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species in amyloid fibril formation

Maurizio Baldassarre1, Matthew Bennett and Andreas Barth

Department of Biochemistry and Biophysics, Stockholm University, Stockholm, Sweden

Keywords: Amyloid fibrils; Fourier-transform infrared spectroscopy; Thioflavin T; Fluores-

cence spectroscopy; light scattering; β-lactoglobulin.

Abbreviations used: βLG, β-lactoglobulin; ThT, Thioflavin T; DLS, dynamic light scatter-

ing; TEM, transmission electron microscopy; AFM, atomic force microscopy.

Abstract

Different spectroscopic approaches are often used to probe specific aspects of amyloid fibril

formation but are usually performed separately and under different conditions. This makes

it problematic to relate different aspects of the aggregation process when these are monitored

by different methods. We report on a multispectral approach for simultaneous acquisition of

infrared, fluorescence and light scattering spectra of proteins undergoing aggregation. We

have applied our approach to study β-lactoglobulin, a milk protein known to form amyloid

fibrils under well established conditions. Our real-time multispectral measurements show

that unfolding of this protein is followed by formation of early aggregates consisting of inter-

molecular β-sheets with a typical infrared absorption at ∼1619 cm−1 in 2H2O. These aggre-

gates, which lead to an increase in the light scattering signal, do not bind the amyloid-specific

fluorophore ThT and therefore consist of oligomers or protofibrils. Fibril growth is then ob-

served as a sigmoidal increase in ThT fluorescence. After ∼25 h, a plateau is observed in

the intensities of ThT emission and of the band at 1619 cm−1, indicating that no new fibrils

are forming. However, a second phase in the light scattering signal taking place after ∼25 h

suggests that the fibrils are assembling into larger structures, known as mature fibrils. This is

associated with an upshift of the main β-sheet band in the infrared spectrum. TEM analyses

confirmed the existence of thick fibrils comprising 3–5 filaments.

1Corresponding author: maurizio.baldassarre@dbb.su.se.
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1 Introduction

Protein aggregation is a complex and poorly understood phenomenon in biology,1,2 despite

having enormous implications in medicine3,4 as well as in the food5,6 and pharmaceutical

industries.7,8 Aggregation of soluble proteins most often arises from partial or total desta-

bilisation of their native, three-dimensional structures, leading to exposure of hydrophobic

regions normally buried within the protein core.9–11 Thermodynamic effects then push these

regions together, often leading to formation of new secondary structures (intermolecular β-

sheets) and supermolecular assemblies. Causes destabilising the native fold include chemi-

cal or physical agents, such as denaturants or heat, or may be the result of amino acid mu-

tations with a destabilising effect. An example of the latter case is a pathological condition

known as sickle-cell anaemia,12,13 where a mutation from glutamate to valine, originating

from a single base substitution in the β-globin gene, drives the self-assembly of haemoglobin

chains into fibrous structures several µm in length.

Protein aggregation in vivo can have inauspicious prognoses, as in a number of degen-

erative pathologies clustered under the name of amyloidoses, amyloid diseases or misfolding

diseases.14–16 In these types of disorders, specific proteins or peptides polymerise into long

structures known as amyloid (litterally starch-like) fibrils. Unlike amorphous aggregates,

amyloid fibrils feature an ordered and repetitive molecular architecture known as cross-

β structure, in which β-strands from distinct protein/peptide chains associate to form an

extended, intermolecular β-sheet with a parallel or antiparallel arrangement.17–20 Amyloid

fibrils deposited inside or outside the cell can disrupt the physiological cellular activities

and induce cell death. In some cases, the causative agents are small, transient assemblies

(oligomers) formed on-pathway to fibril growth.21,22

Nowadays, it is widely accepted that virtually many polypeptide chains can be induced

to form amyloid fibrils. Nevertheless, the number of amyloid diseases identified so far is

relatively limited (∼40).14 What catalyses the attention of enormous medical and pharma-

ceutical research initiatives is the widespread occurrence, symptomatology and societal sig-

nificance of some of these diseases. Notable members of the amyloid disease family in-

clude Alzheimer’s disease23 (causative agent: amyloid-β peptide), Parkinson’s disease24

(α-synuclein), Huntington’s disease25 (huntingtin), diabetes mellitus type 226 (amylin),

atherosclerosis27 (apolipoprotein AI) and amyotrophic lateral sclerosis28 (superoxide dis-

mutase 1), only to name a few examples. Alzheimer’s disease alone affects almost 50 million

people worldwide (data from Alzheimer’s Disease International, http://www.alzheimers.

net/resources/alzheimers-statistics/). This number is expected to triple by the

year 2050. Research on amyloid formation of these proteins is an important contribution to

understand and treat such amyloidoses. It aims to elucidate several aspects of these peculiar

protein assemblies, such as structure, stabilities and kinetics, with the goal to slow down or

reverse the process.

Infrared spectroscopy is an invaluable tool in the study of amyloid fibrils29–33 and other

protein aggregates.1,34–37 It allows the detection of local or global structural changes in pro-

teins and is particularly sensitive to the β-sheet.38–41 Unlike circular dichroism, it allows for
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the discrimination of parallel and antiparallel β-sheets for flat, extended sheets.40,42 This is

of particular relevance in research on Alzheimer’s disease, since pre-fibrillar oligomers and

mature fibrils are respectively composed of antiparallel and parallel β-sheets.42,43

Infrared spectroscopy, however, does not always permit to discriminate between amyl-

oid fibrils and other aggregates, since both give rise to similar spectral signature in the amide

I’ region (a low-frequency β-sheet band below 1625 cm−1 and, in the case of antiparallel β-

sheets, a weaker high-frequency component between 1695 and 1680 cm−1). This type of

discrimination is routinely performed by exploiting the tinctorial (i.e. dye-binding) proper-

ties of amyloid fibrils. Thioflavin T (ThT), for instance, is a benzothiazole fluorophore that is

thought to intercalate between the rigid and regularly-spaced crevices of the cross-β struc-

ture (the exact mechanism of binding is still debated).44,45 ThT is relatively non-fluorescent

in water, but its quantum yield increases several fold upon binding to amyloid fibrils due to

the rigid anisotropic environment that they provide.46 One of the main advantages of ThT is

that it can be used in continuous kinetic experiments, thereby providing real-time details on

the process of fibril formation. The presence of a lag phase, for instance, indicates formation

of intermediate species (such as oligomers) and suggests a nucleation-dependent mechanism

for the polymerisation process.47

ThT can conveniently monitor formation of fibrils but it cannot provide details on the size

of the aggregates in the sample. Fibril formation can be regarded as a hierarchical process in

which single fibrils can bundle to form even larger assemblies, often referred to as mature

fibrils. Other spectroscopic approaches, such as light scattering techniques, can be used

to monitor changes in the mean size of the aggregates.48 Light scattering is based on the

observation that the combined magnitude of the scattering effect of two individual particles

(2×P) is weaker than that of a larger particle with twice their size (P2).

In the laboratory, infrared spectroscopy, fluorescence spectroscopy and light scattering

are usually not performed on the same sample since they require very different concentra-

tion ranges, different cuvettes and, more importantly, specific instruments. This prevents

researchers from establishing a straightforward connection between structural or conforma-

tional changes (probed by infrared spectroscopy), nature of the aggregates (probed by ThT

fluorescence) and changes in the size of the latter (probed by light scattering). A system for

combined infrared and fluorescence measurements was described more than twenty years

ago,49 while one that combines infrared and light scattering has been described very re-

cently.50 We hereby report on the development of an integrated system for simultaneous

acquisition of infrared, fluorescence and light scattering spectra of proteins undergoing ag-

gregation. This system is shown schematically in Fig. 1 and is described in greater detail

throughout the text.

The present study demonstrates the potential of our system using β-lactoglobulin (βLG)

from bovine milk, a much studied amyloidogenic proteins.51–53 The use of βLG offers several

advantages. It readily forms amyloid fibrils under well established and reproducible condi-

tions (low pH, high temperature). Several stages of aggregation have been identified, but

these have been investigated separately.54,55 This makes it ideal as a test system to examine
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Figure (1) The experimental setup for simultaneous acquisition of infrared, fluorescence and

light scattering spectra of proteins. (A) Schematic representation of the setup. Thick, red lines

indicate optical fibres, while thin, green lines denote electrical and communication cables. LD: laser

diode, DAD: diode-array detector, CM: control module, IS: infrared switch, S: sample, C: purpose-built

cell, IRS: infrared spectrometer. The spectrometer sample compartment is indicated by a grey-shaded

area around the cell. (B) Cross-section of the infrared cell, showing the orientation of the optical fibres

relative to the windows and to the infrared beam (shown in red). (C) and (D) Photographs of the

infrared cell and the excitation and probe optical fibres with the 445-nm laser diode switched off and

on, respectively. The blue light radiating from the illuminated area corresponds to the back-scattered

light and to the fluorescence emission of fibril-bound ThT. The spectrum in (D) is the one recorded by

the diode-array detector and shows the sharp, back-scattered laser light (left peak) and the broader

fluorescence emission of ThT.

the full range of stages during fibril formation.

Our results show that amyloid fibril formation by βLG is a step-wise process. Destabili-

sation of the native fold and acid-induced hydrolysis of the polypeptide chain are followed

by formation of early aggregates composed of inter-molecular β-sheets. These show an in-

frared absorption at 1619 cm−1, are large enough to scatter visible light but do not bind ThT,

demonstrating their pre-fibrillar nature. Conversion of these pre-fibrillar aggregates into

amyloid fibrils leads to an increase in ThT fluorescence after ∼5 h, which plateaus after 20–

25 h. Further increase in the light scattering signal, together with a moderate, though evident

upshift of the 1619-cm−1 β-sheet band, indicates that the overall size of the amyloid fibrils is

increasing despite the fact that no new fibrils are being formed from monomeric βLG. These

changes can be associated to a maturation phase, where individual amyloid fibrils associate

to form larger, multi-filament bundles known as mature fibrils.

2 Materials and methods

2.1 Materials

HCl (37%) was from VWR (France). 2H2O was from Cambridge Isotope Laboratories (Swe-

den). β-Lactoglobulin from bovine milk (>90% purity) was from Sigma (USA). This sample,

containing isoforms A and B, was used without further purification as in several other stud-

ies reported in the literature.55–57
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2.2 Preparation of β-lactoglobulin samples

Lyophilised β-lactoglobulin (βLG) was directly resuspended in 1 mM ThT prepared in 2H2O,

at a final concentration of 18.4 mg mL−1 (1 mM). The sample was mixed carefully until the

solution appeared clear by visual inspection. The p2H of the sample was adjusted to a value

of 2 (corresponding to a pH-meter reading of 1.658) by µL additions of concentrated 2HCl

(100 and 10 mM). The sample was centrifuged for 30 min at 18 000 g and at 4 ◦C in order to

remove undissolved protein or pre-formed aggregates. The supernatant was retrieved and

immediately used for the experiments. The protein sample (6 µL) was deposited on a CaF2

window with a trough of 5 µm. A 100-µm spacer covered with vacuum grease on both sides,

was added and the sample was then covered by a flat window. The assembled windows

were then mounted in the cell.

2.3 Cell for multispectral analyses

The cell used for the combined acquisition of infrared, fluorescence and light scattering spec-

tra consists of a modified, demountable infrared cell routinely used in our laboratory for

analysis of liquid samples. Two hollow rods have been soldered to the screw-in outer ring,

allowing for precise and reproducible attachment of two optical fibres (for excitation and

emission, respectively) with an inner diameter of 600 µm and fitted with SMA-905 connec-

tors. The fibre ends are oriented with an angle of approximately 45◦ relative to the CaF2

window and to each other, and are directed towards a common spot within the sample area.

Fluorescence and light scattering are therefore collected at an angle of ∼135◦. The distance

of the fibre ends from the CaF2 window is ∼3 mm. Photographs and schemes of the cell are

provided in Fig. 1.

2.4 Infrared spectroscopy

Infrared spectra were recorded with a Tensor 37 Fourier-transform spectrometer (Bruker Op-

tics, Germany), equipped with a deuterated tri-glycine sulfate (DTGS) detector and contin-

uously purged with CO2-free, dry air. The sample cell was mounted on a two-position sam-

ple shuttle, which allowed for interleaved acquisition of sample and background spectra. A

waiting time of 20 min was allowed after inserting the sample to ensure complete purging.

The temperature of the cell was controlled by means of an external water bath circulator.

Interferograms were recorded at a resolution of 4 cm−1, apodised using a 3-term Blackman-

Harris apodisation function and Fourier-transformed with a zero-filling factor of 4. Sixteen

consecutive interferograms were averaged to obtain a single sample or background spec-

trum. This procedure yields infrared absorption spectra which are virtually devoid of water

vapour signals.

Infrared spectra were recorded and analysed using the OPUS software from the instru-

ment manufacturer. Second derivative spectra were calculated using a smoothing length

of 13 data points (approx. 13 cm−1). Protein spectra shown throughout the text are uncor-

rected spectra, i.e. the absorption spectrum of 2H2O was not subtracted. Infrared spectra
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were recorded every 5 min, for 1 h, during heating from 20 to 80 ◦C, and then every 15 min

from 1 to 40 h at 80 ◦C. The area of the band at 1619 cm−1 was integrated between 1624

and 1614 cm−1 using the integration option B (straight baseline between the two extremes)

in OPUS. Integration was performed on absorption spectra, rather than second derivative

spectra, since band shifts and line width changes has a lesser effect in the former.

2.5 Fluorescence and light scattering measurements

The light source consists of a 445±5 nm laser diode (Thorlabs, Sweden), with a nominal

output power of 4.5 mW. The fluorescence emission of ThT and the back-scattered light were

recorded simultaneously using an AvaSpec-1024 diode-array detector (Avantes, Netherlands)

receiving light from the sample in the infrared spectrometer via the probe optical fibre. A

plastic filter with a high 482 nm to 445 nm transmittance ratio (T482/T445 = 3.23) was placed

between the probe optical fibre and the detector to attenuate the intense back-scattered light

(the transmission spectrum of the filter is shown in Fig. 3, panel B). This allowed recording

of both signals in the same spectrum without saturation of either and eliminated the need

to record two distinct spectra with different integration times. The integration time used to

record the spectra shown in this study is 3 s. Spectra were recorded using the AvaSpec soft-

ware from the detector manufacturer and analysed using OPUS. The back-scattering band

(445 nm) and the ThT emission band (500 nm) were integrated between 435 and 445 nm,

and between 470 and 530 nm, respectively, using the integration option B (straight baseline

between the two extremes) in OPUS.

Acquisition of fluorescence and light scattering spectra in our system is triggered by

movement of the sample stage onto the sample position. This is preceded by activation of

the laser diode, which is allowed to stabilise for 5 seconds. A first spectrum (“lit” spectrum)

is recorded and stored. The laser diode is then switched off and a second spectrum (“dark”

spectrum) is recorded and stored. This allows the removal of the intrinsic, light-independent

signal of each pixel and to obtain spectra with a flat baseline. The total illumination time for

each spectrum is 15 s.

2.6 Transmission electron microscopy

For transmission electron microscopy (TEM) analyses, fibrillated βLG samples were diluted

with ddH2O to a final protein concentration of 1 mg mL−1 and 10 µL were deposited on a

parafilm sheet. A carbon- and formvar-coated, 200-mesh copper grid (Ted Pella, USA) was

placed face-down onto the sample droplet and let to sit for 5 min. This procedure minimises

adhesion of large particles to the grid. Excess sample was removed by careful blotting with

the side of a laboratory paper wipe and the grid was immediately stained by placing it onto

a 10 µL drop of 2% uranyl acetate. Excess stain was removed by blotting, and the grid was

let air dried. TEM images were acquired with a TECNAI G2 Spirit Bio TWIN (FEI, USA) at

an operating voltage of 80 kV.
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3 Results

3.1 The integrated system for multispectral analysis

Our experimental setup for multispectral analysis is shown in Fig. 1 and consists of the fol-

lowing parts: (1) a light source (LD) that illuminates the sample, exciting the fluorophore

(ThT) and providing monochromatic radiation for the light scattering measurement; (2) a

diode-array detector (DAD) that records light over the entire visible range, allowing for si-

multaneous measurement of the fluorophore emission and the light scattered by the sample;

(3) a modified infrared cell (C) where two optical fibres, one connected to the light source and

the other to the diode-array detector, can be reproducibly focussed on the same spot of the

sample; (4) a custom-built, electronic control module (CM) that connects to the infrared spec-

trometer and synchronises acquisition of infrared spectra with triggering of the light source

and of the diode-array detector; (5) a commercial infrared spectrometer (IRS) equipped with

a sample-shuttling stage.

The light source used for light scattering and ThT excitation is a commercial laser diode

with an emission maximum at ∼445 nm. The control module is based on an Arduino MICRO

prototyping board (Arduino, Italy). It is connected to a contactless infrared switch inside the

sample compartment, which closes when the shuttling stage moves into position to record

the sample infrared spectrum. This signal switches the laser diode on via the control module.

After a delay to allow the laser diode to stabilise, the diode-array detector is triggered to

record and save the “lit” (laser diode on) and “dark” (laser diode off) spectra.

3.2 Infrared absorption of native and denatured βLG

The second derivative spectrum of βLG at 20 ◦C, p2H 2, is shown in Fig. 2 (blue trace). Five

well-resolved component bands can be observed in the amide I’ region (1700–1610 cm−1).

The sharp bands at 1632 cm−1 (intense) and the 1692 cm−1 (weak) can be assigned to the low-

and high-frequency components of antiparallel β-sheets, while the band at 1651 cm−1 can be

assigned to α-helices.39,40,59,60 These observations are in agreement with previous infrared

studies of βLG available in the literature61,62 and suggest that under the conditions used the

protein adopts its native structure consisting of an antiparallel β-barrel core flanked by an

α-helix.63

The weaker bands at 1680 and 1665 cm−1 can be assigned to turns. Bands outside the

amide I’ range can be assigned to amino acid side chains. These include the broad absorption

near 1715 cm−1 originating from the protonated carboxylic groups of Asp and Glu residues,

and the band at 1515 cm−1, arising from tyrosine residues, respectively.64 The weak absorp-

tion at approx. 1550 cm−1 originates from the residual amide II band, i.e. N—H groups in

stable peptide bonds which have not undergone H/2H exchange.40

Increasing the temperature to 80 ◦C leads to dramatic changes in the amide I’ band. The

strong low-frequency band of antiparallel β-sheets has decreased to approx. one third of its

initial intensity, while the high-frequency component has disappeared or, more probably, it

has shifted to lower (∼1680 cm−1) wavenumbers. In a similar way, the sharp α-helix band
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Figure (2) Second derivative spectra of βLG recorded during heating from 20 to 80 ◦C. The

spectrum recorded at 20 ◦C is shown in blue, the one at 80 ◦C is shown in red. Spectra at intermediate

temperatures are shown in grey. The origin of the labelled bands is described in the text.

has disappeared. These changes are accompanied by the appearance of a broad band at

∼1645 cm−1, which can be ascribed to random coil conformations. Altogether, the spectral

changes described so far suggest that the native structure has been significantly destabilised.

This is corroborated by the loss of the residual amide II band, indicating that the peptide

bonds previously involved in stable secondary structures are now exposed to the deuterated

solvent.

Interestingly, structure loss leads to a clear band at 1605 cm−1 which can be assigned to

arginine. A possible explanation is that several arginine residues became hydrogen-bonded

to solvent molecules, rather than being involved in specific interactions with other pro-

tein residues. This makes arginine absorption more homogeneous in the denatured state,

whereas it is more outspread over a large spectral range in the native conformation. No sign

of aggregation can be observed in the spectra after 1 h at 80 ◦C (Fig. 2, red trace), because of

the absence of a band between 1620 and 1610 cm−1 arising from inter-molecular β-sheets.

3.3 Infrared, fluorescence and light scattering measurements of βLG under amyloid-

forming conditions

The infrared absorption of βLG incubated at 80 ◦C, p2H 2, at several time points (5, 10, 20,

30 and 40 h) is shown in Fig. 3, panel A. The most noticeable feature for the spectrum after

5 h incubation (Fig. 3, blue trace) as compared to the spectrum after 1 h (Fig. 2, red trace)

is further loss of the native antiparallel β-sheet band. Instead, a band now becomes visible

at higher wavenumber (1638 cm−1). This band has been probably present before but hidden

under the larger 1632 cm−1 band as we do not find evidence for its formation in our spectra.

The band position at 1638 cm−1 suggests that the corresponding β-sheet is composed of

fewer strands or is more distorted than the β-sheet that dominates the native structure.38

Both properties decrease the strength of vibrational coupling between C=O oscillators within

the sheet and shift their absorptions to higher wavenumbers.
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At the same time a sharp band appears at approx. 1619 cm−1, indicating formation of

inter-molecular β-sheets.65 The band continues to grow throughout the experiment and ex-

periences a small upshift with time as shown in the inset of Fig. 3A.The absence of a high-

frequency component (usually between 1685 and 1680 cm−1 in 2H2O) suggests that the β-

sheets have a parallel arrangement. Loss of the solvated arginine signal at 1605 cm−1 seems

to occur simultaneously with protein aggregation, thereby strengthening the hypothesis that

this side chain may be involved in specific interactions in structured forms (native or fibril-

lated) of βLG. In line with this, the Arg band seems to shift to lower wavenumbers, where a

new band forms at 1596 cm−1.

Panel B shows the back-scattering and fluorescence emission spectra recorded by our sys-

tem at the same time points as the infrared spectra in panel A. Two signals can be observed in

these spectra: a sharp signal at 445 nm originating from the visible light that is back-scattered

by the sample, and a broad signal at 500 nm, originating from the fluorescence emission of

fibril-bound ThT. The difference between the position of the ThT emission maximum in our

spectra and the one commonly observed for fibril-found ThT (482 nm) originates from the

optical filter used to decrease the scatter/fluorescence ratio. The real spectrum “emitted”

by the sample can easily be obtained by ratioing the recorded spectrum by the transmis-

sion spectrum of the filter (shown as a dashed line). This procedure is neither required for

quantitative measurements, nor for kinetic analyses and so has been omitted.

The intensities of the back-scattered light and the fluorescence of ThT increase during

incubation of βLG under amyloid-forming conditions. This indicates that large particles

are forming in the temporal window under investigation, and that they consist of amyloid

fibrils.

3.4 Kinetics of fibril formation: evidence for aggregation intermediates

The results presented above prove that the proposed experimental setup allows for simul-

taneous acquisition of infrared, light scattering and fluorescence spectra of proteins during

aggregation and that it can help elucidate important processes in fibril formation. For in-

stance, it is possible to determine whether an aggregate is amorphous (no ThT fluorescence)

or fibrillar (ThT fluorescence).

More insightful information can be obtained by comparing time-dependent changes in

back-scattering intensity and ThT fluorescence to those of specific, structure-reporting bands

in the infrared spectrum of a protein undergoing aggregation. To demonstrate this, the ag-

gregation band at 1619 cm−1, the fluorescence emission band of ThT at 500 nm and the back-

scattered band at 445 nm were integrated and their band areas were plotted as a function

of the incubation time. The results can be observed in Fig. 3, panels C–E. The three plots

show different profiles. The aggregation band at 1619 cm−1 shows an apparent exponen-

tial behaviour, while the ThT emission shows a sigmoidal trend with a lag phase between 0

and 5 h. The back-scattering signal shows a more complex bi-phasic profile, which appears

to be the sum of two distinct processes occurring at different times during the aggregation

process. Although the three curves might look remarkably different from one another, they
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Figure (3) Infrared, fluorescence and light scattering spectra of βLG under amyloid-forming

conditions. (A) Second derivative infrared spectra of βLG at different time points (5, 10, 20, 30, 40

h). The inset shows shows the changes in intensity and position of the aggregation band at ∼1619

cm−1. (B) ThT emission and light scattering spectra recorded at the same time-points as in (A).

The transmission spectrum of the filter used to attenuate the back-scattered light is overlayed to the

spectra and shown as a dashed line. (C–E) Time-dependent changes in the areas of the band at 1619

cm−1, of the back-scattered band at 445 nm and of the ThT emission band at 500 nm, respectively.

The integration ranges are described in Materials and Methods. The trace of the 1619-cm−1 fibril

band shown in (A) is superimposed to those in (D) and (E), after normalization between 0 and 20 h.

all seem to plateau after approx. 20–25 h, with the exception of the second phase in the

back-scattering plot. Comparison of the three curves normalised to the same intensity at

20 h reveals, for instance, that the aggregation band at 1619 cm−1 and the first phase of the

back-scattering signal at 445 nm show the same time profile (Fig. 3, panel D), indicating that

they are related to the same phenomenon.

Unlike back-scattering, superimposition of the ThT trace with that of the 1619-cm−1 band

reveals that they originate from two different phenomena. The observation that the early-

phase aggregation of βLG is not accompanied by proportional binding of ThT suggests the

existence of transient aggregates with a dominant β-sheet architecture, but with structural

and/morphological properties different to those of amyloid fibrils. The identity of these

species fully coincides with oligomeric and/or pre-fibrillar species described in a recent

study by Torreggiani and co-workers,55 as well as in other previous studies.66,67
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Figure (4) Difference spectra of the second derivatives recorded during fibril formation. Dif-

ference spectra were calculated by subtracting the second derivative spectrum recorded at give time

point (T1), from that of one recorded at a later time point (T2). Negative bands correspond to intensity

increases in the original absorption spectra over time.

Figure (5) TEM images of βLG fibrils. TEM images of βLG fibrils after incubation at 80 ◦C (p2H 2)

for 40 h. The samples were stained with 2% uranyl acetate as described in Materials and Methods.

Scale bars in panels A–C correspond to 1 µm, 300 nm and 100 nm, respectively.
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The analysis of the kinetic data from the three spectroscopic methods has revealed three

processes:

(i) Formation of β-sheet containing pre-fibrillar aggregates. They are characterised by in-

creased light scattering, formation of the 1619 cm−1 band and a lack of ThT fluorescence.

(ii) Formation of amyloid fibrils characterised by an enhanced ThT fluorescence.

(iii) Formation of larger fibrils as demonstrated by the increase in light scattering.

We were then interested whether these processes reflect in the infrared spectra. To this

end, we calculated the difference between second derivative spectra taken at different times.

These are shown in Fig. 4. In these difference spectra, strong positive bands indicate struc-

tures that disappear with time, whereas strong negative bands indicate structures that form.

Within the first 10 h, the difference spectra are similar regarding their main features and indi-

cate the disappearance of structures with absorption near 1680 and 1630 cm−1 from the partly

denatured native structure as well as the formation of structures absorbing at 1619 cm−1. The

disappearing high frequency band indicates that this transition involves the transformation

of antiparallel β-sheets to parallel β-sheets.

It was already noted that a band at 1638 cm−1 becomes visible early in the aggrega-

tion process and disappears later. The disappearance of the 1638-cm−1 band in the second

derivative spectra (Fig. 3A) gives rise to the broadening on the high wavenumber side of the

main positive band seen in the second and third difference spectrum. From the 4th differ-

ence spectrum on (10 → 15h), the 1638-cm−1 band becomes more prominent and is observed

throughout the aggregation process.

The first 15 h of aggregation cover the lag phase and the exponential phase of ThT fluo-

rescence. In particular, the first difference spectrum is calculated where the ThT fluorescence

is low but the 1619-cm−1 absorption increases exponentially. Thus it should be dominated

by formation of pre-fibrillarrillar aggregates. At later times, the ThT fluorescence increases

strongly. Nevertheless the difference spectra are very similar to the first difference spectrum.

In particular the band position at 1619 cm−1 of the forming species does not change. This

indicates that the architecture of pre-fibrillar aggregates and of the initial fibrils is similar

from the infrared perspective which extends over a range of 10–15 strands in a β-sheet. Both

aggregates seem to consist of parallel β-sheets.

The late difference spectra cover the second phase in the light scattering profile which

does not seem to correlate with either the fluorescence emission of ThT or with changes

in the intensity of the aggregation band at 1619 cm−1. This phase begins at approx. 25 h,

where the other two plots have nearly plateaued. This suggests that although no new fib-

rils are being formed from soluble βLG, the overall size of the particles is increasing. This

scenario is consistent with a maturation phase of the single amyloid fibrils, which associate

to form thicker fibres. Macroscopic phenomena like this one cannot easily be studied by in-

frared spectroscopy in the mid-IR range. Nevertheless, the second-derivative spectra, some

of which are shown in Fig. 3 A, show that the aggregation band slowly shifts to higher

wavenumbers after 20h. The shift is particularly clear in the difference spectra shown in

Fig. 4, where a negative band at ∼1623 cm−1 can be observed in the 20 → 25 h difference
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spectrum. This indicates that the β-sheet band of the fibrils formed in the second phase is

upshifted compared to those formed initially. Recent theoretical work by Karjalainen and

Barth68 has shown that stacking of β-sheets, such as in mature amyloid fibrils, induces an

upshift of the main β-sheet band. The magnitude of the shift is highest (5 cm−1) when the

intersheet distance between two stacked sheets is 5 Å and the orientation is 0◦ or 180◦. There-

fore, the second phase in the light scattering profile might very well arise from association of

individual fibrils into higher-order structures. This property of βLG fibrils has, indeed, been

observed in a time-dependent DLS study.55 In an AFM study, Mezzenga and co-workers

have directly observed the co-existence of βLG fibrils comprising 1–5 filaments and thus

suggested a “hierarchical multi-stranded self-assembly scheme”.57 The same phenomenon

has been observed by small angle neutron scattering.69

TEM images of βLG fibrils at the end of the incubation period (Fig. 5) show the presence

of unbranched fibrils with a length of several hundred nm and a thickness of approx. 8–

12 nm. Direct comparison between TEM and AFM images may be problematic since these

techniques require distinct procedures for sample preparation. In addition, it is the stain, not

the sample, that is directly observed in electron microscopy. With these limitations in mind,

the diameter of the βLG fibrils in our preparations seems to be compatible with bundles

comprising 3–5 filaments shown in the AFM study described above, rather than with single

fibrils (∼2 nm in diameter). Another possible explanation for the upshift of the fibril band is

an increase in the twist of the fibril (i.e. fewer strands per turn). Mezzenga and co-workers,

however, have observed a decrease of the twist upon later association of βLG fibrils, leading

to a regular increase in the period from 36 nm for fibrils comprising two strands, to 144 nm

for fibrils comprising five strands.

3.5 Effect of cooling on the infrared, fluorescence and light scattering spectra of

βLG fibrils

Fig. 6 shows the infrared (panel A) and light scattering/fluorescence spectra (panel B) of the

aggregated βLG sample during cooling from 80 ◦C (red trace) to 20 ◦C (blue trace) within

∼1.5 h. This allows to study the effect of temperature on the fibril structure, as well as on

the non-aggregated protein. Cooling has a negligible effect on the fibril band, the intensity

of which remains unaltered. This suggests that the fibrils formed under our experimental

conditions consist of stable structures. The downshift of the band position from 1620 to 1618

cm−1 suggests decreased conformational flexibility of the fibrils, for it denotes stronger vi-

brational coupling among C=O oscillators within the β-sheets. Cooling also induces a signif-

icant decrease of the random coil band at 1648 cm−1, with a concomitant increase of a band

at 1638 cm−1. The origin of this band cannot be univocally identified, but it might arise from

β-sheets with a limited number of strands (∼2–4). Vibrational coupling is weaker in these

structures than in larger sheets (compare, for instance, the position of the β-sheet band in na-

tive βLG shown in Fig. 2) and therefore the band appears to be at higher wavenumbers. This

is in agreement with several other studies, which have demonstrated that the amyloidogenic

component in βLG does not coincide with the entire protein, but rather with unstructured,
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Figure (6) Infrared, fluorescence and light scattering spectra of βLG during cooling from 80
◦C to 20 ◦C. (A) Second derivative spectra. (B) light scattering and ThT emission. The spectrum

recorded at 80 ◦C is shown in red, the one at 20 ◦C is shown in blue. Spectra at intermediate

temperatures are shown in grey. The origin of the labelled bands is described in the text.

hydrolytic fragments (between 2 and 8 kDa) detached from the protein following incubation

at low pH and high temperatures.56,70 It is therefore plausible that, at low temperatures, the

fragments still in solution might refold into stretches of the original β-sheet. This observa-

tion is corroborated by the fact that the the intensity of the scattered light remains unaltered

(Fig. 6, panel B), and therefore no large aggregates are formed. The weak increase in the

back-scattering intensity is due to overlap with the low-wavelength side of the ThT emis-

sion. A ten-fold increase in ThT emission of ThT can be observed. This stems, at least in part,

from the increase in quantum yield brought about by the lower temperature.71,72 A further

possible explanation for the increased fluorescence after cooling could be a higher affinity of

the dye for the fibrils at lower temperatures.

4 Discussion

Amyloid fibril formation is a fascinating, yet poorly understood phenomenon with several

implications in human health. The number of stages and species involved poses a challenge

to a comprehensive understanding of this process. This must, therefore, be addressed us-

ing several experimental approaches simultaneously. To this purpose, we have designed

and built a combined system for simultaneous infrared, fluorescence and light scattering

measurements of proteins during amyloid fibril formation or, more in general, during ag-

gregation. Each of these spectroscopic techniques allows the examination of a specific aspect

of amyloid fibrils and pre-fibrillar species. Infrared spectroscopy provides structural details

as it studies the formation/loss of and conformational changes in secondary structure. Its

sensitivity towards β-sheets makes it particularly valuable in the study of amyloid. Fluores-

cence emission of the amyloid-specific dye ThT allows to distinguish between fibrillar and

amorphous aggregates. It also enables the monitoring of the kinetics of fibril formation, and

therefore the study of the underlying polymerisation mechanism. Light scattering allows to
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monitor changes in the overall size of the aggregates. It is particularly useful in the study

of processes that lead to increases in particle size without changes in protein structure or

tinctorial properties, such as bundling of single amyloid fibrils into mature fibrils.

These three spectroscopic techniques have never before been combined into a single, mul-

tispectral analysis. Compared to performing three separate analyses with three different

samples, or with the same sample “shuttled” continuously among several instruments, our

approach allows the elucidation of the intimate connection between structure, microscopic

and macroscopic properties of amyloid fibrils.

The setup presented in this paper is cost-effective and versatile. It can easily be installed

onto commercial infrared spectrometers. At a cost of ∼200 USD (180 EUR), the 445-nm laser

diode used for ThT excitation and light scattering in our study is relatively cheap, but al-

ready more expensive than most laser diode modules of more common wavelengths. This

means that virtually any other fluorophore can be included in the analysis at a very moder-

ate cost. In addition to this, the use of a bifurcated fibre optic cable and two different light

sources would allow to study two fluorophores simultaneously. An additional fluorophore

could be one that is sensitive to the denaturation state of the protein by binding to exposed

hydrophobic regions, such as 8-anilino-1-naphthalenesulfonic acid (λex = 380 nm, λem = 470

nm) or Sypro Orange (λex = 472 nm, λem = 570 nm). FRET studies conducted using pairs of

donor and acceptor fluorophores (e.g. fluorescein and rhodamine) are another useful imple-

mentation.

When tested on β-lactoglobulin (βLG), a model protein in the study of amyloid fibrils

and a major whey protein of interest to the food industry, our approach successfully allowed

the study of all the processes occurring during fibril formation by this protein, from destabil-

isation of the soluble, monomeric protein, to formation of early, non-fibrillar aggregates, to

formation of amyloid fibrils and, at a later stage, further maturation of the individual fibrils

into mature, multi-filament fibrils. In particular, the following phases were observed with

our approach:

(i) During the initial phase of aggregation, light scattering increases and residual native,

antiparallel β-sheet structure (infrared bands at 1680 and 1630 cm−1) is lost while extended,

flat parallel β-sheets (1619-cm−1 infrared band) are formed. They are characteristic for the

pre-fibrillar aggregates, since they are formed already in the lag phase of ThT fluorescence.

(ii) These processes continue during fibril formation as defined by an increase in the

ThT fluorescence. Since there is no detectable change between the infrared spectrum of the

aggregates formed during the lag and the exponential phases of ThT fluorescence, the β-

sheet architecture of the pre-fibrillar aggregates and of the fibrils seem to be similar on the

length scale of infrared spectroscopy, i.e. several strands. At the same time, a further β-sheet

species (1638 cm−1 infrared band), which contains fewer strands or is more distorted than

the β-sheet of the native structure, starts to decay and is likely incorporated into the same

1619-cm−1 β-sheet structures.

(iii) Maturation of the fibrils makes them larger as indicated by an increase in light scat-

tering. At the same time the main infrared band shifts upwards which indicates a structural
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change on the length scale detected by infrared spectroscopy. The shift is consistent with the

formation of β-sheet layers which occurs when fibrils associate to fibril bundles.

In conclusion, the multispectral approach and the custom-built setup illustrated in this

paper can provide insightful details on amyloid fibril formation, and can easily be adapted

to study other processes in proteins.
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