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1. Introduction

Nowadays, a main challenge for scientists is that of drawing a comprehensive picture, in
which common traits shared by the amyloidogenic proteins identified so far, structurally
and functionally different from one another, are depicted. From a structural point of view, a
clear relationship between protein sequences and aggregation does not exist, although
proteins able to aggregate in general are characterized by a low sequence complexity
(Wootton & Federhen, 1996) and/ or high net charge coupled with low mean hydrophobicity
(Gast et al., 1995), as well as by the abundance of residues favouring the pB-sheet secondary
structure (Steward et al., 2002). From a functional point of view, amyloidogenic proteins are
associated to a variety of cellular functions and activities, and in some cases their biological
function is unknown. As for the localization of the disease, amyloidoses may be localized in
the nervous system, as those implicated in neurodegenerative diseases, or may be systemic
when target tissues for amyloid deposition are in peripheral organs.

Two main classes of fibrillogenic proteins have been identified: those with a compact
folding in their native state and those that are partially unfolded. Studies on pre-amyloid
order-disorder transitions are central to understand both the assembly mechanisms and
the disease molecular bases. In the case of amyloidogenic proteins that are natively
folded, destabilizing mutations and/or changes in solution conditions are key factors
responsible for the induction of fibrillogenesis, as in the case of B,-microglobulin (AB>M)
or the prion protein APrP (Chiti & Dobson, 2006). On the other hand, several
amyloidogenic proteins or polypeptides are intrinsically disordered. Such proteins
include the f-Amyloid peptide (A), islet amyloid polypeptide (AIAPP) and a-synuclein
(Abedini & Raleigh, 2009). These “natively unfolded” (Weinreb et al., 1996) proteins
emerged as proteins lacking of almost any secondary structure and were shown to be
extremely flexible and disordered under physiological conditions (Uversky, 2002). The
main feature of these proteins is the intrinsic structural plasticity, as a disorder to order
transition may occur upon functioning (Abedini & Raleigh, 2009).

In some cases, natively folded proteins generate unfolded fragments associated to the
amyloid pathology. This may occur when a specific mutation diverts the fate of a globular
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64 Amyloidosis — Mechanisms and Prospects for Therapy

protein converting it to the precursor of fragments responsible for fibril formation. Is this the
case of Apolipoprotein A-I (ApoA-I) and its amyloidogenic N-terminal fragment.

1.1 Apolipoprotein A-I

ApoA-I is synthesized by the liver and the intestine as a pre-pro-protein. After the cleavage
of the pre- and pro- peptides, the mature protein (28 kDa) is secreted in the plasma, where it
is either associated to lipids, or in a lipid-free state (5-10%) (Brouillette et al., 2001). ApoA-I
plays a critical role in lipid metabolism (Fielding & Fielding, 1995), both in delivering
cholesterol to steroidogenic tissues and in transporting it from the periphery to the liver for
catabolism, in the so called reverse cholesterol transport. Therefore, ApoA-I plays an anti-
atherogenic role in vivo, with a protecting effect against cardiovascular diseases (Pastore et
al., 2004).

During HDL biogenesis, the primary acceptor of cholesterol and phospholipids from
macrophages is lipid-free or lipid-poor ApoA-I, containing up to four phospholipid
molecules (Duong et al.,, 2008). In this state, ApoA-I is the preferred substrate of the
plasma membrane transporter ATP-binding cassette A1 (ABCA1) (Adorni et al., 2007;
Mulya et al.,, 2007; Sacks et al., 2009). The conversion of unesterified cholesterol into
cholesteryl ester by the enzyme lecithin:cholesterol acyltransferase (LCAT) is responsible
for the conversion of the nascent, discoidal HDL into mature spherical HDL, with ApoA-I
representing roughly 70% of HDL protein mass. Circulating HDL are remodelled by the
action of proteins and enzymes, such as cholesteryl ester transfer protein (Rye et al., 1997),
LCAT (Liang et al., 1995; Liang et al., 1996), phospholipid transfer protein (Lusa et al.,
1996; Ryan et al., 1992) and hepatic lipase (Clay et al., 1992). Plasma HDL remodelling can
result in the destabilization of HDL and the release of lipid-free/lipid-poor ApoA-I.
Furthermore, the selective uptake of lipids from HDL through scavenger receptor B type 1
(SRB1) can yield lipid-poor ApoA-I (Acton et al., 1996). It has been demonstrated that the
production of lipid-free/lipid-poor ApoA-I from mature HDL and relipidation by ABCA1
is a dynamic process in the arterial wall, which is critical in protecting macrophages from
cholesteryl ester accumulation (Cavigiolio et al., 2010). Nevertheless, the molecular
mechanism of the atheroprotective action of ApoA-I, as well as HDL biogenesis, is not
fully understood.

HDL catabolism requires disassembly of protein and lipid components. While HDL lipid
clearance is well described (Obici et al., 2006), less is known about the catabolism of the
HDL protein moiety. Numerous tissue uptake studies support the view that kidneys are the
principal site of ApoA-I degradation (Glass et al., 1983).

The conformational transition from the lipid-free to the lipid-bound state of ApoA-I
(Cavigiolio et al., 2010) is made possible by the conformational plasticity of the protein
(Obici et al., 2006). In fact, different are the structures proposed for ApoA-I as a lipid-
bound or a lipid-free protein (Borhani et al., 1997; Silva et al., 2005; Ajees et al., 2006). In
the absence of lipids, ApoA-I can assume a compact four-helix bundle (Silva et al., 2005),
while, upon lipidation, the amphipathic a-helices substitute protein-protein contacts for
protein-lipid interactions. This induces the opening of the helical bundle into an
extended belt-like a-helix, which wraps around the perimeter of the nascent HDL
particle (Borhani et al., 1997). Therefore, conformational plasticity of full-length ApoA-I
is a functionally relevant feature, strictly related to the complex mechanism of its
biological action.
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1.2 The genetic basis of ApoA-l-associated amyloidosis

A variety of mutations in ApoA-I gene have been associated with familial
hypercholesterolemia (Sorci-Thomas & Thomas, 2002), a prototypic “loss of function”
genetic disease, whereas other mutations have been associated with familial systemic
amyloidosis, a “gain of function” genetic disease (Obici et al., 2006), in that new pathological
properties are associated to the protein.

Sixteen variants of ApoA-I are responsible for systemic amyloidoses, which are
characterized by amyloid deposition in peripheral organs, such as heart, liver or kidneys
(Obici et al., 1999; Obici et al., 2006; Eriksson et al., 2009). Although patients are invariably
heterozygous for the mutated gene, only the variant isoform was detected in amyloid
deposits.

In Figure 1, the map of the sixteen ApoA-I mutations associated to amyloidosis is
represented.

Lo4P A175P

L6OR  L7SP L1748

G26R WSOR A70-72 AL107 R173P
N74fs . |
1 AGOTIVT L9OP A1s4ps 170P L178H 143

ApoA-Ifibrillogenic region

Fig. 1. ApoA-I mutations associated to systemic amyloidoses. In red, the mutations located
within the N-terminal fibrillogenic region (“inside mutations”). In blue, the “outside
mutations”. A, deletion mutation; fs, frameshift mutation.

For all these variants, amyloid fibrils isolated ex vivo were found to be mainly constituted
by N-terminal fragments of AApoA-I, 90-100 residue long. Thus, ApoA-I variants
represent the precursors of N-terminal fragments of the protein responsible for fibril
formation.

The amyloidogenic mutations described so far in patients can be divided in two groups (see
Figure 1): those located within the N-terminal portion of the protein that is eventually found
in fibrils (“inside mutations”), and those located externally to this region (“outside
mutations”) (Obici et al., 2006). Wherever an amyloidogenic mutation is located, internally
or externally to the N-terminal region, a protein fragment corresponding to the N-terminal
end of the protein is released, leading to the formation of fibrillar deposits. However,
nothing is known about the mechanism leading in vivo to the release of the fibrillogenic
polypeptide from a full-length amyloidogenic variant of ApoA-I, nor in which context it
occurs.

The fragment corresponding to sequence 1-93 was found to be the most abundant species
among all the specimens investigated so far (Obici et al., 1999). Therefore, our studies
focused on this N-terminal AApoA-I peptide, denoted here as [1-93]ApoA-], to shed light
on structural and functional features relevant to the understanding of the molecular basis
of the pathology. The amino acid sequence of polypeptide [1-93]ApoA-I is shown in
Figure 2A.
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66 Amyloidosis — Mechanisms and Prospects for Therapy

To predict the aggregation propensity of the fibrillogenic polypeptide [1-93]ApoA-I, we
performed in silico analyses using various algorithms. First, by the Prot Param algorithm
(Guruprasad et al., 1990), the instability index of [1-93]ApoA-I was calculated and found
to be 46.7, a value that classifies the polypeptide as “unstable”. The propensity of [1-
93]ApoA-I to generate fibrils was analysed using the TANGO algorithm (Fernandez-
Escamilla et al., 2004) (Figure 2B). The aggregation score, describing the overall protein
propensity to aggregate (25°C, 0.01 M ionic strength), was found to be 372 and 428, at pH
7.0 and 4.0, respectively. This is indicative of high propensity of [1-93]ApoA-I to generate
B-cross aggregated structures at both pH values, with a higher propensity at pH 4.0, as
expected.

Moreover, at both pH values the region 13-25 shows the highest propensity to generate p3-
cross aggregates, as shown in Figure 2B. The high aggregation potential of region 13-25 was
confirmed by other algorithms (Maurer-Stroh et al., 2010; Chou & Fasman, 1978). The data
are also consistent with theoretical predictions obtained by the Zyggregator method
(Tartaglia et al., 2008), indicating that residues 15-20 represent the most aggregation-prone
region at pH 4.0 (Raimondi et al., 2011).

A
- DEPPQSPWDRVKDLATVYVDVLKDSGRDYVSQFEG -35
36- SALGKQLNLKLLDNWDSVTSTFSKLREQLGPVTQE -70
71- FWDNLEKETEGLRQEMSKDLEEV -893

B
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Fig. 2. AApoA-I fibrillogenic polypeptide. A, Amino acid sequence of [1-93]ApoA-I.
Underlined are the sequence positions where the mutations identified in patients occur. B,
Aggregation propensity (AGG) of [1-93]ApoA-I predicted by the TANGO algorithm at pH
7.0 and pH 4.0.
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2. Structural and functional features of AApoA-I fibrillogenic polypeptide

2.1 A recombinant version of AApoA-I fibrillogenic polypeptide: An essential tool for
structural and functional studies

The 93-residue fibrillogenic domain of AApoA-I, extracted from amyloid deposits of a
patient who underwent a heart transplant for end-stage heart failure, was found to be a
natively unfolded protein in water at neutral pH (Andreola et al., 2003). Acidic conditions
(pH 4.0) were able to switch on a complex fibrillogenic pathway, consisting of extensive
structural rearrangements of the polypeptide, that shifts from a random coil structure to an
unstable helical conformation, and then aggregates into a $-sheet based polymeric structure
(Andreola et al.,, 2003). Nevertheless, detailed structural and functional studies on the
polypeptide extracted from ex vivo fibrils were made impossible due to the paucity of the
available material.

Despite the intrinsic instability of the fibrillogenic polypeptide of AApoA-I due to its
natively unfolded structure, we succeeded in the production of a recombinant version of the
polypeptide, opening the way to structural and functional studies (Di Gaetano et al., 2006).
The 1-93 fragment of AApoA-I was expressed in bacterial cells following an experimental
strategy aimed at reducing the intracellular degradation of the polypeptide during its
production. It was expressed in prokaryotic cells as a chimeric protein obtained by fusing
the 93 residues polypeptide to glutathione S-transferase (GST). The [1-93]ApoA-I moiety
was then released from the chimeric protein by targeted proteolysis, making use of a unique
cleavage site positioned between the GST and the [1-93]ApoA-I sequences (Di Gaetano et
al., 2006).

Conformational analyses of the recombinant polypeptide in solution by far-UV CD
spectroscopy indicated that in physiological-like conditions the protein is largely unfolded.
A pH switch from 7.0 to 4.0 induces a predominant o-helical structure, through the
conversion of the protein from a random coil to a helical/molten globule state. This
transition, complete within 2 seconds and fully reversible when the pH is returned to 7.0, is
followed by the appearance of a significant B-sheet component. The helical conformers are
thought to be key intermediates in the multistep fibrillogenic process. These observations
are in good agreement with the behaviour of the natural polypeptide isolated from ex vivo
fibrils (Obici et al., 1999).

The helical/molten globule intermediate displays a strong propensity to oligomerize, as
demonstrated by atomic force microscopy (AFM) analyses. [1-93]ApoA-I, in fact,
generates typical amyloid fibrils upon incubation at pH 4.0 for lengths of time comparable
to those described for the natural polypeptide (Di Gaetano et al., 2006). Recently, we
found that amyloid fibrils can also be obtained at neutral pH. Upon incubation of the
polypeptide for 2 weeks at 37°C in buffer at pH 6.4, in the presence of 20% (v/v)
trifluoroethanol (TFE), typical amyloid fibrils were obtained. In Figure 3, fibrils images
obtained by AFM, following the procedure previously described (Arciello et al., 2011), are
shown.

As the main features of the natural polypeptide were found to be preserved in the
recombinant version of the fibrillogenic polypeptide, a valuable tool was available to
generate the recombinant forms of all the variants of the polypeptide identified so far in
patients affected by AApoA-I associated amyloidoses. This made possible the analysis of the
structural and functional properties of the fibrillogenic polypeptides and their relationships,
relevant for the comprehension of the disease.
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68 Amyloidosis — Mechanisms and Prospects for Therapy

Fig. 3. AFM analysis of [1-93]ApoA-I fibrils.Tapping mode AFM image (left, height data;
right, amplitude data) of [1-93]ApoA-I fibrils, obtained after 2 weeks incubation of [1-
93]ApoA-I (0.3 mg/ml) at 37°C in 20% (v/v) TFE in 12 mM sodium phosphate buffer, pH
6.4. Amyloid fibrils are detected together with spheroidal aggregates. Scan size 4.0 pm, Z
range 10 nm.

So far, in patients affected by AApoA-I associated amyloidoses, nine “inside mutations”
have been identified, each identifying a variant of [1-93]ApoA-I polypeptide. Six variants
(G26R, W50R, L60R, L64P, L75P and L90P) present a single residue substitution. Two
variants contain sequence deletions, at positions 70-72 (variant A70-72) or at positions 60-71
(variant A60-71/VT); in the latter case the deleted residues are replaced by a Val-Thr
sequence. The ninth variant, recently reported (Eriksson et al., 2009), is associated to a
frameshift mutation (Asn74fs). It has to be noticed that the replacement of a hydrophobic
residue either with a positively charged residue (arginine), or with an a-helical interrupting
residue (proline) often occurs.

2.2 Intrinsic factors influencing amyloid formation: mutations induce AApoA-I
susceptibility to proteolysis

We expressed and purified recombinant forms of all the isoforms of [1-93]ApoA-I, with the
exception of the truncation mutation Asn74fs. The polypeptide variants were analysed in
comparison to the wild-type polypeptide to investigate the effects of each individual
mutation on the aggregation propensity of the polypeptide. We investigated the induction
of structural transitions by acidic conditions (pH 4.0), along with structural properties of the
aggregated material, and found that all the variants adopt a highly disordered structure at
neutral pH, whereas acidification of the solution induces conformational changes and the
subsequent aggregation into the cross-f structure aggregates. Nevertheless, differing results
were obtained when the aggregation rate of the variants was analysed: two mutations (A70-
72 and L90P) almost abrogate the lag phase of the aggregation process; three mutations
(A60-71, L75P and W50R) significantly accelerate the aggregation rate by two-three fold,
while the remaining three variants (L64P, L60R and G26R) are not significantly different
from the wild-type polypeptide.
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Our results indicate that an amyloidogenic mutation may, or may not, increase the
aggregation propensity of the polypeptide. Thus, the paradigm amyloidogenic mutation-
increased aggregation propensity has not to be taken as a general rule. Instead, a different
scenario was provided by in silico analyses. Sequence-based predictions of aggregation
propensities and stabilities of the pathogenic variants of full-length ApoA-I revealed in
almost all the variants an increase of conformational fluctuations and chain flexibility in the
proximity of the region of the protein spanning approximately residues 88-110, with the
consequent exposure of a putative cleavage site to a proteolytic attack that releases the
fibrillogenic moiety (Raimondi et al., 2011). Therefore, all the amyloidogenic structural
modifications occurring at the N-terminal region of AApoA-I have a common feature, that
of dramatically affecting the stability of the whole protein, favouring the cleavage that
generates the N-terminal fibrillogenic fragment. In addition, some of the mutations increase
the aggregation rate of the fibrillogenic polypeptide.

2.2 Extrinsic factors that influence amyloid formation: Effects of a lipid environment
2.2.1 General aspects of membrane interaction and protein aggregation

The elucidation of the structural properties of the fibrillogenic polypeptide is a central
issue in the comprehension of the pathology. To this regard, the identification of
structural or environmental factors, able to activate the pathological pathway leading to
amyloid fibrils, is of enormous importance to pursue strategies aimed at inhibiting this
process.

Extracellular amyloid deposition in vivo takes place in a heterogeneous environment, in
which components of the cell membrane and/or the extracellular matrix may have a
central role. From a general point of view, the interaction of proteins with biological
superstructures, like membranes, may dramatically affect their structural organization.
The general concept that biological surfaces may influence and direct molecular
assemblies is gaining increasing attention. It is known that the interaction of natively
folded proteins with groups exposed on a membrane surface often modifies their
conformational states (Fantini & Yahi, 2010; Shanmugam & Jayakumar, 2004; Kakio et al.,
2004). On the other hand, unfolded polypeptide chains can gain ordered structures at the
membrane surface or inside the bilayer (Fantini & Yahi, 2010). Conversely, proteins can
alter membrane fluidity, and/or permeate the membrane bilayer and can even extract
lipids from it (Hou et al., 2005).

A dramatically different behaviour may be expected for a protein in a bulk solution with
respect to that in a physiological environment. It is known that the hydrophobic interior of
the plasma membrane can induce structural changes in soluble intrinsically disordered
proteins and peptides by favouring secondary structures often leading to aggregate
nucleation (Kazlauskaiteet al.,, 2003; Fernandez-Escamilla et al., 2004; Shanmugam &
Jayakumar, 2004; Kakio et al., 2004). The well known stability of protein a-helical structures
within a membrane lipid bilayer is in line with the concept that the early formation of
multimeric species is often promoted by the association of polypeptide molecules through
helix-helix interaction. From this point of view, a general mechanism of membrane-
catalyzed amyloid formation can be envisaged.

To this regard, factors able to induce a-helical conformers may accelerate amyloid
formation. Conversely, factors able to bind to, and stabilize, helical regions by entrapping
the helical intermediates in a minimum energy (kinetic trap), may have an opposite effect,
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i.e. that of slowing down the fibrillogenic process. Therefore, targeting helix-helix
interactions can be a valuable strategy to inhibit amyloid formation.

2.2.2 Effects of cholesterol on [1-93]ApoA-I aggregation

It is known that the in vivo role of ApoA-I is mediated by its interactions with lipids, that are
fundamental in the maintenance of the protein native structure. It is known that the N-
terminal region of ApoA-I contributes to lipid binding in the native protein (Frank &
Marcel, 2000; Tanaka et al., 2006). To this regard, recently we analysed the effects of lipids
on the propensity of [1-93]ApoA-I to undergo fibrillogenesis and found that a lipid
environment affects [1-93]ApoA-I aggregation pathway by inducing and stabilizing helical
intermediates (Monti et al., 2010). In particular, by far-UV CD spectroscopy, we observed
that the presence of a lipid-mimicking detergent, namely Triton X-100, greatly affects the
conformational state of [1-93]ApoA-I. We found that at pH 8.0 [1-93]ApoA-I, which is
predominantly in a random coil state, adopts a helical conformation in the presence of
Triton X-100. This o-helical state remains unchanged upon acidification to pH 4.0.
Interestingly, we observed that in the presence of Triton X-100 the polypeptide does not
aggregate over time, rather a shift towards a random coil conformation occurs. Therefore,
Triton X-100 induces and stabilizes helical conformers of [1-93]ApoA-l, thus hampering
aggregation. We also demonstrated that the fibrillogenic pathway of [1-93]ApoA-I can be
activated even under pathophysiological conditions, as we found that [1-93]ApoA-I at pH
6.4 is predominantly in an a-helical state and aggregates over time. Again, in the presence
of Triton X-100 aggregation of [1-93]ApoA-I at neutral pH was found to be strongly
impaired.

Furthermore, we investigated the effects of cholesterol, a natural ApoA-I ligand, on [1-
93]ApoA-I aggregation and found that cholesterol acts as an inducer of helical conformers
and an inhibitor of protein aggregation in a concentration-dependent and time-dependent
manner (Monti et al., 2010). When the percentage of helical species was calculated in the
presence of increasing concentrations of cholesterol both at pH 8.0 and 6.4, a positive
correlation was observed. In Figure 4A and B, the results of typical experiments are shown.
At pH 6.4, i.e. in conditions favouring aggregation, in the absence of cholesterol a significant
decrease of helical species is observed after 7 days incubation, consistent with protein
aggregation (Figure 4B). In the presence of cholesterol, at concentrations close to the
physiological value (1.6 mM in HDL), the aggregation process is significantly slowed down,
as shown in Figure 4B.

An inverse correlation exists between the a-helical content and the aggregation rate of the
polypeptide, so that the fibrillogenic process is strongly affected by a hydrophobic
environment that favours the formation of a-helices.

The behaviour of [1-93]ApoA-I is in line with that of other amyloidogenic proteins, whose
conformations were reported to be strongly affected by the interaction with cholesterol. It is
known that cholesterol and sphingolipids are the most abundant molecules of lipid rafts.
Amyloid protein precursor (ABPP) and secretases preferentially localize into ganglioside
and cholesterol-rich membrane microdomains (lipid rafts) (Lee et al., 1998; Ehahalt et al.,
2003; Kakio et al., 2003). Accordingly, it has been proposed that aggregation of soluble A3
peptides and APrP is a raft-associated process (Ehahalt et al., 2003) and that an alteration of
cholesterol homeostasis is a shared primary cause of several neurodegenerative diseases
(Vedhachalam et al., 2007).
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Fig. 4. Analysis of the effects of cholesterol and artificial membranes on [1-93]ApoA-I
conformational state by far-UV CD spectroscopy. A, [1-93]ApoA-I (0.3 mg/ml) a-helical
content in the presence of increasing concentrations of cholesterol in 3 mM glycine, 3 mM
sodium acetate, and 3 mM sodium phosphate at pH 8.0. B, cholesterol concentration-
dependence and time-dependence of [1-93]ApoA-I (0.3 mg/ml) a-helical content in 3 mM
glycine, 3 mM sodium acetate, and 3 mM sodium phosphate at pH 6.4. C, [1-93]ApoA-I (0.3
mg/ml) a-helical content in the presence of zwitterionic (ZWIT), positively charged (POS)
and negatively charged (NEG) liposomes in buffer at pH 6.4. The lipid-to-protein molar
concentration ratio was 10:1 (150 uM liposome concentration) or 50:1 (750 uM liposome
concentration). Helical content was estimated using CDPro program pack (Sreerama &
Woody, 2000).

Consistent with these data are those obtained with the prion protein. In fact, PrPc to APrPsc
pathological conversion seems to occur on the cell surface or during/after internalization of
PrPe, and cellular cholesterol depletion, which impairs association of PrPc with rafts, inhibits
the formation of the scrapie form in neuroblastoma cells (Taraboulos et al., 1995). However,
it was also reported that the impairment of raft-association by cholesterol depletion during
the early stage of PrP biosynthesis leads to protein misfolding in the ER (Sarnataro et al.,
2004), suggesting a role for cholesterol as a lipochaperone. It has also been demonstrated
that binding of PrP to raft-like artificial membranes induces the formation of an a-helical
structure (Sanghera & Pinheiro, 2002).

Furthermore, a-synuclein, a fibrillogenic protein responsible for Parkinson’s disease (PD),
has been suggested to be associated with caveolae or caveolae-like domains (lipid raft
domains containing caveolin), since it was found to regulate several signalling proteins
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localized in these regions (Lusa et al., 1996; Ryan et al., 1992; Clay et al., 1992). Specific
association of a-synuclein with lipid rafts suggests an important role for these membrane
domains in the normal function of a-synuclein and raises the possibility that a perturbation
of raft association could induce changes in a-synuclein conformation that contribute to PD
pathogenesis (Martinez et al., 2007).

Moreover, an inverse correlation was envisaged between neurodegeneration and content in
cholesterol (Lee et al., 1998; Martins et al., 2008), since reduced levels of cholesterol are present
in the brains of Alzheimer disease (AD) patients (Mason et al., 1992). On the contrary, an
increased membrane rigidity due to the presence of cholesterol has a protective action against
aggregate cytotoxicity and membrane perturbation (Cecchi et al., 2005; Zampagni et al., 2010).
In conclusion, cholesterol can modulate conformational changes of specific proteins or
peptides and influence their aggregation propensity. From a general point of view, the
interaction of amyloidogenic proteins with lipid rafts may play a key role in the
pathogenesis of amyloid diseases.

2.2.3 Effects of liposomes on [1-93]ApoA-l aggregation

Although the mechanisms underlying amyloid diseases remain largely unknown, common
features shared by some amyloidogenic proteins and peptides are emerging. One of these
features is the key role of biological membranes in inducing helical structures in natively
unstructured polypeptides.

Mechanistic studies with well defined model membranes have shown that natively
unfolded polypeptides, upon interaction with surfaces, readily adopt helical structures that
represent key intermediates in amyloid formation process (Abedini & Raleigh, 2009). In
particular, anionic surfaces and anionic phospholipid-rich membranes can play key roles
either in triggering protein fibrillogenesis by acting as conformational catalysts for amyloid
fibrils deposition (Fantini & Yahi, 2010), or as inhibitors of fibrillogenesis (Zhu & Fink, 2003).
We demonstrated that the conformation of the fibrillogenic polypeptide [1-93]ApoA-I is
largely affected by membrane-mimicking structures, such as liposomes (Monti et al.,
2010). Zwitterionic, negatively charged, and positively charged liposomes were
prepared, made of POPC (1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine),
POPC/POPS (POPS, 1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine) and
POPC/DOTAP (DOTAP, 1,2,-Dioleoyl-3-trimethylammonium-propane), respectively.
The POPC/POPS and POPC/DOTAP molar ratio was 85:15. We performed
conformational analyses of [1-93]ApoA-I at pH 8.0 at 37°C in the presence of increasing
concentrations of each liposome type and found a significant concentration-dependent
increase of [1-93]ApoA-I helical content, particularly evident in the case of negatively
charged liposomes (Figure 4C).

It has to be noticed that [1-93]ApoA-I is very rich in charged residues. Thus, interaction with
charged lipids, either positive or negative, might mask intramolecular repulsion effects and
favour the conformational transition towards a helical state. Furthermore, our data indicate
a negative effect of liposomes on polypeptide aggregation, suggesting that membrane
composition influences the fate of AApoA-I fibrillogenic polypeptide.

To this regard, the identification of molecules able to have an effect on the critical balance
between folded and partially unfolded states of the fibrillogenic polypeptide would allow
the development of therapies targeted to amyloidoses. To this purpose, biomimetic
membranes appear of interest as effectors/modulators of the fibrillogenic process.
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Our data are in line with previous observations regarding a-synuclein. Evidence was provided
that a-synuclein preferentially interacts with small unilamellar vesicles (SUVs) containing
acidic phospholipids, which induce and stabilize helical conformers (Wang et al., 2000). On the
other hand, no interaction of a-synuclein with zwitterionic vesicles was detected (Wang et al.,
2000). It has also been reported that helical conformation of a-synuclein is a prerequisite for its
binding to lipids. Thus, interaction of a-synuclein with lipid vesicles might lead to preferential
binding to membranes and induction of helix with a concomitant inhibition of fibrillogenesis
(Zhu & Fink, 2003). It has also been demonstrated that, upon PrP binding to raft-like artificial
membranes, the formation of a-helical structures is induced (Sanghera & Pinheiro, 2002),
similarly to the fibrillogenic polypeptide [1-93] ApoA-I.

In conclusion, our observations, in line with those collected for other fibrillogenic proteins,
indicate that protein-lipid interactions induce and stabilize helical conformers, interfering
with aggregation.

2.3 Membrane interaction, internalization and intracellular pathway of AApoA-I
fibrillogenic polypeptide

Of primary importance in the comprehension of amyloid diseases is the elucidation of the
cascade of biochemical events triggered by the exposure of cells to fibrillogenic proteins or
polypeptides. Upon its release, [1-93]ApoA-I is expected to accumulate in the extracellular
space. The possibility that the fibrillogenic polypeptide of AApoA-I interacts with
membranes of target cells and enters the cell compartment, mimicking ApoA-I full-length
protein, has to be taken into account. Recently we analysed the intracellular pathway of [1-
93]ApoA-I in comparison to full-length ApoA-I using cardiac cells. Since in the case of
AApoA-I associated amyloidoses the heart is a natural target for aggregate deposition in
vivo, cardiomyoblasts were chosen as an experimental system.

We provided evidence that the polypeptide partially co-localizes with ABCA1 on rat
cardiomyoblasts cell membranes (Arciello et al., 2011). Similar results were obtained for
ApoA-l, in agreement with recent reports showing that the majority of cell-associated
ApoA-I does not co-localize with ABCA1, although no internalization was observed in cells
ABCA1-/- (Zha et al., 2001). To explain this observation, a model was recently proposed
(Denis et al., 2008; Vedhachalam et al., 2007) in which the interaction of a small fraction of
lipid-free ApoA-I to ABCAL1 is sufficient to activate ABCA1 lipid translocase activity, which
in turn promotes the formation of specialized lipid domains, acting as high affinity binding
sites for ApoA-I (Vedhachalam et al., 2007). Nevertheless, whether or not ABCA1 has to be
considered as an ApoA-I receptor is still ambiguous, as ABCA1 could have a role in
inducing modifications of membrane lipid distribution facilitating ApoA-I docking
(Vedhachalam et al., 2007).

We demonstrated that the fibrillogenic polypeptide recognizes specific binding sites on
cardiac cell membranes and that this binding represents a key step for [1-93]ApoA-I
internalization (Arciello et al., 2011). The apparent affinity constant calculated for the
binding of the polypeptide to rat cardiomyoblasts (Kq =5.90 x107 M) was found to be similar
to those previously reported for lipid-free full-length ApoA-I binding to different cell types,
such as HepG2 cells (Kgq = 0.84 x 107 M) (Barbaras et al., 1994), or bovine aortic endothelial
cells BAECs (K4 = 0.8 x 107 M) (Rohrer et al., 2006).

Interestingly, we demonstrated that, following binding, the polypeptide is internalized in
cardiomyoblasts.
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A comparative analysis of the internalization routes of the polypeptide and the full-length
protein revealed that: (i) the polypeptide is internalized mostly by chlatrin-mediated
endocytosis and by lipid rafts, whereas a significant involvement of macropinocytosis could
be excluded; (ii) ApoA-I is internalized via chlatrin-coated pits and macropinocytosis,
whereas internalization through lipid rafts was not observed (Arciello et al., 2011).

[1-93]ApoA-TI ApoA-I

Chlatrin
coated pits

Fig. 5. Analysis of the internalization routes of the fibrillogenic polypeptide [1-93] ApoA-I
and full-length ApoA-I by confocal microscopy. To analyse clathrin-mediated endocytosis,
cardiomyoblasts (H9c2 cells) were transiently transfected with an expression vector for Rab5
conjugated to the red fluorescent protein. After 24 h, cells were incubated 6 h at 37°C either
with FITC-labelled [1-93]ApoA-I (3 pM), or ApoA-I (1 pM). For lipid rafts-mediated
internalization, cells were incubated 4 h at 37°C with rhodamine- lebelled proteins (3 pM [1-
93]ApoA-I, 1 pM ApoA-I) in the presence of FITC-insulin (0.1 mg/ml). To analyse
macropinocytosis, cells were incubated 4 h at 37°C with rhodamine-labelled proteins as
above, in the presence of FITC-dextran (5 mg/ml). Nuclei were stained with Hoechst (blue).

Thus, evidence was provided that the pathogenic polypeptide translocates from the
extracellular space, where fibrils form and grow, to the intracellular space. ApoA-I and its
fribrillogenic polypeptide share the endocytic route to gain access to the intracellular
compartment, whereas lipid rafts and macropinocytosis represent specific routes for the
fibrillogenic polypeptide and the full-length protein, respectively. Considering that lipid
rafts are rich in cholesterol, which is able to induce and stabilize [1-93] ApoA-I helical states,
the polypeptide internalization mediated by lipid rafts may have a key role in the
pathogenesis of the disease. On the other hand, our data extend the knowledge on ApoA-I
mechanism of action as, while it is known that ApoA-I interacts with plasma membrane
lipid rafts to control cholesterol export (Gaus et al., 2004), we provided evidence for the first
time that these domains are not involved in ApoA-I internalization.

Understanding the fate of internalized [1-93]ApoA-I is fundamental to deeply inspect the
molecular bases of the pathology. It has been reported that ApoA-I, once internalized in
endosomes, is resecreted to the medium as HDL. Endosomes represent an intracellular
reservoir of cholesterol where ApoA-I binds to lipids to be secreted through a retroendocytic
pathway involving Rab4 containing endosomes (Mukherjee et al., 1998). We found that
ApoA-I and its fibrillogenic polypeptide follow different pathways, as ApoA-I was found to
co-localize with Rab4, consistently with the recycling pathway (Mukherjee et al., 1998),
whereas no evidence of co-localization with Rab4 was obtained for the polypeptide.
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We thus analysed the intracellular fate of the pathogenic polypeptide by fluorescence
microscopy. After a prolonged exposure (24 h) of cardiomyoblasts to the fibrillogenic
polypeptide, the disappearance of the intracellular fluorescent signal, indicative of a massive
degradation of [1-93]ApoA-I, was observed. To define the degradation route, we analysed the
involvement of proteasome and lysosomes activities. In the presence of specific inhibitors of
protein degradation mediated by either proteasome or lysosomes, a significant persistence of
[1-93]ApoA-I associated fluorescent signal was observed. This suggests that the fibrillogenic
fragment is targeted to both these stations for degradation (Arciello et al., 2011). Different
results were obtained instead in the case of full-length ApoA-I, as the protein does not appear
to be significantly degraded once internalized. However, we observed a strong co-localization
of ApoA-I with lysosomes, in agreement with recent reports (Cavelier et al., 2006; Denis et al.,
2008). Although the question concerning the physiologic role of ApoA-I in lysosomes remains
controversial, it might be considered that, even if lysosomes are best known for their role in
degradation, they may also fuse with the plasma membrane to release their content in the
extracellular medium (Luzio et al., 2007). Some authors demonstrated that ApoA-I reaches
lysosomes to be degraded (Pastore et al., 2004; Rye & Barter, 2004), while other studies support
the idea that ABCAl-bound ApoA-I traffics through late endosomal vesicles and/or
lysosomes. Being these stations an intracellular reservoir of cholesterol, nascent lipoprotein
particles may be formed at this level and then secreted in the extracellular space (Oram, 2008;
Chen et al., 2001; Chen et al., 2005).

As it is conceivable that the accumulation of the fibrillogenic polypeptide in the extracellular
space leads to fibrils deposition, the question was raised: are [1-93]ApoA-I fibrils able to
enter cardiac cells? We thus produced fluorescent fibrils in vitro by incubating the
fluorescein-labelled polypeptide under suitable conditions to induce fibrillogenesis (see Fig.
3). When fibrils were tested on cardiomyoblasts, no evidence of internalization was found.
We also tested the effects of the polypeptide, either in its unaggregated form or in the
fibrillar state, on cell viability. In both cases, no effects on cardiomyoblasts viability were
detected. These findings are in line with the evidence that: (i) fibrils are not able to enter
cardiac cells; (ii) the unaggregated polypeptide, which enters the cells, undergoes rapid
intracellular degradation. The latter observation is also in line with our previous
experiments of limited proteolysis (Di Gaetano et al.,, 2006), indicating that the largely
unfolded structure of the fibrillogenic polypeptide is responsible for its susceptibility to
proteolytic cleavages. This, in turn, is in line with the fact that we succeeded in the
production of a recombinant form of the polypeptide in a prokaryotic expression system
only upon fusion of [1-93]ApoA-l to a stable bacterial protein to avoid intracellular
degradation of the polypeptide (Di Gaetano et al., 2006).

Interestingly, the elucidation of key steps of the intracellular pathway and fate of AApoA-I
fibrillogenic polypeptide reveals features common to other amyloidogenic proteins.

In the case of transmissible spongiform encephalopathy, the misfolded form of APrP
accumulates in the brain. It is known that, after being exported to the plasma membrane,
PrPeis internalized and recycled back to the surface. However, the compartment where the
transition from PrPc to APrPsc occurs has not yet been clearly identified. It has been
suggested that raft-enriched lipids represent the site of scrapie formation (Sarnataro et al.,
2004). On the other hand, it is known that APrPsc undergoes proteasomal degradation
(Sarnataro et al., 2004), and accumulates in lysosomes, a compartment that might be
involved in the transconformational event.
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In the case of Parkinson’s disease, a-synuclein accumulates inside the cells as fibrillar
aggregates named Lewy bodies. However, although a-synuclein is a cytoplasmic protein, a
small amount of the protein is secreted by cells and is present in human body fluids. It has
been demonstrated that both non-fibrillar oligomeric aggregates and fibrils are able to enter
the cells through the endosomal pathway and to be degraded by lysosomes. In contrast to
the uptake of protein aggregates, a-synuclein monomers are able to freely diffuse across the
plasma membrane and to be resecreted before being degraded by the cellular proteolytic
systems. This mechanism might protect neurons from exposure to potentially toxic a-
synuclein (Lee et al., 2008). However, it has to be noticed that newly synthesized a-synuclein
monomers and dimers, but not protofibrils, can be degraded by the proteasome (Zhang et
al., 2008). Once a-synuclein protofibrils are formed, they are able to impair proteasome
activity and this phenomenon may eventually result in a-synuclein accumulation in cells
(Bennett et al., 1999; Tofaris et al., 2001; McNaught et al., 2002).

Along the internalization and intracellular pathway, common aspects are shared by [1-
93]ApoA-I and Ap. The most abundant forms of Ap are 40 and 42 residue long (Ap40/42),
whose oligomeric species were found to rapidly bind and internalize in neuronal cells and
accumulate in lysosomes. In contrast, aggregated polypeptides were found to associate with
cells only weakly (Bateman & Chakrabartty, 2011). Furthermore, soluble AP oligomers, but
not monomers, inhibit proteasomal activity in vitro (Tseng et al., 2008). Thus, an inverse
correlation exists between Ap40/42 aggregation rate and ability to bind to cells and to be
internalized (Bateman & Chakrabartty, 2011).

It has to be noticed that cellular mechanisms deputed to protein degradation, i.e. lysosomes,
proteasome and autophagy, may be important targets for therapeutic approaches against
amyloidoses. It is known that the pathological accumulation of abnormal proteins,
improperly folded and able to impair cellular functions, is determined by different causes,
such as mutations, protein overproduction or impairment of the protein degradation
machineries (Casarejos et al., 2011). Since in several amyloid diseases the impairment of
proteasomal activity has been pointed out, a promising therapeutic approach would be that
of enhancing the activity of cellular mechanisms for protein clearance.

2.4 A model for [1-93]ApoA-I|

Based on the experimental data collected so far, a model representing the possible fates of
[1-93]ApoA-I polypeptide in an in vivo context is proposed (Figure 6).

From a general point of view, the continuous accumulation of the natively unfolded
polypeptide in the cardiac tissue is expected to favour protein aggregation and
fibrillogenesis leading to a progressive, massive occupancy of the extracellular space by
amyloid deposits, as observed in pathological hearts, from which the natural fibrillogenic
polypeptide can be isolated (Obici et al., 1999). During the fibrillogenic process, a dynamic
equilibrium between monomeric species and aggregated states has been proposed (Carulla
et al.,, 2005). In the case of [1-93]ApoA-], internalization in target cells may represent an
alternative fate to aggregation, thus subtracting the unaggregated form of [1-93]ApoA-I
from the equilibrium. This would direct the polypeptide towards a non pathological route,
as, once inside the cells, the fibrillogenic polypeptide is promptly cleared off. Hence, the
hypothesis can be raised that internalization and subsequent degradation of the
unaggregated polypeptide represent a protective mechanism against fibrillogenesis, able to
balance [1-93]ApoA-I progressive aggregation and to slow down the fibrillogenic process.
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This phenomenon may be relevant in the slow progression and late onset of AApoA-I-
associated amyloidoses.

Molecular
crowdnl

&
Membranes/Lipids
interaction

Internalization by endocyttc 5
vesicles and lipid

Fig. 6. A schematic representation of the possible fates of AApoA-I fibrillogenic polypeptide.
Upon accumulation in the extracellular space of target tissues, the soluble polypeptide is
prone to aggregate in fibrillar structures. Viceversa, the interaction with membrane
components, presumably lipids, induces conformational changes generating stable helical
species with low propensity to aggregation. Upon membrane binding, the polypeptide can
gain the intracellular compartment via endocytic vesicles and lipid rafts. Inside the cells, the
polypeptide is promptly degraded by the lysosomal and proteasomal machineries. On the
contrary, once aggregated in amyloid fibrils, the polypeptide is unable to be internalized.

3. Conclusions

The elucidation of the cascade of biochemical events triggered by the exposure of cells to a
fibrillogenic protein is of primary importance in the comprehension of the molecular bases
of amyloid diseases. Presently, the molecular mechanism of fibril formation in patients
bearing AApoA-I amyloidogenic mutations is largely unknown, as unknown are the
molecular bases of the etiology of this pathology.

Our work is aimed at elucidating the molecular bases of the process responsible for fibril
deposition in amyloid diseases associated to AApoA-I. ApoA-I plays a key role in lipids
metabolism acting as an antiatherogenic factor in humans. Nevertheless, specific mutations
convert it into the precursor of a pathogenic polypeptide named [1-93]ApoA-I, whose
largely unfolded structure correlates with a high propensity to aggregate in fibrillar
deposits. For both the full-length protein and its fibrillogenic fragment, conformational
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plasticity is an essential feature that makes possible protein adaptation to different
environmental conditions.

We shed light on key steps of the possible routes accessible to the pathogenic polypeptide in
a physiological-like environment, such as that of cultured cardiomyoblasts, which mimic
one of the most frequent target tissues of the pathology, i.e. the heart. We observed that the
polypeptide is able to bind lipids undergoing extensive conformational changes. We thus
hypothesized that in a cellular environment the interaction of the polypeptide with lipids
may play a critical role in slowing down the fibrillogenic process by entrapping the
polypeptide in stable helical structures unable to aggregate. Through endocytic vesicles and
lipid rafts the polypeptide may be conveyed from the extracellular to the intracellular
compartment of target cells. Here, the polypeptide gains access to the protein degradation
machinery.

We thus envisaged two distinct mechanisms acting synergistically to prevent the
progressive aggregation in fibrillar structures. The interaction of extracellular polypeptide
molecules with the cell surface may “freeze” non amyloidogenic conformational states of the
polypeptide. On the other side, the activation of the internalization-degradation pathway
subtracts polypeptide molecules from the extracellular space, interfering with amyloid
deposition.

In this chapter, we underlined some structural and functional features shared by AApoA-I
fibrillogenic polypeptide and other natively unfolded amyloidogenic proteins. We believe
that pointing out such correlations might greatly contribute to draw a still more
comprehensive picture of amyloid diseases.

The comprehension of the molecular mechanisms of the pathology will certainly benefit
from future studies aimed at identifying the intracellular partners of the fibrillogenic
polypeptide, as well as membrane and extracellular components that may alter the balance
between aggregated and unaggregated states of the polypeptide.
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