
C
a

N
S
a

b

V

a

A
R
R
A
A

K
F
“
A

1

l
[
c
F
i
a
t
t
b
l
m
t
c
o

h
t

h
0

International Journal of Biological Macromolecules 79 (2015) 711–718

Contents lists available at ScienceDirect

International  Journal  of  Biological  Macromolecules

j ourna l h o mepa ge: www.elsev ier .com/ locate / i jb iomac

hameleon  ‘aggregation-prone’  segments  of  apoA-I:  A  model  of
myloid  fibrils  formed  in  apoA-I  amyloidosis

ikolaos  N.  Lourosa,  Paraskevi  L.  Tsiolakia, Michael  D.W.  Griffinb,  Geoffrey  J.  Howlettb,
tavros  J. Hamodrakasa,  Vassiliki  A.  Iconomidoua,∗

Department of Cell Biology and Biophysics, Faculty of Biology, University of Athens, Panepistimiopolis, Athens 157 01, Greece
Department of Biochemistry and Molecular Biology, Bio21 Molecular Science and Biotechnology Institute, The University of Melbourne, Parkville,
IC  3010, Australia

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 3 February 2015
eceived in revised form 20 May  2015
ccepted 22 May  2015
vailable online 3 June 2015

eywords:

a  b  s  t  r  a  c  t

Apolipoprotein  A-I (apoA-I)  is  the major  component  of  high  density  lipoproteins  and  plays  a  vital  role
in  reverse  cholesterol  transport.  Lipid-free  apoA-I  is the main  constituent  of amyloid  deposits  found
in  atherosclerotic  plaques,  an acquired  type  of  amyloidosis,  whereas  its N-terminal  fragments  have
been  associated  with  a hereditary  form,  known  as  familial  apoA-I  amyloidosis.  Here,  we  identified  and
verified  four  “aggregation-prone”  segments  of  apoA-I  with  amyloidogenic  properties,  utilizing  electron
microscopy,  X-ray  fiber  diffraction,  ATR  FT-IR  spectroscopy  and  polarized  light  microscopy.  These  seg-
amilial apolipoprotein A-I amyloidosis
Aggregation-prone” peptide-analogues
myloid fibrils

ments  may  act as  conformational  switches,  possibly  controlling  the  transition  of  the  �-helical  apoA-I
content  into  the  “cross-�”  architecture  of  amyloid  fibrils.  A structural  model  illuminating  the  structure
of  amyloid  fibrils  formed  by  the N-terminal  fragments  of apoA-I  is proposed,  indicating  that  two  of  the
identified  chameleon  segments  may  play a vital part  in  the  formation  of amyloid  fibrils  in  familial  apoA-I
amyloidosis.
. Introduction

Human mature apolipoprotein A-I (apoA-I) is a 243 amino acid
ong protein expressed mainly in the liver and the small intestine
1]. It is encoded by exons 3 and 4 of the homonym gene located at
hromosome 11, in the form of a 267-residue pre-pro-protein [2].
ollowing cleavage of the signal peptide, it is secreted as pro-apoA-I
nto plasma where it is finally cleaved into its mature form [3]. The
poA-I1–43 N-terminal portion is expressed by exon 3 and contains
hree 11-mer repetitive segments, named G1, G2 and G3, following
he first 10 sequence residues [4]. The apoA-I44–261 part is expressed
y exon 4 and is composed of 10 tandem 11/22-mer repeats which

ead to the formation of amphipathic �-helices [5,6]. ApoA-I is the
ajor protein constituent of high density lipoproteins (HDL), con-
ributing in reverse cholesterol transport by promoting efflux of
holesterol and phospholipid from peripheral tissues [7]. More-
ver, it serves as an activator of the enzyme lecithin:cholesterol

Abbreviations: ApoA-I, apolipoprotein A-I; ApoC-II, apolipoprotein C-II; HDL,
igh  density lipoprotein; LCAT, lecithin:cholesterol acyltransferase; ATR FT-IR spec-
roscopy, attenuated total reflectance Fourier-transform spectroscopy.
∗ Corresponding author. Tel.: +30 210 7274871; fax: +30 210 7274254.
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acyltransferase (LCAT) [8]. However, a small percentage of lipid-
free apoA-I is also found in plasma with suggested cardioprotective
abilities [9].

Apart of its functional properties, apoA-I has been associ-
ated with a hereditary and a non-hereditary or acquired type
of amyloidosis. Several autosomal dominant mutations, most
of them occurring within the first 100 residues of the N-
terminal part of apoA-I have been associated with the former
type, known as familial apoA-I amyloidosis [10]. Most of the
known mutations seem to favor the proteolytic cleavage of
apoA-I at a region spanning residues 83–100, after a putative �-
breaking motif (EKETEG) encompassing residues 76–81 (Fig. 1)
[11]. The resulting, variable in size, N-terminal fragments are
co-deposited within amyloid deposits found in various organs
and tissues causing neuropathies, nephropathies, hepatopathies
and cardiomyopathies [12]. Additionally, in vitro studies have
also indicated the ability of apoA-I1–93, which is the main con-
stituent of apoA-I fibrillar deposits located in the heart [12], to
form amyloid fibrils at acidic conditions [13]. However, wild-type
apoA-I is also associated with a non-hereditary type of amy-

loidosis, since it produces amyloid deposits, commonly located
within atherosclerotic plaques [14]. Notably, oxidative conditions
induce full length apoA-I aggregation thus further promoting
atherogenesis [15].

dx.doi.org/10.1016/j.ijbiomac.2015.05.032
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2015.05.032&domain=pdf
mailto:veconom@biol.uoa.gr
dx.doi.org/10.1016/j.ijbiomac.2015.05.032
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Fig. 1. Prediction of amyloidogenic regions within the apoA-I sequence. (a) The pri-
mary structure of human apoA-I. Three “aggregation-prone” regions are located
close to the N-terminal part of the protein, 14LATVYVDVL22 (shown in red),
53VTSTFS58 (shown in magenta) and 69QEFW72 (shown in cyan), whereas a fourth
segment 227VSFLSA232 (shown in lemon) is located close to the C-terminal. (b) Repre-
sentation of the pseudo full length lipid free apoA-I structure, derived by modeling
techniques combining the crystal structures �(185–243)apoA-I (residues 1–184)
(PDB ID: 3R2P) [46] and �(1–43)apoA-I (residues 185–243) (PDB ID: 1AV1) [47],
as  proposed by Mei  and Atkinson [46]. The two individual protein domains are ori-
ented relatively arbitrary and do not depict the actual conformation of the full length
protein, since recent MD simulations indicate that the C-terminal domain adopts a
dynamic conformation and is loosely wrapped around the N-terminal four helix
bundle [48]. Location of all four predicted “aggregation-prone” regions is shown, in
addition to the proposed �-breaking motif and the cleavage prone site of the apoA-I
N
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-terminal domain [24]. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)

Extensive experimental data have consistently indicated that
myloid fibril formation is initiated by short sequence regions,
hich possess significant self-aggregation propensity and as a

esult mediate the aggregation tendency of a protein [16–21].
etailed studies have been performed in order to locate sim-

lar “aggregation-prone” segments within the apoA-I sequence.

ynthetic N-terminal fragments, such as apoA-I9–28, apoA-I1–43,
poA-I46–59, apoA-I44–65 and apoA-I66–83 have been shown to
ead to the formation of amyloid fibrils in various in vitro con-
itions [22–24]. Moreover, recent impressive work has shown
gical Macromolecules 79 (2015) 711–718

that hydrophobic clusters comprising residues 9–24, 45–63 and
the C-terminal segment 221–239 of apoA-I form amyloid fibrils
in vitro [25]. Finally, recent computational analysis by Gursky and
coworkers, utilizing PASTA [26] and two  consensus algorithms
AMYLPRED and AMYLPRED2 [27,28], developed by our lab, success-
fully identified four short “aggregation-prone” peptide segments,
14LATVYVDVL22, 53VTSTFS58, 69QEFW72 and 227VSFLSA232 that may
act as amyloidogenic “hot spots”, facilitating N-terminal and full
length apoA-I polymerization in familial and acquired apoA-I amy-
loidosis, respectively [24]. In this study, we  attempt to verify
this assumption experimentally by applying transmission elec-
tron microscopy, Congo red staining and polarizing microscopy,
X-ray fiber diffraction and ATR FT-IR Spectroscopy studies. Our
results clearly indicate that these short stretches act as the core
aggregation elements of apoA-I, which may  potentially lead in
the formation of amyloid fibrils both in familial and acquired
apoA-I amyloidosis. Finally, a detailed three-dimensional model of
the structure of amyloid fibrils formed by the amyloidogenic N-
terminal fragments of apoA-I is proposed indicating that two of the
aforementioned “aggregation-prone” peptides, 14LATVYVDVL22

and 53VTSTFS58 may  vitally contribute in the formation of amyloid
fibrils associated with familial apoA-I amyloidosis.

2. Materials and methods

2.1. Peptide synthesis and sample preparation

Two consensus tools for the prediction of sequence aggrega-
tion propensity, AMYLPRED and AMYLPRED2 [27,28], were applied
on the apoA-I sequence. Consequently, three “aggregation-prone”
segments, 14LATVYVDVL22, 53VTSTFS58 and 69QEFW72, close to
the N-terminal of the protein were predicted, in addition to
the segment 227VSFLSA232 which resides close to the C-terminal,
respectively (see Fig. 1). As a result, three peptide analogues, resem-
bling the aforementioned segments 14LATVYVDVL22, 53VTSTFS58

and 227VSFLSA232 were chemically synthesized. A fourth pep-
tide was  also synthesized, containing the “aggregation-prone”
69QEFW72 segment, in addition to the preceding V67 and T68
residues in the N-terminus (67VTQEFW72). This decision was based
on the fact that both residues display a weaker prediction of aggre-
gation propensity and are also strong �-formers; therefore they
may  vitally contribute in the formation of a “cross-�” structure.
Peptide synthesis was carried out by GeneCust Europe, Luxem-
bourg (purity >98%, free N- and C-terminals). Peptide solutions of
all lyophilized peptides were prepared in distilled water (pH 5.75)
at a concentration of 10 mg/ml. After incubation for a period of 14
days at ambient temperature, all samples produced gels containing
mature amyloid-like fibrils, as judged by negative staining studies
(see below).

2.2. Transmission electron microscopy (negative staining)

Drops (∼5 �l) of fibril containing solutions of the “aggregation-
prone” peptides were applied to 400-mesh glow-discharged and
carbon-coated copper grids for 60–80 s. The grids were stained with
a drop of 2% (w/v) aqueous uranyl acetate for 60 s. Excess stain was
removed by blotting with a filter paper. The grids were initially air-
dried and examined with a MorgagniTM 268 transmission electron
microscope, operated at 80 kV. Digital acquisitions were performed
with an 11 Mpixel side-mounted Morada CCD camera (Soft Imaging
System, Muenster, Germany).
2.3. Congo red staining and polarized light microscopy

Films containing amyloid fibrils were formed by applying drops
of each peptide solution to glass slides and subsequently air-dried
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Fig. 2. (a) Sequence alignment of the apoA-I11–65 fragment containing the N-
terminal 11-mer G1, G2, G3 repeats and the succeeding first 22-mer repeat of
apoA-I with the relative G1, G2, G3 repeats and C-terminal remnant of apoC-II.
The  “aggregation-prone” peptides 14LATVYVDVL22 and 53VTSTFS58 are labeled with
red  and purple boxes, respectively. (b) Structural representation of the apoA-I11–65

modeled monomer. Residues K23 and E62 which are shown in sticks participate
in  the formation of intermolecular salt bonds between successive monomers. The
“aggregation-prone” 14LATVYVDVL22 and 53VTSTFS58 peptides correspond to major
parts of the facing �-strands extending between residues A15–R27 and T54–L64 of
the  monomer (shown in red and magenta, respectively). (For interpretation of the
N.N. Louros et al. / International Journal o

t ambient temperature and humidity. The films were then stained
ith a 1% Congo red solution in distilled water (pH 5.75) for 20 min,

ollowing the typical Romhanyi protocol [29]. Excess stain was
emoved through tap water washes [29]. All samples were observed
nder bright field illumination and between crossed polars, using a
eica MZ75 polarizing stereomicroscope equipped with a JVC GC-
3E camera.

.4. X-ray fiber diffraction

Droplets (10 �l) of the fibril containing solutions were placed
etween two aligned capillaries with wax-covered ends (spaced

 mm apart). The droplets were allowed to dry slowly at ambient
emperature and humidity, for 30–60 min  in order to form oriented
bers suitable for X-ray diffraction. X-ray diffraction patterns were
ollected, using a SuperNova-Agilent Technologies X-ray genera-
or equipped with a 135-mm ATLAS CCD detector and a 4-circle
appa goniometer, at the Institute of Biology, Medicinal Chem-
stry and Biotechnology, National Hellenic Research Foundation
CuK� high intensity X-ray micro-focus source, � = 1.5418 Å), oper-
ted at 50 kV, 0.8 mA.  The specimen-to-film distance was set at
2 mm.  Exposure times were set to 240, 200, 220 and 200 s for pep-
ides 14LATVYVDVL22, 53VTSTFS58, 67VTQEFW72 and 227VSFLSA232,
espectively. The X-ray patterns, initially viewed using the program
rysAlisPro [30] were displayed and measured with the aid of the
rogram iMosFLM [31].

.5. Attenuated total reflectance Fourier-transform infrared
pectroscopy and post-run spectra computations

Drops (5 �l) of the fibril suspensions were cast on flat stainless-
teel plates, coated with an ultrathin hydrophobic layer (SpectRIM,
ienta Sciences, Inc. Indianapolis, USA) and were left to air-dry
lowly at ambient conditions, to form thin hydrated films. IR
pectra were obtained at a resolution of 4 cm−1, utilizing an IR
icroscope (IRScope II, BrukerOPTICS, Bruker Optik GmbH, Ettlin-

en, Germany), equipped with a Ge ATR objective lens (20×) and
ttached to a FT spectrometer (Equinox 55, BrukerOPTICS). Ten
2-scan spectra were collected from each sample and averaged to

mprove the sound/noise (S/N) ratio. All spectra are shown in the
bsorption mode after correction for the wavelength-dependence
f the penetration depth (dp analogous to �). Absorption band max-
ma  were determined from the minima in the second derivative of
he corresponding spectra. Derivatives were computed analytically
sing routines of the Bruker OPUS/OS2 software, including smooth-

ng over a ±8 cm−1 range around each data point, performed by the
avitsky–Golay algorithm [32]. Smoothing over narrower ranges
esulted in deterioration of the S/N ratio and did not increase the
umber of minima that could be determined with confidence. The
inima in the second derivative were used to determine the cor-

esponding absorption band maxima.

.6. Modeling of apoA-I amyloid fibrils

A detailed solenoid-like structure has been previously proposed
o depict the structure of amyloid fibrils formed by apolipopro-
ein C-II (apoC-II). This �-strand–loop–�-strand structure, derived
hrough multiple structural and biophysical methods and using MD
imulations, suggests that parallel in-register �-sheets are formed
long the axis of the fibril which is formulated by progressively
tacked monomers [33]. Luo et al. [34] suggested that the G1,
2 and G3 11-mer repeats of apolipoproteins have been derived
hrough triplication of an initial 11-mer segment. Therefore, it is
bvious that all the G-block repeats of apolipoproteins exhibit an
pparent sequence homology. Additionally, it has been suggested
hat the 22-mer repeats of apoA-I have derived through successive
references to color in this figure legend, the reader is referred to the web version of
this article.)

evolutionary duplication events of the primary 11 residue long C-
terminal part of apoC-I which was initially duplicated forming the
22 residue long C-terminal fragment in apoC-II [35]. Based on the
above, apoC-II18–72 evidently exhibits a high sequence homology
with the G1, G2, G3 and first 22-mer repeat of apoA-I (Fig. 2a),
a region encompassing residues 11–65 of apoA-I. The amino acid
sequence of human apoA-I and apoC-II were extracted from Uniprot
(Accession Nos. P02647 and P02655, respectively) [36]. Sequence
alignment was  performed for the sequence segments 11–65 and
18–72 of apoA-I and apoC-II, respectively, containing the pro-
posed G1, G2 and G3 11-mer repeats along with the first 22-mer
repetitive unit of both proteins (Fig. 2a) [35] using ClustalW
[37]. Sequence threaded modeling was carried out utilizing Mod-
eller9v12 [38], based on the aforementioned alignment and by
using the proposed model structure of apoC-II as a template. As
a result, a three-dimensional structure of the 11–65 region of
apoA-I was constructed (Fig. 2b) (coordinates are available upon
request). The derived model was  minimized utilizing the MMTK
toolkit [39], which is included in the Chimera molecular graph-
ics system [40] and further evaluated using DSSP and the WHATIF
package [41].

3. Results

All three N-terminal (14LATVYVDVL22, 53VTSTFS58,
67VTQEFW72) and the C-terminal (227VSFLSA232) peptide-
analogues were found to self-assemble into mature amyloid-like
fibrils, after an incubation period of 2 weeks. The fibrils were judged
to be mature observing the samples for shorter and longer periods
than 2 weeks. Amyloid-like fibrils derived by self-aggregation
of peptides 14LATVYVDVL22 and 67VTQEFW72 appear as straight
and unbranched uniform fibrils with an indeterminate length,
presenting a small difference in width, since 14LATVYVDVL22

fibrils have a larger diameter of approximately 100–120 Å

(Fig. 3a), whereas 67VTQEFW72 are about 70–90 Å in diameter
(Fig. 3c), respectively. Comparably, self-polymerization of the
53VTSTFS58 peptide and the C-terminal 227VSFLSA232 peptide leads
to the formation of protofibrils, which also appear straight and
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Fig. 3. Amyloidogenic properties of the 14LATVYVDVL22, 53VTSTFS58 67VTQEFW72 and 227VSFLSA232 “aggregation-prone” peptides. (a–d) The peptide-analogues self-assemble
forming  straight and unbranched amyloid-like fibrils with an indeterminate length (Scale bars 200 nm). (e–h) Fibril-containing gels bind the Congo red dye as seen under
bright  field illumination (Scale bars 400 �m). (i–l) An apparent apple/green birefrigence, characteristic for amyloid deposits, is clearly seen under crossed polars (Scale bars
400  �m).  (m–p) X-ray fiber diffraction patterns exhibit the typical to a “cross-�”-like architecture reflections, with a 4.7 Å repeat corresponding to the distance of hydrogen
b 11.2 Å
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onded  �-strands aligned perpendicularly to the fiber axis and the 9.7, 8.8, 10.9 and 

arallel to the same axis. (For interpretation of the references to color in this figure

nconnected, but they have smaller diameters, approximately
0–50 Å. Furthermore, they present a high tendency to coalesce

n a latteral fashion, forming thick and variable in size ribbons of
rotofibrils (Fig. 3b, d).

Gels containing amyloid-like fibrils, derived by self-aggregation
f all four peptide-analogues, were stained with the Congo red
ye. Congo red has been shown to specifically bind on amyloid fib-
ils and produce a characteristic yellow/green birefringence, when
iewed under crossed polars in a polarizing microscope. In all cases,
eposits of amyloid-like fibrils of the peptide-analogues bind the
ongo red dye, as seen under bright field illumination (Fig. 3e–h).
urthermore, the typical for amyloid yellow/green birefringence is
vident when viewed under crossed polars (Fig. 3i–l).

X-ray diffraction experiments were performed on fibers con-
aining amyloid-like fibrils, derived by self-assembly of each
eptide-analogue. The X-ray patterns derived by fibers from each
eptide indicate that amyloid fibrils formed by the peptide-
nalogues possess the typical “cross-�”-like architecture of
myloid fibrils. A strong reflection is present in all cases, cor-
esponding to a 4.7 Å structural repetition, attributed to the
nterstrand distance between successive hydrogen bonded �-
trands that are aligned perpendicular to the fibril axis (Fig. 3m–p).
he relatively strong reflections, located at 9.7, 8.8, 10.9 and
1.2 Å, for peptides 14LATVYVDVL22, 53VTSTFS58, 67VTQEFW72 and
27VSFLSA232, respectively, are attributed to the varying packing
istance between consecutive �-sheets that are aligned parallel

o the fiber axis (Fig. 3m–p). This observed variation is possibly
xplained by the fact that different side chains intervene between
he packed �-sheets, in each case. The additional observed 3.7 and
.1 Å reflections in the 14LATVYVDVL22 pattern (Fig. 3m)  may  be
 reflections representing the distance between the packed �-sheets that are aligned
d, the reader is referred to the web version of this article.)

attributed to the wax  head of the capillary (Fig. S1) used to obtain an
aligned fiber (see Section 2), whereas the 9.4 Å reflection observed
in the 227VSFLSA232 pattern is most probably a second order of the
4.7 Å reflection. Reflections appear as rings due to poor alignment
of the oriented fiber constituent fibrils.

Evidence supporting the X-ray fiber diffraction results were
derived by ATR FT-IR spectroscopy studies. ATR FT-IR spectra
indicate a predominant �-sheet secondary structure for amy-
loid fibrils derived by the “aggregation-prone” peptide analogues
(Fig. 4a–d). Specifically, a dominant amide I �-sheet band at
1626, 1630, 1631 and 1626 cm−1 is seen for 14LATVYVDVL22,
53VTSTFS58, 67VTQEFW72 and 227VSFLSA232 peptides, respectively
(Fig. 4). Additionally, a strong shoulder located at 1693, 1696, 1697
and 1696 cm−1, respectively, may  suggest that the �-sheets are
in fact antiparallel (Table 1). The ATR FT-IR data regarding the
14LATVYVDVL22 and 53VTSTFS58 peptides are strongly correlated
to the FT-IR data derived by studies of the 1–43 (containing the
14LATVYVDVL22 peptide) and 44–65 (containing the 53VTSTFS58

peptide) segments, recently reported by Adachi and coworkers
[23]. However, FT-IR data derived from the same study indicated
that the 66–83 segment of WT apoA-I (containing the 67VTQEFW72

peptide) does not lead to the formation of amyloid fibrils but
instead retains an �-helical conformation [23].

4. Discussion
The experimental results presented in this work clearly indi-
cate that the four segments of apoA-I identified by our algorithms
AMYLPRED and AMYLPRED2, have an intrinsic high aggregation
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Fig. 4. ATR FT-IR (1100–1800 cm−1) spectra obtained from thin hydrated-films containing amyloid-like fibrils. The thin hydrated-films, formed from fibril solutions of the
peptides (a) 14LATVYVDVL22, (b) 53VTSTFS58, (c) 67VTQEFW72 and (d) 227VSFLSA232, respectively, were cast on flat stainless-steel plates coated with an ultra thin hydrophobic
layer  (see Section 2). Second derivative spectra are included and were used for the exact identification of the band maxima and their tentative assignments. All resulting
spectra  are indicative of the preponderance of an antiparallel �-sheet secondary structure (Table 1).
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Fig. 5. A hypothetical mechanism of apoA-I amyloid fibril formation in familial apoA-I amyloidosis by the core 11–65 segment containing the “aggregation-prone”
14LATVYVDVL22 and 53VTSTFS58 peptides. Structural representation of the proposed model (for clarity, three successive monomers are shown in blue, green and yellow,
respectively). apoA-I11–65 monomers stack along the fibril axis forming two facing �-sheets. Salt bonds formed between residues K23 of each monomer and E62 of the
successive monomer further stabilize the overall structure. The “aggregation-prone” peptides 14LATVYVDVL22 (shown in red) and 53VTSTFS58 (shown in magenta) constitute
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he  major part of the first and second �-strand of each monomer, respectively. Mod

endency, since they lead to the formation of fibrils presenting all
asic characteristics of amyloid fibrils.

A possible polymerization model for the apoA-I1–93 N-terminal
ragment and the full length protein was recently proposed [24].
his analysis was based on previous experimental data indicat-
ng that the three N-terminal “aggregation-prone” segments are
omewhat protected within the lipid-free structure of apoA-I from
elf-polymerizing, due to interactions that stabilize the four-�-
elix bundle fold [42]. Additionally, the 227VSFLSA232 peptide is
rotected from polymerization, since it is located at the C-terminal
nd of the protein which is usually bound to lipids. However,
hen fragmented or found under acidic conditions, these amy-

oidogenic sequences are allowed to self-assemble leading either
poA-I1–93 or the native protein to the formation of amyloid fib-
ils. Our results support this assumption by indicating that all four
eptide-analogues have the tendency to self-polymerize forming
myloid-like filaments.

Computational analysis of the secondary structure of apoA-I was
erformed utilizing the consensus algorithm SecStr [43] combining
ix individual secondary structure prediction methods, developed

t our lab and NetCSSP which calculates contact-dependent sec-
ndary structure propensity [44]. Results indicate that the apoA-I
equence has an eminent propensity to form �-helices, however

able 1
ands observed in the ATR FT-IR spectra produced from hydrated films of all the
aggregation-prone” peptides, after self-assembly, and their tentative assignments
Fig. 4).

Bands (cm−1) Assignment

LATVYDVL VTSTFS VTQEFW VSFLSA

1138 1138 1138 1138 TFA
1186 1184 1184 1186 TFA
1204 1201 1203 1201 TFA

–  1496 1495 1496 Phe
1516 – – – Tyr
1541 1528–1535 1535 1533 �-Sheet (amide II)
1626 1630 1631 1626 �-Sheet (amide I)
1668 1670 1666 1674 TFA
1693 1696 1697 1696 Antiparallel �-sheet
ordinates are available upon request.

it also exhibits a smaller propensity to form interrupted �-strands
along its full length (Figs. S2 and S3). Furthermore, as indicated
by both algorithms, all four “aggregation-prone” stretches have a
relatively strong �-structure prediction, implying that they may
act as conformational switches. Corroborative evidence suggests
that the N- and C-terminal ends of the protein have a higher
propensity for a disordered conformation, especially when found
within hydrophilic media and/or in the absence of lipid surfaces
[25]. These disorder-prone flanking ends were proposed to have a
higher propensity to develop a transition from an �-helical to an
ordered �-structure, which is facilitated by the presence of spe-
cific hydrophobic sequence stretches. The N-terminal 14LATVYV19

and 52SVTSTFS58 and the C-terminal 227VSFLSAL233 segments were
proposed as core elements of the flanking hydrophobic stretches,
encompassing more or less three of the sequence segments of our
study. These regions were proposed to lead to the formation of
steric zippers, a notion that is supported by our results indicating
that these chameleon segments self-assemble forming amyloid-
like fibrils.

A three-dimensional model of the region encompassing residues
11–65 of apoA-I was  derived utilizing the previously described
model of apoC-II fibrils as template, assuming that the two  proteins
form similar fibrillar arrangements. The topology of the individual
apoC-II monomers comprise a �-strand–loop–�-strand structure,
with each monomer contributing two  �-strands, one to each �-
sheet of the fibril. The model derived by threading the apoA-I
sequence onto that of apoC-II suggests that a significant part
(11–65) of the amyloidogenic apoA-I1–93 fragment may  contribute
to the formation of a cross-�  structure. The two  �-strands face each
other and are formed by residues 15–27 and 54–64 of the indi-
vidual apoA-I11–65 monomers, respectively. Successively stacked
monomers along the fibril axis lead to the formation of two fac-
ing �-sheets running parallel towards the same axis, as in the
apoC-II model (Fig. 5). Stacking of consecutive apoA-I monomers
may  be stabilized by the formation of intermolecular salt bonds,

formed between K23 of the first �-strand of each monomer and E62
located at the second �-strand of the next molecule (Fig. 5). Apart
from stabilizing this complex structure, the formation of these salt
bonds may  also compensate for the buried charges of residues K23
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nd E62, in a similar manner to the model proposed for apoC-II
33]. Interestingly, two of the “aggregation-prone” peptides pro-
osed by our study, 14LATVYVDVL22 and 53VTSTFS58 correspond
o major parts of the facing �-strands formed by each monomer
f apoA-I (Fig. 5, shown in red and purple, respectively). Conse-
uently, it seems possible that the high aggregation propensity
nd conformational properties of these two segments may  promote
olymerization of the “aggregation-prone” apoA-I1–93 N-terminal
ragment. Although this model provides some insight into how
myloid fibrils may  be formed in familial apoA-I amyloidosis, it
oes not propose how amyloid fibrils are formed by the full length
rotein.

An alternative model was also recently proposed, based on
RET analysis, suggesting that the “aggregation-prone” 1–83 seg-
ent of apoA-I containing the point mutation G26R, forms

myloid protofibrils by folding in a relative �-strand–loop–�-
trand arrangement [45]. The �-strands, which have an antiparallel
irection in this case, are longer since they embrace 14–31 and
1–58 residues, respectively. However, similarly to our model, both
he 14LATVYVDVL22 and 53VTSTFS58 peptides correspond to major
arts of the facing �-strands. Additionally, as in our model, this
-hairpin is also proposed to be stabilized by the formation of a
alt bridge, which is however formed by different residues, specif-
cally between residues R26 and D48. Consequently, although the
wo models share both common characteristics and differences,
he “aggregation-prone” 14LATVYVDVL22 and 53VTSTFS58 peptides
pparently vitally contribute in the formation of apoA-I amyloid
brils in both cases.

In conclusion, our work attempts to elucidate that the
4LATVYVDVL22, 53VTSTFS58, 67VTQEFW72 and 227VSFLSA232 pep-
ides are core segments with chameleon properties which may  lead
oth apoA-I1–93 and full length apoA-I in the formation of amyloid
eposits in familial amyloidosis and atherosclerosis, due to their

ntrinsic high propensity to self-aggregate. Furthermore, our
omputational studies indicate that the 14LATVYVDVL22,
3VTSTFS58 peptides may  also vitally contribute to the formation
f amyloid fibrils associated with familial apoA-I amyloidosis.
argeted therapies focused on inhibiting the aggregation potency
f the aforementioned segments may  help to efficiently prevent
r decelerate deposition of apoA-I species both in hereditary or
quired forms of apoA-I amyloidoses.
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