
Research Article

Received: 9 August 2011 Revised: 2 November 2011 Accepted: 1 December 2011 Published online in Wiley Online Library: 17 January 2012

(wileyonlinelibrary.com) DOI 10.1002/psc.2391
Hexafluoroisopropanol induces self-assembly
of b-amyloid peptides into highly ordered
nanostructures
Sanjai Kumar Pachahara,} Nitin Chaudhary,}{ Chilukuri Subbalakshmi and
Ramakrishnan Nagaraj*
Deposition of insoluble fibrillar aggregates of b-amyloid (Ab) peptides in the brain is a hallmark of Alzheimer’s disease.
Apart from forming fibrils, these peptides also exist as soluble aggregates. Fibrillar and a variety of nonfibrillar
aggregates of Ab have also been obtained in vitro. Hexafluoroisopropanol (HFIP) has been widely used to dissolve Ab and
other amyloidogenic peptides. In this study, we show that the dissolution of Ab40, 42, and 43 in HFIP followed by drying
results in highly ordered aggregates. Although a-helical conformation is observed, it is not stable for prolonged periods.
Drying after prolonged incubation of Ab40, 42, and 43 peptides in HFIP leads to structural transition from a-helical to
b-conformation. The peptides form short fibrous aggregates that further assemble giving rise to highly ordered ring-like
structures. Ab16–22, a highly amyloidogenic peptide stretch from Ab, also formed very similar rings when dissolved in HFIP
and dried. HFIP could not induce a-helical conformation in Ab16–22, and rings were obtained from freshly dissolved peptide.
The rings formed by Ab40, 42, 43, and Ab16–22 are composed of the peptides in b-conformation and cause enhancement in
thioflavin T fluorescence, suggesting that the molecular architecture of these structures is amyloid-like. Our results clearly
indicate that dissolution of Ab40, 42 and 43 and the amyloidogenic fragment Ab16–22 in HFIP results in the formation of
annular amyloid-like structures. Copyright © 2012 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

b-amyloid (Ab) peptides composed of 40–43 residues are the
constituents of amyloid fibrils that are responsible for Alzheimer’s
disease [1,2]. In human brain, Ab40 is the predominant alloform
followed by Ab42 [3]. Ab42, although constitutes only 10% of total
Ab, has higher tendency to form amyloid fibrils and is therefore
considered to be pathologically relevant [3,4]. Ab43 also forms
fibrils that could be clinically important [5]. The mature fibrils
formed by these peptides are highly insoluble and need treatment
with denaturants or strong acids or bases for solubilization [6,7].
Sonication is also employed to break up the Ab aggregates [8,9].
Synthetic and recombinant Ab42 peptides also form fibrils
rapidly. The recombinant peptide was observed to aggregate
more readily and was more neurotoxic than the synthetic one
[10]. The structures of the aggregates are indistinguishable from
those obtained from the pathological samples. Organic solvents,
particularly trifluoroethanol (TFE) and hexafluoroisopropanol
(HFIP), have been used intensively to dissolve peptides that tend
to aggregate [11–14]. These solvents have also been used
intensively to dissolve amyloid-forming peptides in order to have
stock solutions in which peptides are monomeric [12,15]. Dissolu-
tion of Ab peptides in HFIP followed by immediate drying has been
one of the methods to make monomeric preparations of Ab. In
some cases, the dissolved Ab peptides are stored for prolonged
periods [16,17]. The ability of these solvents to favor or promote
helical conformation is presumed to be the reason for their excel-
lent solubilizing properties. We have shown that dissolution of
short amyloid-forming peptides in TFE and HFIP can result in the
J. Pept. Sci. 2012; 18: 233–241
formation of ring-like structures in addition to linear struc-
tures [18,19]. In aqueous solutions, Ab40, 42, and 43 (denoted here-
after as Aβ40–43) form fibrillar structures with morphology
depending on the aggregation conditions. However, oligomers of
different sizes are also observed. The dynamic aspect of fibrillar
structures is evident from a recent report that indicates molecular
recycling of Ab40 and Ab42 within the fibril populations [20]. The
formation of spherulites has also been observed in vitro with Ab
peptides from aqueous solutions on chemically modified quartz sur-
face. These structures stain with thioflavin T (ThT) indicating their
amyloid nature [21]. The spherulites have also been obtained in so-
lution near physiological condition, and these spherulites are very
similar to those formed in vivo and exhibit a maltese cross pattern
[22]. Spherical assemblies of Ab, also known as amylospheroids,
have been inferred from fluorescence correlation spectroscopic
studies [23]. The segment 16–20, that forms the core of the Ab
fibrils, is not involved in amylospheroid formation [23]. A variety
of amyloid structures observed for Ab peptides arise from aqueous
Copyright © 2012 European Peptide Society and John Wiley & Sons, Ltd.
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solutions. Because Ab40–43 peptides dissolve well in HFIP, we have
examined the structures of these peptides from HFIP solution. We
also examined the structures of Ab16–22 that has the ability to
form fibrils or nanotubes, depending on the pH, from aqueous
solutions [24]. We have observed that highly ordered superstruc-
tures are formed by the Ab peptides from HFIP solutions.

Materials and Methods

Peptide Solutions

The peptides Ab40, Ab42, and Ab43 were purchased from
Peptides International (Peptide Institute, Inc., Osaka, Japan) in the
trifluoroacetate form. Identities of the peptides were confirmed
by matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry. HFIP (200ml) was added to the vials having lyophi-
lized peptides. The concentrations of the peptides were estimated
by diluting the peptides in water and recording absorption at
280 nm. Molar absorption coefficient of 1280M�1 cm�1 at 280nm
was used to calculate the concentrations. The concentrations of
Ab40, Ab42, and Ab43were 1.8mM, 0.77mM, and 0.83mM, respec-
tively. Ab16–22 (Ac-KLVFFAE-am) was synthesized, purified, and
characterized as described earlier [25]. The peptide was dissolved
in HFIP to obtain 1mM solution. Concentration was estimated by
diluting the peptide in water and recording absorption at 254nm.
Molar absorption coefficient of 286M�1 cm�1 at 254nm was used
to determine the concentration. The peptide solutions were stored
at room temperature during the course of study.

Atomic Force Microscopy (AFM)

Peptides (1ml) were deposited on freshly peeled mica surfaces and
air dried before imaging. The images were acquired using tapping
mode AFM (Multimode, Digital Instruments, Santa Barbara, CA,
USA). A silicon probe was oscillated at 190–200 KHz and images
were collected at an optimized scan rate. Analysis was carried out
using Nanoscope (R) III 5.30 r1 software (Digital Instruments, Santa
Barbara, CA, USA). All the images are second-order flattened and
presented in the height mode. Height analysis was performed us-
ing ‘Section’ tool present in the Nanoscope software.

Scanning Electron Microscopy (SEM)

The peptides (2 ml) were deposited on glass coverslips from stock
solutions prepared in HFIP and dried. The dried samples were
Figure 1. AFM images of freshly dissolved Ab peptides when dried from H
imaging section. Each panel is 4 mm� 4mm in dimensions.

wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
sputter coated with gold using Polaron SC7620 Sputter Coater
(Quorum Technologies Ltd., UK). SEM imaging of the gold-coated
peptide samples was carried out on a Hitachi S-3400 N scanning
electron microscope (Hitachi, Tokyo, Japan) at 5 or 10 kV.

Circular Dichroism (CD) Spectroscopy

Far-UV CD spectra of the peptides were recorded on Jasco J-815
spectropolarimeter (Jasco, Tokyo, Japan). Ab40–43 peptides
were diluted to 10mM, whereas Ab16–22 was diluted to 100mM
concentration into HFIP. The spectra were recorded in 0.1 cm path
length cell by using a step size of 0.2 nm, band width of 1 nm, and
scan rate of 100 nmmin�1. The spectra were recorded by averaging
eight scans and corrected by subtracting the HFIP spectrum.
Mean residue ellipticity ([θ]MRE) was calculated using the for-
mula: [θ]MRE = (Mr� θmdeg)/(100� l� c), where Mr =mean residue
weight, θmdeg= ellipticity in millidegrees, l = path length in decime-
ter, and c=peptide concentration in mgml�1.

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were recorded on a Bruker Alpha-E spectrometer
(Bruker Optik GmbH, Ettlingen, Germany) with Eco attenuated total
reflection (ATR) single reflection ATR sampling module equipped
with ZnSe ATR crystal. Peptides were spread out and dried as films
on ZnSe crystal and ATR-FTIR spectra were recorded. Each spec-
trum is the average of 64 FTIR spectra at a resolution of 4 cm–1.
All the spectra were normalized to the scale of zero to one arbitrary
absorbance unit to facilitate easy comparison.

Thioflavin T (ThT) Fluorescence Microscopy

Peptide solutions (2ml from stock solutions) were spread and dried
as films on a glass coverslip. ThT solution (10ml of 10mM in deion-
ized water) was layered on the dried peptide film. Fluorescence
images were recorded on Zeiss Axiovert 200microscope (Carl Zeiss,
Oberkochen, Germany). Filter set with 450/50 nm excitation and
510/50 nm emission was used. The images were pseudocolored.

Results

Atomic Force Microscopy (AFM) Imaging

AFM images were recorded after drying the peptide solutions in
HFIP on freshly peeled mica surfaces. Figure 1 shows the imaging
FIP: (A) Ab40; (B) Ab42; and (C) Ab43. Arrows are described in the AFM
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of Ab40 (panel A), Ab42 (panel B), and Ab43 (panel C) samples after
drying the freshly prepared solutions onmica. The peptides appear
to be deposited as porous sheets. The height profiles shown below
the individual panels were drawn for the white lines on the panels.
Assuming that the pores completely span the peptide sheets, the
thickness of the sheets could be measured using pore depths.
The peptide sheets are not homogeneous and vary between
~10–20nm for Ab40 (panel A) and Ab42 (panel B), and ~20nm
for Ab43 (panel C). The boundaries formany of the pores are thicker
than the background peptide layer giving them ring-like appear-
ance (indicated by arrows). The height profiles indicate that the
pores with ring-like appearance have ~2–4nm higher thickness
as compared with the background peptide sheets (indicated by
arrows). As the entire area scanned was covered with the peptide,
AFM images were recorded from the solutions that were tenfold
diluted in the HFIP prior to layering on the mica surface (Figure 2).
Panels A, B, and C represent the images recorded from tenfold di-
luted Ab40, Ab42, and Ab43 samples, respectively. All the three
peptides show ring-like structures. The diameters of the Ab40
rings lie between 300 and 400nm, and the thickness of the rings
is ~1.8–4nm (panel A). The thickness of the Ab42 rings is similar
to the Ab40 rings (~1.8–4nm), but the rings have two types of
populations in terms of their diameters; large rings have diameters
Figure 2. AFM images of freshly dissolved Ab peptides that were tenfold dilu
bars represent 1mm.

Figure 3. AFM images of 4-month-old Ab peptides when dried from HFIP: (

J. Pept. Sci. 2012; 18: 233–241 Copyright © 2012 European Peptide Society a
~400–550nm, whereas smaller rings are ~150nm in diameter
(panel B). The rings formed by Ab43 are ~550–600nm in diameter
and approximately twofold thicker (~4–9nm thick) as compared
with those formed by Ab40 and Ab42. Fibers ~2nm in diameter
have been shown by AFM for Ab42 and are suggested to be the
single protofilament structure, that is structure with single cross-b
unit [26–28]. The ring-like structures observed for Ab appear to
be arising from circularization of these protofilaments. Stacking of
two protofilaments would result in the rings ~4nm thick, as ob-
served for Ab40 and Ab42 (panels A and B). The thicker rings
observed for Ab43 are likely to arise from stacking of more than
two such protofilaments (panel C).

The peptide samples were aged at room temperature and AFM
imaging was performed on these aged peptide samples (Figure 3).
Panels A, B, and C represent images recorded from 4-month-old
Ab40, Ab42, and Ab43 samples, respectively. Long incubation at
room temperature clearly results in thick rings as compared with
the rings obtained from freshly prepared solutions (Figure 1). The
rings formed by Ab40 are 300–400nm in diameter and ~8–15nm
in thickness. The Ab42 ring shown in panel B is ~40–80nm in
thickness and ~320–350nm in diameter when measured using
section lines in different directions (one such section line shows
the height profile below the image). The Ab43 ring shown in panel
ted in HFIP prior to drying on mica: (A) Ab40; (B) Ab42; and (C) Ab43. Scale

A) Ab40; (B) Ab42; and (C) Ab43. Scale bars represent 1mm.

nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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C is ~30–50nm in thickness and ~450–500nm in diameter. Apart
from the rings, spherical oligomers are also present covering the
entire mica surface. The peptide solutions were tenfold diluted in
HFIP and immediately deposited and dried onmica. Figure 4 shows
the images recorded from these freshly diluted 4-month-old
peptide solutions. Short fibrous aggregates as well as ring-like
structures were observed for all the three peptides. Panel A shows
the image recorded for Ab40. The thickness of the short Ab40 fibers
ranges from very thin (~2nm, indicated by dashed black arrows) to
that characteristic of mature amyloid fibrils (up to 12nm thick,
indicated by solid black arrows). Thick fibers have tapered ends
and appear to arise from the lateral assembly of thinner fibers.
Unlike classical amyloid fibrils that are several micrometers long,
the isolated Ab40 fibers are very short (<500nm in length). The
thick fibers appear to arrange in circular fashion giving rise to the
ring-like structures ~300–500nm in diameter (indicated by white
arrows). This suggests lateral as well as end-to-end assembly of
short fibers giving rise to the rings. Ab42 also forms short fibrous
aggregates (panel B). Longer fibers (up to 2mm in length) that
appear to arise from lateral and end-to-end joining of the short
fibers are also present (panel B, indicated by arrow). The rings
formed are ~250–350nm in diameter. Ab43 also, like other two
peptides, forms fibrillar structures that organize into ring-like struc-
tures ~200–250nm in diameter (panel C, indicated by arrows).
Apart from rings, Ab43 also forms globular aggregates of varying
diameter (100–180nm) and height (20–50nm). Ab42 and Ab43
form rings with diameters <400nm, whereas rings obtained
from freshly dissolved solutions were >400nm in diameter. This
decrease in the diameter of the rings can be attributed to the
formation of closed rings without much of the loosely organized
fibrils. Ab42 and Ab43 are more amyloidogenic as compared with
Ab40 and appear to pack more compactly to form the rings after
long incubation.
Short Ab fragments form amyloid fibrils morphologically similar

to those formed by full-length Ab peptides. It would be interesting
to study if short Ab fragments can also form rings under the Ab
ring-forming conditions. Ab16–22 is a well studied amyloidogenic
fragment that readily forms fibrils around neutral pH. The peptide
was dissolved in HFIP and studied using AFM after drying on mica
(Figure 5). Panels A and B show the images recorded from freshly
prepared 1mM Ab16–22 solution. The peptide forms short fibrous
aggregates (panels A and B). Thin fibrils (~4–10nm in thickness) are
present as indicated by black arrows in panel A. Thick fibrils appear
Figure 4. AFM images of 4-month-old Ab peptides that were tenfold diluted
are described in the AFM imaging section. Each panel is 4mm� 4mm in dim

wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
to arise from the lateral assembly of thinner fibrils as indicated by
white arrows in panel A. Apart from the lateral assembly, the fibrils
join their ends and give rise to ring-like structures having diameters
ranging from 200 to 400nm (panel A). Panel B also shows very
small aggregates (≤5nm thick) that are spread all over the mica
surface. When imaging was performed on the 2-month-old 1mM
Ab16–22 in HFIP, distinct ring-like structures are observed (panels
C and D). The rings appear to form tubular structures through
concentric stacking over each other as indicated by arrow in panel
D. Panels E and F represent the images recorded from 2-month-old
1mM Ab16–22 in HFIP that was tenfold diluted prior to deposition
on the mica. The images reveal that the ring-like structures are
formed by fibrous aggregates that self-assemble into circular fash-
ion, as also observed for the freshly dissolved peptide. Panel
F clearly shows the stacking of two rings forming higher order
structure, much like a tube. Short fibrous aggregates, not organized
in the rings, are also observed.

Scanning Electron Microscopy (SEM) Imaging

SEM imaging of the aged peptides, Ab40–43 (4-month old) and
Ab16–22 (2-month old) is shown in Figure 6. All the peptides form
distinctive rings, albeit with different diameters. The diameters of
the rings formed by Ab40 and Ab42 range from 200 to 400nm
(panels A and B, respectively). The rings formed by Ab43 have
thicker walls than those formed by Ab40 and Ab42, and their
diameters are also much larger (panel C). Although small rings
(<400nm in diameter) are present (indicated by arrows in panel
C), rings having diameters ~1mm are also present. The diameters
of the Ab16–22 rings also vary but lie between 500 and1000nm
(panel D).

Circular Dichroism (CD) Spectroscopy

Secondary structures adopted by the peptides in HFIP (aged solu-
tions) were studied using far-UV CD spectroscopy. The spectra
recorded for the peptides are shown in Figure 7. Dotted line,
dashed line, and dot–dash line represent the spectra recorded for
4-month-old Ab40, Ab42, and Ab43, respectively. The peptides
show a negative band ~203nm and a shoulder ~220nm. Qualita-
tively, the CD spectra suggest the presence of helix and unordered
conformations. Secondary structural components were obtained
for Ab40–43 using CONTINLL program available in CDPro software
in HFIP prior to drying on mica: (A) Ab40; (B) Ab42; and (C) Ab43. Arrows
ensions.

ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 233–241



Figure 5. AFM images of 1mMAb16–22 peptide; freshly dissolved (panels
A and B), 2-month old (panels C and D), and 2-month old that was tenfold
diluted in HFIP prior to drying onmica (panels E and F). Arrows are described
in the AFM imaging section. Scale bars represent 1mm.
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package [29,30]. All the three peptides adopt an ensemble of
b-structure, turns, and unordered conformations. Small fraction of
a-helical conformation is also populated. Turn and unordered
conformations constitute ~23% and 33% of the structures,
respectively, in all the three peptides. In Ab40 and Ab43, ~11%
a-helix and ~34% b-conformation were observed. Helical and b-
conformations in Ab42 constitute ~17% and 26% of the structures,
respectively. Three-dimensional structures obtained for Ab fibrils
suggest that first 10–17 residues in the peptides are disordered
[31–33], whereas residues 18–26 and 31–42 form two b-strands
connected by the bend formed by ~5 residues [33]. This suggests
that approximately one third of each peptide molecule is unstruc-
tured and ~50% of the molecule is in b-conformation. CD deconvo-
lution using CONTINLL suggests that b-conformation and b-turns
J. Pept. Sci. 2012; 18: 233–241 Copyright © 2012 European Peptide Society a
taken together constitute ~50% of the structures, whereas one
third of the structure is unordered. The CD spectrum recorded for
2-month-old Ab16–22 solution is shown by solid line. The peptide
exhibits negative bands at ~226nm and ~201nm along with a
positive band ~195nm and a broad positive band spread around
210nm. The band ~195nm and the extended band ~210nm
arise from p-p* and n-p* transitions, respectively. These spectral
characteristics have been suggested to arise from the b-structures,
self-assembled through stacking of aromatic residues [34]. Similar
CD spectra have been obtained for KLVFF in aqueous buffer and
in TFE [35]. The CD deconvolution analysis was not performed on
the Ab16–22 spectrum as the spectrum has a large contribution
from the phenylalanines present in the peptide. The method for
analyzing the CD spectra makes use of the spectra of a set of
reference proteins [29,30]. The spectra of the proteins in the set
do not show significant aromatic contributionsmaking themethod
unsuitable for the analysis of Ab16–22 CD spectrum in HFIP.

Fourier Transform Infrared (FTIR) Spectroscopy

The rings observed using AFM and SEM microscopy were in dried
state. Hence, it would be of interest to analyze the secondary
structures adopted by the peptides in the dried form to correlate
peptide structures with the self-assembled ring-like structures.
The ATR-FTIR spectra recorded for the peptides dried from HFIP
solutions are shown in Figure 8. Panels A, B, and C represent the
spectra recorded from Ab40, Ab42, and Ab43, respectively. The
spectra were recorded for freshly dissolved (dotted lines) and aged
peptide samples (solid lines). Amide I band, which is sensitive to
secondary structures, is centered ~1659 cm�1 when spectra were
recorded from freshly dissolved Ab (dotted lines, panels A–C). The
spectra suggest that the peptides adopt largely a-helical structure
in the dried form [36]. Secondary structural components estimated
using a linear least squares method with the program CDFIT
indicated predominantly helical conformation for freshly dissolved
Ab40 and 42 in HFIP [15]. Spectra obtained after drying the
4-month-old Ab solutions (solid lines) show amide I band centered
~1627 cm�1, suggesting that the peptides adopt largely b-structure
in the dried form. The spectra recorded for the peptides that were
tenfold diluted in HFIP prior to performing ATR-FTIR studies did not
show any significant change (data not shown). The rings obtained
from Ab are therefore composed of the peptides in b-conformation.
The shoulder ~1664 cm�1 arises from disordered structures and
b-turns and has been observed to some extent in the infrared
spectra of other amyloids [37,38]. Presence of disordered and b-turn
components is consistent with the three-dimensional structure
suggested for Ab fibrils [33]. These data suggest that drying
after prolonged incubation of Ab40–43 peptides in HFIP leads to
structural transition from a-helical to b-conformation.

The amide I peaks for the Ab16–22 peptide dried from freshly
prepared and 2-month-old solutions are observed at 1630 cm�1

(dotted line) and 1627 cm-1 (solid line), respectively (panel D). These
bands show that the peptide adopts b-structure in the dried form.
The subtle differences in the spectra, however, can be attributed
to the differences in the intermolecular hydrogen bond strengths
[39–41] and some unassembled peptide present in the freshly dis-
solved peptide; long incubation results in characteristic 1627 cm�1

band observed for amyloid fibrils. Freshly dissolved Ab11–28
peptide has been shown to adopt significant amount of
b-structure [42]. Simulation studies have indicated that an a-helical
intermediate is not necessary during Ab16–22 self-assembly [43].
Unlike Ab40–43, freshly dissolved Ab16–22 adopts b-conformation
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



Figure 6. SEM images recorded from Ab40 (panel A), Ab42 (panel B), Ab43 (panel C), and Ab16–22 (panel D) after drying from aged peptide solutions in
HFIP. Arrows are described in the SEM imaging section.
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and shows ring-like structures (Figure 5A). The rings obtained from
freshly dissolved Ab40–43 are very thin and immature as compared
with those obtained from 4-month-old solutions (Figures 1–4). This
can be attributed to the secondary structures adopted by the
peptides. The structural data from all the four peptides suggest that
the peptides are in b-conformation in the self-assembled peptide
nanostructures observed by AFM and SEM imaging.
Another interesting feature was observed after drying the freshly

dissolved Ab40–43 and redissolving in HFIP. When redissolved
peptides were dried and studied using ATR-FTIR, a shoulder
~1632 cm�1 appears alongside the ~1658 cm�1, band suggesting
the population of b-structure on drying and redissolution (data
not shown).

Thioflavin T (ThT) Fluorescence Imaging

As the peptides fold into b-conformation in the rings, it was of
interest to examine if these structures cause enhancement in ThT
fluorescence as observed with amyloid fibrils. ThT fluorescence
Figure 7. CD spectra recorded for Ab40 (��������), Ab42 (��---), Ab43
(� � �� �� �), and Ab16–22 (——) in HFIP.

wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
assay for amyloid fibrils, however, is limited only to aqueous solu-
tions. To determine whether the Ab rings are amyloid in nature,
we employed a modified ThT fluorescence imaging method as
described in ‘Materials and Methods’ section. The images recorded
are shown in Figure 9. Panels A, B, C, and D represent the images for
Ab40, Ab42, Ab43, and Ab16-22, respectively. The rings formed by
the peptides bind ThT and exhibit enhancement in its fluorescence.
The b-conformation adopted by the peptides in dried form as well
as their ability to bind and cause enhancement in ThT fluorescence
suggests that the rings are amyloid-like in nature.
Discussion

Ab peptides deposit as insoluble fibrillar as well as nonfibrillar
aggregates in the brains of Alzheimer’s disease patients [44–46].
In vitro studies directed towards understanding Ab self-assembly
have also found a variety of aggregated species [12,26,27,47–50].
Early oligomers of Ab are unstable and undergo conformational
transition forming b-sheet rich assemblies [51]. Ab and other amy-
loidogenic peptides are highly soluble in HFIP, and dissolution in
HFIP has been used extensively to dissociate preformed aggregates
of Ab, its short fragments, and other amyloidogenic peptides
[52–56]. Fluorinated alcohols have been shown to break b-sheet
structure and induce a-helical conformations. Despite HFIP
promoting helical conformation, extensive aggregation of Ab in
HFIP is observed as suggested by light scattering data [57]. HFIP
enhances the rate of aggregation of Ab at lower concentrations
(~2% v/v) in aqueous solutions [58]. Involvement of a-helical to
b-sheet structural transition as a key step in Ab aggregation and
insoluble fibril formation is well established [59–62]. The present
study with Ab40–43 and Ab16–22 shows that HFIP induces
formation of highly ordered self-assembled structures. The
peptides form short fibrils that further assemble to form thicker
fibrils and ring-like structures. The rings formed by Ab43 are large
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 233–241



Figure 8. FTIR spectra after drying the freshly dissolved (��������) and aged (——) peptide solutions in HFIP: Ab40 (panel A), Ab42 (panel B), Ab43 (panel C),
and Ab16–22 (panel D).
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in diameter (up to ~1mm), whereas those formed by Ab40
and Ab42 have smaller diameters (<600nm). b-conformation
adopted by the peptides in the self-assembled state, the
thicknesses of these aggregates, and the enhancement caused in
ThT fluorescence confirm amyloid fibril-like organization of the
peptides in the rings. Ab40 and Ab42 are known to form ion
Figure 9. ThT fluorescence images of Ab40 (panel A), Ab42 (panel B),
Ab43 (panel C), and Ab16–22 (panel D) after drying the aged solutions
in HFIP. Scale bars represent 10mm.
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channels in lipid bilayers [63]. AFM imaging of these channels
reveals pores with 8–15nm diameter that are formed by 4–6
globular subunits [64,65]. Similar pore-like annular structures have
also been observed for mutant forms of Ab, AΒri and ADan as well
as for a-synuclein, amylin, and Serum Amyloid A in lipid bilayers
[66]. The pore-like structures formed by these proteins/peptides
are less than 20nm in diameter and elicit ion-channel currents
[66]. The ring-like structures we have obtained from Ab40–43 are
very large structures wherein diameters range from ~150nm to
>1mm depending on the peptide, and formation of these rings
does not require lipid environment. The Ab ion channels in lipid
bilayer appear to be composed of globular subunits, whereas the
rings obtained after drying from HFIP are composed of fibrillar
structures. Large annular structures, similar to Ab rings, have also
been observed for amyloidogenic immunoglobulin light chain
[67] and lysozyme [68] in aqueous solutions, short aromatic rich
peptide in 50% aqueous methanol [69], and short peptides
from human b2-microglobulin and tau in HFIP [18,19]. Ab16–22
has two phenylalanines and self-assembles through aromatic
interactions in HFIP as suggested by its CD spectrum. The rings
formed by the peptide might be similar to those formed by short
aromatic rich peptides [18,69]. The rings observed for immunoglob-
ulin light chain [67] are very similar to the Ab rings with respect to
their diameters and heights. Like Ab rings, these rings are also asso-
ciated with fibrillar aggregates, suggesting that the rings might
arise by the circularization of fibrils. CD spectral analysis of the Ab
peptides suggests significant amount of b-conformation and
turn-conformation. FTIR spectra of the aggregates show largely
b-structure with small amount of turn conformation. This suggests
that population of the b-conformation in the peptides drives their
self-assembly. A recent molecular dynamics simulation study
suggests b-barrel type organization of the ion channels formed
by Ab fragments [70]. The peptide molecules have been suggested
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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to adopt b-strand—turn—b-strand conformation and form parallel
b-sheets. Such an arrangement suggests that linearization of
these channels would give a structure very much similat to an Ab
protofilament. AFM imaging of Ab rings obtained from HFIP
suggests that the peptides form short fibrous structures as well as
rings. Short fibrous aggregates range from very thin (~2 nm) to as
thick as classical amyloid fibrils. Fibrous aggregates ~2nm in
diameter have been shown for Ab42 by AFM and are suggested
to be the single protofilament structures, i.e. structures with single
cross-b unit [26–28]. Thicker fibers have tapering ends, suggesting
that these structures might arise from stacking of thinner fibers.
This lateral assembly would result in fibers with tapering ends if
thinner filaments do not perfectly align along their lengths. This
might also leave the ends of the fibers sticky, allowing them to join
through their ends. AFM imaging suggests that the rings are
composed of these fibrous aggregates that join through their ends
to form longer fibrils and to enable bending that is required for
formation of rings. The rings might have structural organization
similar to that proposed for Ab channels in membranes. The
channels arise from globular subunits, whereas the rings appear
to arise from the higher-order assembly of fibrous structures
thereby having very large pore diameters. It is likely that the
preformed fibrous structures are less amenable to bending thereby
forming rings with large diameters. It is possible that the HFIP-
induced ring-like amyloid structures differ from typical Ab fibrils
by their b-strand alignments or the registry of their b-sheets or
hydrogen bonding which might be required to make the ends of
the fibrils sticky.
Conclusion

The results in this study show that Ab peptides dissolved in HFIP
and rapidly dried, self-assemble into highly ordered ring-like
structures. The peptide molecules fold into b-structure in these
rings and cause enhancement in ThT fluorescence, suggesting
that the molecular architecture of these rings is amyloid-like. HFIP
has been used to obtain aggregate-free preparations of self-
assembling peptides. Although our study pertains to Ab
peptides, it is possible that other amyloidogenic peptides also
self-assemble into highly ordered structures when dissolved in
HFIP. Hence, the use of HFIP for obtaining aggregate-free
preparations of Ab, its fragments, and other aggregating
peptides needs to be reconsidered.
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