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Effect of introducing a short amyloidogenic
sequence from the Ab peptide at the N-terminus
of 18-residue amphipathic helical peptides
Chandrasekaran SivakamaSundari, Sridharan Rukmani
and Ramakrishnan Nagaraj*
Fibril formation is the hallmark of pathogenesis in Alzheimer’s disease and other amyloid disorders caused by conformational
alterations leading to the aggregation of soluble monomers. Ab40 self-associates to form amyloid fibrils. Its central seven-residue
segment KLVFFAE (Ab16–22), which is thought to be crucial for fibril formation of the full-length peptide, forms fibrils even in
isolation. Context-dependent induction of amyloid formation by such sequences in peptides, which otherwise do not have that
propensity, is of considerable interest. We have examined the effect of introducing the Ab16–22 sequence at the N-terminus of
two amphipathic helical 18-residue peptides Ac-WYSEMKRNVQRLERAIEE-am andAc-KQLIRFLKRLDRNLWGLA-am,which have high
average hydrophobic moment <mH> values but have net charges of 0 and +4, respectively, at neutral pH. Upon incubation in
aqueous buffer, fibril-like aggregateswere discernible by transmission electronmicroscopy for the peptide with only 0 net charge,
which also displayed ThT binding and b-structure. Although both the sequences have been derived from amphipathic helical
segments in globular proteins and possess high average hydrophobic moments, the +4 charge peptide lacks the ability to form
fibrils, while the peptide with 0 charge has the tendency to form fibrillar structures. Variation in the net charge and the presence
of several glutamic acids in the sequence of the peptide with net charge 0 appear to favor the formation of fibrils when the
Ab16–22 sequence is attached at the N-terminus. Copyright © 2011 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Hydrophobic interactions are one of the major driving forces that
play a key role in many processes in biology, particularly in the
formation of self-assembled structures. Peptides that form
amphipathic helices in solvents such as TFE, micelles and lipid
vesicles self-associate to form oligomeric structures composed
of helical bundles, particularly in membrane environment.
Examples include melittin [1], delta-lysin [2,3] and pardaxin [4,5].
Alamethicin, although not amphipathic, also forms oligomeric
aggregates [6–8]. However, helical amphipathic peptides do not
form amyloid fibrils. If a helical peptide can be induced to form
cross-beta structures, then amyloid fibrils are observed [9–11]. In
proteins that form amyloid fibrils, small segments in them
have the ability to form amyloid fibrils in isolation that are indistin-
guishable from fibrils formed by the parent protein [12–24]. The
context dependence of amyloid induction by amyloidogenic
sequences, that is, whether short amyloid-forming peptides can
induce fibril formation when attached to peptides that do not
have the propensities to fold into b-structures, is yet to be
established unequivocally.
Self-assembly of peptides that are segments of amyloidogenic

proteins and their variants has been the subject of extensive
investigationswith a view to delineate the physicochemical proper-
ties that govern self-assembly. The peptide KLVFFAE (Ab16–22)
spanning the central 16–22 region of Ab40 has been shown to form
either fibrils or nanotubes, depending on pH [12,13,25–28]. This
peptide forms oligomeric antiparallel b-sheets at neutral pH,
where there would be charge complementarity of the N and C
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termini [13]. The self-assembly of peptides generated from the
segment KFFE indicates that their amyloidogenic properties are
strongly dependent on the structural environment of the peptide,
with random or b-hairpin conformations not favoring fibril
formation [29]. Molecular dynamics simulations of the shorter
variants of Ab40 also indicate that short segments from the entire
sequence play an important role in the formation of b-sheets
and thereby modulate aggregation [30]. Although there are
several studies describing the disruption or inhibition of amyloid
formation by using shorter peptides or hydrophobic peptide
analogs derived from this same oligomer Ab16–22, there are no
reports available wherein other peptide structural motifs have been
employed to influence fibrillogenesis. Short cationic peptides with
homologous recognition sequences have been shown to inhibit
the aggregation that occurs because of the structural transition
[31]. Two inhibitor peptides, iAb5 and iAb5inv, with primary struc-
tures LPFFD and DPFFL respectively, containing the b-sheet-beaker
Copyright © 2011 European Peptide Society and John Wiley & Sons, Ltd.
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proline, have been used wherein their structural models bound to
fibrillar Ab14–23 and Ab1–40 suggest interactions involving the
hydrophobic core residues K16 and E22/D23 of the Ab sequence
[32]. Therefore, it would be of interest to examine whether short
peptides from the Ab sequence can form amyloid fibrils in the
presence of structural motifs such as amphipathic helices. We
had earlier analyzed the PDB for the occurrence of 18-residue
amphipathic helical segments from globular proteins [33,34]. In
this study, we have investigated the aggregation behavior of two
18-residue amphipathic helical peptides with high average
hydrophobic moments, having cationic and anionic amino acids
with net charges of 0 and +4 at neutral pH, when the Ab16–22
sequence is introduced at their N-terminus. The sequences of
the peptides are as follows: Pc3c, Ac-WYSEMKRNVQRLERAIEE-am
(0), Pill, Ac-KQLIRFLKRLDRNLWGLA-am (+4), Nab-Pc3c, Ac-KLVFFAE
WYSEMKRNVQRLERAIEE-am (0), Nab-Pill, Ac-KLVFFAEKQLIRFLKRLD
RNLWGLA-am (+4). The net charge at neutral pH is indicated
in parentheses.
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Materials and Methods

Materials

Fmoc amino acids were purchased from Advanced ChemTech
(Louisville, KY, USA) and Novabiochem AG (Laufelfingen,
Switzerland). Peptide synthesis macrocrowns were purchased
from Mimotopes, Australia. All other reagents were of highest
grade available. ThT and ANS were obtained from Sigma (St. Louis,
MO, USA).

Peptide Synthesis

Peptides were synthesized on C-terminal amide-containing
macrocrowns manually by employing Fmoc chemistry [35]. They
were cleaved from the crowns using TFA containing water,
phenol, thioanisole and ethanedithiol (82.5:5.0:5.0:5.0:2.5 v/v)
for 12–15 h at room temperature (RT) [36]. Peptides were purified
by HPLC using a Hewlett-Packard 1100 series HPLC (Hewlett-
Packard, Waldbronn, Germany) instrument on a reverse phase
C-18 column (Bio-Rad, Richmond, CA, USA) using gradients of
(i) 0.1% TFA in water and (ii) 0.1% TFA in acetonitrile. Further
characterization was carried out by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry on Voyager
DE STR mass spectrometer (PerSeptive Biosystems, Foster city, CA,
USA) by using a-cyano-4-hydroxycinnamic acid as the matrix. The
m/z values (calculated values in parentheses) observed were as fol-
lows: Nab-Pc3c, 3214.9 (3214.6Da), Nab-Pill, 3119.1 (3118.7Da),
Pc3c, 2379.1 (2379.6Da), and an m/z value of 2284.3 (2283.7Da)
was obtained for Pill.

Peptide Solutions

Concentration of the peptide stocks in MeOH were as follows:
Pc3c, 2.4mM; Pill, 430mM; Nab-Pc3c, 930mM and Nab-Pill,
320mM. These stock solutions were stored at 4 �C. TEM images
from MeOH solutions did not indicate organized structures.
Therefore, the MeOH was evaporated and the peptides were
redissolved in TFE for TEM. For incubation in aqueous buffer
(5mM HEPES, pH 7.4), samples were prepared from MeOH stocks
by concentrating to a fixed small volume of MeOH, followed by
dilution with aqueous buffer prior to incubation. The total con-
tent of MeOH was less than 5% in all cases. Appropriate controls
J. Pept. Sci. 2012; 18: 122–128 Copyright © 2011 European Peptide Society a
of buffer/MeOH were also included in all the experiments. Correc-
tion of the spectra was performed by subtraction of this control
from the sample wherever necessary. Similarly, grids treated with
this incubated control solution have been viewed by TEM and
found to be blank.

Transmission Electron Microscopy

Samples were prepared by dipping/layering the peptide solution
aliquoted from the stocks on the copper grid coated with carbon.
After drying the solvent by blotting, the grids were dipped into a
drop of uranyl acetate, and the excess solution was removed by
blotting. These grids were viewed under the electron microscope
up to a maximum magnification of 20 000. The images were
obtained using a JEM-2100 transmission electron microscope (JEOL,
Tokyo, Japan) at 100 kV.

ThT Binding to Monitor Fibril Formation

Thioflavin T fluorescence assay was performed using amodification
of the method described by Naiki et al. [37]. Aliquots from 200mM
peptide solutions incubated for 27days in buffer with and without
150mM NaCl were added to ThT (10mM) in 50mM phosphate
buffer, pH 7.4 to yield a final peptide concentration of 20mM. Fluo-
rescence spectra were recorded on a Fluorolog-3 Model FL3-22
spectrofluorometer (Horiba Jobin Yvon, Park Avenue Edison, NJ,
USA) between 460 and 550nm. The excitation wavelength was
set at 450 nm, excitation slit width at 2 nm and emission slit width
at 5 nm.

ANS Fluorescence

In order to monitor the generation of any possible hydrophobic
surfaces due to the aggregation of the peptides in buffer upon
increase in concentration, they were titrated into 5 mM ANS.
Increasing amounts of the peptide stocks were added to a solu-
tion of 5 mM ANS in 5mM HEPES buffer, pH 7.4. Emission spectra
were recorded between 400 and 600 nm with band widths of
5 nm and excitation wavelength set at 365 nm. Blank spectra of
solutions containing corresponding amounts of the peptides were
subtracted. All measurements were carried out on a Hitachi 4500
fluorescence spectrometer (Hitachi, Tokyo, Japan). The wavelength
of maximum emission and the intensity of fluorescence were
plotted as a function of peptide concentration.

CD Measurements

Spectra were recorded in 5mM HEPES buffer, pH 7.4 with and
without SDS on a JASCO-J-815 spectropolarimeter (Jasco, Tokyo,
Japan) using a quartz cell of 1mm path length at 25 �C. The spec-
tra were recorded by averaging eight scans and corrected by sub-
tracting the blank buffer or SDS spectra. MRE was calculated using
the formula [θ]MRE = (Mr� θmdeg)/(100� l� c),where Mr is mean
residue weight, θmdeg is ellipticity in millidegrees, l is path length
in decimeter and c is the peptide concentration in mgml�1. Data
are represented as MREs. Peptide concentration = 50 mM. SDS
concentration = 20mM.

Results

The retention times (min) of the peptides on a C-18 reversed
phase column during HPLC analysis were Pc3c: 24.71, Pill: 26.95,
Nab-Pc3c: 26.3 and Nab-Pill: 32.02, respectively. The values
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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indicate increase in hydrophobicity of the 25-residue peptides.
Peptide Pc3c, although it has a net charge of 0 at neutral pH,
is composed of four cationic amino acids and four anionic
amino acids. Pill has five cationic amino acids and one anionic
amino acid.

Transmission Electron Microscopy

Transmission electron microscopy images of peptides (200mM)
redissolved in TFE are shown in Figure 1. Pc3c displayed circular
structures with diameter ranging from 10 to 50nm, as well as equal
number of smaller spherical balls with diameter around 5nm that
were clustered. Pill formed larger spherical structures having
diameter varying from 10nm to a maximum of around 85nm.
The larger balls were found to be around 20% of the total popula-
tion. Nab-Pc3c formed short, elliptical lumps of 10 nm thickness
adhering to each other and growing in all the directions. Bunches
were discernible wherever the density was high. Nab-Pill formed
a mesh-like pattern, with grids of 10 nm thickness.
Transmission electron microscopy images of Nab-Pc3c were

recorded at different time points during the incubation in 5mM
HEPES buffer, pH 7.4, at RT (Figure 2A–D). Self-assembly of Nab-
Pc3c (200mM), the peptide with net charge of 0, appears to get
triggered even at early time points. Ordered structures are percep-
tible by 19h, which entangled to form bundles (Figure 2A) and pro-
gressed to dense networkswith timewhen incubated up to 98days
(Figure 2B–D). Inclusion of 150mM NaCl during the incubation of
Nab-Pc3c also resulted in similar fibril-like structures as shown in
Figure 2(E). Concentration-dependent dense networks were also
seen. At a higher concentration of 400mM (Figure 2F), the fibril
bundle appears to be more dense, with diameter values in the
range similar to the 200mM sample (Figure 2C) of 4–10nm. Images
of Pc3c, Pill and Nab-Pill redissolved in 5mMHEPES buffer to a final
concentration of 200mM and kept for 10days at RT are shown in
Figure 1. TEM images of dry peptide films obtained from TFE. Peptides
were dried from their original stock solutions and redissolved in TFE to
an identical concentration of 200mM and layered on copper grids for
TEM studies.

wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European Pe
Figure 3. Pc3c shows dense mesh-like assembly. Pill and Nab-Pill
show nodular oval-shaped short structures, which are joined. The
structures are different from those observed for Nab-Pc3c.

The ThT fluorescence of peptide solutions left for incubation at
RT in 5mM buffer was checked after further incubation. For the
27 days-incubated sample, it was found that the parent 18-mer
peptides and Nab-Pill do not show any increase in ThT fluores-
cence suggesting absence of amyloid fibrillar structures (data
not shown). Enhancement of ThT fluorescence at 510 nm is dis-
cernible in Nab-Pc3c (Figure 4). Emission peak between 510 and
520 nm has been observed for fibrils formed by Ab1–42 [38,39],
human amylin [40] and a short 5-residue peptide [41].

ANS Fluorescence

1-Anilinonaphthalene-8-sulfonic acid has been used to monitor
hydrophobic regions in self-assembled structures [42,43].
Changes in the fluorescence properties of ANS upon titration
with peptides in buffer are shown in Figure 5 as a function of
the peptide concentration. Pc3c, although amphipathic, does
not seem to facilitate ANS binding. In contrast, the other peptides
appear to form hydrophobic pockets/sites for ANS binding, from
the observed changes both in the emission maximum as well as
the F/F0 ratio. As shown in Figure 5A, the emission maximum of
ANS, which is around 515–520 nm in aqueous buffer, undergoes
a considerable blueshift (up to 50 nm) to 467 nm in the presence
of the three peptides. There is a concomitant pronounced en-
hancement in the fluorescence intensity (Figure 5B) indicative
of a strong binding. While the fold increase is around 5 in Pill, a
further increase is observed in Nab-Pill almost up to an F/F0 value
of 12. Attaching Ab16–22 appears to increase the available
hydrophobic surfaces facilitating ANS binding in the case of the
25-mers as compared with the parent 18-mer peptides. Despite
the similar behavior exhibited by Pill, Nab-Pill and Nab-Pc3c to
bind ANS in buffer from freshly prepared solutions, Nab-Pc3c
appears to self-associate into fibrillar assemblies in less than 24 h.

Secondary Structure

Far UV CD spectra of the peptides in 5mM HEPES buffer and SDS
micelles are shown in Figure 6(A–D). In buffer, the spectra
suggest that the peptides are largely unordered. The presence
of Ab16–22 at the N-terminus does not prevent the peptides
Nab-Pill and Nab-Pc3c from adopting a-helical conformation in
a membrane-mimetic environment, such as micelles of SDS.
The structures of Pc3c, Pill as well as the longer peptides show
a-helical conformation in SDS micelles. Addition of Ab16–22 at
the N-terminus does not ‘force’ the peptides into b-conformation.
We had earlier shown that Pill and Pc3c adopt helical conformation
in the structure-inducing solvent TFE [33]. Far UV CD spectrum from
an aliquot of Nab-Pc3c sample diluted to 30mM (incubated for
40days when CD was recorded) exhibits a negative band with a
minimum centered at around 216–218nm (inset in Figure 6C),
characteristic of beta-sheet conformation.

Discussion

Hydrophobic interactions have been implicated to play an impor-
tant role during oligomerization in amyloidogenesis [12,26,44–46].
Several studies on self-aggregating peptides and proteins
have demonstrated the presence of at least a few hydrophobic
residues, particularly aromatic residues, in the region that is
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 122–128



Figure 2. TEM images of Nab-Pc3c in buffer. (A–D) Structure formation in 200mM peptide as a function of incubation time, (E) after incubation in
150mM NaCl for 10 days at RT and (F) structure formation in 400mM peptide after incubation in buffer for 27 days at RT.

Figure 3. TEM images of 200mM of Pc3c, Pill and Nab-Pill in buffer after incubation for 10 days at RT.
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susceptible to form amyloids [44–48]. Our interest was to see
whether the two 18-mer amphipathic helical segments when
attached to the C-terminus of Ab16–22 can exert their effect on
J. Pept. Sci. 2012; 18: 122–128 Copyright © 2011 European Peptide Society a
fibrillation, as they possess high hydrophobic moment values.
Analysis on reversed phase HPLC shows that Nab-Pill elutes at
a higher % of acetonitrile–water at 66% when compared with
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Nab-Pc3c (54.7%), indicating greater hydrophobicity for Nab-Pill as
compared with Nab-Pc3c. We investigated whether this increased
hydrophobicity would eclipse the electrostatic interactions that
may be different because of the difference in net charge. The
different morphologies of the aggregates between the 18-mer
and 25-mer peptides indicate that the self-association during the
drying process is different, which could arise because of the
increased hydrophobicity of Nab-Pc3c and Nab-Pill. ANS binding
data (Figure 5) provide further evidence that both the 25-mer
peptides form aggregates that facilitate ANS binding. The higher
F/F0 values as compared with their respective 18-mer parent
peptides suggest increase in hydrophobicity. Studies on hydropho-
bically modified amyloid peptide fragments of KLVFF have shown
fibrillization of FFKLVFF in MeOH [49], whereas AAKLVFF
forms nanotubes [50]. Fibril formation of a 13-residue peptide
Ac-DWSFYLLYYTEFT-am (Pb2m) was observed to depend on the
organic solvent in which peptide stock solutions were prepared,
whereas in buffer, b-structure was observed irrespective of the
solvent in which the peptide stock solutions were prepared [51].
Influence of the solvent has been demonstrated to cause structural
differences on the self-assembly of AAKLVFF, the modified peptide
fragment of the central Ab16–22 KLVFF [52,53]. In another study,
Figure 4. ThT fluorescence spectra of Nab-Pc3c incubated for 27days in
5mM HEPES buffer (solid) and in buffer+ 150mM NaCl (dotted). Fluores-
cence spectra were recorded between 460 and 550nm with the excitation
wavelength set at 450nm. ThT concentration=10mM. Final peptide
concentration was 20mM in 50mM phosphate buffer, pH 7.4.

Figure 5. ANS binding to peptides in buffer. Panel (A) represents the blue
represents the changes in the fluorescence intensity with increase in peptid

wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European Pe
although the two peptides KhK (KKKFLIVIGSIIKKK) and alternating
Kh (KFLKKIVKIGKKSII) possess similar overall hydrophobicity,
isoelectric points and amino acid content, local differences in the
ability to form hydrophobic and electrostatic interactions within
and among peptide chains caused inverse behavior of peptide
solutions on HDPE substrates [54]. Three different types of ionic
peptides EAK16-I, EAK16-II and EAK16-IV, which have the same
amino acid composition but different amino acid sequences, were
studied, where atomic force microscopy confirms that two types
EAK16-I and EAK16-II form fibrillar assemblies, whereas the third
type EAK16-IV forms globular structures [55].

In the present study, the different morphologies of the aggre-
gates between the 18-mer and 25-mer peptides indicate that
with the exception of Pc3c, the peptides aggregate in aqueous
medium. However, the self-association during the drying process
shift in lem. maximum as a function of peptide concentration. Panel (B)
e concentration. ANS= 5mM. lex. = 365 nm.

Figure 6. Far UV CD spectra of peptides prepared freshly in buffer
(dotted) and SDS micelles (solid): (A) Pc3c, (B) Pill, (C) Nab-Pc3c and
(D) Nab-Pill. Inset in panel C shows the spectrum of Nab-Pc3c, after incubation
for 40days in buffer, at RT. From the incubated sample of Nab-Pc3c
(200mM), an eightfold dilution was performed to achieve 25mM for
recording the CD spectrum.

ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 122–128
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is different, which could arise because of the increased hydro-
phobicity of Nab-Pc3c and Nab-Pill. Charge attraction and
propensity to form b-structures have been shown to be essential
for fibril formation [29]. Nab-Pill and Nab-Pc3c vary in their net
charges at neutral pH. Nanostructure formation was observed
only in Nab-Pc3c after incubation for 10 days. Upon close
examination of the two peptide sequences, it is observed that
the distribution of cationic residues along the sequence is similar
in both the peptides; the dissimilarity is the lack of glutamic
acids in Pill, while Pc3c has four glutamic acids, one closer to
the N-terminal portion beside a dense cluster of three residues
at the C-terminus. Fibril formation in Nab-Pc3c appears to be
facilitated irrespective of the presence or absence of 150mM
NaCl. Castelletto et al. have studied the effects of NaCl on the
self-assembly of AAKLVFF and bAbAKLVFF in solution and have
attributed the differences in morphology to the progressive
screening of the surface charge caused by the addition of salt
[56]. In another study, a designed simple amphiphilic peptide
V6D sequence has six hydrophobic valine residues from the
N-terminus followed by a negatively charged aspartic acid
residue, thus having two negative charges, one from the side chain
and the other from the C-terminus. This peptide self-assembles in
aqueous solution into 30–50nm supramolecular structures [57].
Hexapeptides KTVIIE, STVIIE and KTVIIT have been shown to form
fibrillar nanostructures only when the total net charge of the
peptide is �1 [58]. The net charge and the presence of several
glutamic acids in Nab-Pc3c appear to favor aggregation and
formation of fibrillar structures.
Conclusions

Ab16–22, which has the ability to form fibrillar structures, is
unable to induce b-structure when present at the N-terminus of
amphipathic helical peptides, even in the presence of membrane-
mimetic SDS micelles. Fibril formation appears to be inhibited
when the peptides are dissolved in TFE, as observed from TEM. This
could arise as the peptides may adopt helical conformation as in
SDS micelles, despite the presence of Ab16–22 in the sequence.
When transferred to aqueous solutions, fibrillar structures are
observed on prolonged incubation at RT, only when the peptide
has a net charge of 0 and is not positively charged. The peptide that
displays fibrillar structures exhibits b-structure by CD spectroscopy
as well as enhancement in ThT fluorescence. Thus, it should be
possible to generate organized nanostructures with hybrid
peptides composed of amyloidogenic peptides and judiciously
chosen amphipathic helices.
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