
Characterization of Homogeneous and Heterogeneous Amyloid-β42
Oligomer Preparations with Biochemical Methods and Infrared
Spectroscopy Reveals a Correlation between Infrared Spectrum and
Oligomer Size
Faraz Vosough and Andreas Barth*

Cite This: ACS Chem. Neurosci. 2021, 12, 473−488 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Soluble oligomers of the amyloid-β(1-42) (Aβ42)
peptide, widely considered to be among the relevant neurotoxic
species involved in Alzheimer’s disease, were characterized with a
combination of biochemical and biophysical methods. Homoge-
neous and stable Aβ42 oligomers were prepared by treating
monomeric solutions of the peptide with detergents. The prepared
oligomeric solutions were analyzed with blue native and sodium
dodecyl sulfate polyacrylamide gel electrophoresis, as well as with
infrared (IR) spectroscopy. The IR spectra indicated a well-defined
β-sheet structure of the prepared oligomers. We also found a
relationship between the size/molecular weight of the Aβ42
oligomers and their IR spectra: The position of the main amide I′
band of the peptide backbone correlated with oligomer size, with larger oligomers being associated with lower wavenumbers. This
relationship explained the time-dependent band shift observed in time-resolved IR studies of Aβ42 aggregation in the absence of
detergents, during which the oligomer size increased. In addition, the bandwidth of the main IR band in the amide I′ region was
found to become narrower with time in our time-resolved aggregation experiments, indicating a more homogeneous absorption of
the β-sheets of the oligomers after several hours of aggregation. This is predominantly due to the consumption of smaller oligomers
in the aggregation process.
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■ INTRODUCTION

Pathological changes or behavioral symptoms associated with
Alzheimer’s disease (AD) have been found to correlate with
levels of soluble amyloid-β peptide (Aβ) in the brain or the
cerebrospinal fluid.1−4 As such, since about two decades ago,
soluble oligomeric species have been mentioned as a major
source of toxicity in AD, as well as in several other
neurodegenerative diseases.5 A number of Aβ oligomers with
very different sizes and morphologies have been obtained from
human/animal neural tissues or prepared in vitro, and their
biological and neurotoxic activities were studied.6−16 Many of
these oligomers interfere with synaptic plasticity through
inhibition of long-term potentiation in the hippocampus, a
physiological process widely considered to be closely
associated with learning and memory.17,18 Of the several
isoforms of Aβ, the 42-residue variant Aβ42 is considered to be
pathologically relevant because of its neurotoxicity.4

A major difficulty in experimental studies of Aβ oligomers
arises from their metastable and heterogeneous nature. In vitro
preparations from monomeric Aβ solutions make it possible to
control the oligomerization process in order to prepare stable

and homogeneous Aβ oligomers. For this purpose, a number of
protocols have been developed which mostly use detergents or
fatty acids to stabilize oligomers of certain molecular weights
and/or conformations.19−22

In 2005, Barghorn et al. reported the production of stable
and homogeneous Aβ42 oligomers of different sizes via
treatment of monomeric peptide solutions with low concen-
trations of sodium dodecyl sulfate (SDS). They prepared an
Aβ42 oligomer of about 60 kDa, termed globulomer, which
could inhibit long-term potentiation in hippocampal cell
cultures and exhibited immune cross-reaction with Aβ42
aggregates from AD patients.19 Similar findings were reported
by Tew et al.21 for Aβ40 and Aβ42, whose oligomer
preparations were β-sheet rich and capable of impeding the
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growth of cultured cortical neurons. To the contrary, Aβ
peptides mostly adopt α-helical conformation at SDS
concentrations above the critical micelle concentration.23−26

Recently Serra-Batiste et al.22 produced detergent-stabilized
Aβ42 oligomers within an environment of dodecyl phospho-
choline (DPC) micelles. The prepared oligomer proved stable
and was able to form pores in lipid bilayers.
Fourier transform infrared (FTIR) spectroscopy is a

powerful experimental technique in studies of protein
misfolding and aggregation.27−34 This particularly stems from
the sensitivity of the IR spectrum in the amide I region
(around 1650 cm−1 or 6.1 μm) to the secondary structure of
proteins and its potential to easily detect and distinguish β-
sheets from other protein secondary structures. In addition,
FTIR spectroscopy provides the possibility to study aqueous
solutions with physiological buffers.
In the current study, detergent-induced oligomers of Aβ42

were produced and studied in D2O solution. They were
examined with blue native and denaturing gel electrophoresis
to determine their size distribution. In addition, they were
studied with FTIR spectroscopy to characterize and distinguish
Aβ42 oligomers of different sizes and during the time course of
aggregation. To the best of our knowledge, this work is among
the first studies on FTIR spectral properties of defined-size Aβ
oligomers. We establish a correlation between the IR spectrum
and the size of the oligomers and show that the heterogeneity
of the β-sheet structures varies with aggregation time. The
results demonstrate the usefulness of FTIR spectroscopy for
the analysis of β-sheet structures and establish new spectral
markers for the structural interpretation of protein misfolding
studies.

■ RESULTS AND DISCUSSION
Gel Electrophoretic Characterization of Detergent-

Stabilized Aβ42 Oligomers. In order to prepare homoge-
neous Aβ42 oligomers of defined size, 100−120 μM
monomeric peptide solutions of either synthetic or recombi-
nant peptide (initially prepared at high pD) were incubated at
two SDS concentrations (0.05 and 0.2%) in phosphate
buffered saline (PBS) buffer, pD 7.4, as well as at 5.5 mM
DPC in Tris-HCl buffer (pD 9). All solutions were incubated
at 37 °C for 24 h.
Making use of detergents, most notably SDS, is known to be

crucial for stabilization of Aβ oligomers of certain sizes and
therefore for obtaining homogeneous Aβ oligomer solu-
tions.19−21 This also has consequences for the analysis of
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) results,
which are not readily interpretable when used on their own.
High concentrations of SDS (1 or 2%) in SDS-PAGE sample
buffers are found to both induce oligomerization of the Aβ
peptides and decompose large oligomers.35,36 Chemical cross-
linking methods can be used to overcome this obstacle;37

however, recent studies have revealed that even when
combined with cross-linking methods, SDS-PAGE may be
misleading in size estimation of Aβ oligomers.38 Therefore, we
opted to use Blue Native-PAGE (BN-PAGE) alongside SDS-
PAGE to characterize the prepared oligomeric samples. BN-
PAGE has been employed successfully in studies of Aβ-
containing samples from in vitro and in vivo sources.39,40

The BN-PAGE results are shown in Figures 1 and 2. Figure
1 presents the results for oligomers formed at two different
concentrations of SDS. In addition, oligomers formed under
the same conditions (buffer solution, pD, incubation time and

temperature) but without SDS are analyzed on the gel. Distinct
bands are resolved when SDS is present (lanes 2−5 and 7 and
8). To the contrary, oligomers formed in the absence of SDS
produce faint smears on the blue native gel (lanes 6 and 9),
although the same amount of the peptide was loaded. This
observation confirms the role of the detergent SDS in
stabilizing certain Aβ42 oligomers.19−21 In addition, bands
corresponding to different oligomer sizes are observed for the
peptide incubated at different SDS concentrations. The lower
SDS concentration (0.05%) produces larger oligomers (the
band extends from approximately 30−45 kDa), while the
higher concentration (0.2%) gives rise to smaller oligomeric
structures (approximately 4−16 kDa).
It is also interesting to compare the prepared oligomers

formed from synthetic and recombinant Aβ42 peptides. Both
types of the peptide produce oligomers of the same two sizes,
depending on the SDS concentration. The bands for the
oligomers from the recombinant source (Figure 1, lanes 7−8),
however, are not as sharp and intense as those obtained for the

Figure 1. BN-PAGE analysis of oligomers of synthetic and
recombinant Aβ42 in presence and absence of SDS. Lane 1 =
standard protein ladder; Lane 2, 5 = synthetic peptide, 0.2% SDS;
Lanes 3, 4 = synthetic peptide, 0.05% SDS; Lane 6 = synthetic peptide
in PBS, no detergent; Lane 7 = recombinant peptide, 0.05% SDS;
Lane 8 = recombinant peptide, 0.2% SDS; Lane 9 = recombinant
peptide in PBS, no detergent. All samples were incubated for 24 h.

Figure 2. BN-PAGE analysis of the DPC-stabilized Aβ42 oligomers
for (A) synthetic peptide and (B) recombinant peptide. Lane 1 =
standard protein ladder; Lane 2 = monomeric Aβ42; Lane 3 = DPC-
stabilized oligomers. All samples were incubated for 24 h.
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synthetic Aβ42 peptide (Figure 1, lanes 2−5), although the
same amount of peptide was loaded. This difference was
observed in repeated experiments and indicates that the
oligomer preparations with the recombinant peptide are more
heterogeneous than those with the synthetic peptide. Never-
theless, our observation of relatively homogeneous Aβ42
oligomers at low SDS concentrations is in contrast to other
oligomeric solutions of Aβ42, including the oligomers prepared
in vitro in F12 medium, which were characterized as
heterogeneous when investigated by both SDS-denaturing
and BN gel electrophoresis.9,39

As shown in Figure 2, DPC treatment produces oligomers
which appear as broadened bands or smears on the blue native
gel (panels A and B, lane 3). The broadened band resolves in
the low molecular weight regions, extending from the
monomeric band toward larger sizes, mostly under the 66
kDa mark. Therefore, oligomeric solutions of Aβ42 formed in
the presence of DPC are less homogeneous compared to SDS-
stabilized oligomers for the same peptide under the conditions
used in this study. In this case, the preparation with the
recombinant peptide seems to be somewhat more homoge-
neous as its band is more dense in the low molecular weight
range that is close to the monomer band.
Although BN-PAGE is helpful in the analysis and character-

ization of actual oligomeric species from solutions of
aggregating peptides and proteins, it only provides rough
estimations of the protein sizes, due to the method’s limited
resolving capacity. In order to gain more information about the
size distribution of the prepared Aβ42 oligomers and to make
it possible to compare the results with other published
works,19,22 the oligomer samples were also studied with higher
resolution denaturing SDS-PAGE, which provides a better size
resolution. We used two SDS-PAGE systems, Tris-glycine
(Laemmli) and Tris-Tricine, so that both large and small size
oligomers were resolved and observed.
Figure 3 shows the Tris-glycine SDS-PAGE results for

oligomers stabilized by either SDS or DPC. Figure 4 shows the

respective results on a Tris-Tricine gel, used to resolve lower
molecular weight species. Monomeric solutions produce an
intense band below 10 kDa on the Tris-glycine gel (Figure 3,
lanes 1−2), as well as a double band around 15 kDa, which
could be attributed to trimers and tetramers of the peptide. In
contrast, this double band is very weak on the Tris-Tricine gel
(Figure 4, lane 1), and the same solutions always generate
single bands on BN-PAGE gels (Figure 2A,B, lane 2). Our
observed pattern of monomeric, trimeric, and tetrameric bands
even for monomeric Aβ42 solutions is in line with many
previous reports.19,35,41 Formation of oligomers on the SDS-
PAGE gel could be an artifact due to the effect of SDS in the
sample buffer.35 In line with this assumption, the oligomer
bands seem to be stronger on the Tris-glycine gel with 2% SDS
in the sample buffer than on the Tris-Tricine gel with 1% SDS.
Moreover, spectroscopic methods (IR absorption and CD)
confirm the expected random coil structure for the peptide in
these solutions (see below for a description of the IR results).
The SDS-PAGE separation profiles for Aβ42 in 0.2% SDS

are shown in lanes 4 and 7 of Figure 3 and lanes 3 and 5 of
Figure 4. Compared to monomeric solutions, the band below
10 kDa has a lower intensity, whereas the trimer and tetramer
bands have a higher intensity. Additionally, a band near 20 kDa
is seen on the Tris-glycine gel with different intensities in the
two experiments (Figure 3, lanes 4 and 7). Its absence for the
monomeric samples shown in lanes 1 and 2 of the gel confirms
that it was not generated from monomers by the higher SDS
concentration in the SDS-PAGE sample buffer than in the
original sample. The 15−20 kDa molecular weight range for
the largest oligomers seen by SDS-PAGE is in agreement with
the upper size limit from BN-PAGE of the same samples.
In lanes 3, 5, and 6 of Figure 3, results of three independent

repeats for the synthetic Aβ42 peptide in 0.05% SDS for the
Tris-glycine gel are presented. Bands below 10 kDa
corresponding to monomeric or dimeric peptides are still
present, but they are less intense than for the monomeric
peptide, which suggests that monomers or dimers have been

Figure 3. Tris-glycine SDS-PAGE analysis of SDS and DPC-stabilized
Aβ42 oligomers. Lane 1 = monomeric synthetic Aβ42; Lane 2 =
monomeric recombinant Aβ42; Lanes 3, 5, 6 = 0.05% SDS treated in
synthetic Aβ42; Lanes 4, 7 = 0.2% SDS treated in synthetic Aβ42;
Lane 8 = DPC treated synthetic Aβ42; Lane 9 = DPC treated
recombinant Aβ42. All samples were incubated for 24 h.

Figure 4. Tris-Tricine SDS-PAGE analysis of SDS-stabilized, DPC-
stabilized, and detergent-free Aβ42 oligomers. Lane 1 = monomeric
recombinant Aβ42; Lane 2 = 0.05% SDS treated synthetic peptide;
Lane 3 = 0.2% SDS treated synthetic peptide; Lane 4 = 0.05% SDS
treated recombinant peptide; Lane 5 = 0.2% SDS treated recombinant
peptide; Lane 6 = DPC-stabilized synthetic peptide; Lane 7 = DPC-
stabilized recombinant peptide; Lane 8 = synthetic peptide in PBS, no
detergent; Lane 9 = recombinant peptide in PBS, no detergent. All
samples were incubated for 24 h.
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consumed to produce larger oligomers of the peptide. In BN-
PAGE experiments of 0.05% SDS-stabilized samples (Figure
1), no band corresponding to monomers is observed.
Therefore, the presence of the monomeric band in SDS
denaturing gel could be indicative of a partial decomposition of
the formed oligomers in the SDS-PAGE sample buffer. Instead
of double bands observed for monomeric solutions near 15
kDa, triple or thicker bands are observed in the case of the
0.05% SDS-stabilized samples. In addition, an intense smear is
observed between 25 and 37 kDa, as well as a band at
approximately 60 kDa with different intensities for independ-
ent repeats on the Tris-glycine gel (Figure 3, lanes 3, 5, and 6).
The dominant band is the one at around 37 kDa, while the 60
kDa band has variable intensity in the experiments shown and
is completely absent in several repeat experiments (data not
shown).
The highest molecular weight detected on the Tris-glycine

gel (around 60 kDa) is close but somewhat larger than the
upper size limit for the same oligomeric samples on the BN-
PAGE gel (Figure 1, lanes 3 and 4), whereas the species near
30 kDa in SDS-PAGE are close to the lower size limit seen in
BN-PAGE. Species smaller than approximately 30 kDa are not
seen in BN-PAGE but in both types of SDS-PAGE gels, likely
because they were induced by the 1 or 2% SDS concentration
in the SDS-PAGE sample buffer. Therefore, they seem to be
the products of decomposition of the prepared oligomer. In
line with this assumption, the repeats for the small and large
SDS-stabilized oligomers produce partially different separation
patterns on the Tris-glycine SDS-PAGE gel (Figure 3),
possibly because of different incubation times at 2% SDS
before loading on the gel; meanwhile, the same samples give
rise to similar bands in the BN-PAGE analysis (Figure 1).
Very similar results for synthetic Aβ in 0.05% SDS were

obtained for the Tris-glycine and Tris-Tricine gel, but the
respective bands resolve at somewhat higher molecular weights
on the latter (Figure 4, lane 2). In contrast, the higher
molecular weight species are not observed for the recombinant
peptide on the Tris-Tricine gel (Figure 4, lane 4) under the
same incubation conditions, although the band positions of the
oligomers from synthetic and recombinant are similar in BN-
PAGE. It appears that the oligomers of the recombinant Aβ42
are less resistant to the high SDS concentrations, compared to
the corresponding oligomers from the synthetic peptide.
The overall separation profile on SDS-PAGE gels for our

globulomers of synthetic Aβ42 is in agreement with the results
from the SDS-PAGE analysis in the original report of
globulomer preparation, where a maximum molecular weight
of around 50 kDa was reported for globulomers.19 We
conclude that we have obtained the same oligomers as in the
original publication,19 while different analysis methods obtain
different values for their molecular weights. This was also
observed by Barghorn et al. when they compared gel
electrophoresis results with those from size exclusion
chromatography. Probably the best estimate for the molecular
weight of the larger SDS-Aβ42 oligomer is their value of about
60 kDa from size exclusion chromatography of cross-linked
oligomers. This is close to the higher molecular weight limit in
our BN-PAGE experiments (Figure 1) and corresponds to the
highest molecular weight band on our Tris-glycine SDS-PAGE
gels (Figure 3, 60 kDa corresponding approximately to
dodecamers). Then, the size of the small SDS-Aβ42 oligomers
is also likely to be larger than indicated by their average band
position obtained by BN PAGE. The higher molecular weight

limit of this band is around 20 kDa, which corresponds to
tetramers.
DPC-stabilized Aβ42 oligomers produce separation patterns

similar to the monomeric peptide on the Tris-glycine (Figure
3, lanes 8 and 9) and the Tris-Tricine (Figure 4, lanes 6 and 7)
gels, but the monomeric band intensity is reduced and the
trimer-tetramer bands are more intense for the oligomer
preparations, which agrees with Serra-Batiste et al.22 In a
recent study, making use of ion mobility-mass spectrometry,
the Aβ42 oligomeric solution formed in the presence of DPC
was characterized as containing small oligomers up to
hexamers.42

While the methods for homogeneous oligomer preparation
in this study were based on earlier work,19,22 they were
modified here so as to be compatible with the protocol
developed in our laboratory for the preparation of monomeric
Aβ solutions and with the requirements for IR spectroscopy.
Though it is possible that the peptide behaves differently in the
used D2O medium than in the H2O medium of the original
protocols, the gel electrophoresis results show that oligomers
of the same molecular weights were prepared in our study as in
the original reports.19,22 We were able to produce the SDS-
stabilized small size oligomers at a 4-fold lower concentration
of the peptide than reported by Barghorn et al.19 They
reported the smaller oligomers as intermediates in the pathway
leading to the formation of the larger globulomers and
prepared the latter by dilution of the small oligomer
preparation. However, in our experiments, the two different
oligomers were produced independently and directly at the
same peptide concentration (100 μM), just after being exposed
to different concentrations of SDS. This shows that the
dedicated preparation of the smaller oligomers is not necessary
to produce the globulomers. Our large oligomers were already
formed after 6 h of incubation at 0.05% SDS concentration,
with no traces of small oligomers on the BN-PAGE gel (data
not shown). At this time point, the SDS concentration is
reduced from 0.2 to 0.05% in the original protocol.19

Most of the studies on in vitro prepared oligomeric Aβ
species, including those on the detergent-stabilized oligomers
used here, have been conducted using peptides of synthetic
origin.19−22,39 However, it is known that synthetic and
recombinant Aβ42 peptides behave differently in terms of
both aggregation tendency and biological activity. Recombi-
nant Aβ42 aggregates faster and is neurotoxic at lower
concentrations, in comparison to its synthetic counterpart.43,44

Therefore, it is also relevant to study the recombinant peptide,
and we have used Aβ42 peptides from both sources. The
recombinant Aβ42 proved more difficult to form SDS-
stabilized globulomers, and the prepared globulomeric
structures were more sensitive to the high SDS concentrations
used in SDS gel electrophoresis than those formed with the
synthetic peptide. In contrast, the DPC-stabilized oligomers
seemed to be more homogeneous for the recombinant peptide.

SDS-PAGE and Western Blot Analysis of Detergent-
Free Aβ42 Oligomers. In addition to detergent-stabilized
oligomers, we also prepared samples without detergent. Some
of them were incubated for 24 h in low-binding reaction tubes
in order to compare them to the preparations with the
detergent. Others were used for the time-resolved experiments,
which lasted up to 18 h.
Separation profiles of oligomers in neutral-pD PBS buffer in

the absence of any detergents are shown in lanes 8 and 9 of
Figure 4. Bands for monomers, trimers, and tetramers were
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observed, as well as bands of much larger molecular weights on
the top of the gel. However, it is not possible to estimate the
molecular weights of such species on a Tris-Tricine gel.
Tris-glycine SDS-PAGE results of samples after almost 18 h

of incubation in the IR cuvette during the time-resolved
experiments are shown in Figure 5 and compared to the
alkaline (pD 12.4−12.7), monomeric solutions (lanes 1 and 2
in panels A and B). Panel A shows the results for different time
points at pD 8.5. Lanes 3 and 5 show the results after 30 min of
incubation, and lanes 4 and 6 display the results after at least
18 h. At the early time point (lanes 3 and 5), monomers and
small oligomers are prominent for both the synthetic and the
recombinant peptide, but after almost 18 h (lanes 4 and 6),
their concentration is significantly decreased. Bands for higher
molecular weight species (60−250 kDa) appear to be stronger
for the oligomer preparations than for the monomer
preparations. However, these differences are less clear-cut
than those for small oligomers and monomers. The size
distribution for the recombinant peptide after almost 1 week
was also studied and found to be similar to the 18 h incubated
sample (data not shown). The effect of long-term (18 h)
incubation at two different pD values is shown in panel B. The
concentrations of monomers and small oligomers are even
lower after 18 h of incubation at pD 7.4 (lanes 5 and 6) than at
pD 8.5 (lanes 3 and 4). Under all conditions, the low
molecular weight bands are stronger for the synthetic peptide
than for the recombinant peptide. These results demonstrate
the higher aggregation propensity of recombinant Aβ42, which
is consistent with previous studies.43,44

Because large oligomers were difficult to detect on the SDS-
PAGE gel, the Western blot assay with the anti-β-amyloid
antibody 6E10 was used after SDS-PAGE on Tris-glycine gels.
The results are shown in Figure 6. As observed, heterogeneous

Aβ42 oligomers formed in absence of detergent are resistant to
high SDS concentrations (2% SDS, as in the SDS-PAGE
sample buffer) and appear largely as a smear between 50 and
250 kDa on the blot (lanes 2 and 3 for recombinant and
synthetic peptide, respectively), which is similar to the
molecular weight range in which a smear is observed with
SDS-PAGE (Figure 5).

Secondary Structure of Detergent-Stabilized Aβ42
Oligomers. Our oligomer preparations were also studied by
transmission FTIR spectroscopy in aqueous (D2O) solution, in

Figure 5. Tris-glycine SDS-PAGE analysis of detergent-free Aβ42 preparations. The Aβ42 monomers are compared to oligomers formed inside the
IR cuvette in kinetic experiments. (A) The results from two time-points at pD 8.5 are shown. Lane 1 = monomeric synthetic peptide; Lane 2 =
monomeric recombinant peptide; Lane 3 = oligomers of the synthetic peptide after 30 min at pD 8.5; Lane 4 = oligomers of the synthetic peptide
after 18 h at pD 8.5; Lane 5 = oligomers of the recombinant peptide after 30 min at pD 8.5; Lane 6 = oligomers of the recombinant peptide after 18
h at pD 8.5. (B) The results for long-term incubation at two pD values are shown. Lane 1 = monomeric synthetic peptide; Lane 2 = monomeric
recombinant peptide; Lane 3 = oligomers of the synthetic peptide after 18 h at pD 8.5; Lane 4 = oligomers of the recombinant peptide after 18 h at
pD 8.5; Lane 5 = oligomers of the synthetic peptide after 18 h at pD 7.4; Lane 6 = oligomers of the recombinant peptide after 18 h at pD 7.4.

Figure 6. Western blot analysis of SDS-stabilized and detergent-free
Aβ42 preparations separated with SDS-PAGE on Tris-glycine gels.
Samples, except for the one in lane 3, were prepared from the
recombinant peptide. Lane 1 = monomeric Aβ42; Lane 2 = oligomers
formed in detergent-free phosphate buffer inside the IR cuvettes after
18 h at pD 8.5; Lane 3 = oligomers of the synthetic peptide formed in
PBS (pD 7.4) in absence of detergent after 24 h of aggregation in low-
binding reaction tubes.
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a different mode from many other reports, which have utilized
the attenuated total reflection (ATR) mode of IR spectroscopy
with dried samples. We used aqueous samples, because solvent
evaporation may modify Aβ aggregates. Accordingly, we have
observed formation of β-sheet structures from monomeric
alkaline solutions of unstructured Aβ42 upon solvent
evaporation on an ATR crystal (data not shown). The use of
aqueous solution also made it possible to perform kinetic
measurements, providing insight into the structure and
dynamics of these metastable and polydisperse aggregates.
Typical IR spectra for the detergent-induced oligomers

obtained with the synthetic peptide, as well as for the starting
monomeric solution, are shown in Figure 7. The spectra in
panel A are the second derivatives of the absorbance in the
amide I′ region (the prime indicates the amide I vibration of
deuterated amide I′ groups). In second derivative spectra,
component bands of the absorbance spectra appear as negative
bands. Respective absorbance spectra are shown in panel B of
Figure 7.
In case of the monomeric Aβ42 solutions, the peptide

backbone band in the amide I′ region is found around 1639−
1640 cm−1, indicating random coil conformation in agreement
with the mostly monomeric state observed in the BN-PAGE
experiments. Spectra for SDS- and DPC-stabilized Aβ42
oligomers are also shown in Figure 7. Their main band is
found at approximately 1630 cm−1, which is 10 cm−1 lower
than the random coil band of monomeric Aβ. It also appears
larger and much sharper in the second derivative spectra of
Figure 7A. This β-sheet band position is lower than the
position of approximately 1635 cm−1 found for 2- and 3-
stranded sheet models.45−47 In addition, the splitting between
high and low wavenumber bands is larger for our oligomers
(approximately 56 cm−1) than for the β-sheet models

(approximately 40 cm−1). We conclude therefore that the
number of strands in the β-sheets of our oligomers is larger
than three. An empirical correlation predicts around 10 strands
for a β-sheet maximum at 1630 cm−1.48

In addition to the main band near 1630 cm−1, a smaller band
at higher wavenumbers is also observed near 1685 cm−1. Such
a double-band feature in the amide I region of IR spectra for
protein oligomers and early aggregates has been repeatedly
reported and is consistent with the accepted IR signature for
antiparallel β-sheets,29,49−51 which is in line with theoretical

Figure 7. (A) Second derivatives of IR absorbance spectra for monomeric synthetic Aβ42, as well as detergent-stabilized oligomers of the same
peptide after 24 h of incubation in low-binding reaction tubes. Gray = monomeric Aβ42; blue = 0.05% SDS-stabilized oligomers; purple = 0.2%
SDS-stabilized oligomers; brown = DPC-stabilized oligomers. The monomer spectrum is the same in all cases. Spectra are shown for individual
experiments. The middle and bottom oligomer spectrum are normalized to the intensity of the main band in the top spectrum. The maximum
intensity values of the main band in the original spectra were as follows: purple (0.2% SDS-stabilized oligomers) = −0.00014 cm2; brown (DPC-
stabilized oligomers) = −0.00017 cm2. (B) Absorbance spectra after buffer subtraction, baseline correction, and normalization in relation to the
0.05% SDS-stabilized oligomers. The color codes are the same as in panel A. The maximum absorbance values for normalized spectra were as
follows: gray (monomeric Aβ42) = 0.008; purple (0.2% SDS-stabilized oligomers) = 0.013; brown (DPC-stabilized oligomers) = 0.017.
Approximate spectral ranges for different secondary structures are indicated on the top of each panel using the following abbreviations: α = α-helix,
β↑↑ = parallel β-sheet, β↑↓ = antiparallel β-sheet, rc = random coil.

Figure 8. Circular dichroism spectra of synthetic Aβ42 peptide
oligomers. Blue and red = homogeneous oligomers at SDS
concentrations of 0.05% (blue) and 0.2% (red) after 24 h of
incubation. Violet = oligomeric solution inside the IR cuvette in
phosphate buffer, no detergent at pD 7.4 after 18 h of aggregation.
Black = monomeric Aβ42.
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considerations.52−54 Furthermore, a combined experimental−
computational study of mixtures of unlabeled and 13C-labeled
peptides concluded that each peptide molecule contributes at
least two adjacent β-strands to the β-sheets of the oligomers,
which is consistent with an antiparallel β-hairpin structure.55

Other biophysical techniques have also indicated an at least
partially antiparallel orientation of the β-strands in Aβ
oligomers.56−62 The β-sheet conformation of oligomers in
this study was also confirmed by their far-ultraviolet circular
dichroism (far-UV CD) spectra (Figure 8), where a maximum
at 195 nm and a minimum at 215−220 nm is detected, which
is typical for β-sheets.63

The absorbance spectra of these samples, shown in Figure
7B, reveal interesting differences between the SDS- and the
DPC-stabilized oligomers. The high wavenumber band of β-
sheets is relatively reduced in the spectrum of the DPC-
stabilized oligomers, which is in line with less antiparallel β-
sheet structure in DPC-stabilized oligomers. This property can
also be seen in the second derivative spectra (Figure 7A),
where the high wavenumber band is less intense for DPC-
stabilized oligomers than for SDS-stabilized oligomers. It is
also reflected in the β-sheet organizational index,64 which
appears to be lower for the DPC-stabilized oligomers from
both sources than for the SDS-stabilized oligomers (Table 2).
This index is between 0.2 and 0.3 for proteins with antiparallel
β-sheets including Aβ oligomers, but below 0.06 for a parallel
β-sheet protein and Aβ and α-synuclein fibrils.64 The values for
the SDS-stabilized oligomers indicate a structure rich in
antiparallel β-sheets, in particular for the globulomers, whereas
those for the DPC-stabilized oligomers suggest a mixed
orientation of the strands in the β-sheets.

The absorption around 1650 cm−1 is stronger for the SDS-
stabilized oligomers, which indicates a higher content of non-
β-sheet secondary structures in SDS-stabilized oligomers than

Table 1. IR Band Positions and Bandwidths for Aβ42 Oligomersa

Aβ42 sample
(n = number of experiments)

incubation
time (h)

width at half height for low
wavenumber component (cm−1)

position of low wavenumber
component (cm−1)

position of high wavenumber
component (cm−1)

0.05% SDS, synthetic (n = 3) 24 7.3 ± 0.1 1629.6 ± 0.4 1686.1 ± 0.2
0.05% SDS, recombinant (n = 3) 24 8.0 ± 0.8 1629.1 ± 0.5 1686.5 ± 0.9
0.05% SDS, recombinant (n = 1) 120 10.7 1626.8 1685.8
0.2% SDS, synthetic (n = 2) 24 7.0 ± 0.2 1630.4 ± 0.5 1685.7 ± 0.3
0.2% SDS, recombinant (n = 2) 24 7.8 ± 1.0 1630.1 ± 1.2 1686.0 ± 1.3
DPC, synthetic (n = 2) 24 8.0 ± 0.71 1630.4 ± 0.2 1685.2 ± 0.4
DPC, recombinant (n = 3) 24 7.8 ± 0.4 1630.1 ± 0.1 1685.4 ± 0.1
synthetic in PBS
(no detergent, in reaction vials)
(n = 1)

24 7.2 1623.1 1684.5

recombinant in PBS
(no detergent, in reaction vials)
(n = 1)

24 8.7 1621.7 1684.3

synthetic in PB in CaF2 cuvette, pD 7.4
at 0 °C (n = 3)

0.5 12.9 ± 0.2 1626.8 ± 0.4 1682.9 ± 0.8

synthetic in PB in CaF2 cuvette, pD 7.4
at 37 °C (n = 3)

10 9.2 ± 0.1 1624.1 ± 0.6 1685.6 ± 0.5

recombinant in PB in CaF2 cuvette, pD
7.4 at 0 °C (n = 3)

0.5 12.9 ± 0.4 1625.7 ± 0.5 1682.8 ± 0.2

recombinant in PB in CaF2 cuvette, pD
7.4 at 37 °C (n = 3)

10 9.1 ± 0.2 1623.0 ± 0.8 1685.2 ± 0.45

synthetic in PB in CaF2 cuvette, pD 8.5
at 0 °C (n = 1)

0.5 14.1 1627.5 n.d.

synthetic in PB in CaF2 cuvette, pD 8.5
at 37 °C (n = 1)

10 10.6 1624.2 1685.2

recombinant in PB in CaF2 cuvette, pD
8.5 at 0 °C (n = 2)

0.5 17.4 ± 0.4 1628.4 ± 0.4 n.d.

recombinant in PB in CaF2 cuvette, pD
8.5 at 37 °C (n = 2)

10 11.3 ± 0.4 1623.1 ± 0.1 1685.1 ± 0.0

aPB = phosphate buffer; n.d. = not detected.

Table 2. β-Sheet Organizational Index for Aβ42 Oligomer
Preparationsa

Aβ42 oligomer

β-sheet
organizational

index

0.05% SDS, synthetic (n = 4) 0.30 ± 0.06
0.05% SDS, recombinant (n = 3) 0.35 ± 0.1
0.2% SDS, synthetic (n = 3) 0.24 ± 0.02
0.2% SDS, recombinant (n = 1) 0.26
DPC, synthetic (n = 2) 0.16 ± 0.04
DPC, recombinant (n = 3) 0.21 ± 0.04
synthetic in PB in CaF2 cuvette, pD 7.4 at 20 °C
(t = 1.5 h) (n = 2)

0.21 ± 0.00

synthetic in PB in CaF2 cuvette, pD 7.4 at 37 °C
(t = 2.5−3.5 h)b (n = 2)

0.26 ± 0.01

synthetic in PB in CaF2 cuvette, pD 7.4 at 37 °C
(t = 7.5 h) (n = 2)

0.32 ± 0.01

synthetic in PB in CaF2 cuvette, pD 7.4 at 37 °C
(t = 16.5or 17.5 h) (n = 2)

0.31 ± 0.00

recombinant in PB in CaF2 cuvette, pD 7.4 at 20 °C
(t = 1.5 h) (n = 2)

0.20 ± 0.05

recombinant in PB in CaF2 cuvette, pD 7.4 at 37 °C
(t = 2.5−3.5 h)b (n = 2)

0.27 ± 0.01

recombinant in PB in CaF2 cuvette, pD 7.4 at 37 °C
(t = 7.5 h) (n = 2)

0.32 ± 0.05

recombinant in PB in CaF2 cuvette, pD 7.4 at 37 °C
(t = 17.5 h) (n = 2)

0.3 ± 0.01

aPB = phosphate buffer. bThe values for the first three time points at
37 °C were averaged.
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in DPC-stabilized oligomers. On the other hand, the β-sheet
band near 1630 cm−1 seems to be broader for DPC-stabilized
oligomers with absorption on both sides of the main band,
suggesting several β-sheet bands and therefore a larger variety
of β-sheet structures for DPC-oligomers. This is in line with
the assumption of a mixture of parallel and antiparallel β-
sheets. These additional β-sheet bands are also present, but less
obviously so, in the second derivative spectrum of Figure 7A,
where expected positive intensity on both sides of the negative
main band is missing in the spectrum of the DPC-stabilized
oligomers. Positive intensity on both sides of the main
minimum is an intrinsic property of second derivative spectra.
The absence of the expected positive intensity can be explained
by superimposed negative intensity from absorption bands on
both sides of the main band in the second derivative spectrum
of DPC-stabilized oligomers. In contrast, the expected positive
intensity is seen on both sides of the negative main band for
the SDS-stabilized oligomers, which indicates a more uniform
β-sheet structure of these oligomers.
Correlation between FTIR Spectrum and Aβ42

Oligomer Size. A general comparison of the second
derivative spectra for the different Aβ42 oligomers prepared
in this study is presented in Figure 9 and Table 1. A notable
difference between the spectra for oligomers formed in the
presence and absence of detergents (SDS or DPC) is the
wavenumber at which the main, low wavenumber β-sheet band
is observed. It varies from 1630 cm−1 in case of detergent-
stabilized oligomers to 1622 cm−1 for heterogeneous oligomer
populations and suggests that a relationship is found between
the position of the main band and the size of the oligomeric
assemblies: The smallest oligomers including 0.2% SDS-
stabilized and DPC-stabilized oligomers exhibit the main
band at 1630.1−1630.4 cm−1, while globulomers (0.05% SDS-
stabilized oligomers) produce the main band at 1629.1−1629.6
cm−1. A similar band shift between smaller and larger SDS-
stabilized oligomers has also been observed in a preliminary
report of this study using a simpler preparation for the
monomeric peptide.65 The band position of the globulomer
preparation shifts to lower wavenumber with time (1626.8
cm−1 after 5 days), due to a slow formation of larger oligomers
as observed previously with gel electrophoresis.19 Oligomeric
solutions prepared in the absence of any detergents are
heterogeneous mixtures, which contain larger structures

(Figure 6, lanes 2 and 3) and generate the main band at
much lower wavenumbers, around 1621.9−1622.9 cm−1. The
high wavenumber band of antiparallel β-sheets proved less
variable and thus less useful for a size-spectrum correlation. Its
position is only 1−2 cm−1 higher for nondetergent-containing
oligomers as compared to detergent-stabilized oligomers.
These results are consistent with spectrum calculations,

which predict a downshift of the main β-sheet band upon
increasing the number of strands52,54,66 and with an empirical
correlation.48 The sensitivity of the IR spectrum is strongest
when the number of strands is small and levels off for more
than approximately 10 strands for flat β-sheets.52 The band
position is also affected by the twist of β-sheets, with a more
planar sheet producing a lower wavenumber of the main β-
sheet band.48,54,67 Thus, it can be presumed that the
wavenumber-size correlation extends beyond 10 strands,
when a larger size implies a more planar sheet as in the case
of β-barrels.
Because we prepared our Aβ42 samples in D2O-based

buffers, our band positions cannot readily be compared to
other reports where oligomers were prepared in H2O-based
buffers and studied in the dry state. This is because, in
deuterated medium, the replacement of acidic hydrogen atoms
with deuterium leads to a downshift of amide I bands (then
termed amide I′ bands). Compared to other studies of Aβ40
and Aβ42 aggregates in D2O,

27,68−71 the wavenumber of the
main β-sheet band of our detergent-stabilized Aβ42 oligomers
is several inverse centimeters (cm−1) higher. This is in line
with the small size of the detergent-stabilized oligomers and
the correlation between oligomer size and band position of the
main β-sheet band established in this work: Lower main band
wavenumbers in the IR spectra are associated with larger
oligomeric assemblies. When Aβ42 is left to aggregate in the
absence of detergent, the band position is within the range of
the previous studies.
In this context, it is relevant to discuss an ATR-FTIR study

by Bisceglia et al. on Aβ42 oligomers of different sizes.72 They
prepared Aβ42 oligomers by aging in different buffers at
neutral pH without detergents and used ultrafiltration for size
discrimination. Oligomers smaller than 50 kDa exhibited their
main band in the amide I region at higher wavenumber than
larger oligomers. This is in agreement with the size−spectrum
correlation established in our study.

Figure 9. Second derivatives of IR absorbance spectra of synthetic and recombinant Aβ42 oligomers after 24 h of incubation in low-binding
reaction tubes under different conditions. The purpose of the vertical lines is to guide the eye. Spectra are shown for individual experiments.
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Another interesting parameter is the bandwidth in the IR
spectra, which reflects the structural variety of the molecules in
the sample.28,73 Accordingly, a wide β-sheet band indicates a
mixture of β-sheet structures with different sizes and twists. A
narrow band, on the other hand, is evidence for a more
homogeneous structure of the β-sheets in the sample. The
bandwidth of our detergent-stabilized oligomers is 8 cm−1 or
less in the second derivative (Table 1) corresponding to a
bandwidth at half height in the absorbance spectra of about 10
cm−1. Such a narrow bandwidth indicates well-structured β-
sheets with very similar sizes and twists, which agrees with the
single bands observed on BN-PAGE gels (Figures 1 and 2).
The width is narrower in most cases (Table 1) for detergent-

stabilized oligomers than for oligomers prepared without
detergent. This difference is most pronounced when detergent-
free samples shortly after initiation of aggregation are
compared to detergent-stabilized oligomers, which reflects
the importance of detergents to prepare homogeneous
oligomers of defined small size.
The bandwidths for synthetic SDS-stabilized Aβ42

oligomers are smaller than those for the recombinant peptide
in the same oligomeric state (Table 1). This indicates more
homogeneous oligomer populations for synthetic Aβ42, which

is in agreement with the BN-PAGE results (Figure 1), where
synthetic Aβ42 produces sharper and more intense bands than
the recombinant peptide. Other IR spectroscopic features of
Aβ42 oligomers from synthetic and recombinant sources are
very similar, especially the band position.

Time-Resolved FTIR Studies of Aβ42 Oligomerization.
With the knowledge of the oligomer size−wavenumber
relationship, we performed time-resolved experiments of
Aβ42 aggregation. In these experiments, the solution of the
monomeric peptide at alkaline pD was mixed with dried
phosphate buffer (pD values of either 7.4 or 8.5) on a flat IR
spectroscopy CaF2 window. This led to a rapid decrease in the
pD of the peptide solution from above 12 to that of the buffer
used. The pD drop triggered the aggregation of the peptide, as
detected by transmission IR spectroscopy. The measurements
started 20−30 min after mixing and assembling the IR cuvette.
To capture the early intermediates in the aggregation process,
the spectra were initially recorded at 0 °C, followed by two
measurements at 20 °C and about 30 measurements at 37 °C.
The signals were measured in 30 min intervals. At the end of
the kinetic experiment, a CD spectrum was recorded for the
pD 7.4 sample and is shown in Figure 8. The IR results for pD

Figure 10. IR spectroscopy of aggregating synthetic (A, C, E) and recombinant (B, D, F) Aβ42 peptide at pD 7.4 inside IR cuvettes. The spectra
and the spectral parameters are shown for a typical experiment for each peptide. (A, B) Second derivatives of IR absorbance spectra. The red
spectrum was recorded after 30 min and at 0 °C. The other spectra were recorded at 37 °C. (C, D) Band position and (E, F) bandwidth of the
main band in the amide I′ region during aggregation.
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7.4 are shown in Figure 10 and Figure S1 of Supporting
Information (SI), and those for pD 8.5 are shown in Figure 11.
The overall shape of the absorbance spectra in Figure S1

resembles initially that of the DPC-stabilized oligomers with
little absorbance in the central region of the amide I band but
later becomes similar to that of the SDS-stabilized oligomers
due to an increased absorption around 1650 cm−1. The high
wavenumber band behaves accordingly; it is initially relatively
small, and the β-sheet organizational index is low but increases
within the first hours of the experiment, which is reflected in a
larger index (Table 2). The range between ∼0.2 and ∼0.3 is in
line with previous work on Aβ oligomers by us71 and others.64

There is no significant decrease of the β-sheet organizational
index toward the end of the kinetic experiment, which
indicates that there is no or only little fibril formation.
Despite similarities in spectral shape, the band positions are

different for detergent-stabilized oligomers and the oligomers
in the time-resolved experiment. This is seen in the second
derivative spectra, which are displayed in panels A and B of
Figures 10 and 11. As evident for both the synthetic and the
recombinant Aβ42 peptide, the first IR spectrum (taken 20−30
min after the pD drop at 0 °C) exhibits a characteristic main
band around 1626 cm−1 (pD 7.4) or 1628 cm−1 (pD 8.5). In

addition, a high wavenumber band appears at about 1682−
1683 cm−1 (pD 7.4). These features resemble those of the
detergent-stabilized oligomers, but the position of both bands
is lower at the beginning of the kinetic experiment. Over time
and with an increase in temperature, the two bands shift in
reverse directions: A downshift for the main, low wavenumber
band and an upshift for the small, high wavenumber band are
observed. The changes in position of the main band over time
are depicted in panels C and D of Figures 10 and 11. The main
band shifts considerably when the temperature is increased and
further during the first hours of incubation at 37 °C; however,
the pace of the shift slows down after 4 h. IR spectra at pD 7.4
recorded almost 1 week after start of the experiment and
incubation of the sample at 37 °C appear almost unchanged
compared to the last spectrum in the time series (downshift ≤
0.2 cm−1). Therefore, the position of the main band is
stabilized after almost 18 h from the start of the experiment.
Corresponding band shifts have been observed previously for
Aβ4074,75 and Aβ4265,76,77 but, except for our preliminary
work,65 were only once related to oligomer size.75

In comparison with pD 7.4, the main IR band at pD 8.5 is
found at a higher wavenumber throughout most of the time-
resolved experiments, indicating smaller aggregates at pD 8.5

Figure 11. IR spectroscopy of aggregating synthetic (A, C, E) and recombinant (B, D, F) Aβ42 peptide at pD 8.5 inside IR cuvettes. The spectra
and the spectral parameters are shown for a typical experiment for each peptide. (A, B) Second derivatives of IR absorbance spectra. The red
spectrum was recorded after 30 min and at 0 °C. The other spectra were recorded at 37 °C. (C, D) Band position and (E, F) bandwidth of the
main band in the amide I′ region during aggregation.
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than pD 7.4 particularly at the start and at the end of the
experiment. Recombinant and synthetic peptides behave
similarly, but the recombinant peptide tends to have a lower
wavenumber at a given time of the experiment.
The changes in the second derivative spectrum that lead to

the discussed band shift are not symmetrical on both sides of
the minimum. The shift is mostly due to the disappearance of
negative intensity on the high wavenumber side of the
minimum, caused by the disappearance of smaller size
oligomers. It is to a lesser extent due to developing negative
intensity on the low wavenumber side, resulting from the
formation of larger structures. These asymmetric changes make
the band narrower with time as shown in panels E and F of
Figures 10 and 11 and collected in Table 3. This effect has
been noted before.74,75

Most of the bandwidth change occurs in the first 5 h, and it
stabilizes after about 10 h. Similar effects are observed for
peptides from the two sources, but the bandwidth is larger for
the recombinant peptide at any time point (Table 3). The
band is wider at pD 8.5 than at pD 7.4, which is particularly
notable for the recombinant Aβ42 peptide during the first 5 h.
According to these observations, the β-sheet population
produces more heterogeneous IR spectra at the beginning of
the experiment than at its end, at pD 8.5 than at pD 7.4, and
with recombinant rather than with synthetic peptide. As the IR
spectrum is most sensitive to changes in the number of β-
strands when this number is small (see previous section), we
expect the bandwidth to reflect mostly the concentration of
small oligomers. Supporting this interpretation, the spectral
changes are found on the “small oligomer side” of the β-sheet
band as discussed above. Also, SDS-PAGE results (Figure 5)
indicate that the low molecular weight species (monomers,
trimers, and tetramers) are readily observed after 30 min from
the pD drop (particularly for the synthetic peptide), while they
are less abundant at pD 8.5 and mostly consumed at pD 7.4
after about 18 h, at which time the spectroscopic signals have
stabilized.
The far-UV CD spectrum for the oligomeric solution of

synthetic Aβ42 formed after about 18 h of incubation at 37 °C
during the time-resolved aggregation experiment (Figure 8)
shows a maximum band at 195−200 nm and a minimum at
215−220 nm, which confirms the β-sheet conformation of the
aggregates.63

In summary, the combined results from the SDS-PAGE and
IR spectroscopy indicate an increase in oligomer size during
the first hours of the aggregation experiment, which is
associated with the consumption of smaller aggregates. This
results in a more homogeneous IR absorption of the β-sheets
of the different aggregates. After 5 h, the signals change very
little.

■ CONCLUSIONS

Our study adds two spectroscopic markers to the tool box of
amyloid researchers: the spectral position and bandwidth of
the main amide I band of β-sheets. The band position
correlates with oligomer size/molecular weight, because it
depends on the twist and strand number of β-sheets,
particularly when the sheets are small. Hence, oligomers of
different sizes prepared in this study exhibited different band
positions. In kinetic aggregation experiments, the main band
shifts toward lower wavenumbers, as oligomers grow in size
and their β-sheet structures become more extended and/or
more flat. As the correlation was established for oligomers
during the first hours of aggregation, it may not apply to later
aggregates and to fibrils. Fibril formation has been shown to
shift the amide I band up,75,77 but not always.74 An upshift
upon formation of the parallel β-sheets of fibrils is expected
from spectrum calculations53,54 and can be explained by
different vibrational coupling in parallel β-sheets as compared
to antiparallel β-sheets. An upshift is further anticipated upon
fibril formation, because this leads to the stacking of β-sheets.78

As a consequence of the correlation, the IR bandwidth
reflects the heterogeneity of the ensemble of β-sheet structures
in the sample, with narrower IR bands indicating less
heterogeneity. Accordingly, we found the β-sheet structures
to be more homogeneous in Aβ42 oligomers in the presence of
detergent than in its absence, in SDS-stabilized oligomers with
the synthetic peptide than in those with the recombinant
peptide, and after several hours of aggregation than at its
beginning. The small width of the main negative β-sheet band
in the second derivative spectra and the clear presence of
positive intensity on both sides of it testify the homogeneity of
the SDS-stabilized oligomers: These spectral features are
particularly remarkable as the spectrum is most sensitive to
oligomer size in this low molecular weight range. Additionally,
they demonstrate a well-defined β-sheet structure, which is also
supported by the high β-sheet organizational index of these
preparations. These oligomers are therefore well-suited for
further structural studies, in particular the SDS-stabilized
oligomers from the synthetic peptide. The narrow band of the
SDS-stabilized oligomers is in remarkable contrast to the wide
bands in the absence of detergents observed early in the
aggregation process. In contrast to the SDS-stabilized
oligomers, those stabilized by DPC seem to be less
homogeneous, as the spectrum contains additional β-sheet
bands and the β-sheet organizational index suggests a mixture
of parallel and antiparallel β-sheets.
We conclude that the IR spectrum can be used not only to

analyze the secondary structure of the aggregates but also their
size and their size distribution. These observations will be
useful for the continued study of the structures and dynamics
of prefibrillar assemblies of amyloidogenic peptides and
proteins in general.

Table 3. Bandwidth at Half-Height for the Main Band in
Second Derivative Spectra of the Amide I′ Regiona

bandwidth (in cm−1) for
synthetic Aβ42

bandwidth (in cm−1) for
recombinant Aβ42

time point
(h)

pD 7.4
(n = 2)

pD 8.5
(n = 1)

pD 7.4
(n = 2)

pD 8.5
(n = 2)

0.5 12.9 ± 0.2 14.1 13.8 ± 0.6 17.4 ± 0.4
1.5 11.6 ± 0.0 12.4 12.2 ± 0.8 16.0 ± 0.4
2.5 10.3 ± 0.1 11.5 10.8 ± 0.4 14.5 ± 0.0
5 9.5 ± 0.1 10.9 9.8 ± 0.0 12.3 ± 0.2
7.5 9.3 ± 0.1 10.8 9.3 ± 0.2 11.7 ± 0.1
10 9.2 ± 0.0 10.6 9.1 ± 0.1 11.3 ± 0.4
12.5 9.0 ± 0.1 10.4 8.9 ± 0.1 11 ± 0.1
15 8.9 ± 0.0 10.3 8.8 ± 0.0 10.7 ± 0.1

aDuring the aggregation of synthetic and recombinant Aβ42 in IR
cuvettes (n = number of experiments).
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■ METHODS
Preparation of Monomeric Aβ42 Peptide Solutions.

Synthetic, hexafluoroisopropanol (HFIP) treated Aβ42 (JPT Peptide
Technologies, Germany) and recombinant, ultrapure, NH4OH
treated Aβ42 (rPeptide, USA) were bought as vials of 1 mg of
lyophilized powder. In order to prepare aggregate free, monomeric
solutions of Aβ42, the method developed by Broersen et al.79 was
used with some modifications. For both, synthetic and recombinant
peptide, 1 mg of lyophilized peptide powder was dissolved in 250 μL
of dimethyl sulfoxide (DMSO) to obtain a peptide concentration of 4
mg/mL. A HiTrap Desalting column (GE Healthcare, USA) was used
to separate monomeric peptide from aggregates and from low
molecular weight compounds in the purchased peptide samples. The
column was equilibrated with 25 mL of 5 or 10 mM NaOH and 50
mM NaCl (pH 12.0−12.3) in H2O, followed by washing with about
10−15 mL of the elution buffer: 5 or 10 mM NaOD and 50 mM
NaCl in D2O (pD 12.4−12.7). pD values were calculated by adding
0.4 units to the pH-meter reading.80 The FTIR spectrum of the D2O-
based eluent from the column was recorded and monitored to ensure
that it was H2O-free. The peptide solution in DMSO was applied to
the column, followed by pumping of 1.25 mL of the elution buffer
prior to collection of peptide-containing fractions. At a flow rate of 1
mL/min, 10 peptide-containing fractions of 100−120 μL volumes
were collected on ice. The peptide concentration of each eluted
fraction was determined by measuring the UV absorbance at 280 nm
using a NanoDrop instrument (Eppendorf, Germany), with the Aβ42
molar extinction coefficient of 1280 M−1 cm−1.81 Collected fractions
(100−120 μL) were flash frozen in liquid nitrogen, topped with argon
gas, and stored at −80 °C until they were used. Low-binding tubes
were used for preparation and storage of monomers and oligomers of
Aβ42.
An important modification with respect to the original protocol79 is

our use of D2O-based buffers in order to study our Aβ42 samples with
transmission FTIR spectroscopy. Using D2O as the solvent helps to
avoid the interfering strong band from the bending vibration of H2O,
which otherwise covers the region of interest (amide I region) in IR
studies of proteins.
Preparation of Homogeneous Aβ42 Oligomers. Homoge-

neous Aβ42 oligomers were prepared according to protocols
developed by Barghorn et al.19 and Serra-Batiste et al.22 with some
modifications. SDS (Sigma, USA) was used at concentrations of 0.05
and 0.2% to induce formation of two different sizes of Aβ42
oligomers. Solutions of 5X concentrated PBS buffer in D2O (100 mM
NaH2PO4, 700 mM NaCl, pD 6.25) were prepared. After pD
adjustment, SDS was added to 5X buffers at concentrations of either 1
or 0.25%. These 5X SDS-containing buffer solutions were mixed with
100−120 μM monomeric peptide solution, pD 12.7 (1 volume of 5X
concentrated PBS buffer with 4 volumes of the peptide in the alkaline
elution solution), to obtain solutions of 80−100 μM of Aβ42 peptide
in PBS (20 mM NaH2PO4, 140 mM NaCl, pD 7.4). The pD value of
the peptide solution was estimated from a separate experiment where
larger volumes of buffer and peptide-free NaOD solution (pD 12.4−
12.7) were mixed to measure the pD. The final SDS concentration
was either 6.9 mM (0.2%) or 1.7 mM (0.05%).
In parallel experiments, DPC (Merck, Germany) was used to

induce oligomer formation. Concentrated buffer (5X) in D2O (50
mM Tris-HCl, pD 8.5) was prepared and mixed with 4 volumes of
100−120 μM monomeric peptide solution (pD 12.4−12.7) to obtain
solutions of 80−100 μM Aβ42 in 10 mM Tris-HCl, pD 9. The DPC
concentration in the 5X buffer (19−27 mM) was chosen so that after
mixing, the ratio of the molar concentrations of Aβ42 and DPC
micelles was about 2:1, according to the original protocol.22

The above-described mixtures of peptides and detergents were
incubated at 37 °C (no shaking) for 24 h, flash frozen in liquid
nitrogen, and stored at −20 °C. For each oligomer, the same
preparation was used for gel electrophoresis, IR spectroscopy, and CD
spectroscopy.
Preparation of Heterogeneous Aβ42 Oligomer Solutions. In

addition to the detergent-stabilized oligomer preparations, peptide

samples were mixed with D2O-based PBS buffer as described above
for the SDS-stabilized oligomers, but without detergent and incubated
for 24 h at an Aβ42 concentration of 80−100 μM. These preparations
were used for gel electrophoresis and FTIR spectroscopy. They
proved to have a heterogeneous oligomer population. Alternatively,
heterogeneous oligomer samples were prepared for time-resolved
FTIR studies as described in the respective section below.

BN-PAGE and SDS-PAGE Analysis. Our Aβ42 samples were
analyzed with both native and denaturing gel electrophoresis. BN-
PAGE was conducted using 4−16% Bis-Tris Novex gels (Thermo-
Fisher Scientific, USA) and the Invitrogen native PAGE system
(ThermoFisher Scientific, USA), according to the instructions. The
Amersham High Molecular Weight Calibration Kit for native
electrophoresis (GE Healthcare, USA) was used as the protein
marker. SDS-PAGE analysis was performed with two types of gels and
buffer systems: Tris-glycine or Laemmli and Tris-Tricine (Bio-Rad,
USA). Either Mini-PROTEAN TGX Precast Gels (Bio-Rad, U.S) or
16.5% Mini-PROTEAN Tris-Tricine Gels (Bio-Rad, USA) were used
together with the corresponding buffers and the electrophoresis
apparatus (Bio-Rad, USA). Precision Plus Protein Dual Color
Standard (Bio-Rad, USA) was loaded alongside the samples for size
estimation. Electrophoresis was conducted according to the
instructions from Bio-Rad. Samples were not heated prior to SDS-
PAGE analysis, in order to avoid degradation of the Aβ42 oligomers.
Both native and SDS-PAGE gels were silver stained using the Pierce
Silver Stain kit (ThermoFisher Scientific, USA), according to the
instructions.

The molecular weight of the oligomers of the gel in Figure 1 was
evaluated in the following way: Two gels containing the standard
marker proteins and a monomeric sample were aligned with the
marker proteins of the gel in Figure 1. The bands of the three marker
proteins with the lowest molecular weights and the monomer band
were used to generate two calibrations curves that related the
locations of either the upper or the lower band limit to the molecular
weight. The calibration curves were then used to estimate the
molecular weight of the oligomers from the upper and lower limits of
their bands.

Western Blot Assay. SDS-PAGE separated oligomeric solutions
on Tris-glycine gels were transferred to PolyVinylidene DiFluoride
(PVDF) membranes (Immobilon-P Millipore, USA) with the
traditional wet transfer method.82 PVDF membranes were activated
in methanol for 2 min and washed with the transfer buffer (Tris
buffered saline with 0.1% Tween-20, TBST) for 10 min. A transfer
stack was prepared with the Tris-glycine gel and the activated
membrane. Wet transfer was performed overnight at a constant
current of 10 mA at 4 °C. The membrane was blocked in 5% nonfat
dry milk powder (ITW reagents, Germany) in TBST for 1 h at room
temperature. The membrane was incubated overnight in a 1:1000
solution of mouse monoclonal anti-Aβ antibody 6E10 (BioLegend,
USA) in the blocking solution at 4 °C. After excessive washing with
TBST, the membrane was incubated in 1:5000 solution of horseradish
peroxidase conjugated secondary antibody (donkey antimouse IgG
(H + L) antibody, ThermoFisher Scientific, USA) in the blocking
solution for 1 h at room temperature. The membrane was washed
thoroughly in TBST, and the protein bands were developed with
WesternBright ECL substrate solution (Advansta, USA) according to
the instructions.

FTIR Spectroscopy of Monomeric and Detergent-Stabilized
Aβ42. Transmission IR spectra were recorded on a Tensor 37 FTIR
spectrometer (Bruker Optics, Germany), continuously purged with
CO2-free dry air and equipped with an HgCdTe detector cooled with
liquid nitrogen. To assemble the IR cuvettes, 5−6 μL of the samples
were loaded between two flat CaF2 windows, separated by a 50 μm
plastic spacer covered on outer edges with vacuum grease. The
assembled cuvette was mounted into a sample shuttle making it
possible to acquire both background and sample spectra without
opening the sample chamber. When recording the spectra for Aβ
monomer solutions, the instrument’s cuvette holder was cooled down
to 0 °C with the assistance of an external water bath. Otherwise, all
spectra were recorded at room temperature. A time period of about
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20 min after closing the chamber lid ensured complete purge of CO2

and water vapor. Transmission FTIR spectra were acquired in the
1900−800 cm−1 range with a resolution of 2 cm−1 at 3 or 6 mm
apertures. A germanium filter and a 25 μm cellulose membrane were
used to block the light intensity above 2200 cm−1 and below 1500
cm−1, respectively. In addition, a grid was placed in the reference
position of the sample shuttle in order to reduce the light intensity of
the reference beam.83 Scans (300) were taken for each spectrum.
Spectra were analyzed with OPUS 5.5 software, without subtraction of
the solvent spectrum.
Time-Resolved IR Spectroscopy of Aβ42 Oligomerization.

Sodium phosphate (8 μL) in D2O buffer, either 50 mM (pD 7.4) or
200 mM (pD 8.5), was laid at the center of a flat CaF2 window
covered at the periphery with a 50 μm plastic spacer smeared with
vacuum grease on both sides. The buffer was dried under vacuum to
obtain a film. Subsequently, 8 μL of monomeric Aβ42 (80−100 μM
in 5 mM NaOD, 50 mM NaCl solution, pD 12.4−12.7) were added
and mixed with the buffer precipitate in order to lower the pD. The
second window was added, the IR cuvette was assembled quickly and
mounted in the sample holder of a Tensor 37 FTIR spectrometer
(Bruker Optics, Germany) precooled to 0 °C. The sample holder was
coupled to an external water bath to control the temperature. The
OPUS software was programmed to record transmission IR spectra in
30 min intervals, starting 20−30 min after mounting the assembled IR
cuvette and closing the instrument’s sample chamber. The sample was
incubated within the spectrometer for 1 h at 0 °C and then at 20 °C
for another 1 h, followed by overnight incubation at 37 °C.
Accordingly, two spectra were recorded at both 0 and 20 °C. The
fifth spectrum was recorded 30 min after the temperature was raised
to 37 °C, followed by repetitive measurements at 30 min intervals.
Transmission IR spectra were recorded as mentioned earlier with 6
mm aperture.83 Spectra were analyzed with OPUS 5.5 software,
without subtraction of the solvent spectrum.
IR Spectra Processing. Spectra were analyzed with the OPUS 5.5

software, and second derivative spectra were calculated with a
smoothing factor of 17. The width at half of the actual height of the
main β-sheet band near 1630 cm−1 in the second derivatives was
calculated and reported as the bandwidth. A solvent spectrum was not
subtracted, because this changed the second derivative spectrum only
marginally as shown in Figure S2 of the Supporting Information. The
reason for the small impact of the solvent spectrum on the second
derivative spectra is the large spectral width of the solvent bands,
which leads to their suppression in second derivative spectra. For the
absorbance spectra shown in Figure 7 and in Figure S1 of the
Supporting Information, however, a solvent spectrum and a baseline
was subtracted from the original absorbance spectrum. The baseline
was generated from 6 points with 10 cm−1 spacing between 1750 and
1700 cm−1 and between 1600 and 1550 cm−1 which were connected
by polynomes.
The β-sheet organizational index was calculated according to Celej

et al.64 from the solvent and baseline subtracted absorbance spectra.
The spectra were Fourier self-deconvoluted with the Kinetics
software, kindly provided by Erik Goormaghtigh (Universite ́ Libre
de Bruxelles), using the same parameters as in the original publication.
The deconvoluted spectra were then fitted with four component
bands in the spectral range from 1700 to 1600 cm−1. Then, the β-
sheet organizational index was calculated by dividing the intensities of
the high and low wavenumber β-sheet bands.
CD Spectroscopy. Far-UV CD spectra of the samples in the IR

cuvette were acquired immediately after the IR spectra using a
custom-made holder to accommodate the assembled IR cuvettes. CD
spectra were recorded on a Chirascan spectrometer (Applied
Photophysics, UK) in the range 185−250 nm, with a bandwidth of
2 nm at room temperature. For each measurement, 10 repeats of the
spectrum were recorded and averaged.
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