oxidative
decarboxylations, dioxygenations, and reduction of oxygen to hydrogen peroxide.

Deficiency of riboflavin in humans leads to several symptoms including degenerative

changes in nervous system, skin disorders and anemia.

1.3.2.2. Physiology of Absorption, Metabolism, and Excretion

Most dietary riboflavin is consumed as a complex of food protein with FMN and
FAD'®. In the stomach, gastric acidification releases most of the coenzyme forms of
riboflavin (FAD and FMN) from the protein. The noncovalently bound coenzymes
are then hydrolyzed to riboflavin by nonspecific pyrophosphatases and phosphatases
in the upper gut'' " "%,

A vast amount of research defined the regulatory mechanisms involved in riboflavin
transport across different cell line models. Althought kinetic parameters defere, it
was showed the riboflavin uptake mechanism is highly specific and saturable and the
primary absorption occurs in the proximal small intestine''”"'* ", There are findings
suggesting riboflavin transport involves carrier-mediated transport and receptor-
mediated endocytosis'*” *" 1%,

Recently a human riboflavin transporter (hRFT1) was successfully identified. The
tissue distribution, cellular localization, and functional characterization suggested that
hRFT1 plays an important role in the cellular uptake of riboflavin. The high levels of
hRFT1 in the small intestine and colon suggest that hRFT1 mediates the absorption

membrane

b

of riboflavin at these sites. In addition, it was independent of Na’
: 123

potential or pH ™.

In plasma some riboflavin is complexed with albumin; however, a large portion of

riboflavin associates with other proteins, mainly immunoglobulins, for transport'*.

The metabolism of riboflavin is a tightly controlled process that depends on the

riboflavin status of the individual”. Riboflavin is converted to coenzymes within the

cellular cytoplasm of most tissues but mainly in the small intestine, liver, heart, and
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kidney. The metabolism of riboflavin begins with the ATP-dependent
phosphorylation of the vitamin to FMN. Flavokinase, the catalyst for this
conversion, is under hormonal control. FMN can then be complexed with specific
apoenzymes to form a variety of flavoproteins; however, most is converted to FAD
by FAD synthetase. As a result, FAD is the predominant flavocoenzyme in body
tissues. Production of FAD is controlled by product inhibition such that an excess of
FAD inhibits its further production'®.

When riboflavin is absorbed in excess, very little is stored in the body tissues. The
excess is excreted, primarily in the urine. A wide variety of flavin related products

have been identified in the urine of humans'?’.

1.3.3.Vitamin B3 (niacin)

1.3.3.1. Biological function

Vitamin B3, or niacin, refers to nicotinamide (nicotinic acid amide), nicotinic acid
(pyridine-3-carboxylic acid), and derivatives that exhibit the biological activity of

nicotinamide (figure 8).

o A B

. NH, y OH
N N
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Figure 8: chemical structure of vitamin B3 (A: nicotinamide; B: nicotinic acid)

The nicotinamide moiety of the pyridine nucleotide coenzymes, nicotinamide
adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate
(NADP), acts as a hydride ion acceptor or donor in many biological redox reactions.

NAD has also been shown to be required for important nonredox adenosine
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diphosphate (ADP) ribose transfer reactions involved in DNA repair and calcium
mobilization'* %,
NAD functions in intracellular respiration and as a codehydrogenase with enzymes

involved in the oxidation of fuel molecules such as glyceraldehyde 3-phosphate,

lactate, alcohol, 3-hydroxybutyrate, pyruvate, and O-ketoglutarate. NADP functions
in reductive biosyntheses such as in fatty acid and steroid syntheses and, like NAD,
as a codehydrogenase as in the oxidation of glucose 6-phosphate to ribose 5-
phosphate in the pentose phosphate pathway.

Deficiency of niacin leads to pellagra, a disease characterized by skin lesions,

dermatitis, ataxia and dementia.

1.3.3.2. Physiology of Absorption, Metabolism, and Excretion

The human body obtains niacin from two sources: an endogenous one in which the
vitamin is produced by methabolic conversion of tryptophan to niacin, and an
exogenous one from the diet iz absorption in the intestine. Glycohydrolases in the
intestine catalyze the release of nicotinamide from NAD".

The mechanism of uptake of dietary niacin (nicotinic acid) by intestinal epithelial
cells is not well understood, and nothing is known about regulation of the uptake
process. There is evidence that another member of the monocarboxylate transporter
gene family SLC16, MCT1, is capable of transporting nicotinic acid. This mechanism
involves electroneutral co-transport of nicotinate and H™" > ' There is also an
evidence for the presence of a Na'-coupled transport system for nicotinate and the
structurally related compound pyrazinoate'* >,

The niacin coenzymes NAD and NADP are synthesized in all tissues of the body
from nicotinic acid or nicotinamide. Tissue concentrations of NAD appear to be
regulated by the concentration of extracellular nicotinamide, which in turn is under
hepatic control and is hormonally influenced. Hydrolysis of hepatic NAD allows the
release of nicotinamide for transport to tissues that lack the ability to synthesize the
NAD and NADP coenzymes from tryptophan. In the liver some excess plasma

nicotinamide is converted to storage NAD. Tryptophan and nicotinic acid also
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contribute to storage NAD following the biosynthetic pathway, going through
pyridine mononucleotide (NAMN), which is then reamidated to NAD. In the
degradation of NAD, the nicotinamide formed can be reconverted to NAD via
nicotinamide ribonucleotide. Nicotinamide can be deamidated in the intestinal tract
by intestinal microflora'”.

Excess niacin is methylated in the liver to N1-methyl-nicotinamide, which is excreted
in the urine. The two major excretion products are N1-methyl-nicotinamide and its

. . . 1’58
pyridone derivative ™.

1.3.4.Vitamin B6

1.3.4.1. Biological function

Vitamin B6 (figure 9) comprises a group of six related compounds: pyridoxal (PL),
pyridoxine (PN), pyridoxamine (PM), and their respective 5'-phosphates (PLP, PNP,
and PMP).

oH " oH #° oH (N

OH OH OH

/
/

Figure 9: chemical structures of vitamin B6 (A: PN; B: PL; C: PM)

PLP is a coenzyme for more than 100 enzymes involved in amino acid metabolism,
including aminotransferases, decarboxylases, racemases, and dehydratases. Examples
are d-aminolevulinate synthase, which catalyzes the first step in heme biosynthesis,
cystathionine  B-synthase and cystathioninase, enzymes involved in the
transsulfuration pathway from homocysteine to cysteine. For practically all PLP

enzymes the initial step in catalysis involves formation of a Schiff’s base between an

incoming amino acid, »a its Oi-amino group, and the carbonyl group of PLP.
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1.3.4.2. Physiology of Absorption, Metabolism, and Excretion

In animal tissue the major forms of vitamin B6 are PLP and PMP. Absorption in the
gut involves phosphatase mediated hydrolysis followed by transport of the
nonphosphorylated form into the mucosal cell.

Experiments on Caco-2 cells indicate that vitamin B6 uptake occurs viz a specialized,
carrier-mediated mechanism, that is pH dependent. Uptake was found to be higher at
acidic pH than alkaline conditions. Also for this vitamin, authors suggest that the
transport of pyridoxine may be occurring via a pyridoxine/H™ symport
mechanism'”.

Others experiments on cultured mouse colonic cells and native human colonic
vescicles show the existence of a specific carrier-mediated mechanism for pyridoxine;
conversely to the previous, uptake was found to be higher at neutral/alkaline pH
compared with acidic conditions'".

However, the precise transporter has not yet been identified.

Most of the absorbed nonphosphorylated vitamin B6 goes to the liver, where PN,
PL, and PM are phosphorylated by PL kinase. PNP, which is normally found only at
very low concentrations, and PMP are oxidized to PLP by PNP oxidase. PMP is also
generated from PLP via aminotransferase reactions. PLP is bound to wvarious
proteins in tissues; this protects it from the action of phosphatases. The capacity for
protein binding limits the accumulation of PLP by tissues at very high intakes of
B6'"'. When this capacity is exceeded, free PLP is rapidly hydrolyzed and
nonphosphorylated forms of B6 are released by the liver and other tissues into
circulation.

PLP is the major form of the vitamin in plasma and is derived entirely from liver as a

PLP-albumin  complex'* '

Tissues and erythrocytes can  transport
nonphosphorylated forms of the vitamin from plasma. Some of this is derived from
plasma PLP after phosphatase action. In tissues, conversion of the transported

vitamin to PLP, coupled with protein binding, allows accumulation and retention of
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the vitamin. B6 in tissues is found in various subcellular compartments but primarily
in the mitochondria and the cytosol.
PLP in the liver can be oxidized to 4-pyridoxic acid (4-PA), which is released and

excreted.
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2. Aim of the work

It is now becoming clear that prion diseases are caused by a fact that perturbs the
normal, physiological activity of PrP".

An alternative hypothesis for prion toxicity postulates that PrP® possesses a
biological activity that, when lost, would cause neurodegeneration'*, It is also known

145; 146 147
* or postnatally "', has

that genetic ablation of PrP expression, either prenatally
relatively little phenotypic effect and does not produce any features of a prion
disease. Thus, loss of PrP® function cannot, by itself, account for prion induced
neurodegeneration.

Our hypothesis on PrP“ physiological role is partially in agreement with this theory.
Loss of protein function can be caused by several factors: chemical and physical
perturbations, genetic changes, lack of its biological complementary molecules.
Adaptative responses can contrast the chemical, physical and, to a lesser extent,
genetic changes, but organisms can’t restore by themselves a physiological condition,
in the last situation.

For example, when the cell needs copper, it expresses the copper membrane uptaker.
If extracellular copper availability is not enough, uptaker expression signal
persistences and uptaker continues to be expressed. Otherwise, when extracellular
coppetr is available uptaker is expressed untill cell no longer needs copper.

Prion protein is involved in copper uptake mechanism, as described above. Actually,
it was demonstred that PrP® binds cooperatively copper®”® and extracellular copper
decreases PrP® expression'®) but it also stimulates PrP® endocytosis and cellular
traffiking’”*" >, Accordingly, it is resonable to think that PrP® plays a primary role
in copper homeostasis. An objection to this hypothesis is that it is known that

192

copper transporter one (Ctrl) is the first copper channel™. An important feature of

this transmembrane protein is that it is able to bind Cu'", while, in the extracellular

149

medium, copper is present in the oxidized form™. This fact prevents that Ctrl could

bind copper directly. Since it was demonstred that PrP® has high affinity for Cu*" and
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it was demontred that PrP® reduces Cu®" to Cu', it is resonable to think that prion
protein first binds copper ions and, after their reduction, Ctrl can bind reduced
copper ions and traslocates them into the cytoplasm.

When copper binds on octarepeats, it seems to promote also the a-helix structuring

of this region1 0

. Moreover, between two octarepeat triptophans there are seven
aminoacids, that are two complete a-helix turns, so copper binding promotes also the
stacking of triptophan indolic rings. So it is formed a zone that can allow
hydrophobic interactions with other hydrophobic molecules, such as lipids or
vitamins.

The theory developed by our research group proposes that prion protein plays a
ptimary role in copper uptake. Moreover, PrP® is endocytosed via endosome and
lysosome pathway”, so we think that copper uptake could happen via an endocytic
pathway. Copper is an essential micronutrient (EMN). All EMNs share some
important characteristics. Both metals and vitamins are present in micromolar
concentrations, both in the body and foods. This feature can easily lead to deficiency.
It is also clear that deficiency of EMNs produces overlapping diseases symptoms and

for the reason that uptake of many vitamins happens via endocytic pathways'*" '** 1%

" and it is pH dependent, we hypothesize that prion protein and copper play a key
role in common endocytic uptake pathway involving all EMNSs.

Prion diseases can be explained because, when there is no intra and extracellular
coppet, prion protein is over expressed untill it reaches the solubility limit on the
membrane surface, that causes the protein precipitation. PrP“ over expression is a
conditio sine qua non to disease development'. If copper lack is lower and chronical,
precipitation is slow, producing ordered aggregates (fibrils); otherwise, if copper lack
is higher and acute, fast protein precipitation produces amorphous .

Toxic gain of function is commonly invoked to explain the phenotypes of other
dominantly inherited neurodegenerative disorders, including Alzheimer's disease,

Huntington's disease, Parkinson's disease and amyotrophic lateral sclerosis. In these

disorders, it is postulated that intracellular or extracellular aggregates of the relevant
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misfolded protein (AR, huntingtin, «- synuclein) possess a neurotoxic activity that is
directly related to the normal, physiological function of the parent protein'™.

The aim of this work is to clarify if PrP® allows micronutrients uptake.

To choose the experimental racombinant N-terminal peptide, we considered that
PrP® undergoes a variety of proteolytic processing events. In human brain, PrP® is
mainly endoproteolyzed on the N-terminal side, at the 110/111 peptidyl bond, to
produce a 17 kDa C-terminal fragment (C1) tethered to the plasma membrane'™* ',
A 9 kDa soluble N-terminal counterpart, referred to as N1, is released in the
extracellular medium'”. Little is known concerning the fact that these cleavages
could be seen as an activating process leading to biologically active fragments or as
an inactivating mechanism.

We first verified N-terminal domain interactions with five first transition setie
divalent metals, checking binding parameters and structural protein changes at
various pH values. Moreover, because zz vivo metals are not free, but bound to
various competitors, the same measures were repeated in presence of glycine, a weak
metal ligand.

Another set of experiments were made up to check N-terminal domain interactions
with four B group vitamins. In particular we chose vitamins with hydrophobic rings,
that could be able to stack between triptophan indolic rings.

Finally, because PrP® is localized on lipid raft domains, we checked if N-terminal
domain interacts with membrane. To choose the membrane mimetic systems we
considered that lipid raft domains are mainly characterized by a high content of
sphingolipids and cholesterol. Furthermore, phosphatidylcholine, mainly with
saturated acyl chains, is present, as well as small amounts of
phosphatidylethanolamine and phosphatidylserine'”. So we chose two membrane

mimetic systems, one not charged and one negatively charged.
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3. Metarials and Methods
3.1. Reagents

All used products are analytical grade reagents.

3.2. Protein expression

Professor Alessandro Negro supplied murine N-terminal prion protein (mPrP*'"”;
Entrez nucleotide entry: M13685; UniProtKB/Swiss-Prot entry: P04925), cloned in
pET-14b (figure 10).

Competent E. wli, BL.21 (DE3) pLysS, were transformed with mPrP*'”-pET14b
plasmid, streaked on agar plate containing ampicillin (Amp) 100 pg/ml and
incubated at 37°C overnight. After resuspension on plate, bacterial colonies were
transferred in two flasks with one liter of Luria Bertani medium (LB), containing
Amp 100 pg/mL, and growing at 37°C up to an optical density at 600 nm (OD,,)
equal to 0.6. Induction was carried out with IPTG 100 mg/L, at 37°C for 4 hours.
Colture broth was centrifuged at 2000 g for 15 minutes at 4°C. Once discarded
supernatant, pellets were resuspended in PBS (NaCl 140 mM, KCI 2.7 mM,
K/phosphate buffer 10 mM, pH 8.0) and stored at -20°C until purification.
Expression goodness was tested with a SDS-PAGE.

3.3. Protein purification

To destroy cell membranes and inclusion bodies, bacterial suspensions were
sonicated (LABSONIC U, B. BRAUN) adding small aliquots of Denaturing Solution
(guanidinium chloride 6 M, K/phosphate buffer 100 mM, Ttis 10 mM, pH 8.0).

After sonication, samples were centrifuged at 15000 g, for 30 minutes at 4°C and

supernatants were collected.
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Figure 10: pEt-14b plasmid map.

These were added to 3 ml of equilibrated His-tag affinity resin (Ni-NTA Agarose,
purchased by Qiagen) and were stirred for one hour. Thanks to the six histidines

23-109
P

tagged to mPr , it binds to resin nickel ions, at basic pH.

Non bound proteins were washed out with 20 volumes of denaturing solution and 20
volumes of Urea Buffer (urea 8 M, K/phosphate buffer 100 mM, Tris 10 mM, pH
8.0).

Bound proteins were eluted with Urea Buffer, pH 5.9. All fraction concentrations

were analyzed with a UV /visible spectrophotometer (Hewlett Packard, diode

spectrophotometer, 8452A) using the Lambert-Beer law:

Abs,, = EXcXI

in which Abs,, is the measured absorbance at 280 nm, ¢ is extinction molar
coefficient, ¢ is protein concentration and / is the optical path expressed in
centimetres. Theoretical extinction molar coefficient was calculated with ExPASy
ProtParam tool and it results 41480 M'cm™.

Fractions with higher concentration were combined.
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To change buffer solution, eluate was dialyzed with a 3500 molecular weight cut off
membrane tube (MWCO), purchased by Spectra/Por, versus Storing Buffer
(Na/acetate buffer 50 mM, pH 4.5).

Finally, samples were stored at -20°C, in presence of sucrose 20% (p/v).

3.4. His-tag cut

3.4.1. Theoretical principles

To cut His-tag I used thrombin from human plasma, purchased by Sigma-Aldrich
(product number T6884).
Thrombin is an enzyme that recognizes and cuts two amino acid sequences. First one

1s:
A-B-Pro-Arg-| |-X-Y

where A and B are hydrophobic amino acids and X and Y are non acidic amino

acids. Second cleavage site is:
Gly-Arg-| |-Gly'”

Thrombin is active in the pH range of 5-10 and it precipitates at pH 5 or less. Its
"catalysis optimum" pH is 8.3 and concentration is 0.5 units thrombin per one
nanomole polypeptide.

Two protocols were developed.

3.4.2. Dialysis protocol

To change Storing Buffer in the Thrombin Buffer (Tris 50 mM pH 8.3, NaCl 150
mM, MgCl, 2.5 mM), an aliquot of protein solution was dialyzed using a 3500
MWCO membrane tube (Spectra/Por) versus thrombin buffer, at 4°C.

31



Then, an aliquot of thrombin was added, obtaining the optimum ratio
thrombin/polypeptide. Reaction was performed overnight at room temperature.

At the end of the cutting reaction, buffer was changed in the storing one, as
described above.

Finally, protein concentration was measured as described in §3.3.

3.4.3. Precipitation protocol

Four volumes of acetone, cooled at -20°C, were added to an aliquot of protein, in
Storing Buffer, and this solution was stored at -20°C for 3 hours. This procedure
precipitates all protein so, after that, samples were centrifuged at 18000 g, for 40
minutes at 4°C. Supernatant was discarded and samples were totally dried in a
SPEED VAC, SC110 Savant.

Then samples were resuspended in an appropriate volume of Thrombin Buffer and
an aliquot of thrombin was added. Reaction was performed overnight at room
temperature.

At the end of the cutting reaction, buffer was changed in the Storing Buffer, using
the same procedure.

Finally, protein concentration was measured as described in §3.3 and expression

goodness was tested in a SDS-PAGE.

3.5. SDS-PAGE

All purification steps were analyzed by 16% SDS-PAGE. Gel compositions are listed
in table 2.

To each sample was added a Sample Buffer (Tris 50 mM pH 8.9, urea 8 M, SDS 1%,
dithiothreitol (DTT) 1mM, monoiodoacetamide (MIA) 2 mM, glycerol 20%) and
mixtures were incubated for two hours before loading.

Samples were run at 4°C at 20 mA per gel using a Mini-Protean 3 cell, purchased by
BIORAD. Proteins were visualized by Blue Coomassie staining (Brilliant Blue

Coomassie 0.1%, methanol 5/11, acetic acid 1/11 and milliRo water 5/11).
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Stock solutions Resolving gel (16%) Stacking gel (5%)

Acrylamide 40% 4.000 0.625
Bisacrylamide 1.6% 3.125 0.488
Tris 3 M pH 8.9 1.667 /
Tris 0.5 M pH 6.8 / 1.250
SDS 10% 0.100 0.050
APS 10% 0.070 0.035
TEMED 0.007 0.004
HO 1.030 2.548
Total volume (ml) 10.000 5.000

Table 2: Composition of stacking and resolving gels. All volume values are expressed in millilitres.

Ratio acrylamide/bisacrylamide is 48.0/1.5.

Low molecular weight range markers (table 3), purchased by Sigma (M3913), were

used to estimate the recombinant proteins molecular weight.

Protein Molecular Weight (Da)
Albumin (bovine serum) 66.000
Ovalbumine (chicken egg) 45.000
Glyceraldehyde 3-P Dehydrogenase (rabbit muscle) 36.000
Carbonic Anhydrase (bovine erythrocytes) 29.000
Trypsinogen (bovine pancreas) 24.000
Trypsin Inhibitor (soybean) 20.000
a-Lactalbumin (bovine milk) 14.200
Aprotinin (bovine lung) 6.500

Table 3: Protein composition of Low Molecular Weight Range Markers (M3913, Sigma).

3.6. Mass spectrometry

For electrospray ionization mass spectrometry analysis the protein was resuspended
in 10 uL of solution, composed by 49% H,O mQ, 50% acetonitrile and 1% formic
acid. Analysis was made in collaboration with Dr. P. James (Biomedical center of

Lund University).
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3.7. Solubility measurements

23-109
P were concentrated

To know protein solubility at pH 7.4, somes aliquots of mPr
six times using 3000 MWCO polyethersulfone concentrators (Vivaspin 500). Every

concentration step was followed by a concentration measurement (§3.3).

3.8. Atomic absorption measurements

To know if there were metals contaminations in used solutions, atomic absorption
measurements were recorded on a Perkin Elmer AAnalyst 100 instrument. Table 4

shows measurement parameters.

Metals Wavelength (nm) Slit (nm) Flame gases Standard conc (ppm)
Cobalt (Co) 240.7 0.2 Air/Acetilene 7.0
Copper (Cu) 324.8 0.7 Air/Acetilene 4.0
Iron (Fe) 2483 0.2 Air/Acetilene 5.0
Manganese (Mn) 279.5 0.2 Air/Acetilene 2.5
Nickel (Ni) 232.0 0.2 Air/Acetilene 7.0
Zinc (Zn) 360.1 0.2 Air/Acetilene 1.0

Table 4: Atomic absorption measurement parameters. Standard solution concentrations are expressed

in part per million (ppm).

3.9. Metal binding parameters analysis

3.9.1. Theoretical principles in fluorescence spectroscopy

A molecule can possesses only discrete amounts of energy. The potential energy
levels of the molecule are described by an energy level diagram (figure 11).

This figure shows two electronic levels, the ground state (G) and the first exited state
(S,) and some of the vibrational levels of each. Light energy can be absorbed only
when the molecule moves from a lower to a higher energy level. If the molecule is

initially unexcited (G) and the absorbed energy is greater than required to reach S,
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the excess energy is absorbed as vibrational energy. This vibrational energy is rapidly
dissipated as heat by collision with solvent molecules, and the molecule drops to the
lowest vibrational level of S;. the excited molecule then returns to G by emitting light
(fluorescence) or by a non-radiative transition.

Because energy is lost in dropping to the lowest level of S;, the emitted light will have
less energy (longer wavelength) than the absorbed light. However, in returning to G,
the molecule may arrive at one of the vibrational levels of G, dissipating remaining
energy as heat. Hence, if there are many absorbers, the light emitted will have many
wavelengths and the probability of dropping from S, to each vibrational level of G

determines the shape of the fluorescence spectrum.

F G

S
.
T o
B sl
~

\\\
L

Figure 11: Energy level diagram of two chromophores. G and S; indicate the ground and the first
excited states, respectevely. The vibrational levels are the thin lines. In panel A is showing a molecule
capable of fluorescing. After excitation, there are vibrational losses (wavy arrow) to the lowest level of
Si and then emission from this state (dashed arrow). In panel B is showing a molecule that fails to
fluorescence because the vibrational levels of G are higher than the lowest level of Si. Hence, there
can be a non radiative transition (horizontal wavy arrow) followed by non radiative energy losses to

the bottom of G.

3.9.2. Metal titrations in fluorescence spectroscopy

To know mPrP*'” metals binding dissociation constants and cooperativity binding
grade, mPrP*""” was titrated with metal salts (listed in table 5) at five different pH

(pH buffers are listed in table 6).
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Metal Salt Formula Stock concentration

Copper acetate (CH5CO0)Cu*HO 100 mM
Nickel sulphate NiSO4*6H>O 100 mM
Manganese chloride MnCL*4H,0O 100 mM
Zinc sulphate ZnSO4*7TH>O 100 mM
Cobalt chloride CoCly*6HO 100 mM

Table 5: Metal salts used in mPrP23-109 titration.

Na/acetate 50 mM 4.0
Na/acetate 50 mM 5.0
Na/acetate 50 mM 6.2
NEM 50 mM 7.4
NEM 50 mM 8.6

Table 6: Fluorescence buffers. These buffers were chosen because they do not interact with metals!!.

Measures were made using a quartz cuvette with 1 cm optical path in a Perkin Elmer
fluorimeter (LS50). Table 7 shows working parameters.
Moreover, because 7z vivo metals are not free, but bound to various competitors, the

same measures described above were repeated in presence of glycine 1 mM.

Instrument setup

Start wavelength 300 nm
End wavelength 450 nm
Excitation wavelength 295 nm
Scan speed 240 nm/min
Emission slit Variable
Excitation slit Variable
Accumulation 4
Temperature 35°C

Table 7: Operating fluorimeter parameters.
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Data were fitted after doing some considerations. First consideration is that two
types of metal atom quench fluorophore fluorescence: bound and unbound atoms.

So total quenching is described by the following formula:

Q =0, +0,

in which @, is total quenching, 0, is quenching due to bound metals, O, is quenching

due to unbound metals. Similarly, quenching function is:
F xt F xb +F Xxs
Unbound metal quenching follows a linear function, so F,, is:
F =5Xx

where x is metal concentration and s is the slope.

Because prion protein is a cooperative system, I, follow the Hill equation:

n

po_ X
K, +x"

where Y is the saturation fraction, x is the metal concentration, # is the Hill number
and K, is the dissociation constant. Hill number is an important index that identifies
the binding domain interaction degree; if it is more than one cooperation is positive,

if it is less cooperation is negative. It also should be noted that in ideal quenching,
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schematized in figure 12, saturation fraction is also described by the following

equation:

_FO_Fx

F,-F,

Y

where F, is initial fluorescence without metal, F, is fluorescence during metal

titration and F}is saturated system fluorescence.

A

FO " ]

g

Figure 12: Ideal quenching sheme.

Combining all previous formulae, the following final formula was obtained:

x"X(Fy—F;) N

F,=sXx— .
K,+x

X

F

This formula describes bound metal quenching as function of metal concentration.

Data were fitted using OriginPro 8.0.
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3.10. Metal structural analysis

3.10.1. Theoretical principles of circular dichroism

When a beam of light passes through the matter, the electric vector of the
propagating wave interacts with the electrons of the component atoms. This
interaction has the effect of reducing the velocity of propagation (refraction) and in
decreasing the amplitude of the vector (absorption). These two effects are described
by the index of refraction, », and the molar absorption coefficient, & When a
molecule is sensitive to the plane of polarization of the incident light, it is optically
active and it is characterized by having distinct indices of refraction (7, 7) and molar
absorption coefficients (&, &) for left and right circularly polarized light. Optical
activity is proper of chiral molecules. So if a beam of circularly polarized light passes
trough a optical active matter, in range of wavelengths in which absorption occurs,

there will be differential absorption of the L. and R polarize light. This difference (¢ -

&) is the circular dichroism (CD).

3.10.2. Metal titrations in circular dichroism

To know mPrP?"”-metals structural binding characteristics, mPrP*'" was titrated
with metal salts (table 5), using three different pH, showed in table 6 (pH 7.4, 6.2,
5.0), at a concentration of 10 mM.

Measures were made using a quartz cuvette with 0.2 cm optical path in a Jasco J-810
spectropolarimeter. Table 8 shows working parameters.

To determine if metal binding induces conformational changing and, hence, if metal
binding is functional, data were analyzed in the following manner. In each CD graph
were taken values at 222 nm () and 198 nm () as, respectively, a-helix and random
coiled structure indices. These were used to build a third index (§), as show the

following formula:
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s=2
b

If adding metal salt § increases, it means that the metal induces structuring of

protein; on the contrary, if § decreases, the metal induces destructuring of protein.

Instrument setup

Sensitivity 100 mdeg
Start 250 nm
End 190 nm
Data pitch 0.1 nm
Scan speed 50 nm/min
Band width 10
Response 2 sec
Accumulation 4
Temperature room

Table 8: Operating fluorimeter parameters.

3.11. Vitamin binding analysis

3.11.1. Theoretical principles of fluorescence anisotropy

When a beam of linear polarized light passes through the matter containing a
fluorophore, it preferentially excites molecules with transition dipole moment parallel
to electric field direction vector. If fluorophore motion speed is low, fluorescence
will be polarized too; on the other hand, if it is high and it can collide with other
molecules before light emission, fluorescence will be depolarized. So fluorescence
anisotropy measurements can investigate molecular motion speed.

Anisotropy (A) is defined by the following equation:
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A= I//_IL
[, +21

in which, I,,and I, are fluorescence intensity when emission polarizator is parallel or

perpendicular, respectively, to the excitation polarizator.

3.11.2. Vitamin titration in fluorescence anisotropy

To know if vitamins interact with mPrP*'", tryptophan anisotropy was measured
>, typtop Py
during vitamin titrations, in presence of copper acetate 80 mM, at pH 7.4 (table 6).

Used vitamins are listed in table 9.

Thiamine hydrochloride 100 mM
Riboflavin (-) 100 mM
Nicotinamide 100 mM
Pyridoxine hydrochloride 100 mM

Table 9: Vitamins used in mPrP3-109 titration.

Measures were made using a quartz cuvette with 1 cm optical path in a Perkin Elmer

fluorimeter (LS50). Table 10 shows working parameters.

Instrument setup

Excitation wavelength 295 nm

Emission wavelength 354 nm

Emission slit 10
Excitation slit 10
Integration time 1.00 sec
Accumulations 30
Temperature 35°C

Table 10: Operating anisotropy parameters.
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3.12. Large unilamellar vesicles (LUVs)

interaction

3.12.1. LUVs preparation

3.12.1.1. Injection

To avoid light scattering, vesicle diameter has to be less than 200 nm.
Dimyristoyl-phosphatidyl-choline (DMPC), purchased by Sigma (P2663), were
dissolved in absolute ethanol, reaching the concentration of 50 mM. This solution
was very slowly injected in a stirred solution of N-etylmorpholine (NEM) buffer 1
mM, pH 7.4, 35°C'?, reaching final phospholipid concentration of 8 mM.

3.12.1.2. Extrusion
In this protocol was used the Mini-Extruder (Avanti Polar Lipids).

An amount of dioleoyl-phosphatidyl-glycerol (DOPG), purchased by Sigma (P9664),
was totally evaporated with a constant nitrogen flux, leaving a thin lipid film on vial
bottom. Lipids were hydrated adding NEM buffer 1 mM, pH 7.4, to reach final
phospholipid concentration of 8 mM, and vortexing to dissolve lipid film.

This solution was inserted in a syringe and the extruder was assembled using
extrusion membrane with a 50-100 nm cut off, purchased by Millipore. To obtain a

homogenous lipid solution, this passed through the membrane at least 50 times.

3.12.2. LUVs imaging: electron microscopy

Transmission Electron microscopy was performed on negatively stained samples,
using a transmission electron microscope (TEM) FEI Tecnai G2. Uranyl acetate 1%
was added to 350 uM phospholipid solutions. All pictures were recorded in
collaboration with Mr. G. Tognon (C.N.R.).
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3.12.3. LUVs titration in fluorescence spectroscopy

To know if mPrP?""” interacts with neutral or negatively charged LUVs, it was
titrated with LUV stock solutions (prepared as described in §3.12.1.1 and §3.12.1.2)
at three different pH, 5.0, 6.2, 7.4 (table 6) and in presence of copper 80 uM.

Measures were made using a quartz cuvette with 1 cm optical path in a Perkin Elmer

fluorimeter (I.S50). Table 11 shows working parameters.

Instrument setup

Start wavelength 310 nm
End wavelength 400 nm
Excitation wavelength 295 nm
Scan speed 240 nm/min
Emission slit Variable
Excitation slit Variable
Accumulation 4
Temperatute 35°C

Table 11: Operating fluorimeter parameters.
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4. Results

4.1. Expression and purification

SDS-PAGE analysis was used to test goodness of protein expression, purification
and His-tag cutting.

Figure 13 shows cellular extracts of E. /i transformed with PrP23-109 cloned pET-
14b (lanes 4, b and ¢), compared with the same cell line transformed with empty
vector (lane d).

Prion protein was then purified as indicated in §3.3. All undesired proteins were
eliminated in a one step affinity cromatography, as results in the lane fof figure 13.
After purification, protein concentration was about 70 uM, in store buffer.

His-tag was eliminated as indicated in §3.4.3 and result is showed in lane / of figure
13. After thrombin treatment, protein was diluted in store buffer, restoring the

previous concentration (70 uM).

a b c d e kpa f g h 1 KbDa

o e
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- 140
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Figure 13: SDS-PAGE analysis. In lanes @, & and ¢ there are three different concentration lysates of E.
coli transformed with PrP?*1% cloned pET-14b; in lane d there is the same cell line transformed with
empty pET-14b. In lane fthere is the His-tag affinity chromatography elution result; in lane 4 there is
the Thrombin cutting protocol result; in lane g there is the Thrombin cutting result without eluted

protein. In lanes ¢ and 7 there are two different SDS-PAGE markers.
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Figure 14 shows the final purified peptide sequence compared with the deposited
sequence P04925, using EBI ClustalW tool. Recombinant sequence molecular weight
is 9154.8 Da and its theoretical isoelectri point is 11.26 (ExPASy ProtParam tool).

Table 12 shows aminoacid composition.

Figure 14: Alignment of sequenced recombinant mPrP?>10° with the deposited sequence P04925.

Aminoacid Abbreviation Number Percentage (%)

Arg R 3 3.4
Asn N 5 5.6
Gln Q 8 9.0
Gly G 29 32.6
His H 5 5.6
Leu L 1 1.1
Lys K 7 7.9
Pro P 12 13.5
Ser S 6 6.7
Thr T 4 4.5
Trp W 7 7.9
Tyr Y 2 2.2
total 89 100

Table 12: Aminoacid composition of the expressed and purified peptide.
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Finally, figure 15 shows multi charge ESI spectrum of the purified N-terminal

domain.
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Figure 15: ESI spectrum of the purified N-terminal domain.

4.2, Solubility

16000

18000 20000 22000

Prion protein N-terminal domain solubility at pH 7.4 was checked as described in

§3.7. Figure 16 shows that this domain is soluble at least until about 250 pM.
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Figure 16: Absorbance at 280 nm in function of protein concentration. Dotted line is the theoretical

solubility cutve and square points are experimental data of mPrP?1% concentrated in NEM 50 mM,

pH 7.4.
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4.3. Metals PrP”"” pinding

4.3.1. Binding parameters analysis

Fluorescence titrations were made as described in §3.9.2.

Figures 17 to 21 show experimental data and fitting curves of mPrP>'" titrated at

different pH values with copper acetate, nickel sulfate, zinc sulfate, manganese

chloride and cobalt chloride, respectevely.

Table 13 shows, for each metal and pH, dissociation constant values (K)).

Table 14 shows, for each metal and pH, Hill number (#) and the relative standard

deviation.
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Figure 17: Normalized mPrP?*1% fluorescence values (I norm) versus copper concentration at

different pH values. Panel A is at pH 8.6; Panel B is at pH 7.4; Panel C is at pH 6.2; Panel D is at pH

5.0.
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Figure 18: Normalized mPrP?1% fluorescence values (I n#orz) versus nickel concentration at different

pH values. Panel A is at pH 8.6; Panel B is at pH 7.4; Panel C is at pH 6.2; Panel D is at pH 5.0.
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Figure 19: Normalized mPrP?>1% fluorescence values (I #ormz) versus cobalt concentration at different

pH values. Panel A is at pH 8.6; Panel B is at pH 7.4; Panel C is at pH 6.2; Panel D is at pH 5.0.
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Figure 20: Normalized mPrP?*1% fluorescence values (I norz) versus zinc concentration at different

pH values. Panel A is at pH 8.6; Panel B is at pH 7.4; Panel C is at pH 6.2; Panel D is at pH 5.0; Panel

E is at pH 4.0.

50



300 400 4

-
ﬁ A * B
L g
280 60 4
" H
£ 1 £ !
2 1 2 .
260 - 320 4 {{
. Ta
L} e
. .
. e
B T R
280 4
240 T T T T T 1 T T T T T 1
o 100 200 300 400 500 0 100 200 300 400 500
[MAluM Mn]uM
800 1360
-
' ¢ : D
]
|
700 4 l‘
1 .
1320
£ 1 £ N
2 [ o 4
S e00q m = |
i
= \-\;
L} 1280 ww R m
. e
- i} T L]
500 e L
.— '
i .
T T T T T . T T T T T |
0 70 140 210 280 350 0 100 200 300 400 500
Mn]uM [Mn]uM
6004
. E
I
|
580 !
£
5 L
< L]
- 560 4 8
-
Y
A
.
- .
. —" .
540 4
T T T T .
[} 100 200 200 400
[Mn] M

Figure 21: Normalized mPrP?>1% fluorescence values (I norm) versus manganese concentration at
different pH values. Panel A is at pH 8.6; Panel B is at pH 7.4; Panel C is at pH 6.2; Panel D is at pH
5.0; Panel E is at pH 4.0.

Copper Zinc Manganese
8.6 106 M 102 M 106 M 106 M 106 M
7.4 106 M 106 M 106 M 106 M 106 M
6.2 10° M 106 M 106 M 106 M 106 M
5.0 103 M 104 M 106 M 10°M nd
4.0 nd nd 100 M 106 M nd

Table 13: Dissociation constant (Kg) values relative to mPrP?3-1% metals binding, at different pHs.
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Nickel

Cobalt

pH
8.6
7.4
6.2
5.0
4.0

Copper
0.30£0.03
0.37£0.03
0.68%0.09
1.63+0.44

nd

0.16%0.05

0.21£0.02

0.3910.04

0.03%0.00
nd

0.46%0.04
0.4210.03
0.34%0.03
0.89%+0.24
0.18%0.17

Manganese

0.4910.03
0.33+0.03
0.30+0.04
1.14£0.48
0.24%0.09

0.2310.03
0.53+0.28
0.23+0.03
nd
nd

Table 14: Hill numbers resulting in titrations done in absence of glycine. It is indicated standard

deviation and #d means not determined.

Figures 22 to 25 show experimental data and fitting curves of mPr

PP titrated at

different pH values with copper acetate, nickel sulfate, zinc sulfate, manganese

chloride and cobalt chloride, respectevely, in presence of glycine 1 mM.

Table 15 shows, for each metal and pH, dissociation constant values (K)).

Table 16 shows, for each metal and pH, Hill number (#) and the relative standard

deviation.
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Figure 22: Normalized mPrP?1% fluorescence values (I nomn) versus copper concentration in

presence of glycine 1 mM, at different pH values. Panel A is at pH 8.6; Panel B is at pH 7.4; Panel C is
at pH 6.2; Panel D is at pH 5.0.
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Figure 23: Normalized mPrP?3-1% fluorescence values (I #orz) versus nickel concentration in presence
of glycine 1 mM, at different pH values. Panel A is at pH 8.6; Panel B is at pH 7.4; Panel C is at pH
6.2; Panel D is at pH 5.0.
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Figure 24: Normalized mPrP?1% fluorescence values (I norm) versus manganese concentration in
presence of glycine 1 mM, at different pH values. Panel A is at pH 8.6; Panel B is at pH 7.4; Panel C is
at pH 6.2; Panel D is at pH 5.0.
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Figure 25: Normalized mPrP?3-1% fluorescence values (I norz) versus cobalt concentration in presence
of glycine 1 mM, at different pH values. Panel A is at pH 8.6; Panel B is at pH 7.4; Panel C is at pH
6.2; Panel D is at pH 5.0.

Nickel Manganese Cobalt

8.6 106 M 100 M 106 M 100 M
7.4 103 M 100 M 106 M 107 M
6.2 102 M 100 M 106 M 100 M
5.0 102 M 103 M 100 M nd

Table 15: Dissociation constant (Kg) values relative to mPrP?1% metals binding in presence of

glycine 1 mM, at different pHs.

Copper Nickel Manganese Cobalt

LKW 0.36+0.03 0.36%0.02 0.321+0.04 0.38%0.06
N  0.1510.02 0.27£0.02 0.14%0.02 0.5210.07
(v 0.20£0.09 0.29£0.00 0.31%0.05 0.28%+0.04
LK 0.20£0.09 0.12+0.12 0.21£0.07 nd

Table 16: Hill numbers resulting in titrations done in presence of glycine 1 mM. It is indicated

standard deviation and nd means not determined.
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4.3.2. Structural analysis

Circular dichroism measures were made as described in §3.10.2.

Figures 26 to 30 show experimental CD graphs of mPrP*'"” titrated at different pH

values with copper acetate, nickel sulfate, zinc sulfate, manganese chloride and cobalt

chloride, respectevely.
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Figure 26: Circular dicroism spectra at different pH values (panel A is at pH 7.4; panel B is at pH 6.2;

panel C is at pH 5.0). Black lines are in absence and red ones are in presence of copper acetate 150

mM. In table are teported the structuring index (#/5) and the petcentage of variance (% var).
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Figure 27: Circular dicroism spectra at different pH values (panel A is at pH 7.4; panel B is at pH 6.2;
panel C is at pH 5.0). Black lines are in absence and red ones are in presence of nickel sulfate 150 mM.

In table ate reported the structuring index (a/4) and the percentage of vatiance (% var).
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Figure 28: Circular dicroism spectra at different pH values (panel A is at pH 7.4; panel B is at pH 6.2;
panel C is at pH 5.0). Black lines are in absence and red ones are in presence of zinc sulfate 150 mM.

In table ate reported the structuring index (a/54) and the percentage of vatiance (% var).
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Figure 29: Circular dicroism spectra at different pH values (panel A is at pH 7.4; panel B is at pH 6.2;

panel C is at pH 5.0). Black lines are in absence and red ones are in presence of manganese chloride

120 or 150 mM. In table ate reported the structuting index (#/5) and the percentage of vatiance (%

var).
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Figure 30: Circular dicroism spectra at different pH values (panel A is at pH 7.4; panel B is at pH 6.2;

panel C is at pH 5.0). Black lines are in absence and red ones are in presence of cobalt chloride 150

mM. In table are teported the structuring index (#/4) and the petcentage of variance (% var).
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4.4. Vitamin PrP”"” binding

Vitamin titrations in fluorescence anisotropy were made as described in §3.11.2.

To check mPrP*'"” interaction with vitamins, tryptophan fluorescence anisotropy
was evaluated. Fluorescence anisotropy measurements can investigate molecular
motion speed; so if tryptophans interact with vitamins, their mobility decreases and,
accordingly, their fluorescence anisotropy increases.

23-109
P

Figures 31 to 34 show experimental data of mPr titrated with vitamins, listed in

table 9, at pH 7.4 and in presence of copper 80 uM.
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Figure 31: Tryptophan fluorescence anisotropy as function of thiamine concentration.
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Figure 32: Tryptophan fluorescence anisotropy as function of riboflavin concentration.
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Figure 33: Tryptophan fluorescence anisotropy as function of nicotinamide concentration.
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Figure 34: Tryptophan fluorescence anisotropy as function of pyridoxine concentration.
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4.5, Membrane mimetic system PrP7"”

binding

Neutral vesicles were prepared as described in §3.12.1.1.

Figures 35 shows DMPC liposomes. Vesicles result uniform, unilamellar and their
diameter varies from 40 to 100 nm. Changing of pH, presence of protein or metals
do not influence vesicles features.

Negatively charged vesicles were prepared as described in §3.12.1.2.

Figures 36 shows DOPG liposomes. Vesicles result less uniform than neutral ones,
but they are unilamellar and their diameter varies from 50 to 200 nm. Like for neutral
liposomes, changing of pH, presence of protein or metals do not influence vesicles

features.

Figure 35: DMPC liposomes.
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Figure 36: DOPG liposomes.

To check mPrP*"” interaction with membrane mimetic systems, tryptophan
fluorescence was evaluated. If tryptophans interact with vesicles, hydrophobic
environment, it can be registered a fluorescence blue shift and an increment in
fluorescence intensity.

Figure 37 shows fluorescence spectra of mPrP*'"” in presence of neutral or charged
liposomes. Only negative charged LUVs make fluorescence blue shift.

Figure 38 shows peak wavelength as function of phospholipid concentration. Peak
blue shift is of about 6 nm. It is also pH and metal independent.

Neutral or charged liposome titrations do not affect metals binding parameters

neither protein structure.
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Figure 37: Fluorescence spectra of mPrP?*1% in presence of neutral (panel A) or charged (panel B)

liposomes. Black lines are protein only fluorescence spectra; red lines are fluorescence spectra in

presence of phospholipids 3 pM.
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showed LUV titrations at pH 7.4, 6.2 and 5.0, respectevely.
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5. Discussion and conclusions

Prion protein (PrP®) is a misundestrood protein. It seems to be involved in some
neurodegenerative diseases, but its physiological function is still undefined. Many
cellular functions were proposed as PrP¢ roles, such as the modulation of several

133; 34; 35

signal transduction pathways known to promote cellular surviva , the regulation

h?% 2% and the protection against oxidative stress’” *%, Nevertheless, the

of cell deat
main hypothesis on PrP role is in copper homeostasis.

Our hypothesis on PrP® is based on the copper capabilities to cooperatively bind

8
>

C ( 7 8 . . . 14 . . . .
PrP~ " *° decreasing its over expression ', stimulating its endocytosis and cellular

36; 37; 38; 39

traffiking via the promotion of the octarepeats a-helix structuring as well as
the stacking of triptophan indolic rings'.

Considering that deficiency of all essential micronutrints (EMNs) produces
overlapping of disease symptoms and signs, and that vitamins uptake occurs via

: 151; 152; 153; 154
endocytic pathways”* 7% %

, we hypothesize that prion protein, together with
coppet, plays a key role in integrated endocytic uptake pathway, involving all EMNss.
In particular we propose an integrated mechanism where copper could be uptaked by
the octarepeats histidine cooperative binding, while vitamins could be uptaked by
octarepeats triptophan binding.

In order to study these binding processes and their characteristics, the N-terminal
domain of mouse PP (mPrP*'") was cloned in the expression vector pEt-14b.
Once expressed and purified by His-tag affinity chromatography, mPrP>"'* has been
characterized by SDS-PAGE and ESI mass spectrometry. Recombinant N-terminal
domain has a calculated molecular mass of 9154.8 Da (ExPASy ProtParam tool) that
it is confirmed by both techniques.

To study specificity and characteristics of metals binding process, mPtP*'"”

was
titrated with five first transition serie divalent metals (Mn, Co, Ni, Cu, Zn), at several
pH wvalues in fluorescence spectroscopy. To fit data, we considered first that prion

protein metal binding is a cooperative process, accordingly we determined the
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saturaction fraction of haevy- metal fluorescence quenching effect on the system
metal-mPrP>""” (§3.9.2).

In agreement with findings of other authors, results show that mPrP?'” binds
copper at neutral pH. Dissociation constant (K;) of this complex is in the
micromolar range. Data also show that, at lower pH values, mPrP?""” has lower
affinity for copper, suggesting the histidine involvement in the binding. Results for

nickel titrations show that it binds mPrP>""”

and K, is comparable to that of copper
binding. This similarity is in pH dependence too, showing a decrease in affinity. This
features suggest that also nickel could be bond by histidines. Zinc, manganese and
cobalt titrations show that all these metals bind the recombinant polypeptide with
copper like affinity, but K, does not vary following buffer acidification.

Data fitting provides also the Hill number. Results show anti-cooperative binding
(negative cooperation) for all the considered metals. These results are in contrast
with those found in the literature. In fact, we found that glycine in the buffer, a weak

PP and that even in

copper binding ligand, decreases copper affinity for mPr
presence of glycine, Hill number values are less than one. These results can be
explained because, in physiological conditions, PrP® is a directed protein, linked to
membrane by GPI anchor and stretched towards the extracellular space by
glycosilations (Figure 1). On the contraty, in our experiments, recombinant mPrP*"'”
is free moving, without constraints. It is clear that in physiological conditions
freedom degrees of the N-terminal domain are much lesser than in our experiments,
and this may determin changes in some physical features.

In order to define if metal binding could drive structural rearrangements in the prion
protein N-terminal domain, we performed structural analysis using Cyrcular
Dicroism (CD) spectroscopy. Data interpretation is described in §3.10.2. Briefly, in
each CD spectrum values at 222 nm (x-helix index) and 198 nm (random coil index)
were used to define a third structural index (§); if addition of metals increases the §
value, it means that metal induces the structuring of protein chain; otherwise, if §

value decreases, metal induces de-structuring of protein chain. Accordingly to

literature*, CD spectrum of mPrP*'” in absence of metals is proper of a random
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coiled polypeptide. Adding copper at neutral and slightly acid pH, § value varies
positively, suggesting that copper promotes the protein structuring. Accordingly to
fluorescence data, at low pH copper has not effects on protein structure. Nickel
titrations show that at neutral and slightly acid pH the structural index decreases of
about 20%, indicating that nickel binding destructures the protein. At acidic pH
nickel has no effects on protein structure, as showed also for copper. Zinc titrations
reveal that it promotes the structuring of protein, in a pH independent manner.
Finally, results for manganese and cobalt titrations show that these metals have no
effects on protein structure throughout the pH range.

We hypothesize that vitamins could stack between parallel triptophan indolic rings,
stacking being induced by copper binding on octarepeat region. To investigate this

hypothesis, we performed vitamins titration of mPrP>""”

, following it by
fluorescence anisotropy, that allows to know the fluorophores average molecular
rotational speed. If vitamins interacts with protein, their rotational speed decreases,
with the consequently increase of fluorescence anisotropy. We found that no one of
the examined vitamins alters protein anisotropy, suggesting that there is no
interaction with the triptophan indolic rings nor with the rest of the protein.

We also considered the possibility that prion protein N-terminal domain could
interact with plasma membrane. To choose the membrane mimetic systems we
considered that lipid raft domains are mainly composed by sphingolipids, cholesterol
and, to a lesser extent, by phosphatidylcholine, phosphatidylethanolamine and
phosphatidylserine”. The choosed membrane mimetic systems were: A) not charged
(DMPC), B) negatively charged (DOPG). Disposing of two different optimized
protocols to prepare large unilamellar vesicles (LUVs), we performed LUVs titration
of mPrP*"”” monitored by fluorescence spectroscopy, at several pH and in presence
or absence of copper. In the case where tryptophans may interact with vesicles
hydrophobic environment, a blue shift of the peak wavelength and an increment in
fluorescence intensity will be registered. We found that mPrP*'"” interacts with
negative charged liposomes, but not with neutral ones. Furthermore, still in presence

of DOPG 50 uM, a peak wavelength shift of about six nanometers has been
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detected. This interaction results to be both metal and pH independent; furthermore
neutral or charged LUVs do not affect metal binding parameters nor protein
structure, implying that prion protein N-terminal domain could permanently
associate with membranes.

We need more investigations to define the prion protein relationships with nickel and
zine, but also to further verify the hypothesized connection between metallic and
non metallic micronutrients.

Our findings confirm that prion protein has a functional role in copper homeostasis.
We propose a model in which prion protein binds copper in the extracellular
medium (pH 7.4), where copper is present as Cu(I) and at very low concentration to
Ctrl binding. Copper binding to PrP® stimulates endocytosis via early endosomes.
We hypothesize that in these intracellular vesicules there are also the Ctrl copper
channels. When early endosomes become late endosomes and lysosomes, lumen pH
is lowered by the proton pumps'®. Acidification promotes copper reduction and
copper prion protein affinity decreasing, that cause the copper release into the vesicle
lumen. At this point, copper is reduced and more concentrated than extracellular and
it can be bind by Ctrl, that traslocates it in the cytoplasmatic side of the vesicle. Here
the copper chaperones can transport it to the relative compartments of the cell.
Inside cells, cytoplasmatic precursor of PrP° is present as a small fraction in
comparison with that expressed on cell surface. This precursor is playing the
function of sensor and controller of cytosolic Cu concentration. The mechanism is
based on the chain structuring effect of copper cooperative bonding on octarepeats
that, actually, it selects only two forms of cytosolic precursor PP, linked by a Cu
dependent dynamic equilibrium, the Cu-saturated and the Cu-free form. The last one
is the only one susceptible to proteolitic attack by cytosolic proteases'*. A defect of
copper in the cytosol moves the equilibrium towards the Cu-free form, favoring the
proteolitic attack that, occurring at the end of octarepeats region, liberates the C—
terminal domain. It is notewhorty that C—terminal domain sequence, expecially the

tertiary structure, is very strictly conserved from fish up to human, as is occurring for
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proteins involved in the protein synthesis process. We propose that the C—terminal
domain of cytosolic precursor-PrP is the transcription factor which regulate the over
y p p )

expression of PrP as a conseguence of cytosolic Cu-deficiency.
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