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An infrared spectroscopy approach to follow
β-sheet formation in peptide amyloid assemblies
Jongcheol Seo1†, Waldemar Hoffmann1,2†, Stephan Warnke1, Xing Huang1, Sandy Gewinner1,
Wieland Schöllkopf1, Michael T. Bowers3, Gert von Helden1* and Kevin Pagel1,2*
Amyloidogenic peptides and proteins play a crucial role in a variety of neurodegenerative disorders such as Alzheimer’s
and Parkinson’s disease. These proteins undergo a spontaneous transition from a soluble, often partially folded form, into
insoluble amyloid ﬁbrils that are rich in β-sheets. Increasing evidence suggests that highly dynamic, polydisperse folding
intermediates, which occur during ﬁbril formation, are the toxic species in the amyloid-related diseases. Traditional
condensed-phase methods are of limited use for characterizing these states because they typically only provide ensemble
averages rather than information about individual oligomers. Here we report the ﬁrst direct secondary-structure analysis
of individual amyloid intermediates using a combination of ion mobility spectrometry–mass spectrometry and gas-phase
infrared spectroscopy. Our data reveal that oligomers of the ﬁbril-forming peptide segments VEALYL and YVEALL, which
consist of 4–9 peptide strands, can contain a signiﬁcant amount of β-sheet. In addition, our data show that the
more-extended variants of each oligomer generally exhibit increased β-sheet content.
he assembly of peptides and proteins into insoluble β-sheet-rich
ﬁbrils is a common hallmark of all amyloid diseases1–3. In the
disease case, however, small soluble oligomers rather than
mature ﬁbrils have been suggested as the toxic species. Oligomers
of amyloidogenic peptides, such as the β-amyloid peptide4–6,
α-synuclein7, islet amyloid polypeptide8,9, insulin10,11 and several
others, are suspected to be responsible for Alzheimer’s, Parkinson’s,
type II diabetes and so on. Exploring the structure of these oligomers
is not only crucial to develop a better understanding of the underlying
molecular details of amyloid assembly, but it is also key to the development of novel diagnostic and therapeutic methods.
Extensive structural studies using X-ray diffraction, nuclear
magnetic resonance spectroscopy and electron microscopy (EM)
have revealed that highly ordered β-sheets maintained by cross-β
spines are dominant in mature ﬁbrils11–15. Moreover, circular
dichroism and infrared spectroscopy studies revealed that large
secondary structural transitions from partially helical or unordered
structures into repeating β-sheets occur during the assembly
process16–18. Thus, to determine the secondary structure of
pre-ﬁbrillar oligomers and identify the speciﬁc states responsible
for the secondary structural transitions to a β-sheet should be
the ﬁrst step in investigating the assembly of amyloid peptides
and proteins. However, the polydisperse, polymorph, and transient
nature of the involved oligomers makes structural investigations
inherently challenging, because oligomers usually exist in a
distribution of distinct stoichiometries and conformational states.
Traditional condensed-phase methods are of limited use for structural
studies of these systems because they only yield ensemble-averaged
results. Thus, several methods based on mass spectrometry (MS)
and ion mobility spectrometry (IMS) have been applied to study
amyloid assembly19–28. With its unique capability to isolate and
detect molecular ions of a speciﬁc mass-to-charge ratio (m/z) and to
measure collision cross-sections (CCSs), recent IMS–MS studies
successfully isolated size- and shape-speciﬁc oligomer states of
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amyloidogenic peptides and extracted structural as well as oligomer
distribution information.
The peptide VEALYL, which corresponds to segment 12–17 of
the insulin B chain, was recently shown to form amyloid ﬁbrils
that later evolve into microcrystals in solution14,15,20. X-ray studies
have revealed that the peptides assemble into a so-called steric
zipper—a repeating pattern of antiparallel β-sheets with densely
packed, interdigitated side chains12,14,15. IMS–MS methods found
that a structural transition from a compact to a more-extended
structure appears early in the assembly process20. However,
IMS–MS is not sensitive to the secondary structure itself; it only gives
information about the overall shape of a molecule and relies on
comparison with modelling studies to obtain structural information.
To address this limitation, we combined infrared spectroscopy
with IMS–MS to probe the structure of shape- and m/z-selected
ions. Infrared spectroscopy is a versatile tool for identifying secondary structures29,30. The stretching mode of C=O groups (amide I) in
the peptide backbone can be especially diagnostic for different types
of secondary structure. Highly ordered structures, such as α-helices
and β-sheets, yield major amide I bands at 1,650–1,660 cm−1 and
1,610–1,640 cm−1, respectively29. Random coils and several turn
structures, on the other hand, yield amide I features at
1,640–1,650 cm−1 and 1,660–1,685 cm−1, respectively, which are
both distinct from those of β-sheets29,30. Recent advances in laserbased methods enable us to record infrared spectra of m/z- and/or
ion-mobility-selected molecular ions31,32. Irradiating the isolated molecular ions with an intense tunable infrared laser can lead to the
absorption of multiple infrared photons and subsequent dissociation. Plotting the fragmentation yield as a function of infrared
wavelength gives a gas-phase infrared multiple-photon dissociation
(IRMPD) spectrum, which resembles the condensed-phase infrared
absorption spectrum. In the present work we investigated oligomers
of VEALYL and its sequence-scrambled peptides, VELYAL and
YVEALL, using these techniques.
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Figure 1 | Structural analysis of VEALYL oligomers and ﬁbrils in the condensed phase and in the gas phase. a, TEM of an incubated VEALYL solution.
b, Solid FTIR spectra of the VEALYL precipitate obtained after two days of incubation at room temperature and of the freshly dissolved VEALYL without
precipitation after lyophilization. c, Measured CCSs of VEALYL oligomers as a function of the number of monomers. The dashed line denotes the expected
CCSs assuming isotropic growth. The inset shows a typical ATD of the triply charged tetramer (4/3) in which multiple conformers with distinct CCSs are
observed. The statistical error of the CCS measurements is less than 1% and smaller than the size of the symbols. d, IRMPD spectra of m/z- and drift-timeselected VEALYL oligomer ions from the singly protonated monomer (1/1) up to the quadruply protonated nonamer (9/4) measured in the wavenumber
range 1,000–1,850 cm−1. Fractions of the amide I band that are representative for β-sheets (1,610–1,640 cm–1 and 1,690 cm−1) and turn-like (1,660–1,685 cm−1)
structures are represented in red and blue, respectively. For details about the ﬁtting procedure see Supplementary Information.

Results and discussion
The hexapeptide VEALYL is well known to form amyloid
ﬁbrils11,12,14,15. This manifests itself in the formation of an insoluble
deposition after the incubation of VEALYL in water/methanol at
room temperature. Figure 1a shows a transmission electron micrograph of amyloid ﬁbrils that are formed from the VEALYL sample.
The secondary structure of non-soluble VEALYL ﬁbrils was previously found to be dominated by β-sheets11–15. Solid-state Fourier
transform infrared (FTIR) spectroscopy, especially in the amide I
region where C=O vibrations are probed, is sensitive to the secondary structure. Highly ordered antiparallel β-sheets are expected to
yield amide I bands at 1,610–1,640 cm−1 and ∼1,690 cm−1,
whereas signals at 1,640–1,650 cm−1 and 1,660–1,685 cm−1 indicate
random coils and several types of turn structures, respectively29,30. A
comparison between FTIR spectra of freshly dissolved VEALYL and
the precipitate is shown in Fig. 1b. For the freshly dissolved sample
(black curve), the maximum of the amide I band at 1,641 cm−1
together with several broad features up to 1,700 cm−1 indicate the
presence of unordered and turn-like structures. In contrast, the
infrared spectrum of the VEALYL precipitate (red curve) shows a
narrower and red-shifted amide I band centred at ∼1,627 cm−1.
40

This suggests that the VEALYL precipitate predominantly consists
of highly ordered β-sheets. In addition, ultraviolet spectroscopy and
FTIR experiments in solution (Supplementary Fig. 4) show that aggregation occurs after a certain lag phase, which is characteristic for
nucleation-dependent ﬁbril formation33.
A disadvantage of condensed-phase methods is that in solution
they can only provide ensemble-averaged results of all the aggregation states. Structural details of the individual pre-ﬁbrillar oligomers
are, thus, impossible to obtain with these methods. To address this
limitation, IMS–MS-based methods were used in the present work.
These methods allow a clear separation of the oligomer number (n)
and conformation, as well as provide absolute CCSs. When a freshly
dissolved VEALYL sample is electrosprayed, a wide distribution of
multiply charged peptide oligomers is observed (Supplementary
Figs 5 and 6). The CCS values of each individual VEALYL conformer were measured and the results are shown in Fig. 1c. The dashed
line represents an ideal isotropic (that is, globular) growth behaviour
following σ = σ1n 2/3, where σ1 denotes the CCS of the monomer20.
This CCS plot clearly shows the polydisperse and polymorph
nature of VEALYL oligomers, and features oligomers with various
stoichiometries that range from the singly protonated monomer
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Figure 2 | TEM images of VEALYL sequence variants. a,b, VELYAL (a) and
YVEALL (b) images were obtained after incubation at room temperature for
29 days and subsequent evaporation of the solvent. For VELYAL, only the
TEM grid was observed with no ﬁbrils, whereas ﬁbril formation was
observed for YVEALL.

(n/z = 1/1) to the quadruply protonated decamer (n/z = 10/4). The
inset in Fig. 1c shows an arrival-time distribution (ATD) of the
triply protonated tetramer (n/z = 4/3) for which multiple species
with different CCSs were observed. Interestingly, VEALYL oligomers larger than the trimer (n > 3) exhibit CCS values that are
larger than predicted by the isotropic model. This deviation from
the isotropic growth line may be indicative of the presence of
soluble β-sheet-rich intermediates on the way to ﬁbril formation,
as suggested by previous studies14,20.
Although ion-mobility data contain information about the
overall size of oligomer ions, they cannot provide clear evidence
for a speciﬁc secondary structure. To obtain information about
the structural details of individual oligomers, the IMS–MS instrument was used as a preparative tool to pre-select ions of a speciﬁc
size and m/z, followed by irradiation with intense infrared laser
pulses generated by the Fritz Haber Institute free-electron laser
(FHI-FEL)34. An IRMPD spectrum can then be generated from
the wavelength-dependent dissociation of the pre-selected ions.
The resulting IRMPD spectra of individual VEALYL oligomers up
to the quadruply protonated nonamer (n/z = 9/4) measured in a
wavenumber range of 1,000–1,850 cm−1 are shown in Fig. 1d. The
spectra consist of two major bands at 1,600–1,700 cm−1 and 1,450–
1,550 cm−1, which can be assigned as amide I and II vibrations,
respectively. Infrared features above 1,700 cm−1 originate from carboxylic acid vibrations either from the C terminus or from the side
chain of glutamic acid. Weaker features in the wavenumber range
1,100–1,300 cm−1 can be assigned to Tyr and amide III
vibrations30,35. For the singly protonated monomer (n/z = 1/1),
well-separated features can be observed in the amide I region at
1,655 and 1,695–1,705 cm−1, as well as a very weak feature at
1,750 cm−1. Compared with the amide I bands of higher oligomers,
these monomer features are found at higher wavenumbers. This is
not surprising because the extent of hydrogen bonding inside the
hexapeptide monomer is expected to be rather low and, thus,
provide little perturbation of the individual C=O oscillators. As the
size of the oligomer increases, amide I features are shifted towards
lower wavenumbers. The spectra of higher oligomers (n = 3–9)
feature amide I bands that are centred around 1,660–1,670 cm−1,

which is indicative of turn-like structures. Most interesting,
however, is the observation of typical β-sheet infrared bands in the
amide I region (1,610–1,640 cm−1) for the tetramer and higher oligomers, which clearly have larger CCSs than predicted by the isotropic
growth model. To ascertain qualitatively the relative abundances
of β-sheets and turn-like structures, the amide I region (1,600–
1,700 cm−1) of these oligomers (n = 4–9) was ﬁtted with multiple
Gaussian curves (Fig. 1d (for details see Supplementary Fig. 7 and
Supplementary Table 5)). Each of these Gaussians represents a
speciﬁc motif: β-sheets at 1,610–1,640 cm–1 and ∼1,690 cm−1
(Fig. 1d, red curve) and small turns at 1,660–1,685 cm−1 (blue
curve). This analysis clearly indicates a signiﬁcant proportion of
β-sheets in the higher VEALYL oligomers of n ≥ 4.
Compared with the clear evidence for β-sheets in the solid FTIR
spectra of the mature VEALYL ﬁbrils (Fig. 1b), however, β-sheet signatures in the IRMPD spectra of VEALYL oligomers (Fig. 1d) are
weaker and exhibit little variation over the different oligomer sizes.
This makes it difﬁcult to correlate the IRMPD results with the
observed CCSs and to pinpoint speciﬁc oligomers that are involved
in structural transitions. To generate comparable peptides that may
differ in their amyloid-formation propensity, the VEALYL-sequence
variants VELYAL and YVEALL were synthesized and investigated.
Keeping the overall amino acid composition unchanged helps to
minimize differences in the infrared spectra that arise from different
amino acid side-chain absorptions and greatly facilitates the comparison between different sets of infrared data.
As shown in the TEM image in Fig. 2a, VELYAL does not appear
to form amyloid ﬁbrils. Similarly, no visible precipitate was formed
after several days of incubation, which was further conﬁrmed
by ultraviolet spectroscopy. Time-resolved FTIR measurement of
a VELYAL solution did not indicate a structural transition into
β-sheets (Supplementary Fig. 8). Similarly, the solid-phase FTIR
spectra of fresh and incubated VELYAL samples both exhibit an
amide I peak at 1,638 cm−1 and broad features up to 1,750 cm−1,
which indicates that mostly unordered structures are present and
no β-sheets are formed (Supplementary Fig. 9). Taken together,
these results show that VELYAL is a non-amyloid-forming
sequence, which makes it an ideal reference for further comparison.
VELYAL does form oligomers that can be investigated further by
IMS–MS and IRMPD (Supplementary Figs 10–13). However,
their CSSs more closely follow the isotropic growth curve than
those of either of the other two peptides, which indicates a
compact and rather globular set of conformations (Supplementary
Figs 11 and 12). In addition, the IRMPD spectra show almost no
sign of β-sheet formation and point to a predominantly unordered
or turn-like conformation (Supplementary Fig. 13 and
Supplementary Table 7). These results emphasize that the increased
β-sheet content observed for VEALYL is a real effect and not just an
artefact of the IRMPD measurements.
In stark contrast to the non-amyloidogenic variant VELYAL, the
TEM micrographs of YVEALL clearly point to the formation of
amyloid ﬁbrils (Fig. 2b). This is further supported by the FTIR
spectra of the lyophilized precipitate, which exhibit a sharp infrared
band at 1,627 cm−1, indicating the presence of highly ordered
β-sheets (Supplementary Fig. 14). In addition, time-dependent
ultraviolet spectroscopy and solution-phase FTIR experiments
(Supplementary Fig. 15) of YVEALL reveal a typical nucleationdependent ﬁbril growth, which is, however, slower than that of the
original sequence VEALYL. This makes YVEALL an ideal candidate
for the spectroscopic investigation of intermediate amyloid oligomers.
In IMS–MS a wide distribution of oligomers of different size and
charge is observed for YVEALL (Supplementary Figs 16 and 17).
The CCS evolution of different oligomers as a function of the oligomer number n is shown in Fig. 3a. For species up to the tetramer
(n = 1–4), only little deviation from the isotropic growth model
(dashed line) is observed. Larger oligomers (n > 4), however,
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Figure 3 | IMS and conformer-selected infrared spectroscopy of YVEALL oligomers. a, CCSs of YVEALL oligomers as a function of the number of
monomers. The dashed line denotes isotropic growth. The statistical error of the measured CCSs is less than 1% and smaller than the symbol size.
b, An ATD of the triply protonated pentamer (5/3) for which multiple conformers with distinct CCSs are observed. The narrow peaks depicted in grey
correspond to the portions of the oligomer distribution that were selected for further IRMPD-spectroscopic analysis. a.u., arbitrary units. c, IRMPD spectra
of the doubly protonated pentamer (5/2) and the drift-time-selected species (I–IV) of the triply protonated YVEALL pentamers (5/3). The amide I region
(1,600–1,700 cm−1) was ﬁtted by multiple Gaussian peaks. The blue and red Gaussians represent infrared bands that correspond to turn-like (1,660–1,685 cm−1)
and β-sheet (1,610–1,640 cm–1 and ∼1,690 cm−1) structures, respectively. Details of the ﬁtting procedure are given in Supplementary Information.

exhibit signiﬁcantly higher CCSs than predicted by the isotropic
model. Figure 3b shows an ATD of the triply protonated pentamers
(5/3), for which at least four distinct conformers can be separated
(labelled I–IV). The smallest observed pentamer (5/2) ﬁts to the isotropic model, whereas the largest pentamer (5/3, IV) is ∼23% larger
in CCS compared with isotropic oligomers. YVEALL pentamers are
therefore highly polymorph and represent a transition from globular
species close to the isotropic line to much more extended states.
The IRMPD spectra of each 5/3 conformer are given in Fig. 3c.
All the spectra show strong amide II and I features in the
1,500–1,580 cm−1 and 1,600–1,700 cm−1 region, respectively, and
additionally exhibit pronounced signals at 1,100–1,300 cm−1,
which correspond to Tyr and amide III vibrations. It is interesting
to observe how the individual infrared bands change when the pentamers become more extended. The amide II band only undergoes a
small blueshift and broadening as the CCS increases. This is not surprising because the amide II band consists of N–H and C–N
bending modes, which are only marginally affected by changes in
the secondary structure24. The diagnostic amide I band, however,
shows a strong variation between different pentamers. For the
doubly protonated pentamer (5/2), the amide I modes are centred
at 1,667 cm−1 and do not exhibit IRMPD features in the typical
β-sheet range between 1,610 and 1,640 cm−1. However, as the
cross-sections of the polymorph pentamers increase (from species
I to IV), typical β-sheet amide I features at 1,610–1,640 cm−1 and
1,690 cm−1 make up a considerable fraction of the overall spectrum.
42

To allow a more-quantitative assessment, the infrared traces of the
individual pentamers (I–IV) were ﬁtted in the amide I region by
multiple Gaussians, as shown in Fig. 3c (details are given in
Supplementary Table 9). The curves in red represent the characteristic β-sheet bands and the curves in blue correspond to turn-like
features. Clearly, the β-sheet bands increase as the CCS increases.
The most extended pentamer, IV, exhibits a signiﬁcant amount of
IRMPD features at 1,610–1,640 cm−1 and 1,690 cm−1 that are
characteristic for the existence of antiparallel β-sheet structures.
For further illustration of the increased β-sheet content, difference
spectra are shown in Supplementary Fig. 18.
Additional support for a possible transition in the secondary structure is provided by the increasing intensities of the infrared bands at
around 1,220–1,240 cm−1 for conformations with increasing CCS.
These bands can be tentatively assigned to amide III bands typical
for antiparallel β-sheets30,35. Additional structural information can
be drawn from amino acid side-chain vibrations. According to
X-ray crystallography studies, half of all the amino acid side chains
in amyloid ﬁbrils only weakly interact with other side chains or the
peptide backbone. For globular oligomers, on the other hand, extensive interactions between side chains or with the backbone are essential to maintain the compact structure11,14. These characteristics are
also reﬂected in the IRMPD spectra of the corresponding structures,
and lead to signatures of free side chains for ﬁbril-like species
and less-pronounced features for globular types. This behaviour is
revealed in the spectra of the polymorph YVEALL pentamers in
NATURE CHEMISTRY | VOL 9 | JANUARY 2017 | www.nature.com/naturechemistry
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Fig. 3c. Infrared bands that can be assigned to C–O–H bending
(1,170 cm−1) and C–OH stretching (1,275 cm−1) vibrations of free
tyrosine residues30, as well as signals at 1,700–1,750 cm−1 that correspond to C=O stretching vibrations of weakly bound carboxylic acids,
can all be identiﬁed with increasing intensities for species with
increasing cross-section. Taken together, the presented results from
IMS–MS and IRMPD spectroscopic experiments strongly suggest
that pentamers of the ﬁbril-forming sequence YVEALL are soluble
early intermediates that undergo secondary structural transitions
from a compact unordered structure to an extended assembly of
repeating β-sheets.
As shown in Supplementary Fig. 19, larger YVEALL oligomers
(7/3 and 9/4) show considerable β-sheet features, but they are less
pronounced compared with the most-extended pentamer (5/3 IV).
Thus, the oligomer number does not correlate directly with an increased
β-sheet character. This suggests that the formation of larger oligomers is
not necessarily initiated by the most-extended pentamer. The complex
equilibrium between different oligomeric states is established during
the early stages of aggregation—the lag phase—and thus a multitude
of oligomers with distinct β-sheet content coexist.
Oligomers rich in β-sheet structure have larger CCSs than globular
conformations (isotropic line). Hence, the deviation in CCSs from the
isotropic growth model, which is similar to a shape factor36–38 that
describes the structural anisotropy in proteins, more probably correlates with the relative β-sheet character than the oligomer size20. Thus,
we calculated the fraction of β-sheet signature within the amide I
band in all the investigated species by dividing the summed area of
β-sheet features in the IRMPD spectra (red curves) by the total
area of the amide I band (Supplementary Tables 6, 8 and 10). The
result is shown in Fig. 4. Oligomers of VELYAL barely deviate
from the isotropic line (less than 5%) and feature β-sheet signatures
that make up less than 10% of the total amide I band. The
amyloid-forming sequences VEALYL and YVEALL, on the other
hand, show more-pronounced deviations in CCSs, with up to 59%
β-sheet features in the amide I band for the largest of the four different pentameric species (5/3) of YVEALL (ﬁlled circles). However, a
clear linear correlation between deviation in CCS and β-sheet
content does not exist, because the intrinsic structural heterogeneity
of the system probably contributes signiﬁcantly to the scatter in
this plot. Nevertheless, the data indicate a positive relationship
between the relative cross-section and the relative amount of
ordered β-sheet structure, and therefore support recent IMS–MS
approaches in which such a correlation was suggested20,22–26.

Combining IMS–MS and infrared spectroscopy has enabled us to
measure directly the onset of β-sheet-structure formation in isolated, early soluble oligomers of the insulin β-chain fragment
VEALYL, which was previously shown to form β-sheet-rich amyloid
ﬁbrils and microcrystals15. In addition, the critical transition from a
compact and unordered to an extended β-sheet structure was monitored for highly polymorphic pentamers of the amyloidogenic
VEALYL sequence variant YVEALL. Compact YVEALL pentamers
were shown to adopt predominantly turn-like or unfolded structures
and a considerably increased content of β-sheets was observed for
the more-extended analogues. Further support for this structural
assignment was found in amide III and side-chain vibrations, which
follow the evolution of β-sheet-characteristic amide I features and
strongly suggest that the peptide assemblies consist of repeating
β-sheets. Taken together, the data represent the ﬁrst spectroscopic
study that successfully identiﬁes speciﬁc pre-ﬁbrillar oligomer states
involved in the critical transition from an unordered to a β-sheetrich structure. For the systems investigated here, oligomers that
consist of as little as 4–9 peptide strands were found to exhibit a considerable fraction of β-sheets.
Furthermore, the results presented here demonstrate that there is a
positive correlation between a large CCS that deviates from the isotropic growth model and the presence of β-sheet structures. This correlation greatly strengthens the interpretation given in recent IMS–MS
studies of amyloid systems20,22–26 and demonstrates how infraredspectroscopy combined with IMS–MS can be of great use in this
ﬁeld of research. These combined techniques offer new possibilities
to explore the secondary structures of soluble pre-ﬁbrillar oligomers,
which will be greatly beneﬁcial for developing effective strategies to
manipulate or hinder the amyloid-assembly process22,26–28 and may
ultimately help to understand the molecular basis of amyloid diseases.

Methods
Brief details are given here, with more detailed experimental methods including
solid-phase peptide syntheses, TEM measurements, ultraviolet spectroscopy, solid
and solution FTIR and IRMPD spectroscopy, IMS–MS and data ﬁtting described in
Supplementary Information. Mass spectra, arrival time distributions, CCSs and
IRMPD spectra of all the hexapeptide oligomers are also given.
Materials. All the solvents were purchased from Sigma-Aldrich and used without
further puriﬁcation. The three reported hexapeptides were synthesized using
standard Fmoc (9-ﬂuorenyl-methoxycarbonyl) solid-phase peptide synthesis (SPPS)39.
SPPS was carried out on a fully automated peptide synthesizer (Activo-P11
(Activotec) or Syro XP-1 (Multi-Syn Tech)). The synthesized peptides were further
puriﬁed by reverse-phase HPLC (details given in Supplementary Fig. 1 and
Supplementary Tables 1 and 2). Sample solutions were prepared by dissolving
peptides in water/methanol (1/1, v/v) to a ﬁnal concentration of 2 mM. Instead of
pure water, water/methanol was chosen to ensure stable spray conditions and to
reduce possible nonspeciﬁc aggregation, which can occur at this high sample
concentration. The pH of each sample solution was determined to be ∼3.0 by using a
WTW pH526 pH meter equipped with an InLab Micro electrode (Mettler Toledo).
TEM. Aliquots of the peptide sample solutions (2 mM, pH ∼3) were deposited onto
a carbon-coated Cu grid by drop casting. After being dried in ambient air, they were
put into an FEI aberration-corrected Titan 80–300 microscope operated at 300 kV
from which the TEM micrographs were obtained.
Solid-state FTIR spectroscopy. Peptide solutions (2 mM) were incubated under
stirring at 37 °C for 24 hours. Subsequently, the formed precipitates were isolated from
solution by centrifugation at 12,000g for ten minutes. The supernatants were
transfused and the precipitates were freeze-dried. The background-corrected FTIR
spectra (650–4,000 cm−1) of the precipitates were measured using a JASCO
FT/IR-4100 spectrometer (JASCO) in the transmission mode. Solid samples for the
non-ﬁbril forming sequence VELYAL were prepared by quick-freezing the incubated
sample solution and further freeze-drying. Solid FTIR spectra of freshly dissolved
sample solutions were prepared as described for the incubated VELYAL
sample solution.
IMS–MS coupled to IRMPD spectroscopy. Peptide solutions were diluted further
to the desired concentration (0.15–2 mM), loaded into Pd/Pt-coated
nanoelectrospray ionization emitters and electrosprayed on a home-built drift-tube
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ion-mobility mass spectrometer40–42 fashioned after an IMS–MS instrument
previously designed and built at University of California Santa Barbara43. Ions were
transferred and stored in an ion funnel and pulsed into the drift tube, where they
travelled under the inﬂuence of a weak electric ﬁeld (10–20 V cm−1) through helium
buffer gas (∼4 mbar) and were separated according to their drift time. After the ionmobility separation, a particular aggregation state was isolated by m/z selection using
a quadrupole mass ﬁlter and its ATD was recorded. The CCS was calculated from the
measured arrival time (see Supplementary Information for the details). Ion-mobility
and m/z-selective IRMPD spectroscopy was performed by selecting a narrow
fraction of the drift-time distribution (100 µs) prior to m/z selection and subsequent
irradiation of the ions with infrared radiation provided by the FHI-FEL34. The
absorption of multiple photons leads to fragmentation and emerging fragments are
detected by a time-of-ﬂight mass analyser. The ﬁnal IRMPD spectra are composed
by plotting the fragmentation yield as a function of the infrared wavenumber (see
Supplementary Figs 2 and 3 for details).
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