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Aggregation of Aβ(1–42) in the presence of short peptides:
conformational studies
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Abstract: CD and infrared spectroscopic studies were performed on (i) the inhibitory effects of equimolar quantities of LPFFD-OH
and LPYFD-NH2 on the time-dependent aggregation of amyloid β-protein (Aβ) (1–42) and (ii) the β-sheet-breaker effects of
two-fold molar excess of the pentapeptides on aggregated Aβ(1–42) aged 1 week. The data obtained from the time-dependent
studies demonstrated that LPFFD-OH did not significantly influence, whereas LPYFD-NH2 exerted some inhibitory effect on the
aggregation of Aβ(1–42). When added to a solution of Aβ(1–42) aged 1 week, LPFFD-OH accelerated, while LPYFD-NH2 delayed,
but did not prevent further fibrillogenesis. The difference in the effects of these two pentapeptides on the aggregational profile
of Aβ(1–42) is probably due to the difference in their conformational preferences: LPFFD-OH adopts a β-turn and extended
structures, while LPYFD-NH2 adopts a prevailing β-turn conformation. Copyright  2008 European Peptide Society and John
Wiley & Sons, Ltd.
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INTRODUCTION

One of the most characteristic pathological markers
of Alzheimer’s disease (AD) is the accumulation of
extracellular insoluble amyloid deposits in the brain
[1,2]. These deposits contain the amyloid β-protein
(Aβ), which is a 39–43-residue amphipathic molecule
formed during the enzymatic cleavage of the amy-
loid precursor protein. Aβ(1–40) is the most prevalent
species; Aβ(1–42) is more toxic [3–5]. Experimental
data strongly suggest that the conformation and aggre-
gation state have a crucial effect on the mechanism
of neurotoxicity of Aβ. Aβ(1–42) molecules form fibril-
lar structures composed mainly of cross-β sheets [6,7].
The X-ray data indicate that in the cross-β structure the
β-strands are perpendicular to the fiber axis, with inter-
strand H-bonding parallel to the fiber axis [8]. The fibril-
lization of Aβ plays a central role in the pathogenesis of
the disease: fibrillar Aβ induces neuritic dystrophy [9],
neuronal apoptosis [10], activates microglia [11], causes
axonopathy via hyperphosphorylation and dissocia-
tion of the microtubule-associated tau protein [5,12],
and rapidly enhances N-methyl-D-aspartate (NMDA)
receptor function, while ablating α-amino-3-hydroxy-5-
methyl-4-isoxazole-propionic acid (AMPA) induced neu-
ronal firing rate [13]. On the other hand, Aβ monomers
are not associated with neuronal dysfunction, and Aβ

plaques themselves do not cause memory impairment
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too, until they occupy a substantial portion of the tissue
volume in cerebral cortex and hippocampus [14]. The
consensus might be that the harmful Aβ species are
larger than monomers but smaller than the nonmobile
superaggregates in plaques, and both oligomeric and
fibrillar Aβ aggregates are targets for drug design in AD
research [15–17].

Short peptides and small molecules can influence
the structure and aggregation of Aβ and prevent fibril
formation; therefore these are effective neuroprotective
agents [18–25]. These results prompted further investi-
gations of different types of aggregates, the pathway of
Aβ fibrillization under different conditions, the design
of inhibitors, and the screening of known drugs as
potential Aβ oligomerization/fibrillogenesis inhibitors.

Peptides – homologous to the central hydrophobic
region of Aβ and exhibit a similar degree of hydropho-
bicity, but a low propensity to adopt a β-sheet con-
formation – bind to Aβ and inhibit amyloid forma-
tion in vitro and disaggregate preformed Aβ fibrils
[21–25]. Soto et al. designed inhibitors where the 17–20
sequence (LVFF) of Aβ served as a template for the
synthesis of β-sheet-breaker pentapeptides [21,22]. Val
was replaced by Pro in order to decrease the β-sheet-
forming ability, and a charged residue (Asp) was added
to increase the solubility of the peptide. Incubation
of Aβ(1–42) for 7 days with an equimolar amount or
a 20-fold molar excess of the pentapeptide LPFFD
resulted in 34 and 72% inhibition of the fibrillogenesis,
respectively. This peptide also induced a disassembly
of preformed amyloid fibrils in vitro.
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We have synthetized an analog of Soto’s pentapep-
tide, in which Phe3 is replaced by the more hydrophilic
Tyr. The objective of our present study was to estab-
lish whether LPYFD-NH2 shows an improved efficiency
of inhibiting the fibrillogenesis or disrupting preformed
fibrils of Aβ(1–42) compared to LPFFD-OH. The confor-
mational changes accompanying the aggregation and
fibril formation of Aβ(1–42) alone or in the presence of
LPFFD-OH and LPYFD-NH2 were followed by means of
CD and FTIR spectroscopy.

MATERIALS AND METHODS

Peptide Synthesis

Aβ(1–42) was synthetized as reported earlier [26]. LPFFD-OH,
LPYFD-NH2, and GGGGG-NH2 were synthetized in the solid
phase by using Boc chemistry. The peptides were purified
on a C-4 RP-HPLC column with an acetonitrile gradient;
pure fractions were pooled and lyophilized. Purity control and
proof of structure were performed by amino acid analysis
and ESI MS (FinniganMat TSQ 7000). The Aβ(1–42) used for
spectroscopic measurements was pretreated by dissolution in
neat HFIP, left to stand at room temperature for 24 h and
then lyophilized. After repeated dissolution in a 1 : 1 mixture
of HFIP : water, the peptide was immediately relyophilized.

CD Spectroscopy

CD measurements were performed at 25 °C on a Jobin–Yvon
Mark VI dichrograph using a quartz cell of 0.1-cm pathlength.
All the spectra were the averages of four scans; the resolution
was 0.2 nm. The Aβ(1–42) was dissolved in tridistilled water
(pH ∼6) at a concentration of 0.2 mg/ml (44 µM). CD spectra
were expressed as mean residue ellipticity [�]MR in units of
deg cm2 dmol−1, using a mean residue weight of 110. In some
cases, CD spectra are given in �A, which is the difference
between the absorbance of left and right circularly polarized
light. The samples were sonicated for 5 min immediately after
dissolution in water and prior to aging. For aging, the samples
were kept at room temperature in glass vials. Aliquots were
withdrawn after given time intervals and returned to the glass
vials after the spectra had been recorded. The inhibitory
and control pentapeptides were treated in the same way
as the Aβ(1–42). The percentages of secondary structures
were calculated by the Provencher–Glöckner curve analyzing
algorithm [27].

FTIR Spectroscopy

Transmission FTIR measurements were made on a Bruker
Equinox 55 instrument equipped with a liquid N2-cooled MCT
detector. A CaF2 cell with a 50-µm teflon spacer was used. The
protein concentration was 2 mg/ml in D2O. The peptides were
present as TFA salts. To estimate the secondary structure, the
amide I region of the spectra was decomposed into individual
bands by means of the Levenberg–Marcquardt nonlinear
curve-fitting method, using weighted sums of Lorentzian and
Gaussian functions. The contribution of each component to
the amide I band was evaluated by integrating the area under

the curves and normalizing to the total area of the amide I
band.

RESULTS

CD Studies

Two sets of experiments were carried out. (i) To
investigate the inhibitory effects of the pentapeptides
LPFFD-OH and LPYFD-NH2 on the time-dependent
aggregation of Aβ(1–42), it was colyophilized with the
pentapeptides and aged for 1 week. The molar ratio
(rM) of the pentapeptides to Aβ(1–42) was 1 and 10.
(ii) To study the β-sheet-breaker effects, two equivalents
(rM = 2) of the pentapeptides were added to Aβ(1–42)
that had been aged for 1 week at room temperature,
and the mixtures were further incubated for 1 week.

The pentaglycine (Gly)5 used in the control experi-
ments made no CD contribution at any concentration
and did not influence the aggregation of Aβ(1–42) at
any rM value (data not shown).

Effect of pretreatment on the solubility of Aβ(1–42).
Figure 1 depicts the CD spectrum of Aβ(1–42) mea-
sured immediately after dissolution in neat HFIP.
The Provencher–Glöckner curve-analyzing algorithm
yielded 18% α-helix, 57% β-sheet, and 26% unordered
conformations. After the sample had been left at room
temperature for 24 h, the spectrum reflected a consid-
erable degree of conformational change: the α-helix and
β-sheet contents had decreased to 9 and 46%, respec-
tively, while the amount of the unordered conformation
had increased to 45%. When an aliquot of the HFIP
solution of the 24-h sample was diluted with water to
give a water : HFIP ratio of 1 : 1 and measured immedi-
ately, the α-helix content increased markedly, to 36%,
the β-sheet content increased only slightly, to 49%,
and that of the unordered conformation decreased, to
15%. The use of this 1 : 1 solvent mixture was found
to improve the solubility of Aβ(1–42) relative to that in
neat HFIP. The better solubility may be a consequence
of the more expressed α-helix-promoting effect of the
1 : 1 water : HFIP mixture compared to that of neat
HFIP.

The CD spectra of LPFFD-OH and LPYFD-NH2. To reveal
the conformational changes in these two pentapeptides
in the presence of Aβ(1–42), CD titration was performed
by increasing the TFE content of their aqueous
solutions (Figure 2). TFE is known to be a suitable
solvent with which to mimic the conformations adopted
by short flexible peptides in the membrane or in other
hydrophobic environments (e.g. the protein interior)
[28]. In water, the spectra of both pentapeptides
exhibited a positive band (La), at 218 nm for LPFFD-
OH and at 225 nm for LPYFD-NH2, which is attributed
to the aromatic chromophores of Phe and Tyr. In
general, the interaction of the peptide backbone with
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Figure 1 CD spectrum of Aβ(1–42) in neat HFIP measured
at t = 0 (1) and after 24 h incubation at room temperature (2);
after addition of water to the 24-h sample giving a water : HFIP
ratio of 1 : 1 (v/v) (3). The concentration of the peptide was
68 µM and a cell with a pathlength of 0.05 cm was used.

the aromatic side-chain in a favorable conformation
results in a positive La band, but less favorable
conformations may give a negative La band [29]. On
increase of the TFE content, the intensity of the La

band decreased, while that of the broad negative band
in the interval 195–220 nm gradually increased. It is
interesting to note that the spectrum of LPYFD-NH2 in
water already contains a negative band, as an indication
that the replacement of one of the Phe by Tyr decreases
the flexibility of the peptide and induces a definite
secondary structure even in water. In 100% TFE, the
spectra of both peptides are dominated by an induced
secondary structure, but the shapes of the spectra are
different: for LPYFD-NH2, the negative band is much
broader than that for LPFFD-OH. This is due to the
appearance of a negative shoulder at ∼228 nm, which
is more intense in the spectrum of LPYFD-NH2 and can
be explained by the positive → negative transition of
the La band on passing from water to TFE. In an earlier
study on the model dipeptide Ac-FY-NH2 a similar
spectral change was observed upon decrease of the
polarity of the solvent [30]. The CD spectrum suggests
that in TFE LPYFD-NH2 adopts a prevailing β-turn
conformation (which is already present in water), while
LPFFD-OH is present as a mixture of turn and extended
conformations. The reason for the difference in spectral
behavior is that the β-turn-forming propensity (Pt) of Tyr
is much higher (1.14) than that of Phe (0.6) [31], which
has a stabilizing effect on the β-turn conformation in
LPYFD-NH2.

Time-dependent aggregation of Aβ(1–42). Figure 3(a)
shows the CD spectrum of Aβ(1–42) alone in water
as a function of the aging time. Lyophilization of the

Figure 2 CD spectra of LPFFD-OH (a) and LPYFD-NH2 (b) at
different percentages of TFE in water. The concentration of
the peptides was 0.3 mg/ml, and a cell with pathlength of
0.05 cm was used. (1) water (2) 10%; (3) 25%; (4) 50%; (5) 75%
and (6) 100%.

Aβ(1–42) in the 1 : 1 water : HFIP mixture resulted in a
clear solution even in water at pH ∼ 6. The broad nega-
tive band in the spectrum of Aβ(1–42) at t = 0 reflects
a mixture of β-sheet and unordered conformers and
is attributed mainly to the nπ∗ transition (215 nm)
of the β-sheet structure. The ππ∗ transition of the
β-sheet, which is expected to give a positive band below
200 nm, is suppressed by the strong negative band of
the unordered conformation. As the peptide underwent
aging, a gradual spectral change was observed: the
intensity of the positive band increased, reaching its
maximum at 48 h. This reflects a conformational tran-
sition from an unordered-rich form to a β-sheet-rich
form. After aging for 120 or 168 h, the intensities of
both the positive and the negative band were decreased
and a red shift (215 → 226 nm) of the negative band
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could be seen. Similar red-shifted β-sheet spectra have
been observed for a number of other peptides, and
the shifts have been attributed to the appearance of
distorted (helically twisted) β-strands [32–34].

Time-dependent aggregation of Aβ(1–42) in the
presence of LPFFD-OH and LPYFD-NH2. At rM = 1,
the spectral behavior of Aβ(1–42) in the presence of
LPYFD-NH2 is similar to that of Aβ(1–42) alone, i.e.
this pentapeptide does not influence the aggregational
profile significantly (Figure 3(b)). In the presence of
LPFFD-OH, however, the higher intensity of the
negative band at 226 nm after aging for 168 h
indicates the presence of a somewhat higher amount of
distorted β-sheets (Figure 3(c)). The CD contribution
of the pentapeptides to the spectrum of Aβ(1–42)
at rM = 1 and 2 is not measurable because of their
low concentrations [0.027 (44 µM) and 0.054 mg/ml
(88 µM), respectively].

At rM = 10, the CD spectra were taken between
205 and 250 nm (Figure 4(a)–(d)), because of the high
absorbances (>1) of the pentapeptides below 205 nm
(measured in a 1-mm cell). Since the pentapeptides
give CD bands of significant intensity in the spectral
region 205–250 nm, the measured spectra of the
mixtures of Aβ(1–42) and the pentapeptides (curves 3)
were compared with the calculated summed spectra
(curves 4) of free Aβ(1–42) (curves 1) and the free
pentapeptides (curves 2). Only minor differences were
to be seen between the measured spectra of the
mixtures and the summed spectra of the individual
Aβ(1–42) and LPFFD-OH recorded at 0 h (Figure 4(a))
and after aging for 168 h (Figure 4(b)). However,
considerable deviation of the summed spectrum from
the measured one in the presence of LPYFD-NH2

was observed after aging for 168 h. The measured
spectrum of the mixture of Aβ(1–42) + LPYFD-NH2

was a typical β-sheet spectrum both at 0 and at
168 h (Figure 4(c) and (d)). The difference between
the summed and measured spectrum at 168 h may
stem from the unordered → β-sheet conformational
transition of Aβ(1–42), induced by LPYFD-NH2 even
at 0 h (Figure 4(c)), the induced β-sheet conformation
being preserved throughout the 168-h incubation
period (Figure 4(d)). Nevertheless, when the small
peptides give measurable CD contributions in the
observed spectral range like at rM = 10, the results
must be interpreted with caution. As the conformational
changes in the pentapeptides in the presence of
Aβ(1–42) are not known, the spectral changes of the
mixtures may be due to changes in both Aβ(1–42) and
the pentapeptides. This is confirmed by the results
of the TFE titration experiments, which appear to
indicate considerable conformational changes in the
pentapeptides in association with Aβ(1–42) (Figure 2).

It is important that the pentapeptides alone in water
did not demonstrate any significant spectral change

Figure 3 CD spectrum of Aβ(1–42) in water (pH∼ 6)
aging alone and together with equimolar quantity (rM = 1)
of the pentapeptides for 168 h at room temperature. The
concentration of Aβ(1–42) was 44 µM and a cell of 0.1 cm was
used. The numbers on the curves denote the sampling time in
hours. (a) Aβ(1–42) aging alone; (b) Aβ(1–42) + LPYFD-NH2;
(c) Aβ(1–42) + LPFFD-OH.

during a 1-week incubation period, which suggests no
aggregation.
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Figure 4 Effect of the pentapeptides on the CD spectrum of Aβ(1–42) aging together for 168 h at room temperature. The
concentration of Aβ(1–42) was 44 µM in water (pH ∼ 6) and the pentapeptides were present in ten-fold molar excess (rM = 10).
(a) Aβ(1–42) + LPFFD-OH at t = 0 h; (b) Aβ(1–42) + LPFFD-OH at t = 168 h; (c) Aβ(1–42) + LPYFD-NH2 at t = 0 h; (d) Aβ(1–42)
+ LPYFD-NH2 at t = 168 h. (1), Aβ(1–42) alone; (2), pentapeptide alone; (3), measured spectra of Aβ(1–42) + pentapeptide
(4) summed spectra of Aβ(1–42) alone and pentapeptide alone.

β-Sheet-breaker effects of LPFFD-OH and LPYFD-NH2.
Figure 5 illustrates the change in the CD spectrum
of Aβ(1–42) alone in water, measured at 0, 1, and
2 weeks. There were noteworthy differences between
the spectrum of the Aβ(1–42) solution which was
incubated unperturbed for 1 week (Figure 5) and that of
the solution which was disturbed by frequent sampling
during 1 week (Figure 3(a)). This observation underlines
the importance of experimental circumstances which
can induce or accelerate aggregational events. The
negative band in the spectrum gradually shifts to
longer wavelengths during the 2-week incubation, with
a concomitant decrease in intensity of the negative
band and an increase in that of the positive band.
The CD spectrum of Aβ(1–42) after aging for 1 week
revealed some helical features: the amount of ordered
conformational elements (β-sheet and possibly α-helix)
was increased, and that of the unordered conformation
was decreased. After 2 weeks, the red-shifted CD
spectrum reflected the accumulation of twisted β-
sheet (the negative band at ∼226 nm). Following
addition of the inhibitors (rM = 2) to the solution
of Aβ(1–42) aged for 1 week, considerable spectral

Figure 5 Change of the CD spectrum of Aβ(1–42) in a 2-week
aging period. The concentration of Aβ(1–42) was 44 µM in water
(pH ∼ 6) and a cell with pathlength of 0.1 cm was used. (1) 0 h
(2) 1 week (3) 2 weeks.

changes were observed [see the differences between the
summed (curves 2) and measured spectra (curves 3) in
Figure 6(a) and (b)]. However, the spectral responses
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Figure 6 Effect of LPFFD-OH and LPYFD-NH2 at rM = 2 on
the CD spectrum of Aβ(1–42) aged for 1 week in water (pH ∼6)
at room temperature. The concentration of Aβ(1–42) was 44 µM

and a cell with pathlength of 0.1 cm was used (a) Aβ(1–42) +
LPFFD-OH; (b) Aβ(1–42) + LPYFD-NH2. (1), Aβ(1–42) at 0 h;
(2), the summed spectra of the Aβ(1–42) aged for 1 week alone
and the inhibitor alone; (3), spectra of Aβ(1–42) aged for 1 week
and measured immediately after adding the pentapeptides;
(4), Aβ(1–42) aged for additional 1 week in the presence of
pentapeptides.

induced by the two pentapeptides differed. In the
presence of LPFFD-OH, Aβ(1–42) was a mixture of
the normal β-sheet and distorted β-sheet (curve 3 in
Figure 6(a)), while in the presence of LPYFD-NH2, the
prevalent conformation was the normal β-sheet (curve 3
in Figure 6(b)). After incubation of the Aβ(1–42) solution
for another week in the presence of LPFFD-OH, the
Aβ(1–42) consisted mostly of twisted β-sheet (curve 4
in Figure 6(a)), which probably indicates the formation
of longer filaments. In contrast, in the presence of
LPYFD-NH2, the Aβ(1–42) still contained a significant
amount of the normal β-sheet conformation, indicating
the stabilization of possibly shorter filaments (curve 4
in Figure 6(b)).

Table 1 Characteristic amide-I frequencies of Aβ(1–42) alone
and in the presence of equimolar LPFFD-OH or LPYFD-NH2 in
D2O measured at t = 3 h and after aging for 168 h

Peptide Band
frequencya,cm−1

Assignment

Aβ(1–42)
t = 3 h 1628 (25) β-sheetd

1643 (11) β-turn
1656 (15) Unordered/α-helix
1673 (42) b

1691 (4) c

t = 168 h 1624 (29) β-sheetd

1641 (13) β-turn
1655 (13) Unordered/α-helix
1673 (40) b

1691 (5) c

Aβ(1–42) + LPYFD-NH2

t = 3 h 1626 (30) β-sheetd

1643 (12) β-turn
1656 (12) Unordered/α-helix
1673 (41) b

1689 (5) c

t = 168 h 1624 (29) β-sheetd

1642 (13) β-turn
1656 (11) Unordered/α-helix
1673 (41) b

1689 (5) c

Aβ(1–42)+LPFFD-OH
t = 3 h 1625 (30) β-sheetd

1643 (12) β-turn
1656 (10) Unordered/α-helix
1673 (42) b

1692 (6) c

t = 168 h 1624 (34) β-sheetd

1642 (12) β-turn
1655 (12) Unordered/α-helix
1673 (40) b

1689 (4) c

a In parenthesis: relative intensities in percentages. Only
component of ≥3% are listed.
b Contribution of COO− of trifluoroacetate.
c High-frequency component band of antiparallel β-sheet.
d Intermolecular, twisted β-sheet.

FTIR Studies

The deconvoluted FTIR spectra of D2O solutions of
Aβ(1–42) alone and in the presence of equimolar
LPFFD-OH or LPYFD-NH2, measured after standing
for 3 h and after aging for 1 week at room temper-
ature, are shown in Figures 7–9. The samples were
incubated for 3 h prior to scanning because of the
H/D exchange. The peak positions and relative inten-
sities of the component bands of the amide-I region
(1600–1700 cm−1) are listed in Table 1. The amide-
I components are assigned to the secondary struc-
tures as follows: 1624–1628 cm−1: the intermolecular
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Figure 7 FTIR spectrum of Aβ(1–42) in D2O measured after standing for 3 h and after aging for 168 h. The concentration of
Aβ(1–42) was 2 mg/ml.

β-sheet/fibrils; the minor band at 1689–1692 cm−1:
the high-frequency contribution of the antiparal-
lel β-sheet; 1641–1643 cm−1: the H-bonded β-turn;
1655–1656 cm−1: the unordered or α-helix conforma-
tion [35].

A previous investigation indicated that the native
β-sheet proteins and the amyloid fibrils differ in
the amide-I band: the native intramolecular β-sheet
produces amide-I peaks between 1630 and 1640 cm−1,
while the range of amyloid fibrils extends from 1611 to
1630 cm−1 [36]. The amide-I maxima of β-sheet proteins
correlate with the average number of strands per sheet
and the twist angle: all native β-sheet proteins are
characterized by a right-handed twist of the β-sheet
[37]. Ab initio calculations have shown that the amide-
I maximum is shifted to higher wavenumbers if the
number of strands per β-sheet decreases, or if the twist
angle is increased [38].

In all the samples investigated here, the position
of the β-sheet band (1628–1624 cm−1), together with
the high-frequency antiparallel β-sheet component

at around 1690 cm−1, reflects the presence of the
intermolecular H-bonded antiparallel β-sheet in the
amyloid fibrils. The shift by a few wavenumbers after
aging for 1 week is not of value since this falls
within the 4 cm−1 resolution of the spectrophotometer.
This means that already at t = 3 h, the Aβ(1–42)
was present in fibrillar state because of the much
higher Aβ(1–42) concentration applied in the FTIR
measurements (2 mg/ml) relative to that in the CD
studies (0.2 mg/ml).

Table 1 shows that the β-sheet content of Aβ(1–42)
measured after standing for 3 h was 25%, which
after aging alone for 1 week in D2O had increased to
29%. The intensity of the β-sheet component band at
1626 cm−1 measured at t = 3 h was increased to 30%
in the presence of either LPFFD-OH or LPYFD-NH2. This
value was not changed significantly when the Aβ(1–42)
was aged with LPYFD-NH2 for 168 h (30 → 29%), but
it increased somewhat on aging with LPFFD-OH (30→
34%).
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Figure 8 FTIR spectrum of Aβ(1–42) in D2O in the presence of equimolar LPFFD-OH measured after standing for 3 h and after
aging for 168 h. The concentration of Aβ(1–42) was 2 mg/ml.

DISCUSSION

This article reports CD and FTIR spectroscopic studies
relating to the conformational changes during the aging
of Aβ(1–42) in water alone or in the presence of
pentapeptides, LPFFD-OH and LPYFD-NH2. For these
measurements, slightly acidic (pH∼ 6) experimental
conditions were used which promote aggregation and
fibril formation [37,38]. Such a pH value is of
physiological relevance, since the pH falls at sites
of inflammation [39,40] and, accordingly, around
inflammation-associated senile plaques.

Effects of LPFFD-OH and LPYFD-NH2 on the
Aggregation of Aβ(1–42) in the 168-h Incubation
Period

The low-intensity red-shifted CD spectrum of Aβ(1–42)
after aging for 168 h alone or in the presence of these
short pentapeptides (Figure 3) may be due to the enrich-
ment of twisted β-sheets in the aggregates of increasing

size (filaments). Fasman classified polypeptides which
give a ‘normal’ β-sheet CD spectrum as I-β, and those
that give a red-shifted spectrum as II-β peptides [41].
Woody [29,34] suggested a structural basis for this
distinction, noting that II-β polypeptides have a large
fraction of residues in β-turns. This interpretation was
supported by the fact that most II-β polypeptides form
cross-β structures.

The CD spectral changes observed during the aging
of Aβ(1–42) alone for 168 h suggested the gradual
formation of slightly twisted II-β cross-β structures.
This was confirmed by FTIR studies: the intensity of the
component band at 1626 cm−1, corresponding to the
intermolecular or twisted β-sheet, increased from 25
to 29% (Table 1). In the presence of equimolar LPYFD-
NH2, the CD spectral analysis demonstrated that the
formation of the cross-β structure was not influenced
significantly, while a small effect was observed for
LPFFD-OH. In the latter case, the slight increase
in the intensity of the red-shifted negative band at
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Figure 9 FTIR spectrum of Aβ(1–42) in D2O in the presence of equimolar LPYFD-NH2 measured after standing for 3 h and after
aging for 168 h. The concentration of Aβ(1–42) was 2 mg/ml.

226 nm reflects a somewhat higher amount of slightly
twisted cross-β sheet. The FTIR measurements also
confirmed an increase in the amount of intermolecular
cross-β sheet when Aβ(1–42) was aged together with
LPFFD-OH; this increase was about the same (30–34%)
as in the case of Aβ(1–42) aged alone. In the presence
of LPYFD-NH2, the amount of β-sheet practically did
not change according to FTIR. All these data reveal

state 1 1 week state 2

unordered and normal β-sheet −−−→ unordered ↓ normal β-sheet ↑ twisted β-sheet ↑
1 week state 3

−−−→ normal β-sheet ↓ twisted β-sheet ↑

that the time-dependent increase of cross-β structure
of Aβ(1–42) was not prevented by LPFFD-OH, whereas
LPYFD-NH2 exerted some inhibitory effect.

Effects of LPFFD-OH and LPYFD-NH2 on the Preformed
Aβ(1–42) Assemblies

Addition of the pentapeptides at rM = 2 to the Aβ(1–42)
solution aged for 1 week caused a prompt, considerable,
but different conformational change.

The conformational transition during the aging of
Aβ(1–42) alone for 2 weeks is as follows:

The CD analysis suggests that different aggregational
profiles are plausible when LPFFD-OH or LPYFD-NH2

is added to the Aβ(1–42) in state 2 and the mixture is
aged for an additional 1 week:
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LPFFD-OH

↓ t = 0 1 week

Aβ(1–42) in state 2 −−−→ normal β-sheet ↓ twisted β-sheet ↑−−−→ twisted β-sheet ↑
LPYFD-NH2

↓ t = 0 1 week

Aβ(1–42) in state 2 −−−→ normal β-sheet ↑−−−→ normal β-sheet ↓ twisted β-sheet ↑

From the shape and intensity of the CD spectrum
of Aβ(1–42) after prolonged incubation with LPFFD-OH
(Figure 6(a)), the formation of helically twisted fibrils is
highly probable. A similarly shaped CD spectrum was
found by Kirkitadze et al. [37] when Aβ(1–40) was aged
for 21 days. Concomitant electromicroscopic analysis of
their sample revealed the formation of helically twisted
fibrils. The CD spectrum of Aβ(1–42) aged for 1 week
with LPYFD-NH2, however, still indicated the presence
of a significant amount of the normal β-sheet.

In brief, whereas LPFFD-OH accelerated, LPYFD-
NH2 was able to delay, but not prevent or reverse the
conformational events leading to a further fibrillization
of Aβ(1–42) aged for 1 week.

The difference in the effects of LPFFD-OH and LPYFD-
NH2 on the aggregation profile of Aβ(1–42) can be
explained by the different conformational preferences
of the two pentapeptides in a hydrophobic environ-
ment. In neat TFE [and probably when associated with
Aβ(1–42)], LPFFD-OH is present as a mixture of β-turn
and extended conformation, but LPYFD-NH2 adopts
a prevailing β-turn conformation. The conformation
adopted by LPFFD-OH when it interacts with Aβ(1–42)
may be favorable for the formation of an intermolecu-
lar H-bonded β-sheet of the amyloid molecules, while
the turn conformation of LPYFD-NH2 is not favored
as concerns induction of the intermolecular β-sheet.
Our studies emphasize the importance of the confor-
mational preferences of the designed short peptides in
exerting significant inhibitory effect on fibrillogenesis.
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