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Abstract Human and bovine serum albumins are widely

known proteins that can form amyloid fibrils under desta-

bilizing conditions. Use of well-known proteins with eas-

ily-controlled aggregation process, and comparison of

these processes for similar proteins from different species,

could help elucidate the nature of the aggregation process

implicated in many degenerative diseases, for example

Alzheimer’s, Parkinson’s, or type II diabetes. In this work

both amyloidogenic mechanisms have been studied by use

of infrared spectroscopy in combination with static light

scattering, enabling analysis of intra and intermolecular

processes and measurement of prefibril and fibril growing

quasi-simultaneously. Deeper insight into the rearrange-

ments of the secondary structure of the proteins concomi-

tant with the aggregation process has also been gained by

mathematical analysis of the infrared spectra by two-

dimensional correlation spectroscopy (2DCOS).
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Introduction

Protein misfolding and formation of amyloid fibrils are

associated with human diseases including Alzheimer’s,

Parkinson’s, and type II diabetes (Chiti and Dobson 2006),

but the occurrence of these highly ordered aggregates has

been observed not only in disease-related proteins but also

in apparently nonpathogenic species, indicating they could

be a conformational state for all polypeptide chains

(Dobson 2003). Moreover, these nonpathogenic fibrils have

morphological and structural properties similar to those of

the pathogenic type (Tycko 2004), suggesting a common

mechanism in the fibrillation pathway that originates from

the so-called cross-b structure (Bucciantini et al. 2002).

There is currently no promising therapy for amyloid-related

diseases. Thus, the study of amyloid fibril formation is an

active area of research for pathogenic amyloid aggregates

that are related with diseases. The study of proteins that can

form amyloid-like structures in vitro but are not related with

any disease is equally relevant (Chiti and Dobson 2006;

Jahn and Radford 2008; Kumar and Udgaonkar 2010).

Infrared spectroscopy has been extensively used to fol-

low amyloid formation (de la Arada et al. 2011; Bouchard

et al. 2000; Cerdà-Costa et al. 2009; Termine et al. 1972).

Coupled with two-dimensional correlation analysis

(2DCOS) (Noda 2007) it enables more detailed analysis of

secondary structure conversion from the initial monomer to

the amyloid fibril. The information obtained from IR

spectroscopy is, however, local, and is limited to the

structural properties of the individual protein and to the

interfacial regions of contact that are relevant for fibril

formation. To gain better insight into the amyloidogenic

process, a static light scattering (SLS) system has been

coupled in situ with an infrared spectrometer. Static light

scattering, in contrast with IR spectroscopy, can monitor
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size evolution in the range from 1 to 1,000 nm and is thus

sensitive to the aggregation process and fibril formation.

Integration of an SLS system in the FT-IR spectrometer

facilitates quasi-simultaneous measurement of local struc-

tural changes together with larger-range size alterations,

using the same sample and identical conditions.

In this work, one and two-dimensional IR correlation

spectroscopy and SLS have been used to study the for-

mation of amyloid fibrils from human and bovine serum

albumin.

Materials and methods

Materials

Human serum albumin (HSA) and bovine serum albumin

(BSA) were purchased from Sigma–Aldrich (St Louis,

MO, USA). Hepes buffer, NaCl, KCl, and CaCl2 were

purchased from Carl Roth (Karlsruhe, Germany) and deu-

terium oxide (D2O) was obtained from Euriso-Top (Gif sur

Yvette, France).

BSA and HSA fibril formation

To initiate the formation of BSA or HSA amyloid-like

fibrils, the proteins were incubated at 80 �C and pD 7.4

(pD = pH ? 0.4 units) (Lumry et al. 1951) in deuterated

Hepes buffer (40 mM Hepes, 60 mM NaCl, 4 mM KCl,

3.3 mM CaCl2). Typical protein sample concentration was

1.5 mM.

Fourier-transform infrared spectroscopy (FT-IR)

For FT-IR measurements approximately 1 ll sample con-

taining 1.5 mM protein solution in deuterated Hepes buffer

was loaded between two flat CaF2 windows with a path-

length of 20 lm (Fabian et al. 2002). To avoid drying of

the sample, the windows were sealed with PTFE paste

(Carl Roth, Karlsruhe, Germany) and loaded into a

thermostated sample holder. Typically 70 scans were col-

lected for the background and the sample by using OPUS

software in a Bruker Vector 22 FT-IR spectrometer

equipped with a DTGS detector (Bruker Optik, Ettlingen,

Germany). The spectrometer was also equipped with a

sample shuttle that automatically moves the sample holder

from the ‘‘sample position’’, where the infrared beam

passes through the sample, to the ‘‘background position’’ in

which the infrared beam passes directly to the detector.

This single-beam spectrum was used as the background

spectrum. Both sample and background spectrum were

obtained with a nominal resolution of 2 cm-1. Data treat-

ment has been described elsewhere (Arrondo et al. 1993).

To obtain the 2DCOS infrared maps, the incubation time of

the protein sample at 80 �C was used as the perturbation to

induce spectral fluctuations and to detect dynamic spectra

arising from variation of the secondary structure of the

different samples. To generate the 2DCOS maps, Kinetics

software for Matlab developed by Erik Goormaghtigh from

the Université Libre de Bruxelles was used (Raussens et al.

2004). Correlation between bands is found via the so-called

synchronous and asynchronous spectra that correspond to

the real and imaginary parts of the cross-correlation of

spectral intensity at two wavenumbers. In a synchronous

2DCOS map, the peaks located in the diagonal (termed

‘‘autopeaks’’) correspond to changes in intensity induced

by the external perturbation, and are always positive. The

cross-correlation peaks indicate an in-phase relationship

between the two bands involved. Asynchronous maps show

out-of-phase cross-correlation between the bands. This

provides information not only about the interaction among

bands, but also about the time-course of the events caused

by the perturbation.

Static light scattering

A specially developed light-scattering apparatus (Fig. 1)

was used for the measurements. Samples, CaF2 windows,

and thermostated cell holder were the same as for the

FT-IR measurements. The sample was irradiated with a light

beam from a light-emitting diode (LED) (kmax 445 nm)

attached to a thermostated copper heat sink to minimize

intensity fluctuation and drift. An optical fiber was used to

direct the light from the LED to the cell holder. A colli-

mator at the end of the optical fiber was used to obtain

parallel light. The scattered light in the forward direction

Fig. 1 Schematic representation of the infrared spectrometer coupled

with the light-scattering device. The sample moves automatically

every 3 min from the background position to sample position,

enabling FT-IR and SLS measurements
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(at 45�) and backscattered light (at 135� to the forward

direction) was collected by further fiber collimators, and

sent to a two different USB4000 spectrometers (Ocean

Optics, Dunedin, FL, USA) one for each angle. When the

cell holder was in the FT-IR background measurement

position, the light scattering integral intensities were

recorded by use of the software suite from Ocean Optics.

Results

Structural changes during BSA and HSA fibril

formation

Human serum albumin (HSA), bovine serum albumin

(BSA), and other albumins have been reported to form

amyloid fibrils in vitro (Juárez et al. 2009; Militello et al.

2004; Pearce et al. 2007). Although they are not predis-

posed to form this kind of aggregate, because of the lack

of properties that suggest this predisposition and their high

a-helix structure content, there are conditions that favor

partly destabilized monomers and dimers, for example low

pH, high temperatures, or the presence of chemical dena-

turants, that can force amyloidogenesis (Gorinstein et al.

2002). For the analysis reported here, we induced amyloid

fibril formation by use of high temperatures while main-

taining neutral pH.

Figure 2 shows FT-IR spectra of HSA and BSA

obtained after incubation for different times. This figure

demonstrates the temperature-dependent changes that

occur during incubation. Initially, a prominent high-inten-

sity band centered at approximately 1,654 cm-1 is

observed for both albumins. This band can be assigned to

the amide I0 modes of these predominantly alpha helical

proteins (Arrondo et al. 1993). With increasing incubation

time, the intensity of this band is reduced and two new

bands, centered at 1,615 and 1,684 cm-1, appear and

continue to grow. These bands arise from interchain beta-

sheet-type hydrogen bonds related to the amyloidogenic

structure (Zurdo et al. 2001). These are the most marked

changes that appear during the amyloidogenesis of both

albumins.

To analyze the differences between the beginning and

end of the process for both proteins, difference spectra

were obtained by subtraction of BSA and HSA spectra

acquired after incubation for 0 and 200 min (Fig. 3). From

the flat shape of the difference spectrum it is clearly

apparent the amide I0 bands of both proteins are similar at

the beginning of the incubation. The slight differences are

because of the lower intensity of the maximum at

1,654 cm-1 for bovine albumin (Fig. 3a). The differences

become much more evident at the end of the incubation.

The positive band centered at 1,654 cm-1 is indicative of

more residual helicoid structure in bovine albumin. On the

other hand, the negative signal in the difference spectra at

1,615 cm-1 reflects lower aggregation of BSA compared

with HSA. These results indicate a different final structure

of the aggregates obtained, although they are initiated from

a very similar structure.

Two-dimensional correlation analysis

To analyze whether the amyloidogenic process is also

different for both albumins, we applied 2D correlation

analysis to the infrared spectra. On the basis of the broad

autopeaks and their correlations in the synchronous (U)

2DCOS maps (Fig. 4, left), we conclude there are no big

differences between the proteins. In both maps, two intense

autopeaks are detected, one at 1,654 cm-1, typically

attributed to a-helical content, and the other at 1,615 cm-1,

arising from inter-molecular b-sheet structures with strong

hydrogen bonds, usually found in amyloid structures.

These autopeaks are correlated by an equally intense neg-

ative cross-peak indicating that one of the bands increases

in intensity (1,615 cm-1, as we have seen previously)

whereas the other decreases (1,654 cm-1). There is another

autopeak in the BSA synchronous map, related to anti-

parallel inter-molecular b-sheet aggregates (1,684 cm-1),

Fig. 2 Three-dimensional plot of deconvolved FT-IR spectra (half

width = 18 and K = 2) of BSA (top) and HSA (bottom) recorded at

80 �C
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that it is missing in the HSA synchronous map. Although

this autopeak is not present in one of the maps, we can

observe cross-peaks that correlate the 1,684 cm-1 autopeak

with the other two in the BSA and HSA maps. These cor-

relations are similar for both maps, negative for the corre-

lation with the helicoid-content autopeak (1,654 cm-1) and

positive for the other. This reaffirms that the process is

mainly driven by an increase of the components related to

the fibril at the expense of the reduction of the native a-helix

structure of the proteins.

More information about the time of events can be

extracted from the asynchronous (W) maps (Fig. 4 right). A

first glimpse at this map confirms that the kinetics of fibril

formation are slightly different for human and bovine

albumins, with different correlation peaks (Table 1). The

time-course of the events can be followed by studying the

intensity and sign of the peaks. If the cross-correlated peak

is positive, the correlated position on the x-axis starts to

change before that on the y-axis, and in the opposite way if

it is negative. Nevertheless, this rule is reversed when

superimposing the asynchronous peak on the synchronous

map—the peak is placed in a negative area of this map

(Noda’s rule) (Noda and Ozaki 2004). Following Noda’s

rule, a positive asynchronous peak becomes negative, or a

negative one becomes positive, if the synchronous corre-

lation intensity at the same coordinates is negative. In

Table 1 we show the signs of the peaks, the sign of the same

area in the synchronous map, and the order of the event.

The peaks in the asynchronous maps correlate six

bands that can be assigned to inter-molecular b-sheets

(1,615 cm-1), unordered structures (1,648 cm-1), turns

(1,670 cm-1), a-helix structures (1,654 cm-1), and anti-

parallel inter-molecular b-sheets (1,684 cm-1). The band

at 1,628 cm-1 is usually assigned to b-sheet structures

(Arrondo et al. 1993) and it has also been assigned to this

structure in HSA (Bramanti and Benedetti 1996; Charbon-

neau et al. 2009; Froehlich et al. 2009), although X-ray dif-

fraction experiments with HSA shows only a-helix, extended

polypeptide, and turn structures (He and Carter 1992; Sugio

et al. 1999). This contradiction suggests that the 1,628 cm-1

band in the IR spectrum could be the contribution of both

extended chain and b-sheet structures (Huang et al. 2011).

Looking at the correlated peaks of both albumins we

find that seven out of nine peaks are similar. The similar

peaks correspond to the correlations between the amyloid-

related bands (1,615 and 1,684 cm-1) with turns

(1,670 cm-1), unordered structures (1,648 cm-1), and the

extended chain and b-sheet structures (1,628 cm-1). In

both cases the unordered structures and the extended chain/

b-sheet structures start to change before the amyloid rela-

ted structures, and the turns change subsequently. Other

similarities found in the asynchronous maps are the peaks

correlating a-helix (1,654 cm-1) with unordered structures

(1,648 cm-1) and turns (1,670 cm-1), with the changes

starting in the less ordered structures before those in the

a-helix.

Apart from these similarities there are two different

peaks in BSA and HSA maps. In the BSA map, the band

assigned to helicoid structures (1,654 cm-1) and to the

antiparallel inter-molecular b-sheets of the fibril

(1,684 cm-1) correlate with the band related to the exten-

ded chain/b-sheet structures (1,628 cm-1), whereas in the

HSA map these correlations are with the band assigned to

the inter-molecular b-sheets of the amyloid structure

(1,615 cm-1). Nevertheless the order of events is the same,

with the changes starting in the a-helix and then in the

antiparallel inter-molecular b-sheets afterwards.

Although the correlation peaks are not exactly the same

for both proteins, as judged from the peak signs, the

molecular events characterized by the maxima of the bands

observed during the time course are very similar for both

albumins:

BSA: 1,648 cm-1/1,628 cm-1 ? 1,615 cm-1/1,684

cm-1 ? 1,670 cm-1 ? 1,654 cm-1

HSA: 1,648 cm-1/1,628 cm-1 ? 1,615 cm-1 ? 1,684

cm-1 ? 1,670 cm-1 ? 1,654 cm-1

Fig. 3 Differential infrared spectra of the amide I0 band of BSA and

HSA at 25 �C (a) and 80 �C (b) after incubation for 200 min. The

original spectra of BSA (solid line) and HSA (dashed line) are shown

in the insets
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These spectral signatures can be converted into

sequences of molecular events. There is a first major

change in the unordered structure of the albumins

(1,648 cm-1). Then the bands related to the fibril (1,615

and 1,684 cm-1) start to change, followed by changes in

the flexible structures (1,670 cm-1) with an subsequent

rearrangement of the helical content (1,654 cm-1).

Quasi-simultaneous static light scattering (SLS)

and FT-IR measurement

Light scattering has already been used to analyze fibril

formation by some proteins (Hill et al. 2011; Militello et al.

2004; Witte et al. 2007). As far as we are aware, however,

no studies have combined SLS and FT-IR under identical

Fig. 4 Synchronous (U) and

asynchronous (W) 2DCOS maps

of BSA (top) and HSA (bottom)

corresponding to the amide I0

band using temperature as the

external perturbation. The sign

of the peaks has been marked

with a positive sign for the

positive correlations and with a

negative sign for the negative

correlations

Table 1 Summary of correlated peaks observed in the lower right section of the asynchronous map

BSA asynchronous correlated peaks HSA asynchronous correlated peaks

Pairs Sign Area (U) Order of event Pairs Sign Area [U] Order of event

1,615/1,670 ? ? ? 1,615/1,684 ? ? ?

1,615/1,648 ? - / 1,615/1,670 ? ? ?

1,615/1,628 - ? / 1,615/1,654 - - ?

1,628/1,684 ? ? ? 1,615/1,648 ? - /

1,628/1,654 - - ? 1,615/1,628 - ? /

1,648/1,684 - - ? 1,648/1,684 - - ?

1,648/1,654 ? ? ? 1,648/1,654 ? ? ?

1,654/1,670 - ? / 1,654/1,670 - ? /

1,670/1,684 - ? / 1,670/1,684 - ? /

The sign of the peak in the asynchronous map (‘‘Sign’’), the sign of the same area in the synchronous map (‘‘Area (U)’’), and the order of event

are shown
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conditions and for the same sample. For the FT-IR exper-

iments, because of the high absorbance of aqueous solu-

tions in the amide I region, it is necessary to use a very

small path length of ca 5–50 lm. Consequently, the protein

concentration must be relatively high (100 lM to some

mM). Light scattering is normally monitored for much

more dilute suspensions, but with much larger pathlengths

(*cm) compared with IR spectroscopy. Comparison of

amyloid fibril formation followed by these different tech-

niques would bear the risk that the processes are not

comparable, in particular because of the effect of protein

concentration on aggregation. We thus chose to use a

coupled device to follow the amyloidogenic process on the

same sample, at the same path length, and under identical

temperature and pH conditions for both techniques in a

quasi-simultaneous measurement.

In static light scattering, the size, d, of scattering objects

relative to the wavelength, k, of the scattered light has an

important effect on physical description of the process, i.e.,

the angular dependence of the scattered light intensity I(H).

For very small particles (d � k), classical dipolar Rayleigh

scattering theory can be used. As particle size increases

(d \ k) or even comes close to the wavelength (d % k),

Rayleigh–Gans–Debye scattering theory applies. For even

larger particles, Mie scattering or Fraunhofer scattering

theory must be used (van de Hulst 1981). If visible light is

used for excitation of static light scattering and a particle

size from some nm to some 100 nm is considered, Ray-

leigh or Rayleigh–Gans–Debye theory can be used to

describe the scattering intensities I(H). However, it should

be mentioned that scattering theories have been developed

for spherical particles and for simple geometric forms

(discs, cylinders), and that long, irregular, and eventually

bent or twisted fibers, for example amyloid fibrils, are

difficult to describe quantitatively. We will thus use light

scattering intensities at two angles (45� and 135�) for

qualitative description, only, of the number of scattering

particles by following the intensity at 45�, and for coarse

description of the increase in size by following the dis-

symmetry ratio I45�/I135� (Wyatt 1993).

The increase in the intensity of the scattered light with

amyloidogenesis (Fig. 5) occurs in a concerted way in both

forward (45�) and backward (135�) scattering. As can be

seen from the time profile of the low-frequency FT-IR band

at 1,615 cm-1 related to the fibril (Fig. 5d), the overall rate

of aggregation is faster for human albumin. The time-

dependence of the FT-IR spectra (Figs. 2 and 5) reveals

half-times are of the order of 38 and 27 min for BSA and

HSA, respectively, whereas the simultaneously recorded

light-scattering signals indicate half-times are 48 and

25 min. These differences can be explained on the basis of

the different information provided by the techniques.

Whereas FT-IR signals arise from local changes of the

secondary structure and the interfaces of the protein, the

scattered light tells us about the number and size of

the scattering particles. For human albumin the increase in

the number of particles follows a similar time course to the

growth of the band related to the fibril. For BSA, however,

the structural changes occur more quickly than the increase

in the number of particles (Fig. 6). The maximum of the

scattering intensity of HSA is higher than that of BSA,

which confirms that the amyloidogenesis is not only faster,

Fig. 5 Light-scattering

measurement of BSA and HSA

at 45� (a) and 135� (b).

Scattered light ratio 45�/135�
between 40 and 200 min during

incubation at 80 �C (c). Time

dependence of the FT-IR band

at 1,615 cm-1 (d)
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but the number of fibrils is higher, and so is the size of

these particles, as can be seen from a plot of the dissym-

metry, i.e., the ratio of the scattering intensities at 45� and

135� (Fig. 5c), which can be used as a coarse measure of

size (Wyatt 1993).

Discussion

Despite the substantial progress made in the study of

amyloid fibril properties, very little is known about their

kinetics of formation. This fibrilization process gives rise to

a common structure for most proteins, the so-called cross-b
structure, characterized in the IR amide-I region by an

intense band at low frequencies, because of the extended

structures present in the fibril (Zandomeneghi et al. 2004).

In this scenario, many aspects of the correlation between

the structural and conformational changes of protein and

the degree and type of aggregation remain open questions.

The experimental approach usually used to monitor these

aspects is based on such techniques as infrared spectros-

copy or light scattering (Bouchard et al. 2000; Militello

et al. 2004). However, there are no studies combining both

methods under identical conditions and for the same sam-

ple. In this work we focused on development of a system

enabling study of secondary structure and particle size

during the formation of amyloid fibrils by use of FT-IR and

SLS at the same time.

To prove the usefulness of this coupled system, we

followed the amyloidogenesis process for two different

serum albumins, human and bovine, which are both

66.4-kDa proteins with 88 % sequence identity. These albu-

mins, non-pathological proteins under normal physiological

conditions, are able to form fibers, with the advantage that

the aggregation process can be controlled easily. Although

there are no big differences between their polypeptide

composition, the results obtained revealed different kinet-

ics of amyloidogenesis, in agreement with the proposal that

changes in polypeptide chains are one of the determinants

of protein aggregation propensity (Cerdà-Costa et al. 2007;

Chiti et al. 2003). These differences in the amino acid

composition of human and bovine serum albumin can also

be related to differences between two-dimensional corre-

lation maps. Although the synchronous maps are very

similar, because similar bands are indicative of changes of

protein secondary structure, differences between the

asynchronous maps indicate the process it is not the same

in both aggregations. Nevertheless, the sequence of events

for both albumins is very similar, with changes in the

unordered structures enabling the appearance of the amy-

loid-related structures, followed by changes in the turns

and the helical content of the proteins.

The differences between the fibril-formation processes

are also clearly evident from the light-scattering data.

Combination of FT-IR spectroscopy and static light scat-

tering in the same device, using the same sample at the same

time, enables a synoptic view of different processes and

regions caused by the same structural alterations. In Fig. 5 it

is clear that the differences between the fibrils are not only

in the secondary structure of the final aggregate (Fig. 3b)

but also in the size and number of fibrils formed. The light

scattering intensity at 45� and 135� during the incubation, in

combination with the results extracted from the time profile

of the amyloid-related band at 1,615 cm-1, confirm that the

kinetics of amyloid formation also differ between human

and bovine serum albumin, being slower in the latter.

Fig. 6 Light-scattering

measurement at 45� (circles)

and time dependence of the

FT-IR bands at 1,615 cm-1

(triangles) for BSA (solid
figures) and HSA (open figures)
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Bovine and human serum albumin are very similar

proteins that are affected differently by the conditions that

give rise to an amyloid-like structure. BSA seems to be

more stable against the perturbation, maintaining a greater

amount of the native a-helix structure and producing less

amyloid-like content, of smaller size, than HSA during the

fibril-formation process.
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