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Abstract
Amyloid fibrils are self-assembled protein aggregates that are formed from
unstructured peptides and unfolded proteins. The fibrils are characterized by a
universal β-sheet core stabilized with hydrogen bonds, but the overall structure of
amyloid fibrils is variable. The milk protein β-lactoglobulin forms amyloid fibrils upon
incubation at low pH and high temperature. It is possible to tune the morphology and
rigidity of the fibrils by the protein concentration during formation. We investigated the
differences in the molecular structure and composition between long, straight and
short, worm-like fibrils. We show using mass spectrometry that the peptide
composition of the two fibrils types is similar. The bulk molecular structure of the fibrils
probed with various spectroscopic techniques shows a large contribution of the β-sheet
core, but no difference in structure between straight and worm-like fibrils. We probed
specifically the surface of the two amyloid types with high spatial resolution using tipenhanced Raman spectroscopy (TERS). The surface of the fibrils is heterogeneous in
molecular structure and mainly exhibits unordered or α-helical structures. The TERS
study reveals that the surface of long, straight fibrils contains more β-sheet structure
than the surface of short, worm-like fibrils. To elucidate the origin of the difference in
morphology and molecular structure, we studied the assembly kinetics using a
combination of atomic force microscopy and mass spectrometry. We show that at high
β-lg concentrations peptide refolding into amyloid fibrils takes place faster than at low
concentrations. In summary, our data show that the two fibril types are structurally
different and that it is only possible to detect differences in molecular structure using
surface-specific spectroscopic techniques. The origin of the difference in molecular
structure is likely related to the faster formation kinetics at high protein concentrations.

Multimodal spectroscopic study of amyloid polymorphism 65

Introduction
Many proteins and peptides are capable of self-assembling into fibrillar aggregates
known as amyloids. Amyloid fibrils are found in plaques in organs of patients suffering
1
from diseases like type II diabetes mellitus and Alzheimer’s disease. However, Nature
also makes functional use of the superior mechanical properties of amyloid fibrils, which
2,3
are for instance found on the surfaces of fungi and bacteria. Their superior
4
mechanical properties also make amyloid fibrils interesting for novel biomaterials.
Amyloid fibrils are characterized by a universal cross-β structure, in which the peptide
5,6
backbones are orthogonal to the fibril axis. Hydrogen bonds stabilize the β-sheets and
7
are thought to be primarily responsible for the high mechanical rigidity. Although the
structural motif of the amyloid fibril core is known, the overall structure is thought to be
more complex and variable. Dependent on the constituent peptide or protein, side
8,9
chains may protrude from the β-sheet core. Moreover, amyloid samples are usually
polymorphic and fibrils are often composed of two or more protofilaments, resulting in
10
flat ribbon morphologies or twisted fibrils.
β-Lactoglobulin (β-lg) is the main protein in whey and readily forms amyloid fibrils upon
11,12
Similar to
incubation below its isoelectric point (pH 5.1) at elevated temperatures.
other whey proteins, β-lg is of great importance to the dairy industry and is particularly
13-15
β-lg has been investigated
useful for controlling the texture of a variety of foods.
16-18
We have
extensively as a model for the self-assembly of proteins into amyloid fibrils.
previously shown that the morphology of β-lg amyloid fibrils can be tuned by changing
19
the protein concentration during incubation (Chapter 2). Two different fibrils types
were distinguished: long, straight fibrils and short, worm-like fibrils, with a factor 40
difference in persistence length. Nanoindentation experiments by Bennink et al.
20
showed that indeed the two fibril types have a different Young’s modulus. Therefore
the fibril types must be different in peptide composition and/or secondary structure
content. It has been shown in experiments and modeling that β-sheet structure is
7
associated with a high Young’s modulus because of strong hydrogen bonding. A lower
21
Young’s modulus is indicative of α-helical/disordered structure.
Here, we perform a detailed spectroscopic investigation of the differences in molecular
structure of the core and the surface of the straight and worm-like fibrils formed at
different β-lg concentrations, combining bulk, surface-specific and high-resolution
vibrational spectroscopies. We focus on the amide I mode, which reports on protein
secondary structure. The molecular structure of the surface was measured with tipenhanced Raman spectroscopy (TERS) and compared to the bulk secondary structure
analyzed using Fourier transform infrared (FT-IR), Raman and circular dichroism (CD)
spectroscopy. Moreover, we investigate whether the differences in molecular structure
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of the two fibril types can be traced to differences in the assembly kinetics. The
assembly pathway of β-lg amyloid fibrils is a multi-step process starting with hydrolysis
of the protein into peptides, followed by refolding and fibril elongation. The relative
timing of these steps may depend on the protein concentration. Therefore, we
combined mass spectrometry to detect hydrolysis with AFM to detect fibril formation.
Our TERS study reveals that the surface of straight amyloid fibrils formed at low β-lg
concentration has a higher β-sheet content than the surface of worm-like fibrils formed
at high β-lg concentration. However, with bulk spectroscopic techniques (Raman, FT-IR
and CD spectroscopy), it is not possible to detect these highly local differences in
molecular structure. The final peptide composition of both fibril types is observed to be
very similar, so apparently hydrolysis has proceeded to the same extent in both cases.
However, the fibril assembly kinetics are faster at higher concentrations, resulting in
fibrils with a worm-like morphology.

Results and discussion
Amyloid fibril morphology. Amyloid fibrils were formed by incubation of an aqueous
solution of β-lactoglobulin (β-lg) monomer at pH=2.0 and 80°C for 16 hrs at different
protein concentrations, ranging between 3.0% and 7.5%. To characterize the
morphology of the fibrils, they were deposited on a mica surface, dried, and imaged by
AFM. At the lowest concentration (3.0% β-lg), the fibrils are straight (Figure 3.1a) and
their lengths range from a few hundred nanometers up to 5 µm (Figure 3.1e). The
average diameter is 2.6 nm ± 1.0 nm, quantified from their maximum height in AFM
images. However, the diameter distribution is rather broad, with a main population in
the range of 1-3.5 nm, and a tail with thicker fibrils having diameters of 4-6 nm (Chapter
19
2). These thicker fibrils are composed of 2 or more protofilaments and show a twisted
morphology. When the protein concentration is raised to 4.5% β-lg, the fibrils have a
similar morphology (Figure 3.1b) but the length distribution shifts to smaller lengths
(Figure 3.1f). At still higher concentration (6.0%), the fibrils are predominantly short and
do not exhibit the straight morphology observed at low concentrations (Figure 3.1c). A
few long fibrils are still observed, but the length distribution is dominated by short fibrils
(Figure 3.1g). At the highest protein concentration (7.5% β-lg), the fibrils are all short
and worm-like (Figure 3.1d) and they have a beads-on-a-string type morphology (inset
Figure 3.1d). The fibril lengths are all below 500 nm (Figure 3.1h) and the average
diameter is 2.9 nm ± 0.6 nm.
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Figure 3.1: AFM images of β-lg amyloid fibrils on mica formed at protein concentrations of a) 3.0%; b) 4.5%; c) 6.0%; d) 7.5%. Scale bars
are 500 nm, scale bars in insets are 50 nm. At 3.0% β-lg, long and straight fibrils are observed. Some fibrils are composed of two
protofilaments twisted together (see inset in a). At 4.5% and 6.0% β-lg, a small fraction of long fibrils is formed, while a larger fraction
contains short fibrils. At 7.5% β-lg, worm-like fibrils with a beaded structure (see inset in d) are formed. e-h) Length distribution of
amyloid fibrils formed at β-lg concentrations of 3.0 to 7.5% and average persistence length Lp calculated based on the end-to-end
length and the contour length measured in the AFM images.

68  Chapter 3
To quantify the decreased rigidity of fibrils formed at elevated protein concentrations,
we calculated the persistence length (L p ) from the end-to-end lengths (E) and contour
lengths (C) of the fibrils (SI Figure 3.1). The average value of L p decreases dramatically
with monomer concentration: from 3.8 μm at 3.0% β-lg to 90 nm at 7.5% β-lg. At
intermediate protein concentration, we clearly observe two different fibril populations
2
of different rigidities when we plot E vs C (Inset SI Figure 3.1b). Our results are
consistent with recent AFM-based nanoindentation experiments by the group of
Bennink, which showed that the rigid fibrils formed at low protein concentration have a
Young’s modulus in the GPa range, whereas the wormlike fibrils formed at high protein
20
concentration have a much lower Young’s modulus in the MPa range . The coexistence of straight and wormlike fibrils at intermediate protein concentrations
suggests that there is a shift in population with increasing protein concentration.
Amyloid fibril composition. The large difference in morphology and material properties
of the different fibril types indicates that either the composition or the secondary
structure of the peptides forming the fibrils must be different. To test whether there is
a difference in the peptide composition of the two fibril types, we performed mass
spectrometry on both fibril types. After incubation of β-lg monomer for 16 hrs, the nonaggregated material was removed by filtration with 100 kDa cut-off filters. The fibrils
were dissociated in guanidine chloride buffer and peptide fragments were analyzed
22
with MALDI-TOF spectrometry according to previously published methods . It is
expected that upon incubation at pH=2 and 80°C the peptide bonds between aspartic
22-24
The sequence of β-lg
acid residues and adjacent amino acid residue are cleaved.
with the positions of aspartic acid (D) highlighted are depicted in Figure 3.2a and
predicted peptide fragments are listed in SI Table 3.1. The peaks observed in the mass
spectra (SI Figure 3.2) were compared to this list of candidate peptides. We observed a
high overlap of peptide fragments in straight and worm-like fibrils (Figure 3.2b and c). A
few small differences between the fibril types are observed; however, for both fibrils,
the entire sequence of β-lg is present in the spectra. This is in disagreement with
previous results for fibrils formed at low β-lg concentrations, where only a small
22
number of peptide fragments was observed in the fibrils. The difference may be due
to slightly different protocols for fibril formation, or because we were able to measure
more sensitively and detect also smaller peptide fractions. To cross-check these data,
we also analyzed the full amino acid composition of the filtered fibrils. This analysis
revealed that the amino acid composition of both fibril types is almost identical to that
of the monomer (Figure 3.2d). This supports the conclusions of mass spectrometry that,
although the monomer is hydrolyzed to short peptides, all peptides end up in the fibrils.
Taken together, these results show that the final peptide composition is identical for
straight and worm-like fibrils.
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Figure 3.2: a) Amino acid sequence of β-lg monomer. Cleavage positions are at the aspartic acid
residues (D) that are highlighted. b and c) Schematic overview of peptides derived from β-lg
detected in amyloid fibrils formed at protein concentrations of b) 3.0% or c) 7.5%. In black the
intact β-lg monomer (162 residues) is depicted. d) Relative amino acid content of amyloid fibrils
formed at 3.0% (purple) or 7.5% (blue) determined by HPLC. White bars are the expected values
based on the amino acid sequence of full-length β-lg variant B.

Amyloid fibril molecular structure. Given that the molecular composition of the straight
and worm-like fibrils is identical, we assume that the difference in fibril morphology and
Young’s modulus must arise from a difference in secondary structure. To test this
hypothesis, we determined the molecular structure with conventional spectroscopy
methods: attenuated total reflection Fourier-transform infrared (ATR/FT-IR), Raman and
circular dichroism (CD) spectroscopy. Since all three techniques are ensemble
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measurements over a large number of amyloid fibrils, we performed the measurements
on the fibrils formed at 3.0% and 7.5% β-lg, where the populations of respectively
straight fibrils and wormlike fibrils are most homogeneous. Strikingly, the ATR/FT-IR
spectra of the two fibril types are near-identical (Figure 3.3a). The spectral positions of
−1
the peak maxima around 1630 cm indicate a high β-sheet content as expected for
amyloidal samples; the main contribution of the amide I band is assigned to the low
frequency band of anti-parallel β-sheet structure. A quantitative secondary structure
25
analysis yielded 75% β-sheets and turns as well as 15-20% unordered or α-helical
secondary structures for both fibril types (see also SI Figure 3.3).
Raman spectroscopy reports on the amide I band as well, but with an altered sensitivity
to the underlying vibrational normal modes. As a consequence, the high frequency band
of the anti-parallel β-sheet structure is more pronounced in the Raman spectra of both
samples (Figure 3.3b and SI Figure 3.4). Consistent with the FT-IR spectra, the Raman
spectra show a high similarity between the amide I bands and indicate similar secondary
structures for both fibril samples.
In addition, we determined the secondary structure of the two fibril types with CD and
found 45% β-strands and –turns, 45% unordered structure and less than 10% α-helices
for both samples (Figure 3.3c and SI Table 3.2). The quantitative discrepancy between
CD and the vibrational spectroscopy techniques can be explained by the weaker
sensitivity of CD to β-sheets and/or the weaker sensitivity of vibrational spectroscopy to
unordered structures.
None of the spectroscopic techniques can detect any difference between the two fibril
types. This is surprising given the large difference in morphology and Young’s modulus
of the fibrils. Moreover, it contrasts with our earlier vibrational sum-frequency
generation (VSFG) spectroscopy measurements, which revealed a close to 100% β-sheet
content for the straight fibrils whereas for short, worm-like fibrils approximately 50%
19
helical or unordered structure was assigned (Chapter 2). All the spectroscopic
techniques described above are ensemble techniques, which average over many fibrils.
Because the samples we measured are polymorphic, we need a different technique to
directly link the peptide molecular structure to fibril morphology. Tip-enhanced Raman
spectroscopy (TERS) provides spectroscopic information with nanoscale spatial
resolution by scanning with an AFM equipped with a tip coated with a 10-20 nm Ag or
Au particle and coupled to a Raman spectrometer. Because of the high local field
enhancement of the Raman signal, it is possible to obtain Raman spectra from the
material in the immediate proximity of the metalized tip, resulting in a spatial resolution
in the nm scale. Recently, the Raman response from the surface of insulin amyloid
26,27
and hIAPP amyloid fibrils (Chapter 4 of this thesis) were determined.
fibrils
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Figure 3.3: a) ATR/FT-IR spectra of amyloid fibrils formed at 3.0% (black) or 7.5% (red) β-lg. b)
Raman spectra of amyloid fibrils formed at 3.0% (black) or 7.5% (red) β-lg. c) CD spectra of
amyloid fibrils formed at 3.0% (black) or 7.5% (red) β-lg. For second derivatives and tables with fit
parameters see SI Table 3.2 and SI Figure 3.3 and SI Figure 3.4.
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For TERS spectroscopy on β-lg amyloid fibrils, suspensions formed at β-lg
concentrations of 3.0% of 7.5% were dried on glass slides. The amide I region (1630-1
1680 cm ) was analyzed to determine the local molecular structure. Peaks between
-1
1630 and 1655 cm were assigned to unordered or α-helical structure and peaks
-1
26-29
In some spectra a broad peak covering
between 1660 and 1680 cm to β-sheets.
both regions, or two separated peaks were observed; these spectra were assigned to a
third category called ‘mixed’ structures. In some spectra the peaks in the amide I region
were suppressed, a phenomenon that is frequently observed in TERS and SERS
30,31
experiments.
Figure 3.4a shows an AFM image of part of a rigid, straight fibril formed at 3.0% β-lg.
The black line indicates the position where 20 TERS spectra were obtained in spatial
steps of 1 nm (Figure 3.4c). The amide I region of the spectra was analyzed for
unordered or α-helical, β-sheet or mixed structures. We related the local molecular
structure to the spatial information of the AFM image. The fibril has a remarkably
heterogeneous surface structure with regions dominated by unordered or α-helical
structure and some spectra showing β-sheet or mixed structures. For comparison, an
AFM image and a grid of 10 x 5 TERS measurements on a worm-like fibril formed at
7.5% β-lg are shown (Figure 3.4b), again in steps of 1 nm. For clarity only the first 20
spectra are depicted in Figure 3.4d. The surface of this worm-like fibril is dominated by
unordered/α-helical structure, but also contains small regions of mixed structures.
In order to compare the TERS data with ensemble measurements of the molecular
structure, all TERS spectra with active amide I bands were analyzed. This analysis
represents an average of 10 datasets for amyloids formed at 3.0% β-lg on 4 different
straight fibrils, and 8 datasets on 6 worm-like fibrils formed at 7.5% β-lg. In total more
than 350 spectra per condition were collected. For straight fibrils, 112 out of 350
spectra (32%) showed suppressed amide I bands. For worm-like fibrils, the number of
suppressed amide I bands was 123 out of 399 spectra (31%). This phenomenon has
26,27
and hIAPP
been observed previously on TERS studies of insulin amyloid fibrils
amyloid fibrils (Chapter 4).
The datasets with active amide I bands (238 and 276 spectra for respectively straight
and worm-like fibrils) were analyzed for unordered or α-helical, β-sheet and mixed
structures. For 66% of the spectra of the straight fibrils and 77% of worm-like fibrils,
only unordered or α-helical structures were observed (Figure 3.5a and SI Table 3.3). For
straight fibrils, 10% of the spectra were classified as β-sheet and 24% as mixed
structures. For worm-like fibrils these percentages were much lower: only 5% β-sheet
and 17% mixed structures.
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Figure 3.4: AFM images and corresponding TERS spectra obtained by sampling grids with 1-nm
sized pixels of amyloid fibrils formed at a) 3.0% β-lg and b) 7.5% β-lg. Scale bar is 50 nm. c and d)
Amide I region of the spectra corresponding to the regions indicated by black lines in a and b. Red
band: β-sheet. Blue band: unordered/α-helical structure. In (d) only the first 20 spectra are
shown, corresponding to the two bottom rows in the map in (b).

These data confirm the differences in molecular structure between straight and worm19
like fibrils that we observed previously with VSFG (Chapter 2) , but the distinction is
clearly more subtle in TERS. Apparently, TERS probes primarily the surface of the fibrils
and to a lesser extent the β-sheet cores that are probed with bulk spectroscopy. The
surface is more disordered for the worm-like fibrils, while in case of the straight fibrils
the regular β-sheet core may be partly probed or the surface may be more ordered. The
worm-like fibrils are expected to exhibit relatively short stretches of hydrogen-bonded

74  Chapter 3
β-sheets along the axis, which results in less β-sheet structure observed with TERS. Our
data show that only with surface-sensitive techniques like TERS and VSFG, it is possible
to observe the differences between straight and worm-like fibrils. The large contrast in
secondary structure between the worm-like and straight fibrils observed with VSFG can
presumably be traced to the fact that VSFG is a coherent process, requiring the
constructive addition of many oscillating dipoles in the far field; the worm-like fibrils
exhibit spatial correlation lengths that are short compared to the coherence length
required for efficient VSFG light emission, suppressing the signal from the β-sheets
cores.

Figure 3.5: a) Ensemble analysis of the molecular structure observed with TERS for amyloid fibrils
formed at 3.0% β-lg (purple) or 7.5% β-lg (blue). b) Ensemble analysis of the amino acid residues
observed with TERS for amyloid fibrils formed at 3.0% β-lg (purple) or 7.5% β-lg (blue).
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Besides the secondary structure, it is possible to identify specific amino acid residues
with TERS through their unique vibrational bands, and determine their position at the
fibril surface. We analyzed all spectra for peaks related to histidine (His), phenylalanine
(Phe), proline (Pro), tyrosine (Tyr) and cysteine (Cys) (SI Table 3.4). Phe and Tyr were
observed in 3 to 5% of all spectra for both fibril types (Figure 3.5b and SI Table 3.3). Pro
was observed in only 2 to 3% of the spectra, although 8 of the 162 (5%) amino acid
residues in β-lg monomer is Pro. This discrepancy may indicate that Pro is preferably in
the core and not on the surface of the fibrils. For straight fibrils, His was observed much
more frequently (7%) than for worm-like fibrils (2%). In both cases, this frequency is
higher than expected from the amino acid sequence of β-lg, which features 2 His
residues out of a total of 162 amino acids (1.2%). Cys was observed in 9% of the spectra
for straight fibrils, and in 22% of the spectra for worm-like fibrils. These percentages are
much higher than the expected value based on the number of Cys residues in β-lg
monomer: 5 out of 162 (3.1%). Apparently Cys has a preference for the unordered or αhelical structure at the surface of the fibrils and not for the β-sheet core. This is in
agreement with our TERS measurements on hIAPP amyloid fibrils reported in Chapter 4,
for which we observed Cys in 15 to 25% of all spectra, while, from simple statistics, the
expected percentage was 5%.
Concentration-dependent kinetics of amyloid formation. The kinetics of β-lg amyloid
formation at acidic pH and elevated temperatures is known to be a multi-step process:
first the monomers are hydrolyzed into a mixture of small peptides, of which a subset is
22
thought to then fold and assemble into oligomers. After this rate-determining step of
32
oligomer formation, a relatively rapid growth of amyloid fibrils takes place. It has been
shown that amyloid fibrils formed at low β-lg concentration are built from peptides and
22
contain no intact monomers. For both fibril types, we measured the kinetics of
hydrolysis by mass spectroscopy and SDS-PAGE and the kinetics of fibril formation by
AFM.
We incubated β-lg monomer for 2, 4 or 24 hrs at pH=2 and 80°C and followed the
hydrolysis in time by MALDI-TOF mass spectrometry. The mass spectra in Figure 3.6a-c
clearly show a time-dependent decrease of the peak originating from the intact
monomer (18.4 kDa) for samples incubated at 3.0% β-lg. (For comparison, a mass
spectrum of β-lg monomers before incubation is shown in SI Figure 3.5.) After 4 hrs
incubation (Figure 3.6b), there is still a large contribution of the intact monomer
compared to the peptides. The decrease of the peak originating from the intact protein
mainly takes place between 4 and 24 hrs. This is in contrast to the samples incubated at
7.5% β-lg, where after 4 hours the fraction of monomers is highly reduced (Figure 3.6de), although after 24 hrs incubation still a small fraction of monomers remains (Figure
3.6f).
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Figure 3.6: Mass spectra of β-lg incubated at 3.0% for a) 2 hrs; b) 4 hrs; c) 24 hrs; or at 7.5% for d)
3
2 hrs; e) 4 hrs; f) 24 hrs. The peak at ~18.4 x10 m/z corresponds to intact β-lg monomer. AFM
images of β-lg incubated at 3.0% for a) 2 hrs; b) 4 hrs; c) 8 hrs; or at 7.5% for d) 2 hrs; e) 4 hrs; f) 8
hrs. Scale bars are 1 μm, height bar on the right hand side of panel (i) is 10 nm.
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The formation of peptides and the decrease in the amount of intact monomers were
qualitatively confirmed with SDS-PAGE (SI Figure 3.6). There are several possible
explanations for the observation of the faster decrease of the ratio between intact
monomers and peptides for samples incubated at 7.5% compared to those incubated at
3.0% β-lg. We suspect that (more) intact monomers are incorporated into the fibrils
formed at 7.5% than at 3.0% β-lg, because oligomerization/fibril formation starts
earlier. This would result in less non-aggregated, intact monomer in the sample.
Another explanation could be that hydrolysis occurs faster in samples incubating at
7.5% β-lg than at 3.0% β-lg, but it is unclear why the hydrolysis rate would depend on
protein concentration. To distinguish between these possibilities, mass spectrometry of
filtered, dissociated fibrils in the same m/z range as probed in Figure 3.6 need to be
performed.
Since the ratio between intact monomer and peptides decreases faster at higher
protein concentration, we expect that refolding and oligomerization of the resulting
peptides will also start earlier. To test this, we analyzed the morphology of the
aggregates formed upon 2, 4 or 8 hrs with AFM (Figure 3.6g-l). At a concentration of
3.0% β-lg, first small aggregates were detected with AFM after 8 hrs incubation,
observed as spheres with a height of 1-2 nm. At the same time, a few long fibrils were
already observed (Figure 3.6i). At 7.5% β-lg, small spherical aggregates were observed
already after 2 hrs and worm-like fibrils upon 4 hrs incubation. After longer incubation
times the number of fibrils increased, but their morphology did not significantly change
anymore. Although AFM images provide morphological information of the aggregates,
only a small region of the sample is probed and it is not possible to quantify the results.
It has been reported previously that oligomers stick less to the mica surface than
33
fibrils , probably affecting the results.
We complemented the surface-based AFM assays with a thioflavin T (ThT) fluorescence
assay, which can monitor the formation of amyloids in solution. ThT is a dye that binds
to the β-sheets present in the amyloid fibril core. We indeed observe an increase of ThT
fluorescence already upon incubation for 2 hrs for samples at concentrations of 7.5% βlg, while for samples at 3.0% β-lg it takes 4 hrs before increased ThT fluorescence is
detected (SI Figure 3.7).
Our data show that there is a difference between the formation kinetics of straight and
worm-like fibrils: at high concentrations, the decrease of the ratio between intact
monomers and peptides and aggregate formation takes place faster than at low
concentrations.
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Conclusions
We investigated the structural differences between straight and worm-like amyloid
fibrils by AFM and a combination of surface and bulk vibrational spectroscopy
techniques. AFM imaging revealed that the morphology of β-lg amyloid fibrils depends
on the protein concentration during formation. At low concentration, the fibrils are long
and straight, whereas at high concentration the fibrils are short and worm-like with a
40-fold lower persistence length. We hypothesized that this morphological difference
could be caused by a difference in peptide composition or in molecular structure. Mass
spectrometry showed that both fibril types are formed from peptide fragments, but no
differences were observed between the fragments that were incorporated into the two
fibril types. The bulk molecular structure was probed with FT-IR, Raman and CD
spectroscopy. All three techniques reported high β-sheet contents and no differences
between straight and worm-like fibrils. However, a difference in the surface structure of
the two fibril types was revealed using TERS. The surface of both fibril types is
heterogeneous and mainly contains unordered or α-helical structures. However, the
straight fibrils have a higher β-sheet content on the surface than the worm-like fibrils,
19
which is in line with the surface structure revealed with VSFG (Chapter 2). To get a
better understanding of the origin of the differences in morphology, rigidity and surface
structure, we investigated the kinetics of fibril formation with AFM and mass
spectrometry. We showed that the decrease of the ratio between intact monomer and
peptides and the refolding of the peptides into fibrils is faster at high β-lg
concentrations. In conclusion, straight and worm-like fibrils have a different surface
structure, but it is only possible to probe this difference using surface-specific
spectroscopic techniques. Furthermore, we show the importance of the assembly
kinetics for the final structure and morphology of amyloid fibrils.

Materials and methods
Amyloid formation. β-lactoglobulin (β-lg) amyloid fibrils were prepared as described
19
previously . In short, bovine β-lg (genetic variants A and B, Sigma Aldrich, L0130) was
dissolved in HCl dilution (pH=2.0). The solution was dialyzed extensively (Slide-a-lyzer,
molecular weight cut-off (MWCO) 10kDa, Thermo) against an HCl solution (pH=2.0) and
filtered (0.1 μm filter, Millipore) to remove aggregates. The final protein concentration
was determined by UV-VIS spectrophotometry (Nanodrop, Thermo Scientific) at a
-1
-1 34
wavelength of 280 nm based on an extinction coefficient of 16.8 mM cm . Samples
o
were heated in eppendorf tubes at 3.0 or 7.5% (w/w) in an oven at 80 C for 16 hrs
without stirring. After quenching in ice water, the fibrils were separated from nonaggregated material by centrifugal filtering (Centrifugal filters, MWCO 100kDa,
Millipore) at 1000 g. The retentate was washed with an HCl solution (pH=2) two
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additional times. The filtered fibril suspension was centrifuged for 5 min at 2000 g to
remove large fibril aggregates. To determine the final protein concentration, fibril
suspensions were mixed with an equal volume of formic acid to solubilize the
aggregated protein. The protein contents of these solutions were measured by
spectrophotometry at a wavelength of 280 nm and compared to samples with known
35
concentrations of β-lg.
Atomic force microscopy (AFM). A drop of a diluted fibril suspension at a concentration
of ~0.01 wt% was deposited onto freshly cleaved mica (Muscovite mica V-4, Electron
Microscopy Sciences). After 5 min incubation, the sample was washed with HCl solution
(pH=2.0) and dried in air. AFM images were acquired in tapping mode with a Dimension
3100 Scanning Probe Microscope (Bruker) using silicon cantilevers (TESPA, force
constant 42 N/m, Bruker). Images were flattened using Nanoscope 6.14 software.
Fourier-Transform Infrared spectroscopy. The aqueous HCl solution was exchanged by a
deuterium oxide based solution at pD=2.4 by 10-fold dilution and centrifuging for 3
times using centrifugal filters (MWCO 100 kDa, Millipore). Hereafter, the sample was
incubated for 1 hr to allow for a full H/D exchange. A drop of 5 μL fibril suspension was
air-dried on an ATR cell (single reflection, Thermo Spectra Tech, Thermo Fisher Scientific
Inc.) at room temperature. ATR/FT-IR measurements were performed on a Nicolet 730
FT-IR spectrometer (Thermo Fisher Scientific Inc.) equipped with a liquid nitrogen
cooled mercury cadmium telluride (MCT) detector. The spectral resolution was set to
−1
4 cm and for each measurement 256 spectra were averaged. The Happ-Genzel
apodization function was used for the Fourier transformation. Quantitative secondary
structure analysis of the amyloid samples based on the FT-IR absorption spectra was
-1
performed on the basis of the vibrational amide I band between 1600 and 1700 cm .
The general fitting procedure with Gaussian-shaped line widths of the spectral
25
components was performed as described elsewhere using OriginPro 8.5.1G software.
Raman spectroscopy. Samples for Raman spectroscopy were prepared by drying a drop
of 5 µL fibril suspension on a silicon wafer. To yield a thick sample film, the procedure
was repeated five times. Raman spectra were measured on a Bruker RFS 100/S
spectrometer (Bruker Optics, Rheinstetten, Germany) using a 532 nm laser emission.
The laser was focused onto the sample to a spot size of about 0.5 mm using a
microscope (Bruker Raman Scope Senterra). For each sample spot, 5 spectra with 60 s
recording time were averaged. The measured Raman spectra were corrected for the
fluorescence signal using the LabSpec 5 software.
Circular dichroism (CD) spectroscopy. CD data were recorded using a J-815 spectrometer
(Jasco) at 20°C. Filtered amyloid fibril samples were diluted in HCl dilution (pH=2.0) to
protein concentrations of 0.03 wt% (~17µM) and measured in cuvettes with a path
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length of 0.1 cm. CD spectra were collected over a range of 190-260 nm with a step size
of 1 nm. Three measurements were averaged and the α-helical and β-sheet contents
36,37
were determined using Dichroweb (database 7, CDSSTR, based on 48 proteins) .
Tip-enhanced Raman spectroscopy (TERS). Fibril suspensions were diluted in HCl dilution
(pH=2.0) to concentrations of ~0.01%. A 20 μL aliquot was deposited onto cleaned glass
slides, incubated for 5 min, washed with HCl dilution (pH=2.0) and dried in air. TERS
measurements were performed on a setup comprised of an AFM (Nanowizard II, JPK,
Germany) mounted on an inverted microscope (SP2750A, Acton Advanced, Princeton
Instruments Roper Scientific, USA) with a CCD camera (Pixis 400, Princeton Instruments
Roper Scientific, USA). The incident laser with λ= 532 nm (P = 0.42 mW on sample) was
focused through a 40x (N.A. 1.35) oil immersion objective on the sample. The
acquisition time was 10 s for all spectra. TERS tips were prepared by 25 nm silver
evaporation on commercial AFM non-contact tips (NSG10, NT-MDT, Russia).
Mass spectrometry. Mass spectrometry experiments were performed according to the
22
protocol of Akkermans et al. Fibrils were dissolved by mixing in 0.15 M Tris-HCl buffer
(pH=8.0) containing 8 M guanidine hydrochloride and 0.1 M dithiothreitol (DTT) and
incubation for 1 hr. The solution was diluted in 50% (v/v) acetonitrile and 0.1% (v/v)
TFA. 2 μL of the diluted sample was mixed with 18 μL of the matrix solution dimethoxy4-hydroxycinnamic acid (CHCA) and 1 μL was dry spotted onto a 96 wells target plate.
MALDI-TOF spectra were obtained using a SYNAPT G1 HDMS (Waters Corporation,
Milford, USA), equipped with a 200 Hz Nd:YAG laser (355 nm) and was operating in
positive V-reflectron mode with a 100-4000 Da mass range. For kinetics experiments,
dialyzed and filtered β-lactoglobulin monomer solutions in HCl dilution at pH=2.0 were
incubated in Eppendorf tubes in an oven at 80°C for 2, 4 or 24 hrs. After quenching in
ice water, the suspensions were mixed in a 1:1 ratio with matrix solution (CHCA, as
described above). 1 μl of the solutions was dry spotted on a 384 wells target plate and
analyzed using a Ultraflex III MALDI TOF-MS (Bruker Daltonik GmbH, Bremen, Germany).
The system is equipped with a 200 Hz Nd:YAG laser (355 nm, Smartbeam) and was
operating in positive linear mode with a 0-80,000 Da mass range.
Amino acid analysis. Amino acid analysis upon hydrolysis was performed by Ansynth
service B.V (The Netherlands) using high performance liquid chromatography (HPLC).
Amyloid fibrils were prepared by incubation for 16 hrs, filtered and washed as described
before.
SDS-PAGE. For SDS-PAGE, Precise Protein Gels 4-20% (Thermo Scientific) were used. β-lg
monomer solution in HCl dilution (pH=2.0) was incubated at concentrations of 3.0% or
7.5% at 80°C for 2, 4, 8, 16 or 24 hrs. Samples were quenched on ice-water and mixed
with sample buffer containing 10 mM Tris-HCl and 1 mM EDTA at pH=8.0. The gel was
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run at 120V for 45 min using a running buffer containing 100 mM Tris, 100 mM HEPES
and 0.1% SDS.
Thioflavin T fluorescence assay. Thioflavin T (ThT) was diluted in MilliQ water and filtered
using a 0.1 µm filter (Millipore). β-lg monomer solution in HCl dilution (pH=2.0) was
incubated at concentrations of 3.0% or 7.5% at 80°C for 2, 4, 8, 16 or 24 hrs. Samples
were quenched on ice-water and mixed immediately with ThT solution to a final protein
concentration of 100 µM and a ThT concentration of 100 µM in HCl solution (pH=2.0).
Samples were measured in standard 96-well flat-bottom black microtiter plates (Nunc
237105) with a plate reader (PerkinElmer Victor X3) in combination with a 430 nm
excitation filter and a 480 nm emission filter. All data are averages of 3 measurements
and average fluorescence of a blank was subtracted.
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Supplementary Figures and Tables

SI Figure 3.1: Squared end-to-end length vs contour length of amyloid fibrils on a mica surface
formed at β-lg concentrations of a) 3.0%; b) 4.5%; c) 6.0%; d) 7.5%. Insets show a zoom of the
small contour length region. At samples formed at 4.5% β-lg, a second population of short fibrils is
observed.
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SI Figure 3.2: MALDI-TOF mass spectra of amyloid fibrils formed at 3.0% or 7.5% blg in 16 hrs. After incubation, fibrils were
filtered to remove non-aggregated material and dissociated in guanidine chloride buffer and peptide fragments up to 4000 kDa
were analyzed.
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b
Structure element

3.0% β-lg
Position
-1
(cm )

7.5% β-lg

Relative area
(%)

Position
-1
(cm )

Relative area
(%)

Not assigned

1612

4

1612

5

β-sheet

1629

72

1628

68

α-helical/unordered

1657

15

1657

21

β-turn

1675

9

1678

5

β-sheet

1689

0

1690

1

SI Figure 3.3: a) Second derivatives of ATR/FT-IR spectra of amyloid fibrils formed at 3.0% and
7.5% after incubation for 16 hrs. Spectra were measured on a diamond ATR setup. b) Quantitative
analysis of secondary structure contributions based on Gausian fitting.

SI Figure 3.4: Second derivative of the Raman spectra of amyloid fibrils formed at 3.0% and 7.5%
after incubation for 16 hrs.
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SI Figure 3.5: MALDI-TOF mass spectra of β-lg monomer. Main peak at 18400 m/z is monomer.
Also peaks for di-, tri- and tetramers are observed.

SI Figure 3.6: SDS PAGE analysis of the kinetics of β-lg monomer hydrolysis upon incubation at
o
pH=2.0 and T=80 C for 2, 4, 8, 16 or 24 hrs. The intensity of the band at approximately 18 kDa
corresponding to intact monomer decreases at longer incubation times, but is still present upon
24 hrs incubation.
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SI Figure 3.7: ThT fluorescence measurements of amyloid fibril formation kinetics in solution. β-lg
monomer was incubated at pH=2.0 and 80°C at β-lg concentrations of 3.0% (purple triangles) or
7.5% (blue circles). In both cases, the samples were diluted in MilliQ/HCl at pH=2.0 to a protein
concentration of 100 µg/mL, mixed with ThT, and immediately measured.
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SI Table 3.1: Overview of peptides present in the amyloid fibrils formed at concentrations of 3.0%
or 7.5% β-lg observed with MALDI-TOF mass spectrometry. Unless mentioned otherwise between
brackets in the first column, these peptides can be derived by hydrolysis of both the A and B
variant of β-lg.
Fragment

Theoretical mass (Da)

Straight fibrils formed
at 3.0% β-lg

Straight fibrils formed
at 7.5% β-lg

1-27

2896.5

X

X

1-28

3011.6

X

X

1-32

3437.7

X

1-33

3552.9

X

1-52

5622.0

X

1-53

5737.0

X

X

12-32

2238.2

X

X

12-33

2353.2

X

X

138-162

2916.6

X

X

97-128

3733.8

X

X

34-52

2084.1

X

X

X

X

34-53

2199.1

131-162

3748.9

X

X

54-85 (A)

3754.1

97-129 (A)

3851.4

X

X

130-162

3864.0

X

X

12-53

4536.0

X

X

X

99-137 (B)

4583.0

X

99-137 (A)

4583

X

53-96 (B)

5023.0

X

86-129 (B)

5033.0

X

X

86-129 (A)

5061.0

X

X
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SI Table 3.2: Quantitative analysis of secondary structure contributions measured using CD
spectroscopy.
Structure element

3.0% β-lg

7.5% β-lg

β-strand 1

15%

18%

β-strand 2

10%

10%

β-turns

20%

19%

α-helix 1

2%

3%

α-helix 2

5%

5%

Unordered

47%

45%

SI Table 3.3: Overview of measured percentages of structure and amino acid residues measured
with TERS. Numbers are averages of datasets of 350 spectra for fibrils formed at 3.0% β-lg and
399 spectra for fibrils formed at 7.5% β-lg.
Straight fibrils formed at
3.0% β-lg

Worm-like fibrils formed at 7.5%
β-lg

Unordered/α

66%

77%

β-sheet

10%

5%

Mixed

24%

17%

His

7%

2%

Phe

3%

4%

Pro

3%

2%

Tyr

3%

5%

Cys

9%

22%

SI Table 3.4: Vibrational modes of amide I structure bands, amino acid side chains and functional
26,28,29,31
groups as applied for analysis of TERS spectra.
-1

Unordered/α-helical

1630-1655 cm

β-turn/ sheet

1660-1680 cm

Histidine (His)

1494 cm , 1331 cm , 1183 cm

Phenylalanine (Phe)

1038 cm , 1010 cm

-1

-1

-1

-1

-1

-1

Proline (Pro)

899-902 cm

Tyrosine (Tyr)

856 cm , 826 cm

Cysteine (Cys)

-1

-1

-1

-1

-1

-1

-1

-1

-1

803 cm , 767 cm , 745 cm , 692 cm , 674 cm , 668 cm
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