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Article
Unraveling VEALYL Amyloid Formation Using
Advanced Vibrational Spectroscopy and
Microscopy
Steven J. Roeters,1,* Mathias Sawall,2 Carl E. Eskildsen,3 Matthijs R. Panman,1 Gergely Tordai,1 Mike Koeman,4

Klaus Neymeyr,2,5 Jeroen Jansen,4 Age K. Smilde,6 and Sander Woutersen1
1Van’t Hoff Institute for Molecular Sciences, University of Amsterdam, Amsterdam, the Netherlands; 2Institut f€ur Mathematik, Universit€at
Rostock, Rostock, Germany; 3Institute for Biodiversity and Ecosystem Dynamics, University of Amsterdam, Amsterdam, the Netherlands;
4Institute for Molecules and Materials, Radboud University, Nijmegen, the Netherlands; 5Leibniz-Institut f€ur Katalyse, Rostock, Germany; and
6Swammerdam Institute for Life Sciences, University of Amsterdam, Amsterdam, the Netherlands
ABSTRACT Intermediate species are hypothesized to play an important role in the toxicity of amyloid formation, a process
associated with many diseases. This process can be monitored with conventional and two-dimensional infrared spectroscopy,
vibrational circular dichroism, and optical and electron microscopy. Here, we present how combining these techniques provides
insight into the aggregation of the hexapeptide VEALYL (Val-Glu-Ala-Leu-Tyr-Leu), the B-chain residue 12–17 segment of in-
sulin that forms amyloid fibrils (intermolecularly hydrogen-bonded b-sheets) when the pH is lowered below 4. Under such cir-
cumstances, the aggregation commences after approximately an hour and continues to develop over a period of weeks.
Singular value decompositions of one-dimensional and two-dimensional infrared spectroscopy spectra indicate that intermedi-
ate species are formed during the aggregation process. Multivariate curve resolution analyses of the one and two-dimensional
infrared spectroscopy data show that the intermediates are more fibrillar and deprotonated than the monomers, whereas they
are less ordered than the final fibrillar structure that is slowly formed from the intermediates. A comparison between the vibra-
tional circular dichroism spectra and the scanning transmission electron microscopy and optical microscope images shows that
the formation of mature fibrils of VEALYL correlates with the appearance of spherulites that are on the order of several micro-
meters, which give rise to a ‘‘giant’’ vibrational circular dichroism effect.
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SIGNIFICANCE Amyloid aggregation by incorrectly folded proteins is associated with over 50 diseases in which
(transient) oligomeric species are thought to play a particularly toxic role. Obtaining a detailed biophysical and structural
understanding of such intermediate species is challenging with conventional techniques. Here, we present a combination
of three vibrational spectroscopy techniques and two microscopy techniques (each sensitive to a different length scale),
analyzed with novel multivariate curve resolution techniques that allow an unprecedented molecular view over length
scales ranging from nano- to millimeters and timescales ranging from picoseconds to weeks. We apply the approach to
reveal and characterize intermediates in the amyloid aggregation by the hexapeptide VEALYL, the most amyloidogenic
segment of insulin.

https://doi.org/10.1016/j.bpj.2020.05.026

� 2020 Biophysical Society.
INTRODUCTION

The formation of amyloid aggregated by incorrectly folded
proteins is associated with over 50 diseases, including
Alzheimer’s and Parkinson’s disease, Creutzfeldt-Jakob dis-
ease, prion diseases such as mad cow disease, Huntington’s
disease, and type II diabetes (1). Recently proposed ‘‘olig-
omer hypotheses,’’ which state that intermediately formed
oligomers and not mature fibrils, are the molecular species
that are responsible for cell death, are gaining more and
more evidence, for example, for Ab (2,3) (related to
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mailto:s.j.roeters@chem.au.dk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2020.05.026&domain=pdf
https://doi.org/10.1016/j.bpj.2020.05.026


Roeters et al.
Alzheimer’s), a-synuclein (4,5) (related to Parkinson’s), and
islet amyloid polypeptide (6,7) (related to type-II diabetes).
Monitoring the formation of amyloids from monomers
through intermediates to mature fibrils is challenging with
conventional techniques because they are not able to probe
the many time- and length scales over which the process oc-
curs. Here, we demonstrate how a combination of micro-
scopy and vibrational spectroscopy techniques allows for
a holistic comprehension of the amyloid formation process.
We apply a combination of Fourier transform infrared spec-
troscopy (FTIR, also known as one-dimensional infrared
spectroscopy (1D-IR)), nonlinear two-dimensional infrared
spectroscopy (2D-IR), and vibrational circular dichroism
(VCD) and perform optical microscopy and scanning trans-
mission electron microscopy (STEM) to study the amyloid
aggregation of the hexapeptide Val-Glu-Ala-Leu-Tyr-Leu
(VEALYL). The three vibrational spectroscopy techniques
complement each other because they are each sensitive to
a different structural length scale. We focus on spectra of
the amide-I band (1600–1700 cm�1) because it is sensitive
to the conformation of proteins. The combination of the
omnipresence of the amide group in proteins (as peptide
linkage between amino acids), and its large amide-I transi-
tion dipole moment, which leads to strong coupling between
the local modes, results in unique spectral features across
the bands that are sensitive to the tertiary structure and envi-
ronment of proteins. In this frequency range, the IR fre-
quencies are strongly influenced by the strengths of the
hydrogen bonds the peptide groups engage in but also by
the coupling between the amide-I modes (8). With 2D-IR,
these couplings can specifically be determined, and one is
more sensitive to structures that lead to large, delocalized
normal modes (9), making the technique particularly suited
to study amyloid fibrils (10–23). The technique has been
applied previously to reveal the structure of intermediates
formed in amyloid aggregation (24,25). VCD is, yet again,
sensitive to even bigger structures because of the strong
enhancement that can take place when the amyloid fibrils
start to form bundles, twisting around each other (26–29).
By combining these vibrational spectroscopy techniques
with microscopy, we can correlate the vibrational spectra
with morphology.

VEALYL, the hexapeptide segment of insulin that has the
highest propensity for amyloid formation (30), is believed to
play an important role in the aggregation of insulin (31,32).
This 51-residue protein is an important glucose-uptake-
mediating hormone, which is widely used to treat diabetes.
When insulin aggregates during the manufacturing, purifica-
tion, storage, or infusion, its activity is lost, which renders it
therapeutically ineffective, and injected protein aggregates
can even trigger an immune response (31).

A recent ion mobility mass spectrometry and gas-phase
infrared spectroscopy study has provided insight into the
structure of the early oligomers (up to nine monomers),
revealing the presence of b-sheet structure in oligomers
88 Biophysical Journal 119, 87–98, July 7, 2020
composed of more than three monomers, whereas smaller
oligomers are composed of random coil structure (33). Am-
yloid VEALYL aggregates formed after 3 weeks of incuba-
tion have been studied in their crystalline form with x-ray
crystallography (32) and in situ (in the incubation solution)
form with NMR spectroscopy (34), revealing a nearly com-
plete b-sheet conformation with little variation in the unit
cell structure for various macromolecular polymorphs. The
vibrational spectroscopy andmicroscopy methods employed
here allow for an in situ and nondestructive investigation of
VEALYL aggregation all the way from separate monomers
to mature fibrils. By applying two multivariate curve resolu-
tion techniques (FACPACK andmultivariate curve resolution
(MCR) with alternating least squares (MCR-ALS)) to the re-
corded spectroscopic data, to our knowledge, new structural
characteristics of the intermediate species are revealed.
MATERIALS AND METHODS

Sample preparation

VEALYL was bought in lyophilized form from GL Biochem (Shanghai,

China). To exchange the protons present in the amide groups of the back-

bone of the peptide and to remove the remaining amount of trifluoroacetic

acid that was used in solid-phase peptide synthesis, VEALYL was dissolved

at a concentration of 18.5 mM in D2O, after which 0.7 mL of 35 wt% DCl

was added for each milliliter of solution (equivalent to a 0.084M solution of

DCl). The samples were then vortexed at 1400 revolutions per minute for

1 min to properly dissolve the peptides, after which the peptide solution

was left to exchange 1H for 2H for 20 min. Subsequently, the samples

were rapidly cooled to 77 K by immersion of the Eppendorf tubes in liquid

nitrogen. After this, the samples were lyophilized by placing them in vac-

uum and freeze-drying for 8 h in a ScanVac Coolsafe (LaboGene, Alleroed,

Denmark), in which 1 mL of peptide solution was fully lyophilized.

To minimize hydrogen exchange from the air with the sample, all subse-

quent steps were performed inside a glove box that is continuously flushed

with N2. The lyophilized VEALYL powder was resolvated in a solution

containing 150 mM NaCl and 50 mM phosphate, leading to a pH of �6.

The aggregation was started according to the procedure described in (32):

by lowering the pH to 2.5 with the addition of a few microliters of 1 M

DCl. The solution was then vortexed at 1400 rpm for exactly 1 min. Subse-

quently, the pH was measured with a Thermo Scientific Orion 2-Star Plus

pH Meter (Thermo Fisher Scientific, Waltham, MA). Unless noted differ-

ently, a VEALYL concentration of 11 mM was used.
1D- and 2D-IR and VCD spectroscopy

A Bruker Vertex 70 FTIR spectrometer (Bruker, Billerica, MA) is used to

measure the 1D-IR (FTIR) spectra of 5-mL drops of sample solution in be-

tween two CaF2 windows. A greased 50-mm spacer prevents the two CaF2
windows from touching each other and seals the sample solution to prevent

atmospheric water vapor from changing the H/D ratio. The FTIR data pre-

sented in Fig. 1 are normalized on the integrated area of the amide-I region

(1600–1700 cm); without this normalization step, the effect of the slow

acidic hydrolysis of the peptide bonds is even more pronounced.

The setup used to measure the 2D-IR spectra has been described in detail

before (35). In short, we generate 1 kHz of 3 mJ pulses with a central wave-

length of 794 nm and convert this in an optical parametric amplifier into mid-

IR (�20 mJ,�6100 nm) that has a spectral full width at half max (FWHM) of

150 cm�1. The beam is then split into a probe and reference beam (each 5%),

and a pump beam (90%) that is aligned through a Fabry-P�erot interferometer.



FIGURE 1 1D-IR (FTIR) spectra of 11 mM VEALYL solution after the

pH is lowered from 7 to 2.5. The spectra are first background subtracted

with a buffer-only spectrum and then normalized with respect to the

amide-I area of the first spectrum. The decreasing, broad �1645 cm�1

peak indicates decreasing amounts of random coil structures, which are

transformed into intermolecular b-sheets, as indicated by the increasing

peaks at �1622 and �1682 cm�1. To see this figure in color, go online.
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Subsequently, the pump beam is narrowed to a FWHM of 10 cm�1. The

pump and probe beams are overlapped in the sample with a 1.5-ps delay in

an�250-mm focus. The signal (Dabsorption (a)) is recorded after dispersion

by an Oriel MS260i spectrograph (Newport, Irvine, CA) onto a 32-pixel mer-

cury cadmium telluride (MCT) array with a resolution of 3.9 cm�1. The back-

ground is subtracted by comparing the Da at (tprobe � tpump) ¼ 1.5 and �10

ps. The spectra were measured at room temperature, and all presented 2DIR

spectra are measured with a perpendicular orientation of the pump versus

probe beam. To avoid beam-pointing differences for the two polarizations,

we recorded the spectra by rotating the probe beam in a 45� anglewith respect
to the pump beam and selecting the probe beam component that is either

perpendicular or parallel to the pump beam using a polarizer after the sample.

To minimize scattering contributions, we measured the average of two pho-

toelastic modulator (PEM)-induced pump delays, such that the interference

between the scattered pump beam and the probe beam has a 180� phase in

one delay with respect to the other delay (analogous to the scatter reduction

presented in (36) in which a wobbler is used for the same purpose).

The VCD spectra are also measured with a Bruker Vertex 70 FTIR spec-

trometer, using the PMA 50 Polarization Modulation Accessory (Bruker).

The time trace in Fig. 7 is constructed by first correcting for an overall offset

by subtracting the average intensity of the 1330–1365 cm�1 range and sub-

sequently taking the average of the absolute signal strengths at 1621 and

1636 cm�1 (the spectrum’s maximum and minimum, respectively). The

spectra were recorded by averaging for 10 min.
Optical microscopy

The optical micrographs of VEALYL are captured of the IR cell of the sam-

ple in between two IR cell (CaF2) windows using a Leica DM-IRB micro-

scope (Leica, Wetzlar, Germany) and a Pixelink USB-camera (Pixelink,

Ottawa, Ontario, Canada). Phase contrasting is used for the images and a

50� magnification.
STEM

The STEM sample preparation was performed by adsorbing a 1.5-mL drop

of VEALYL solution on a carbon-coated grid with a 300-mm mesh size
(Ted Pella, Redding, CA) for 5 min. Excess liquid was removed by pipetting

once and is exchanged for 1.5 mL of pH-2.0 Milli-Q water (Millipore-

Sigma, Darmstadt, Germany). The grid was air-dried at 37�C and then

transferred under vacuum into the STEM setup. Before recording the

bright-field STEM micrographs, condenser stigmators were adjusted to

give a circular beam profile, and the beam was carefully centered and

spread to produce uniform illumination over the field of view. The micro-

graphs were acquired using an FEI Verios 460 microscope (FEI, Hillsboro,

OR) operating at 20-kV-electron beam energy and 50-pA current.
RESULTS AND DISCUSSION

General observations

As in previous studies of amyloid formation by VEALYL
(30,32,34), we trigger the aggregation by lowering the pH
to 2.5, which protonates the sidechain of the glutamic acid
residue (pKa ¼ 4.15), thereby removing its negative charge.
Lowering the pH greatly enhances the amyloid fibril forma-
tion by VEALYL (30,32). In Fig. 7, an overview is presented
of the results of the five experimental techniques employed
to monitor the amyloid aggregation of an 11-mM VEALYL
solution after lowering the pH. The first sign of amyloid ag-
gregation are the b-sheet peaks in the 1D-IR and 2DIR
spectra that are observed after a lag phase (37) of 30 min
to 3 h (this variation was observed within five repeated ex-
periments) of incubation at a VEALYL concentration of
11 mM, whereas at neutral pH, the amide-I spectrum re-
mains unchanged with respect to the monomeric random
coil spectrum, even after 3 months. We find that increasing
VEALYL concentration (with a minimum concentration of
2 mM), temperature, and agitation decreases the aggrega-
tion lag time, which is in line with observations of other
amyloidogenic proteins (38–41). The fibrils formed at pH
2.5 can be dissolved by raising the pH of the aggregating so-
lution above the pKa of Glu (see Fig. S1). The formed fibrils
are very stable at pH 2.5, as evinced by the fact that they
could not be melted with temperature, as opposed to the fi-
brils formed by various other hexameric peptides.
Early aggregation: intermediate structures
observed with time-dependent 1D- and 2D-IR
spectroscopy

1D-IR (FTIR) spectroscopy

Time-dependent 1D-IR spectra of the amide-I and adjecent
sidechain-absorption region (Fig. 1) show a conformational
transition after the pH is lowered from 7 to 2.5 at t¼�5 min
(these 5 min are required to prepare the IR sample and to
completely purge the sample chamber of the IR spectrom-
eter from atmospheric water vapor). After a lag phase of
30 min, the peptides aggregate during a growth phase of
�1000 min into mature fibrils that are mainly present during
the final plateau regime that is subsequently reached.

The largest change is observed in the amide-I band, where
a single broad peak centered at�1645 cm�1 transforms into
Biophysical Journal 119, 87–98, July 7, 2020 89
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an intense peak at �1622 cm�1 and a small peak at
�1682 cm�1. This change indicates a molecular transition
from random coil to amyloid structure (42). The sidechain
absorptions of Tyr-OD (n(CC), d(CH)) and deprotonated
and protonated Glu (nas(COO-) and n(C¼O)) are visible at
�1515, �1575, and �1720 cm�1, respectively (8). The
fact that the frequency of the Glu (n(C¼O)) sidechain vibra-
tion is higher than 1706 cm�1 indicates that the C¼O is not
fully hydrogen bonded (43), which can be expected in the
dry steric-zipper (32) environment inside the fibril core
(Fig. S2). The intensities (normalized to the total amide-I
area) of the b-sheet peaks reach a maximum at �70 h, after
which they decrease again (see also fifth row of Fig. 7). We
ascribe this decrease to slow acidic hydrolysis of the peptide
bonds. As a result of this process, the pH increases, which
leads to a partial back conversion of amyloid to random
coil structure (Fig. S1).

Singular value decomposition analysis. To estimate how
many spectroscopic species are present in the data, we first
perform a singular value decomposition (44) (SVD; see
Fig. 2). When such an analysis is applied to a time-depen-
dent spectral data set, the data are decomposed in orthog-
onal spectral and temporal profiles, and the singular value
of each component indicates how much the component con-
tributes to the total data set.

An SVD is a factorization of the two-dimensional data set
D of the following form:

D ¼ USVT ¼
Xminðm;nÞ

i¼ 1

uisiv
T
i ;
where the columns of U(m � m) are the left singular vectors
of D, S (m � n) is a diagonal matrix containing the singular
values si on its diagonal in a decreasing order, and the col-
umns of V(n � n) are the right singular vectors. Both U and
V are orthonormal. Moreover, ui is the ith column of U and
hence the ith left singular vector of D. Analogically, vi is the
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ith column of V and hence the ith right singular vector of U.
The singular values can be viewed as weights and are multi-
plied with the left and right singular vectors when esti-
mating D. A large singular value indicates that the
corresponding singular vectors carry systematic informa-
tion, whereas a small singular value indicates that the corre-
sponding singular vectors carry noise.

In the SVD of the time-dependent 1D-IR data of aggre-
gating VEALYL (with m¼ 417 time points and n¼ 300 fre-
quencies) presented in Fig. 2, the left singular vectors
describe the temporal profiles, and the right singular vectors
describe the spectral profiles of the species. Before the SVD,
D was column-wise mean-centered. The first three singular
values are clearly larger than the remaining singular values.
Therefore, it appears that with 1D-IR spectroscopy, only
three species can be resolved in the amyloid aggregation
process of VEALYL. The right singular vector of the fourth
component especially shows that this component mostly
contains experimental noise that cannot be attributed to
absorptive features of the protein.

Because of the fact that both U and V are orthonormal, an
SVD provides a unique solution. However, this orthogo-
nality constraint causes the left and right singular vectors
to not, respectively, resample the pure temporal and spectral
profiles of the physical species.

Determination of the rotational ambiguity with
FACPACK. To determine the concentration and spectral pro-
files of physical species that give rise to a time-dependent
spectral data set, MCR techniques can be applied. However,
such techniques suffer from the so-called rotational ambigu-
ity of the solution. This means that, in general, a factoriza-
tion is not unique, and a continuous range of possible
factorizations exists. In other words, there are many
different linear combinations of temporal and spectral pro-
files that can reproduce the experimental data. In this
respect, non-SVD decompositions differ from an SVD
decomposition; because of orthogonality between the singu-
lar vectors, an SVD decomposition gives only one unique
15 20
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decomposition. Due to the orthogonality constraint, SVD
decompositions do not provide a ‘‘proper’’ pure component
decomposition, and return temporal and spectral profiles
with negative entries. To reconstruct all possible concentra-
tion and spectral (absorption) profiles, C and A, respectively,
of the pure components, the first s components of a trun-
cated SVD are transformed such that both C and A only
contain nonnegative entries (45). Using the software pack-
age FACPACK (46,47) the area of feasible solutions (AFS;
see e.g., (48–53)) is determined according to

D ¼ U ,S ,T�1|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
C

,T ,VT|fflfflffl{zfflfflffl}
A

; (1)
tors of the SVD and T˛R as the transformation matrix
that completely represents all possible nonnegative concen-
with U˛Rm�s, S˛Rs�s, and V˛Rn�s as the truncated fac-
s�s

tration and spectral profiles (C˛Rm�s and A˛Rs�n, respec-
tively), where D ¼ CA follows from the Lambert-Beer law
(the AFS computation is explained in detail in the Support-
ing Materials and Methods). The AFS sets cover all possible
(concentration and spectral) profiles that can be part of an
MCR solution.

Based on the SVD analysis, we assume that there are
three components with different absorption spectra in the
calculation of the AFS. The data set might include contribu-
tions from more species, but because of the noise and linear
dependencies between the components, it is only possible to
identify three linearly independent components. Hence, we
compute decompositions of D with respect to three compo-
nents (C is an m � 3 matrix and A is a 3 � n matrix).
Furthermore, we compute the AFS also with respect to three
components.

The resulting feasible profiles are shown in Fig. 3, and the
AFS sets are shown in Fig. S3. With the applied constraints
(nonnegativity for both the spectral and temporal profiles)
and a tolerance for negative entries of 0.0086 OD, there is
a range of feasible spectra and associated concentration pro-
files (time dependencies) that are all equally compatible
with the experimental data. The spectral shapes of all of
the possible intermediate species indicate that with time,
the amount of b-sheet increases, and the amount of random
coil structure decreases. The sidechain nas(COO-) and
n(C¼O) peaks show that the Glu residues of the intermedi-
ates (green curves) are more deprotonated than the Glu res-
idues of the monomers. The presence of deprotonated Glu
residues in the amyloid aggregates formed by VEALYL un-
der these experimental conditions has been observed before
in NMR experiments (34). This deprotonation might be due
to a lower pKa of the Glu sidechain in the fibrillar structure:
the formation of a hydrogen bond between deprotonated Glu
side chains and theNHþ

3 (Val) terminus of the peptide stabi-
lizes the carboxylate ion form of Glu (54,55). Alternatively,
the aforementioned pH increase due to the slow acidic hy-
drolysis of peptide bonds could explain the deprotonation
of the Glu side chains in the more mature intermediates.

MCR-ALS analysis. Similar solutions are found when an
MCR-ALS analysis is performed (56,57). With this method,
the physical components that give rise to the variations
measured in the experiment are determined in a different
manner: the data are fitted while various constraints and as-
sumptions are applied (58) (see Supporting Materials and
Methods for the computational methods).

By performing an MCR-ALS analysis on the 1530–
1800 cm�1 data assuming nonnegative temporal and spec-
tral profiles, we find evidence for the appearance and disap-
pearance of intermediate species during the aggregation
process, similar to the FACPACK analysis (see Fig. S4–
S6). The intermediate spectra obtained with the MCR-
ALS analysis reflect structures that are more fibrillar and de-
protonated than the monomeric species.

2D-IR spectroscopy

2D-IR spectroscopy of the amide-I region is a very sensitive
tool to study the secondary structure of (aggregating) pro-
teins (9). The spectra are recorded by exciting the protein so-
lution at a specific frequency npump and probing the resulting
changes in the absorption over the entire IR frequency range.
Scanning npump and plotting the absorption change as a func-
tion of npump and nprobe, one can obtain 2D-IR spectra that can
be regarded as the vibrational analog of 2D-NMR spectra.
When two normal modes A and B are coupled, exciting
mode A (npump¼ nA) causes an absorption change at the fre-
quency of mode B (nprobe¼ nB) and vice versa, and this gives
rise to crosspeak patterns in the 2D-IR spectrum. 2D-IR spec-
troscopy is particularly suited to study the formation of am-
yloid fibrils (9–25) Because delocalized vibrational
eigenmodes—which are abundant in amyloid fibrils—give
a stronger 2D-IR signal than localized eigenmodes, the 2D-
IR spectrum can provide additional structural insight that
cannot be deduced from the 1D-IR (FTIR) spectrum, cross-
peaks between eigenmodes give additional information on
the fibril structure, and the shape of the peaks also gives
additional information about the heterogeneity of the
fibril structure (21), also through the anisotropy
R ¼ DApar � DAperp

� �
= DApar þ 2DAperp

� �
, with DApar, perp

as the crosspeak intensity for parallel and perpendicular
pump versus probe polarization, from which the relative
orientation of the associated modes can be derived with
R ¼ (3cos(q)2 � 1)/5 (9).

As expected, the transition from a broad distribution of
random coil modes centered around 1645 cm�1 into two
sharp amyloid b-sheet modes at �1622 and �1682 in
(mature) fibrils (Fig. 1) is also visible in the 2D-IR
spectra (Fig. 4). The anisotropy of the crosspeak at
(nprobe, npump) ¼ (1682, 1622) cm�1 is R ¼ �0.21 5 0.03,
indicating that there is a 905 11� angle between the modes
that the 1622 and the 1682 cm�1 peaks are composed of,
which is consistent with the assignment of the modes to the
Biophysical Journal 119, 87–98, July 7, 2020 91



FIGURE 3 Feasible spectra (left column) and

associated concentration profiles (right column).

To see this figure in color, go online.
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nt and nk of an antiparallel b-sheet (59,60). This angle is re-
produced with one-exciton spectral calculations (9,23) based
on the crystal structure of the amyloid fibrils formed by
VEALYL (Protein Data Bank, PDB: 2OMQ), by which the
2D-IR spectrum can also be reproduced well (see Fig. S7),
indicating that the structures formed at the end of the aggre-
gation experiment are similar to those obtained by Ivanova
et al. (30).

Also, the ratio of the 1D-IR/2D-IR spectrum can be used to
determine the magnitude of the transition dipole moment of a
given isolated mode (61). However, for amyloids, the vibra-
tional modes extend over at least a dozen strands, which ap-
92 Biophysical Journal 119, 87–98, July 7, 2020
proaches the asymptotic number of strands after which the
delocalization no longer influences the b-sheet absorption
(20), thereby limiting the discriminating ability of the transi-
tion dipole strength determination. Subtle variations in inter-
local mode differences and dihedral angles that are present in
the fibril structure lead to a distribution of couplings whose
average value determines the exact frequency of the nt
b-sheet mode. Lomont and co-workers (20) ascribe the fact
that they measured a variation >2 in the transition dipole
moment magnitude to variations in the couplings. Because
of the difficulty of reproducing the transition dipole magni-
tudes in heterogeneous amyloid samples, which we also



FIGURE 4 2D-IR spectra of VEALYL after the pH of the solution has been lowered from 7 to 2.5. The increasing signal strength at�1622 and 1682 cm�1

indicates that amyloid b-sheets are formed, and the decreasing inverted slope of the modes with time indicates that the heterogeneity is decreasing. The

spectrum labeled ‘‘44 h*’’ is measured at a spot in the IR sample cell �500 mm away from the four preceding spectra (all of a 11.75 mM VEALYL sample).

The mature fibril is measured of a 26.5 mM solution that was incubated for 5 days. We did not observe a strong dependency of the spectral line shape once the

concentration threshold for aggregation was exceeded. To see this figure in color, go online.
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observed in previous measurements in our laboratory of the
transition dipole moment of the low-frequency b-sheet
mode of a-synuclein (unpublished data), we did not deter-
mine them here for VEALYL. The procedure we follow
here to prepare the amyloid VEALYL samples (i.e., lowering
the pH right before pipetting the sample volume into an IR
cell) results in a sample heterogeneity that affects time-depen-
dent measurements of VEALYL aggregation with 2D-IR
spectroscopy. Because the overlap of the focused pump and
probe beam is typically of the order of 250 mm, there is a
certain probability that the beams are not focused at a nucle-
ation site (see Fig. 7 for an estimate of the typical sizes of the
aggregates in the different aggregation phases), as can be seen
by comparing the lower two spectra in Fig. 4 that have been
recorded 500 mm from each other, which contain different
amounts of random coil and amyloid b-sheet structure.

The line shape of the 2D-IR peaks shows that there is a
large spectral inhomogeneity, as indicated by the inverted
slope of the line through the zero crossings. A small (close
to 0), inverted slope through these points indicates a mode
with a small spectral inhomogeneity, whereas an inverted
slope close to unity indicates a large spectral inhomogeneity
(62–64). When the VEALYL molecules are in their mono-
meric state, the inverted slope is close to unity; with
increasing aggregation, the inverted slope becomes smaller,
indicating a more homogeneous structure, as can be ex-
pected for the amyloid crystals that are formed.

AnSVDanalysis of the combined 2D-IRdata set presented
in Fig. 4 in its unrolled, or flattened, 122 (time points)� 1024
(frequency points) form (see Fig. S8) also shows that there are
three components that describe absorptive features of the pro-
tein, whereas other components describe noise contributions
(see Fig. S9), corroborating the conclusions derived from the
SVD analysis on the 1D-IR data set.
Advanced aggregation: STEM and optical
microscopy and VCD spectroscopy reveal that
the appearance of higher-order structures
correlates with the presence of mature fibril
structures

VCD spectroscopy

VCD measures the difference in absorbance of left- and
right-handed circularly polarized light (65,66). When
applied to the amide-I region, the chiral properties of pro-
teins can be probed. Time-dependent VCD spectra
of aggregating VEALYL show maxima at 1567 and
1621 cm�1 and minima at 1462, 1510, 1635 (with a shoulder
at 1649), 1678, and 1710 cm�1, which all grow with time
(see Fig. 5). We assign these peaks to nas(COO-) modes of
deprotonated Glu residues, amide-I modes of amyloid
b-sheets, ns(COO-) modes of deprotonated Glu residues,
(n(CC), d(CH)) modes of Tyr-OH residues, other amide-I
modes of amyloid b-sheets, and to nas(C¼O) of protonated
Glu residues, respectively. Interestingly, the amide-I VCD
spectra of VEALYL fibrils are ‘‘reverse fibril’’ spectra,
which are nearly mirror images with respect to the canonical
‘‘normal fibril’’ spectra published by Kurouski et al. for in-
sulin at the same pH (�2.5) (28,29,67). The reversed VCD
Biophysical Journal 119, 87–98, July 7, 2020 93



FIGURE 5 VCD spectra of 11 mM VEALYL after the pH of the solution

has been lowered from 7 to 2.5, with tentative assignments indicated. The

increasing signal strength at �1621 and 1635 cm�1 indicates that chiral

structures are formed that are of the order of 6 mm (the wavelength equiv-

alent of �1650 cm�1). To see this figure in color, go online.

FIGURE 6 The maximum amplitude of the VCD signal at 1622 cm�1

versus time, fitted with the standard Avrami equation with n ¼ 2.5. To

see this figure in color, go online.
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spectrum of VEALYL compared to the VCD spectrum of
full-length insulin fibrils indicates a difference in b-sheet
conformation and/or stacking geometry. The evidence pre-
sented in (29) indicates that differences in the supramolecu-
lar organization of filaments are the principal underlying
cause of reversed VCD spectra of amyloid fibrils. The
lack of an observable twist in the STEM images (see
Figs. 7 and S10) is consistent with this explanation, although
only large-diameter twists would be observable with
this technique. But besides a difference in the supramolecu-
lar organization, the origin of the phase reversal may also
lie in the different b-sheet conformation, which is thought
to differ considerably between VEALYL (32) and
insulin (68).

The VCD signal still grows by a factor of �7 after t >
50 h, whereas the shape of the 1D-IR spectra hardly changes
from this point onwards. This indicates that the VCD inten-
sity is not determined by structural features at the nanometer
scale (as these would also affect the 1D-IR spectra).
Optical and electron microscopy

On the other hand, the light and electron microscopy images
(see Figs. 7 and S10) do reveal a large conformational
change that occurs from this time point onwards: the appear-
ance of higher-order aggregates known as ‘‘spherulites’’
(69,70). This makes it likely that the observed ‘‘giant’’
VCD effect (29,71,72) is caused by the appearance of chiral
aggregates that are of the order of the wavelength of the
probe light, possibly due to a resonance effect. The twist
of in silico VEALYL fibrils observed in molecular dynamics
simulations in which the crystal structure that was resolved
in ref. (32) was relaxed (34) may also contribute to the
strong VCD signal.

Additionally, the STEM images reveal the appearance of
curved structures after 2 h of incubation, which are probably
protofibrils: intermediate structures that already have some
94 Biophysical Journal 119, 87–98, July 7, 2020
fibrillar features but are not yet crystalline. Given the coex-
istence of these structures with the intermediate species
observed in the 1D-IR data (see Fig. 7), these are probably
composed partly of random coil structure and partly of inter-
molecular b-sheet.

An SVD and MCR-ALS analysis of the time-dependent
VCD spectra of aggregating VEALYL (data not shown)
shows that only a single component is present in the data
set. The data can be fitted well with the Avrami equation,
which describes crystallization in three dimensions (73–75):

f ðtÞ ¼ IN � IðtÞ
IN � I0

¼ 1� e�ktn ; (2)

where f(t) is the fraction of crystallized material, IN is the
asymptotic VCD intensity at infinite time, I(t) is the time-
dependent VCD intensity, I0 is the intensity at t ¼ 0, k is a
constant containing only time-independent factors, and the
integer exponent n yields information about the mode of
nucleation and the shape of the developing structures (76),
with n ¼ 1 indicating a needle-like growth, n ¼ 2 indicating
a disk-like growth, n ¼ 3 indicating a sphere-like growth,
and n ¼ 4 indicating three dimensions of growth and a con-
stant nucleation rate (77). The fact that the data are fitted
well with the noninteger value of n ¼ 2.5 (see Fig. 6) indi-
cates a dimensionality that is in between disk-like and
sphere-like growth, which is consitent with the STEM im-
ages (Fig. 7 and Fig. S10). However, interpretation of the
Avrami constant is difficult; there have been almost as
many cases in which n did match the observed crystal
growth as when it did not (78).
CONCLUSIONS

By combining three vibrational spectroscopy techniques
with two microscopy techniques, the aggregation of



FIGURE 7 An overview of the data, analysis, and interpretation of the vibrational spectroscopy and imaging techniques used to study the amyloid forma-

tion of VEALYL. Row 1 shows the qualitative description and artist impressions of the structural interpretations of the various aggregation phases. Row 2

shows the 1D-IR (FTIR) spectra. Row 3 shows the 2D-IR spectra. Row 4 shows the VCD spectra. Row 5 shows the normalized profiles of the intensity at

VEALYL’s amyloid b-sheet frequency (1622 cm�1) for the various techniques and concentration profiles of the three species from the FACPACK analysis of

the 1D-IR data. Row 6 shows the light microscope images. Row 7 shows the STEM images. The 2D-IR spectra were recorded only up to 44 h of the same

sample due to experimental procedural reasons (see main text). The third and fourth STEM images are recorded of the same sample with a VCD intensity that

is 50% of the maximum, and an amyloid b-sheet IR signal that is already at its maximum because the different species (as shown in the fifth row) coexist when

the intermediates and the mature fibrils are formed. To see this figure in color, go online.
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VEALYL can be monitored from solvated monomers to in-
termediates and to insoluble mature fibrils. In Fig. 7, we give
an overview of the different stages of this process, as
observed in our experiments. The figure shows that each
technique is sensitive to a specific range of length scales.
By applying this combination of methods to other, poten-
tially more complex, amyloid formation processes, detailed
descriptions of the mechanism of the formation could be ob-
tained. In the case of the amyloid aggregation of VEALYL,
there appears to be limited structural variation among the
observed molecular species that play a role in the amyloid
aggregation process; they are composed of random coil
structure and antiparallel b-sheets with an increasing
amount of b-sheet structure with increasing aggregation.
This is in line with previous ion mobility-spectrometry-
mass spectrometry and gas-phase infrared spectroscopy ob-
servations for VEALYL (33). The molecular sensitivity of
the vibrational techniques has now revealed that there are
differences in the protonation state of the different molecu-
lar species that play a role in the aggregation. Also, the
eventual observation of homogeneous and bundled fibrils,
as indicated by the 2D-IR line shape and the VCD intensity,
respectively, is in line with previous studies (32,34). By us-
ing the here-employed vibrational spectroscopy techniques
to observe the transformation of monomers to oligomers
and finally to mature fibrils in an in situ manner, we can
continuously monitor the molecular evolution.

We show how MCR analyses of 1D- and 2D-IR amide-I
spectra of amyloid proteins can provide insight into the
mechanism of molecular processes. In the case of the amy-
loid aggregation of VEALYL, the analysis revealed interme-
diate species with an increased deprotonation state and an
increased intermolecularly hydrogenbonded b-sheet struc-
ture, even though the exact spectrum is subject to rotational
ambiguity. It should be noted that the spectrum of the inter-
mediate species (depicted in Fig. 3) could reflect a group of
species in a continuum of intermediate species that share
certain distinct spectral features, or a group of relatively sta-
ble intermediates in a continuum of incrementally growing
aggregates.

When vibrational spectra are complemented by spectral
calculations (9,71), e.g., on molecular structures obtained
with molecular dynamics simulations, more detailed struc-
tural information can be derived. Also, the application of
advanced analysis methods on the time-dependent 2D-IR
data (like parallel factor analysis (PARAFAC) or Tucker
modeling techniques that have been developed especially
for three-dimensional data sets) could allow an even more
detailed analysis of amyloid systems (79).

For amyloid systems whose aggregation cannot be trig-
gered like that of VEALYL, a large variation in the so-called
‘‘lag phase’’ might hinder connecting the results from the
different techniques straightforwardly. However, in that
case, an internal calibration of the different spectroscopic
measurements can be obtained by deriving the 1D-IR spec-
96 Biophysical Journal 119, 87–98, July 7, 2020
trum from the 2D-IR and VCD spectra, as has been done in
Fig. S11 for the data presented in this article.

Overall, we present a, to our knowledge, novel combina-
tion of techniques to study amyloid formation and show that
many structural details can thus be revealed on length scales
ranging from nano- to millimeters and timescales ranging
from picoseconds to weeks.
SUPPORTING MATERIAL
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