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FTIR spectroscopic studies on aggregation
process of the β-amyloid 11–28 fragment
and its variants
Paulina Juszczyk, Aleksandra S. Kołodziejczyk∗ and Zbigniew Grzonka

Aggregation of Aβ peptides is a seminal event in Alzheimer’s disease. Detailed understanding of the Aβ assembly process
would facilitate the targeting and design of fibrillogenesis inhibitors. Here, conformational studies using FTIR spectroscopy are
presented. As a model peptide, the 11–28 fragment of Aβ was used. This model peptide is known to contain the core region
responsible for Aβ aggregation. The structural behavior of the peptide during aggregation provoked by the addition of water
to Aβ(11–28) solution in hexafluoroisopropanol was compared with the properties of its variants corresponding to natural,
clinically relevant mutants at positions 21–23 (A21G, E22K, E22G, E22Q and D23N). The results showed that the aggregation
of the peptides proceeds via a helical intermediate, and it is possible that the formation of α-helical structures is preceded by
creation of 310-helix/310-turn structures. Copyright c© 2008 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Alzheimer’s disease (AD), the most common neurodegenerative
disorder associated with neuronal loss, is at present one of the
most studied pathologies. AD is associated with the progressive
deposition of extracellular amyloid in the brain [1,2]. The major
component of the plaques and intermediate toxic species is the
amyloid β peptide (Aβ), a 39–43 residue long peptide formed
by enzymatic cleavage from the much longer amyloid precursor
protein (APP) [3]. Missense mutations in the APP gene are usually
associated with early-onset familial forms of AD-like diseases
(FAD). There is a cluster of mutations around the α-secretase
cleavage site which result in Aβ variants changed at positions
21–23. The resultant variants are: A21G (the Flemish variant) [4],
E22G (Arctic) [5], E22K (Italian) [6], E22Q (Dutch) [7,8] and D23N
(the Iowa variant) [9] (Figure 1). The Aβ peptides may play a
crucial pathological role in cerebral amyloid angiopathy (CAA),
a common clinical symptom of FAD [10]. The mutations are
thought to cause diseases through alteration of APP processing,
facilitated fibrilization/protofibrilization of Aβ [5,11], increased
cellular toxicity [12], or reduced proteolytic succeptibility [13].
However, several data suggest that the different mutations in
APP may manifest their pathogenic effects through different
mechanisms [14].

Although the final product in the AD pathogenesis is the
insoluble fibril, recent evidence suggests that Aβ oligomers and
protofibrils may be the actual cause of neurotoxicity in AD-like
diseases [15–19]. Therefore, it is urgent to understand, at the
molecular level, not only the structure of insoluble and soluble
forms of Aβ , but also the structural changes accompanying
their assembly. Structural studies describing the conformation
of Aβ peptides in their soluble forms are scarce as these studies
are strongly hampered by low solubility in water and by the
tendency of the peptides to aggregate. As the structure of Aβ

peptides is strongly affected by environmental conditions, studies
of the conformational preferences of these peptides in media with

different polarity appear to be crucial for shedding light on their
intrinsic structural properties related to fibril formation. The aim of
this work was to drawn some structural data on the aggregation
from conformational studies in a set of mixtures of fluoroalcohol
and water.

Although β-amyloid N- and C-truncation alters structural and
kinetic features of Aβ fibrillogenesis and morphology of fibrils
[20–22], synthetic peptides have proven to be valuable models
in the studies of Aβ fibril assembly [23,24]. Recently, we have
examined the 11–28 fragment of the Aβ peptide and its clinically
relevant variants [25]. The fragment was chosen as it contains the
core region responsible for Aβ aggregation, forms fibrils similar to
those found for the natural protein [24,26], exerts cellular toxicity
in vitro and in vivo [24,27], and includes residues critical to non-
amyloidogenic processing of APP. Our recent work on this Aβ

fragment using CD spectroscopy and the thioflavine aggregation
test proved it to be a good model for structural studies. Using
CD spectroscopy, we found [25] that the aggregation process
of Aβ(11–28) variants provoked by the addition of water to
their hexafluoroisopropanol (HFIP) solutions is consistent with the
hypothesis that a partially folded helix-containing conformer is an
intermediate in Aβ fibril assembly [28–30]. To get more insight
into early conformational and associative events of the assembly
of β-amyloid, we have also studied the aggregation of Aβ(11–28)
and its variants by FTIR spectroscopy in promoting aggregation
solvent mixtures (HFIP–D2O) with increasing water content.

CD and infrared spectroscopy are the two methods widely
used for determining the secondary structure of Aβ oligomers
during the fibrillization process [28,31–33]. In CD spectroscopy,
random coil is clearly distinguished from α-helix and β-sheet by
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a characteristic minimum at 200 nm. However, it is difficult to
obtain CD data below ∼200 nm due to strong scattering of the
particles as they associate. Such low-frequency CD data are needed
to clearly distinguish α-helix from β-sheet and β-turn secondary
structures [34]. FTIR spectroscopy methods are complementary
to CD as β-structure is undoubtedly distinguished from α-helix
and random coil. The FTIR spectroscopy is characterized by high
sensitivity to conformational changes, relatively short acquisition
and processing times, the possibility of working in various solvents,
and the relatively low sample requirements. Because of its
versatility, FTIR spectroscopy has been widely applied to study
both proteins and peptides [35–39].

Using this technique, we have studied the (Aβ) 11–28 fragment
and its counterparts with all five clinically relevant mutations at
positions 21–23, including the Dutch and Iowa variants whose
conformational studies were impossible using CD spectroscopy,
due to their very fast aggregation.

FTIR Spectroscopy Studies

In recent years, the importance of conformational preference for
aggregate formation has been of special interest, as the stability of
β-sheet assemblage is necessary for amyloid formation. However,
it has been suggested that transient increase of α-helical content
may help in the transition from a random coil to a β-sheet structure
during fibrillogenesis [29]. In all these processes a hydrogen bond
plays a dominant role in deciding the structure of the aggregate.
One of the sensitive techniques which gives the opportunity to
follow the conformational alterations by hydrogen bond changes
is FTIR spectroscopy. Since the aggregation in water is relatively
fast as compared to accumulation of the spectra, in the search
for experimental conditions that may favor the monitoring of
different conformational states accompanying aggregation we
resorted to isotropic mixtures of water and fluorinated alcohol
with different composition. FTIR spectra of Aβ(11–28) and its
variants were registered in pure HFIP and in mixtures of HFIP
and phosphate-buffered D2O (pH = 7.1) with the composition:
90/10, 50/50, 10/90 v/v, respectively. The HFIP-D2O mixtures were
previously used by Szabo [40] and in our CD spectroscopy studies
of the same model Aβ peptides [25]. It has been reported that
reference spectra in pure HFIP ensure completely stable, ordered
solutions of Aβ(11–28), and a uniform, unaggregated state of
the peptides [41–43]. All spectra were analysed using GRAMS/32
software (Galactic Enterprises) and the steps of data analysis for an
exemplary spectrum are presented in Figure 2. For the analysis, the
amide I absorption band (1600–1700 cm−1) was used. The band
was proved to be the most sensitive to changes in the hydrogen
bonding in peptide/protein molecules and is the most widely used
in protein structural studies [35–38].

Since the studies were conducted in HFIP, and its mixtures with
D2O, not in typical aqueous solutions, to avoid ambiguities in band
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Figure 1. Primary structures of the Aβ(11–28) peptides studied by FTIR.

Figure 2. The successive steps of the data analysis of a representative
example of FTIR absorbance spectrum (see – e.g. [36]).

assignment, in some cases we have made use of the results based
on CD spectroscopy [25].

Spectra in pure HFIP

Our IR results show some similarities between IR spectra of the
examined Aβ variants in HFIP (Figure 3). The greatest resemblance
can be seen between the spectra of Aβ(11–28) and its E22K
mutant. The analysis of the spectra of Aβ(11–28) wild-type and
its E22K variant and their second-derivatives show the main
component at 1673 cm−1 which may be assigned to a peptide

Figure 3. The absorbance FTIR spectra of Aβ(11–28) variants in HFIP
(c = 1 mg/ml): (a) the original spectra; (b) the second-derivative spectra.
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Table 1. Quantitative analysis of FTIR spectra of Aβ(11–28) and its variants in HFIP

Aβ(11–28) E22K D23N A21G E22G E22Q
Structure possible

assignment

[cm−1] (%) [cm1] (%) [cm1] (%) [cm1] (%) [cm1] (%) [cm1] (%)

1686 24 1680 15 anti-parallel β-sheet
1673 77 1673 74 1670 68 α-helix/310helix

1655 11 1668 48 1668 52 1665 41 α-helix
1642 17 statistical coil

1627 23 1627 26 1625 4 1624 44 1625 23 1624 44 β-sheet/turns
1612 4 anti-parallel β-sheet

adopting a helical conformation, or to a combination of structures
[35–38] (Table 1). The band could be slightly overestimated due
to a residual trifluoroacetate counterion stretching vibration. The
band is not seen in the spectra of other Aβ(11–28) variants.
This strong, unusual absorption is not in the region typical
for helical absorption; however, in some studies strong C O
stretching bands associated with helical structures were reported
around 1670 cm−1 [40,44]. It is difficult to decide whether the
band is due to regular α-helix. Literature data indicate that the
α-helical region can be shared by 310-helix conformation [44–47].
The quantitative analysis of the spectra indicates that there is
more than 70% of a helical conformation (Table 1). The second
component in the spectra of Aβ(11–28) wild-type and its E22K
variant was seen at 1627 cm−1 and can be attributed to β-sheet
structure [35]. Very similar bands at 1624–1625 cm−1 were also
observed in the spectra of all other variants of Aβ(11–28). In this
region, there is striking resemblance between the Flemish and
Dutch Aβ(11–28) variants which exhibit very strong bands due
to β-sheet structures (1624–1625 cm−1; >40%). The spectrum
of the A21G variant shows the band characteristic for helical
conformation, similar to those found for the Aβ(11–28) E22G and
E22Q peptides. The unusual band at 1612 cm−1 was assigned to
a minor component of the β-sheet structure band (1624 cm−1).
Deconvolution of the spectra of the Arctic and Dutch Aβ(11–28)
variants revealed ‘high-frequency counterparts’ of anti-parallel
β-sheet bands [48] (1686 cm−1 for E22G and 1680 cm−1 for E22Q,
Table 1). The peptide Aβ(11–28) D23N was the only one to
demonstrate two bands (1670 and 1655 cm−1) which could be
assigned to two different helical conformations, or to the helical
and β-turn structures. The IR spectrum of this variant differs from

the rest of the Aβ peptide spectra also by the presence of the band
(1642 cm−1) characteristic for unordered structures (Table 1).

Spectra in HFIP - heavy water mixtures

Addition of water to the solutions of Aβ(11–28) variants in
HFIP made the IR spectra more complex. We assumed that their
gradual changes reflect mainly structural changes accompanying
aggregation provoked by water addition. Since the literature data
on FTIR spectra in the applied mixed solvents are scarce, for the
interpretation of the results we have used some structural data
obtained for the peptides in the same solvent systems with the use
of CD spectroscopy [25]. The results of our quantitative analysis of
the spectra are presented in Table 2. Analyzing the data, we were
aware that the peptide concentration used for FTIR studies was
more than 10 times higher than the one used in CD studies, and
that the aggregation process in these conditions proceeds much
faster.

In all FTIR spectra registered in water–HFIP mixtures, the bands
located between 1650 and 1660 cm−1 seem to be indicative of the
presence of the α-helical conformation. The Arctic (E22G) variant
was found to be the one with the greatest amount of this confor-
mation among all examined peptides. Increase of the D2O content
to 90% resulted in the increase of the α-helix content to 42%. A
similar tendency was observed for the E22Q variant, but in this
case, the increase of α-helix content was lower (8%→ 22%). Quan-
titative analysis of FTIR spectra for the native Aβ(11–28) peptide
and its two variants: E22K and D23N revealed a decrease of α-helix
content with increasing D2O concentration. For some variants we
did not observe a typical transient increase of α-helical conforma-
tion as it was seen in CD studies for all studied Aβ peptides [25].

Table 2(a). Quantitative analysis of FTIR spectra of Aβ(11–28) in HFIP-D2O mixtures (c = 1 mg/ml, pH = 7.1)

Aβ(11–28) Aβ(11–28) E22K Aβ(11–28) A21G
Possible

assignment

10 (%) D2O 50 (%) D2O 90 (%) D2O 10 (%) D2O 50 (%) D2O 90 (%) D2O 10 (%) D2O 50 (%) D2O 90 (%) D2O

[cm−1] (%) [cm−1] (%) [cm−1] (%) [cm−1] (%) [cm−1] (%) [cm−1] (%) [cm−1] (%) [cm−1] (%) [cm−1] (%)

1685 2 1685 10 1689 6 1691 3 1686/92 6/9 1690 1 1691 1 1687 3 anti-parallel
β-sheet

1671 21 1672 22 1673 34 1672 40 1673 29 1678 10 1674 23 turns
1666 46 1667 10 1667 59 1661 20 310helix

1655 26 1657 28 1657 12 1653 21 1658 16 1659 3 α-helix
1639 20 1641 11 1642/47 6 1641/48 15 1641/48 15 1645 38 1646 20 1645 26 statistical coil
1629 11 1627/30 17/12 1633 14 1624 52 1632 10 1627 11 1626 19 1624 20 1632 1 β-sheet
1618 20 1618 28 1613 2 1610/22 2/9 1614 14 1614 19 1620 27 anti-parallel

β-sheet
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Table 2(b).

Aβ(11–28) D23N Aβ(11–28) E22G Aβ(11–28) E22Q
Possible

assignment

10 (%) D2O 50 (%) D2O 90 (%) D2O 10 (%) D2O 50 (%) D2O 90 (%) D2O 10 (%) D2O 50 (%) D2O 90 (%) D2O

[cm−1] (%) [cm−1] (%) [cm−1] (%) [cm−1] (%) [cm−1] (%) [cm−1] (%) [cm−1] (%) [cm−1] (%) [cm−1] (%)

1693 10 1690 4 1689 3 1688 3 1686 9 1692 1 1686 5 anti-parallel β-sheet
1671 21 1672 35 1673 28 1671 12 1672 33 1673 18 1672 18 1670 38 1673 35 turns
1655 20 1655 20 1657 7 1654 29 1656 28 1656 42 1658 8 1652 11 1654 22 α-helix
1641 11 1644 13 1641/49 9 1641 21 1644 20 1641 12 statistical coil
1629 30 1635 5 1632 5 1627 58 1628 10 1627/34 10 1630 31 1632 9 1638 9 β-sheet
1615 8 1623 23 1620 48 1614 2 1618 2 1616 21 1616 23 1622 30 1619 25 anti-parallel β-sheet

The IR spectra of Aβ(11–28) with the Italian (E22K) and Flemish
(A21G) mutations revealed the presence of atypical absorptions
at 1666 or 1667 cm−1. In our opinion, these peaks can correspond
to 310-helical conformation or to turns, which typically appear in
this region [35]. The 310-helix and turns were shown to play an
essential role in the folding of well-structured α-helix [49,50] and
may appear on the aggregation pathway as a form preceding the
formation of α-helix. The band corresponding to the atypical helix
was seen for the variant with E22K mutation only in the mixture
90%HFIP/10% D2O; in the mixtures with higher D2O content the
bands appeared at frequencies typical for α-helix. The spectra of
the Flemish (A21G) variant showed the band at 1667 cm−1 in the
mixtures with 10 and 50% of D2O; however, in the mixture with
90% of D2O the band appeared at 1661 cm−1. This shift is probably
due to the transition to α-helix or to the formation of different
helical or turned structures. Specific structures on the aggregation
pathway of the A21G variant are probably responsible for lack
of bands at wave numbers typical for α-helix (1652–1658 cm−1),
which appear in the spectra of all other Aβ(11–28) variants. FTIR
analysis of β-structures is complicated by the fact that in this spec-
troscopy many forms of β-sheets/β-strands give separate bands
whose position depends on the strength of hydrogen bonds be-
tween strands; moreover, some of them appear in the form of
a few components. The bands usually observed between 1610
and 1625 cm−1 are indicative of the existence of β-structures with
strong, intermolecular, hydrogen bonds, typical for aggregated
proteins in which anti-parallel β-sheets are formed. In the FTIR
spectra of these structures there are also weak high-frequency
components. The precise position of this absorption is difficult
to determine, although it is usually found between 1675 and
1695 cm−1 [35]. These bands are seen in the spectra of all stud-
ied Aβ(11–28) peptides, especially in solvent mixtures with the
high content of D2O (Table 2). In their spectra, the bands are
located between 1685 and 1693 cm−1. The variant with the Ital-
ian mutation is the one with the lowest content of aggregated
β-sheets. On the other hand, the Iowa variant revealed excep-
tionally high content of these structures (c.a. 48% in the mixture
with 90% of D2O). Aggregated β-sheets are difficult to observe
using CD spectroscopy as aggregated forms precipitate from the
solution and their formation is manifested only by apparent de-
crease of β-sheet content [25]. The hydrogen bonds stabilizing
typical, loose β-sheets are not as strong as the intermolecular
hydrogen bonds stabilizing the extended aggregates, and the
amide I frequency for these structures is seen in the analysed
spectra at 1624–1638 cm−1. The amount of β-structures corre-
sponding to this absorption has the tendency to diminish with the
increase of D2O content in the solvent used. Simultaneously, the

low-frequency peaks (1610–1622 cm−1) corresponding to aggre-
gated β-structures tend to increase with the increase of the water
content in the solvent mixtures.

The bands at wave numbers 1638–1649 cm−1 were assigned to
a statistical coil conformation.

The highest content of this conformation was found in all
solvent mixtures for the A21G variant. In the case of this Aβ

peptide a random coil structure was very specific and was
characterized by bands in a very narrow wave number range
(1645–1646 cm−1). For the majority of the Aβ variants the amount
of random coil structures significantly diminished with the increase
of water content to 90% and with progression of the aggregation
process. Apart from the Flemish variant, only the peptide with the
Italian mutation revealed a substantial amount of unstructured
conformations in the solution with highest water concentration
(90% D20). In the spectra of fast aggregating Aβ(11–28) variants:
E22G and E22Q, statistical coil conformations were characterized
by bands between 1641 and 1644 cm−1 which disappeared
completely with the increase of water content. The chiroptical
studies of these peptides in the same solvent systems revealed
a much higher content of unstructured forms (approx. 30–50%)
[25], which is most likely related to a slower aggregation process
due to lower peptide concentration used in CD studies.

Discussion

FTIR studies of Aβ(11–28), its clinically relevant variants in HFIP,
and its mixtures containing increasing amounts of water (10, 50
and 90% D2O) enabled us to compare the conformational and
aggregational behavior of the Aβ fragment with mutations in
position 21–23 in terms of structural changes provoked by the
addition of water.

The spectra obtained in HFIP solution revealed significant simi-
larities between the native and the Italian mutant fragments and
between the Flemish and Dutch Aβ(11–28) variants. The wild-
type fragment and its E22K counterpart were found to be the
most helical ones with the prevailing band at an unusual wave
number of 1673 cm−1. The spectra in pure HFIP, a strong α-helix
inducer [42,51], revealed an unexpectedly high amount of β-sheet
conformations (∼1625 cm−1) in all variants studied. Moreover,
in the case of the Arctic and Dutch variants the band was split
and a weak high-frequency component (∼1685 cm−1) was ob-
served, suggesting their profound propensity towards anti-parallel
β-sheet formation [48]. Although rapid formation of β-structures
at the HFIP–water interface was found to be responsible for dra-
matic acceleration of Aβ aggregation in aqueous HFIP [52], the
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presence of a significant amount of β-sheet structures in pure HFIP
is intriguing, especially considering the fact that HFIP was proved
to disrupt Aββ-structures and refold them to α-helices [42].

The unequivocal analysis of the spectra in HFIP–D2O mixtures
was slightly impeded by the lack of reference IR data in these
solvents, nevertheless, some general observations could be made.

For the majority of the peptides the increase of the D2O content
in the solvent mixtures resulted in the increase or transient increase
of a helical conformation share (bands at 1650–1660 cm−1),
supporting the idea of a helix-containing intermediate in the
aggregation process of Aβ [28,29]. Although the presence of
helical structure in partially unfolded states leading to aggregation
was not found to be a fundamental determinant of the ability
of peptides to aggregate [52,53], our results indicate that at
least in the conditions applied, transition from Aβ monomers to
aggregates and fibrils involves formation of a partially folded, helix-
containing intermediate. In the spectra of the slow-aggregating
Aβ(11–28) variants with E22K and A21G mutations, besides
peaks typical of an α-helical conformation (1652–1659 cm−1),
unique maxima at ∼1666 cm−1 were found. The bands can be
attributed to 310-turn/310-helix conformation, and may imply that
this conformation is a folding intermediate to a well-structured
α-helix. In the case of the Italian variant, a strong maximum
at 1666 cm−1 disappeared after further addition of water and the
emergence of a peak characteristic of anα-helix (1653–1655 cm−1)
was observed. Theoretical and experimental data showed that
in moderately sized peptides, the energetic barrier for 310- to
α-helical transition is small and can be easily crossed under a
variety of experimental conditions [49,50]. We have also found
this type of helical conformation in the structure of the Arctic
variant (E22G) of our model peptide. It is very probable that the
peptides first form bends and turns which next evolve into 310-
helix segments. These structures can either transform themselves
back to turns or further evolve to form α-helix which is more stable
than 310-helix. The fact that 310-helix formation was seen only
in the spectra of Aβ(11–28) E22K and A21G variants is probably
related to their lowest aggregative potency found on the basis of
the ThT fluorescence assay [25]. For other variants the aggregation
in the conditions applied was so fast that transiently formed
310-helix/turn structures could not be seen, and the formation of
α-helix intermediate was only observed.

Lack of frequencies typical of α-helical conformation, and the
smallest propensity for fibril formation observed in CD studies
[25] in the case of the peptide with the Flemish (A21G) mutation,
can reflect different intermediate structures which are probably
formed during aggregation of this peptide. It is possible that this
Aβ variant cannot reach the α-helical intermediate and forms
aggregates with different morphology. This peptide was found to
be the one with the highest content of statistical coil structures,
manifested by the bands at 1645/1646 cm−1. Our NMR studies
of SDS-micelle-bound Aβ(11–28) A21G also revealed that this
variant is mainly unstructured with the propensity to form a
bent (not helical) structure in the central part [54]. It seems
that a small change in the peptide sequence (Ala → Gly)
decreases the conformational stability of the whole peptide.
Some other studies also report atypical structural features and
biological behavior of this Aβ variant [14,55,56]. The presence of
bands between 1613 and 1633 cm−1 and their ‘high-frequency
counterparts’ (1685–1691 cm−1) in the spectra of the examined
peptides reflects the presence of different forms of β-sheet-
forming structures. Our experiments showed that, generally, the
increase of water content resulted in the decrease of regular,

loose β-sheet content (1627–1635 cm−1), and in a pronounced
increase of the bands at the lowest frequency (1613–1620 cm−1),
manifesting a progressive formation of multi-strand, anti-parallel
β-sheet structures. The fastest growth of aggregated forms was
observed for the Iowa variant, and a relatively small amount of
aggregated β-sheets was seen in the case of the Italian (E22K)
variant. The obtained results are in good agreement with our
results [25] on relative propensity for aggregation estimated by
the ThT assay [57]. Aβ(11–28) E22K was found to be among
the variants with the smallest aggregational propensity, and the
Iowa (D23N) and Dutch (E22Q) variants were found to be among
the fastest aggregating Aβ peptides. Both peptides were also
described earlier as Aβ peptides with mutations responsible for
enhanced fibrillogenesis and pathogenicity [14].

In the spectra of all peptides studied, bands corresponding
to random coil structures were observed (1638–1649 cm−1).
A substantial content of unordered forms was found to be
characteristic of the Flemish and Italian variants in all solvent
mixtures. In both CD and NMR studies, the Flemish peptide was
also previously found to be the most unstructured [25,54]. A
significant decrease of random coil content with the increase of
water content to 90% was found for all other Aβ variants; this
feature results from the progress of aggregation provoked by the
addition of water and gradual formation of β-sheet structures.

In general, AD-related amyloidogenesis is frequently described
in terms of a random coil/α-helix to β-sheet transition [58,59]
involving a partially unfolded intermediate. Our IR studies of
secondary structure changes were complicated by the fact that
the observed conformational changes reflect simultaneous struc-
tural transitions accompanying aggregation, insoluble aggregate
formation, and conformational changes accompanying the sol-
vent change (HFIP → HFIP–D2O). In spite of occasionally difficult
analysis, the studies confirmed that in HFIP–water mixtures the
aggregation proceeds via a helical intermediate, and it is possible
that the formation of α-helical structures is preceded by creation
of 310-helix/310-turns. Contrary to the results obtained for full-
length Aβ in pure HFIP, our data imply that this solvent is not able
to disrupt β-sheet structures of Aβ(11–28), as was observed for
Aβ40 and Aβ42 [31]. Our earlier CD studies [25] also led to this
conclusion.

Materials and Methods

Peptide Synthesis and Purification

All materials were purchased and used as described earlier [25]. The
peptides were synthesized according to the published methods
[60] using the standard solid-phase synthesis technique with the
Millipore 9050 Plus PepSynthesizer. The details of the synthesis
were described earlier [25]. The crude peptides were purified with
HPLC using a Vydac C18 semi-preparative column (10 × 250 mm,
5 µm) with 16 ml/min elution and a 120 min linear gradient of
10–40% CH3CN in 0.08% TFA. The fraction containing pure peptide
was lyophilized twice (from the HPLC solvent system and from
0.1 M HCl), and the purity was confirmed by analytical HPLC and
by MALDI-TOF analysis.

FTIR Studies

FTIR spectra were recorded on an FS 66 Brucker spectrophotometer
with DTGS detector. Each spectrum recorded (average of 32
scans) was collected at a spectral resolution of 4 cm−1. The
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sample chamber was continuously purged with nitrogen and
all measurements were performed at room temperature. All
peptides were prepared for the experiments by dissolution in
HFIP (5 mg/ml) in order to have a monomeric sample. Then the
solvent was removed by centrifugation in vacuo, and the peptides
were dissolved in HFIP or mixed solvents: 90% HFIP/10% D2O,
50% HFIP/50% D2O, 10% HFIP/90% D2O (the aqueous solvent was
phosphate-buffered D2O, pH 7.1). FTIR spectra were registered
with the use of CaF2 cuvet (5 µm layer); the final concentration of
the peptides was 1 mg/ml. All spectra were vapor-free (no sharp
absorption was seen between 1700–1800 cm−1). The spectra
were analysed using GRAMS/32 software (version 4.01; Galactic
Enterprises). From the spectrum of each sample, a corresponding
solvent spectrum was subtracted [61,62]. As an initial step,
deconvolution and derivatization were performed (a half-width
of 13 cm−1 and an enhancement factor K = 5 were applied)
to obtain an estimation of the number of discrete absorptions
that make up the complex amide I band. For the component
analysis, the second-derivative spectra of the amide I region were
smoothened with Stavitzky–Golay’s 9-point smoothing function
[63], and band frequencies were used as starting parameters for
curve-fitting analysis. The IR components were described as linear
combination of the Gaussian functions. The content of protein
secondary structure was calculated from the areas of the bands
whose maxima were between 1610 and 1693 cm−1.
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