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Abstract

Amyloid fibrils are ordered aggregates that may be formed from disordered,

partially unfolded, and fragments of proteins and peptides. There are several

diseases, which are due to the formation and deposition of insoluble β-sheet
protein aggregates in various tissue, collectively known as amyloidosis. Here,

we have used bovine α-lactalbumin as a model protein to understand the

mechanism of amyloid fibril formation at pH 1.6 and 65�C under non-reducing

conditions. Amyloid fibril formation is confirmed by Thioflavin T fluorescence

and atomic force microscopy (AFM). Our finding demonstrates that hydrolysis

of peptide bonds occurs under these conditions, which results in nicking and

fragmentation. The nicking and fragmentation have been confirmed on non-

reducing and reducing gel. We have identified the fragments by matrix-assisted

laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry.

The fragmentation may initiate nucleation as it coincides with AFM images.

Conformational changes associated with monomer resulting in fibrillation are

shown by circular dichroism and Raman spectroscopy. The current study high-

lights the importance of nicking and fragmentation in amyloid fibril forma-

tion, which may help understand the role of acidic pH and proteolysis under

in vivo conditions in the initiation of amyloid fibril formation.
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1 | INTRODUCTION

Cellular protein folding is controlled and assisted by
molecular chaperones, protein disulphide isomerases,
and peptidyl-prolyl isomerases. Sometimes, cellular

machinery fails to control the folding process, which
leads to the aggregation of proteins. These aggregates are
associated with many neurodegenerative diseases like
Alzheimer's, Parkinson's, Huntington's, prion-related
disease, and so forth. Apart from neurodegenerative
diseases, non-neuropathic systemic amyloidosis, for
example, light chain amyloidosis, lysozyme amyloidosis,
localize insulin amyloidosis are also caused by the depo-
sition of protein aggregates in different tissues and organs
of the body.1,2 First two decades of the twenty-first cen-
tury leads to the explosion in our knowledge and

Abbreviations: AFM, atomic force microscopy; Asp, aspartic acid; CD,
circular dichroism; HEWL, hen egg-white lysozyme; kDa, kilo Dalton;
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SDS-PAGE, sodium dodecyl sulphate-poly acrylamide gel
electrophoresis; β-ME, β-mercaptoethanol.
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understanding of amyloid fibril formation.3 Recent devel-
opments in amyloid fibril structures came from solution
NMR, solid-state NMR, and Cryo-EM studies of different
amyloid fibrils. At the molecular level, amyloid fibrils
consist of the cross-β sheet, in which polypeptide chains
are arranged perpendicular to the fibril axis.4,5 The orien-
tation of monomers into amyloid fibril makes the amy-
loid fold more stable than their corresponding native
state.6 Apart from disease-causing, functional amyloids
also exist in nature, for example, curli in bacteria, sup
35 in fungi, and Pmel17 in humans.7 Amyloids are also
emerging as biomaterial due to their stability, mechanical
strength, and adhesion properties.8

At the onset of aggregation, which may be due to
mutations or environmental changes, protein undergoes
conformational changes resulting into misfolding or pro-
teolysis of the native state. Conformational changes in
proteins initiate nucleation, which further recruit mono-
mers or fragments to form oligomers. Elongation of the
oligomers can further take place by addition of mono-
mers or oligomers, which can lead to higher-level well-
ordered amyloid fibrils.9,10 The fragments, which are
formed by proteolysis, have been involved in several
amyloid-related diseases. Alzheimer's β-peptide (Aβ) is
produced by proteolytic processing of the transmembrane
protein called amyloid precursor protein.11,12 Familial
British dementia is due to the formation of the amyloid
fibril of 34 residue amyloid-Bri peptide fragment, which
is derived by cleavage of C-terminal mutated, extended
transmembrane precursor protein (ABriPP) of 277 amino
acid.13 The composition of aortic medial amyloid shows a
50 amino acid long peptide called medin, derived from
a proteolytic fragment of lactadherin.14 β2-microglobulin
is the main component of amyloid fibrils deposited in
patients with dialysis-related amyloidosis, which
undergoes proteolysis, covalent modifications, and con-
formational changes to form amyloid under physiological
conditions.15 In an interesting study on β2-microglobulin,
the role of proline is demonstrated by mutating P32G
leads to the identification of folding intermediate, which
is the precursor of amyloid fibril formation at neutral
pH.16 However, initially under in vitro conditions, this
protein has been shown to form amyloid at acidic pH.17

The pH-dependent cleavage of lithostathine is suggested
to remove a charged polypeptide portion that usually
contains a hydrophobic spot required for aggregation. In
this case, the N-terminally cleaved portion of
lithostathine found in fibrillar aggregates of Alzheimer's
disease and chronic calcifying pancreatitis.18 The Finnish
type familial amyloidosis is caused by mutant gelsolin,
where a 71-residue fragment of 8 kDa arises by proteo-
lytic cleavage in gelsolin mutants (D187N) that form
amyloid fibrils. In vivo gelsolin fragmentation occurs in

an acidic organelle, and in vitro, it has been shown that
both the wild type and the mutant (D178N) gelsolin frag-
ments form amyloid fibrils. This fragment adopts mostly
unstructured conformation and does not form amyloid
fibrils at pH 7.4, but surprisingly, incubation at low pH
leads to the formation of well-defined fibrils.19,20

Bovine α-lactalbumin is a small globular, acidic, and
calcium-binding protein having a molecular weight
14,175 Da and present in the mammalian milk whey. It
acts as a component of lactose synthase and thus regulat-
ing lactose biosynthesis.21,22 It is a member of the lyso-
zyme family of protein.23 The atomic resolution structure
of α-lactalbumin shows that it consists of major
α-subdomain and minor β-subdomain. The α-subdomain
has three main α-helices consists of 5–11, 23–34, and
86–98 residues and two small 310-helices of 18–20 and
115–118 residues. The minor β-subdomain has three-
stranded antiparallel β-pleated sheets of 41–44, 47–50,
55–56 residues and the short 310 helices of 77–80 resi-
dues. It has four disulphide bonds between Cys6-Cys120,
Cys28-Cys111, Cys73-Cys91, and Cys61-Cys77 (Figure 1).
Both subdomains are divided by a deep cleft and held
together by two disulphide bonds (Cys73-Cys91 and
(Cys61-Cys77).24,25 It is one of the best-studied model
proteins from protein folding point of view. The concept
of molten globule state in which secondary structure is
compact and tertiary structure fluctuates is among the
best described for α-lactalbumin.26,27

The fragment of α-lactalbumin involved in amyloid
fibril formation was observed by treating with the serine
protease from Bacillus licheniformis protease. Protein
fragments of 8.8 and 9.8 kDa were observed in the pres-
ence of protease at pH 7.0 and 55�C. The molecular
mechanism involved in the side-by-side assembly of
dimer of these fragments into amyloid fibrils has been
reported.28 To identify the region responsible for
α-lactalbumin amyloid fibril formation, it was found that
asymmetrical peptide, identical to 35–51 amino acid resi-
due of human α-lactalbumin and homologous peptide to
β-domain of mammalian α-lactalbumin can form amy-
loid fibrils. This leads to the conclusion that the
amyloidogenic determinant is present in the β-domain of
α-lactalbumin.29 The addition of small tetrapeptides
(TDYG and TEYG) drastically increases the rate of fibri-
llogenesis corresponding to the 35–51 region of
β-subdomain of human α-lactalbumin.30 In the acidic pH
(2.0) at 37�C, α-lactalbumin forms amyloid fibrils under
partially reducing conditions.31 Partially reduced
α-lactalbumin (1SS-α-lactalbumin) is the state in which
three out of four disulphide bonds are reduced, and free
cysteines are carboxymethylated.32 By using proteases,
such as proteinase K and chymotrypsin at neutral pH
and pepsin at acidic pH, limited proteolysis was carried
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out for identification of the domain responsible for amy-
loid fibril formation.

Structure and dynamics of acid unfolded molten glob-
ule state upon proteolysis revealed that the region sur-
rounding β-sheet is flexible, which is removed first upon
proteolysis.33 In the molten globule state, the α sub-
domain retains secondary structure while the β domain
loses.34 Limited proteolysis in the partially folded state of
α-lactalbumin causes nicking at 40–41 and 52–53 posi-
tions, which shows that this region is flexible.35 The flexi-
ble conformation or partially unfolded structure could be
the key to trigger amyloid fibril formation. Nicking at
40–41 position and deletion of 41–52 region accelerates the
fibril formation.36 Nicking refers to the hydrolysis of peptide
bond, which causes fragmentation if it occurs at least two
points. However, if the nicked region is held by disulfide
bonds, fragmentation does not occur. α-lactalbumin

aggregation has been prevented by using molecular chaper-
ones like αB-crystallin and β-casein. The αB-crystallin has
been shown as an efficient chaperone under the conditions
where amorphous aggregates are formed.37,38 Membrane
containing negatively charged phospholipid, phos-
phatidylserine enhances the amyloid fibril formation of
holo α-lactalbumin because it provides a physiological low-
pH environment on the cellular membrane, thus acceler-
ates the fibril formation.39 The amyloid fibril formation of
bovine apo α-lactalbumin is inhibited by oleic acid at
pH 4.5, where insoluble aggregates are formed. However,
further lowering the pH between 2.0 and 3.0, the inhibitory
effect of oleic acid is not effective in amyloid fibril forma-
tion.40 Slightly unfolded α-lactalbumin forms a complex
with fatty acid and kill cancerous cells.41,42

Amino acid sequence, three-dimensional structure,
number, and location of disulfide bonds in α-lactalbumin
is similar to that of lysozyme, where out of 123 residues,
40 residues are identical, and 60 residues are similar.24,43

The hen egg-white lysozyme (HEWL) forms amyloid
fibrils under the acidic pH and elevated temperature.44 It
is observed that HEWL at acidic pH and elevated temper-
ature undergoes stepwise hydrolysis, fragmentation, and
assembly to form amyloid fibrils.45 Being similar to lyso-
zyme, α-lactalbumin is a suitable model protein to study
the amyloid fibril formation at acidic pH, thus mimicking
in vivo proteolysis conditions as shown in the human
transthyretin amyloid and the AL-amyloid formation.46,47

In this study, we have focused on the amyloid-forming
property of α-lactalbumin at acidic pH 1.6 and 65�C. We
are showing for the first time that α-lactalbumin undergoes
nicking and fragmentation under these conditions. In the
acidic pH and elevated temperature, more flexible confor-
mation of α-lactalbumin appears, which might be helping
in the hydrolysis of Asp-X peptide bond, resulting into
nicking and fragmentation. These fragments may initiate
nucleation, and the addition of nicked monomers and frag-
ments lead to amyloid fibril formation.

2 | RESULTS

2.1 | Kinetics of amyloid fibril formation
by ThT fluorescence

ThT fluorescence was carried out to confirm the amyloid
fibril formation at acidic pH and elevated temperature.
Due to the charged nature of ThT, it weakly interacts
with amyloid fibrils in acidic condition.48 ThT fluores-
cence is more suited for fibril assay at neutral pH there-
fore, ThT assay was carried out at pH 7.0 (Figure 2). Our
current understanding of the molecular mechanism of
ThT is that in solution, both rings that are present in the

FIGURE 1 (a) Primary structure of hen egg-white lysozyme.

The disulphide bonds are indicated as black line and Asp indicated

as red. (b) Primary structure of bovine α-Lactalbumin.24 The

disulphide bonds are indicated by the black line and hydrolysis

prone sites are indicated by the light blue arrow. (c) The tertiary

structure of bovine α-Lactalbumin.25 The figure is made by using

PDB file 1F6S with the help of software PyMOL version 1.8.4. The

four disulphide bonds are shown by yellow stick and the hydrolysis

sites are indicated by the white arrow. α Domain and 310-helices

are indicated in cyan and β-domain in magenta color
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ThT, freely rotate through their carbon–carbon single
bond. When it is excited by a particular wavelength of
light in the free state, it rapidly quenches the excited state
due to rotation and resulting in low intensity of fluores-
cence emission.

On the other hand, in the bound state with amyloid
fibrils, there is free rotation restriction about the single bond,
resulting in increased fluorescence intensity upon excitation
with a particular wavelength. Therefore, ThT intensity is
increasing with time after the lag phase.49 The lag phase of
the kinetics is 64 hr (Figure 2) which is calculated by fitting
the kinetics data with non-linear curve fitting and using the
formula as described in Equation (1) where lag time was cal-
culated as tlag= t1=2 �2 τ . ThT fluorescence intensity
increases over a period of time up to 175 hr and remains
constant thereafter. Seeding with the preformed fibrils is
known to accelerate the nucleation-dependent elongation
reaction and thus reducing the lag phase drastically.45 To
see the effect of seeding during fibril formation, kinetics
by ThT fluorescence was carried out. For seeding experi-
ment, 232 hr mature fibrils were used as seed. Seeding of
the fibrillation reaction with 1% seed completely abol-
ishes the lag phase while 5% did the same with a higher
slope (Figure 2). The effect of seeding in reducing the lag
phase of fibrillation demonstrates the role of nucleation
in the acceleration of amyloid fibril formation.

2.2 | Morphology of oligomers and
amyloid fibrils

To visualize and morphologically characterize oligomers
and fibrils, AFM was carried out in the intermittent mode

during amyloid fibril formation. The oligomer and the
fibril heights were measured from the cross-section per-
pendicular to the long axis of fibrils. Oligomerization
started during the lag phase of fibrillation, which cannot
be detected by ThT fluorescence. The oligomers of spheri-
cal shapes with the height of 2.5–3.0 nm were observed
after 24 hr of fibrillation (Figure 3a). They were contin-
ued to be present during the entire lag phase at
48 (Figure 3b) and 64 hr (Figure 3c) along with the short-
length fibrils. Mature fibrils started dominating from
88 hr onward with the height of 3.7 nm; however, still
few oligomers are visible along with the fibrils
(Figure 3d). Fully mature and twisted fibrils having
3.0 nm height are present with long and unbranched
structure at 196 hr (Figure 3e).

2.3 | Kinetics by sodium dodecyl
sulphate-poly acrylamide gel
electrophoresis

To understand the amyloid fibril formation at the molec-
ular level, the kinetics of fibril formation is followed by
sodium dodecyl sulphate-poly acrylamide gel electropho-
resis (SDS-PAGE) analysis. Under acidic condition and
high temperature, peptide bond hydrolysis is the most
susceptible at Asp residue. The heating of proteins under
dilute acidic condition causes cleavage of peptide bonds
at both ends and thus removal of Asp from proteins
occur.50,51 Bovine α-lactalbumin has pI 4.5 and contains
13 Asp residues. In order to understand the role of
nicking and fragmentation at acidic pH (1.6) and higher
temperature (65�C) containing 100 mM NaCl, SDS-PAGE
was carried out. Acid hydrolysed samples were collected
at different time points and analyzed on 16.5% Tricine
gel. At acidic pH and 65�C, it is expected that bovine
α-lactalbumin may show fragmentation. Since α-lactalbumin-
is an acidic protein, therefore 100 mM NaCl was added to the
reaction mixture at acidic pH in order to accelerate the amy-
loid fibril formation.31 Kinetics of fibrillation was followed on
Tricine SDS-PAGE because of better separation of smaller
molecular weight fragments. All the fibrillation kinetics was
carried out under non-reducing condition.

At the beginning of the fibrillation reaction at 0 and
12 hr, clearly, only the monomer band of 14.2 kDa is pre-
sent. From 24 hr onward, apart from the monomer band,
two fragments of less than 10 kDa have also started appe-
aring. The monomer remains the dominant species up to
132 hr. However, out of the two fragments, the smaller
fragment's intensity kept on increasing over a period of
time till 132 hr (Figure 4a,b). Under acidic pH and elevated
temperature, these fragments are formed due to hydrolysis
of peptide bonds, causing nicking and fragmentation.

FIGURE 2 Kinetics of bovine α-lactalbumin amyloid fibril

formation by Thioflavin T. Amyloid fibril formation without seed

(black), 1% seed (blue) and 5% seed (magenta)
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Partial hydrolysis is leading to the formation of nicked
α-lactalbumin, which are held by four disulfide bonds and
migrate as a full-length 14.2 kDa protein.

To confirm the nicking of partially hydrolysed mono-
mer, which are held by disulfide bonds, samples were

reduced by β-mercaptoethanol (β-ME). In the reducing
gel, monomer intensity started rapidly decreasing from
12 hr onward, and almost no monomer left after 84 hr
(Figure 4c,d). Instead of two fragments in the non-
reducing gel (Figure 4a,b), at least four fragments started

FIGURE 3 Atomic force

microscopy (AFM) images of

bovine α-lactalbumin during

amyloid formation at different

time points. (a) 24 hr, (b) 48 hr,

(c) 64 hr, (d) 88 hr, and

(e) 196 hr. The height

distribution of oligomers and

fibrils is shown adjacent to each

image wherein, the height and

area scale bars are in nm and

μm, respectively. The blue arrow

indicates that the particular

cross-section of the image is

selected for height distribution
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appearing from 12 hr of the incubation in the reduced gel
(Figure 4c,d). As the monomer intensity decreasing, frag-
ments intensity increasing (Figure 4c,d). A completely
different gel pattern on reducing gel compare to non-
reducing gel is due to the presence of four disulphide
bonds in α-lactalbumin. Four disulfide bonds hold the
nicked region of α-lactalbumin together in non-reducing
gel and, therefore, move as intact α-lactalbumin and only
two fragments (Figure 4a,b). While in the reducing gel,
the disulphide bonds, which hold the different nicked
region together, are broken and resulting in several
smaller bands (Figure 4c,d).

2.4 | Kinetics by matrix-assisted laser
desorption ionization-time of flight

It is clearly visualized in the hydrolysis experiments
(Figure 4) that the fragmentation occurs over the time
period during which amyloid fibril formation is likely to
occur. In order to identify the molecular species, present
in fibrillating conditions, samples were collected at differ-
ent time points and analyzed by matrix-assisted laser
desorption ionization-time of flight (MALDI-TOF) mass
spectrometry. Samples were collected at different time
points from the fibrillation reaction- under non-reducing

conditions (corresponding to non-reducing gel, Figure 4)
and mixed with the acidic matrix sinapinic acid and ace-
tonitrile. MALDI-TOF mass spectrometry is an excellent
method to identify the molecular species, but it is not
quantitative. In this method, small molecular fragments
fly better than larger species. MALDI-TOF is less precise
than electrospray ionization-mass spectrometry (ESI-
MS), and that is, why there is a slight deviation in mea-
sured mass than the theoretical mass. Due to low sample
requirement and better accuracy than the SDS-PAGE, we
have decided to use this technique to identify the frag-
ments during the fibrillating condition. In the control
sample at the zero-time point, full-length α-lactalbumin
is present, displaying the single charged peak with
14,168 Da and also the double-charged peak with the
mass of 7,087 Da (Figure 5a) corresponding to the molec-
ular mass of intact α-lactalbumin. Apart from singly
charged species, double-charged peaks are also frequently
observed in MALDI-TOF spectra. At 24 hr, in addition to
the single and double charge species, a tiny peak of
5,898 Da has started appearing in the mass spectrum
(Figure 5b). At 48 hr of fibrillation, a very sharp peak of
the monomer is present. In addition to the monomer
peak, around 7,000 Da, couple of peaks are also present,
including a prominent peak of 7,318 Da. Another group
of peaks at 5,789/5,903 Da and a tiny peak of 8,285 Da

FIGURE 4 Hydrolysis kinetics of bovine α-lactalbumin followed by Tricine sodium dodecyl sulphate-poly acrylamide gel

electrophoresis (SDS-PAGE). (a) and (b) SDS-PAGE run under non-reducing conditions without β-mercaptoethanol in protein sample buffer.

(c) and (d) samples run under reducing condition in the presence of β-mercaptoethanol in sample buffer. M denotes molecular weight

marker in kDa and (h) denotes time in hour at which samples were collected during fibrillation. The red marks indicate the fragmentation

in both non-reducing (a and b) and reducing (c and d) gel
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are present at 48 hr sample. Several other smaller peaks of
2,615, 2,501, 3,134 Da are also present (Figure 5c), which
may be in very small quantity but could not be detected by
SDS-PAGE. At 72 hr, similar pattern was observed where
7,021/7,301 Da and 5,800 Da peaks are present; however,
the monomer peak's intensity has drastically decreased
compared to fragments (Figure 5d). The same trend
continues at 96 hr where further reduction in the intensity
of monomer peak was observed, and strong peaks of

7,205/7,302 Da and 5,773 Da peaks are present. Apart from
that, a small intensity peak of 8,285 Da is also present. Dur-
ing the later stage of fibrillation at 144 hr, the monomer
peak is entirely missing, which is in contrast to the thick
band present in SDS-PAGE at 132 hr, which shows the lim-
itation of MALDI-TOF mass spectrometry (Figure 4b).
However, 7,186/7,301 Da peaks are present at 144 hr.

There are 13 Asp residues in bovine α-lactalbumin,
which provide the possible site of acid hydrolysis during

FIGURE 5 Kinetics of

bovine α-lactalbumin amyloid

fibril formation by matrix-

assisted laser desorption

ionization-time of flight

(MALDI-TOF) mass

spectrometry. Samples were

collected at (a) 0 hr, (b) 24 hr,

(c) 48 hr, (d) 72 hr, (e) 96 hr,

and (f) 144 hr and diluted with

acidic matrix
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fibrillating conditions. However, four disulfide bonds
(6–120, 28–111, 61–77, and 73–91) are also present,
which hold the molecule together.24 As described
earlier,50,51 peptide bonds involving Asp are most sus-
ceptible for acid hydrolysis. The N and the C terminus
of bovine α-lactalbumin are connected by disulfide
bonds 6–120 and 28–111 (Figure 1). Taking together the
presence of two fragments on SDS-PAGE (Figure 4) and
MALDI-TOF mass spectra, it can be deduced that the
monomer species are nicked at 37 and 97 positions thus
give rise to the fragment. The smaller fragments may
then be originating from 38–97 which contains 10 out
of 13 Asp, corresponding to the peaks of 7,021 Da and
7,205/7,302/7,318 Da. Further nicking and fragmentation
at Asp46 and Asp97 give rise to the fragments of
5,789/5,800/5,903 Da and 8,285 Da. The origin of slightly
different molecular weight fragments may be also due to
either-N or-C terminus peptide bond hydrolysis of Asp
residues. The suggested fragments and their possible
molecular weights have been given in Table 1. There are
also small fragments that are present in MALDI-TOF
from 48 hr onward, varying between 2,500 and 3,000 Da,
which cannot be detected on SDS PAGE due to very low
concentration, which is beyond the detection limit of
SDS PAGE. These small peaks may originate due to
internal cleavage of Asp where the possibility of hydroly-
sis is maximum. They may also represent double-
charged peaks of fragments.

2.5 | Secondary structure analysis by
Raman spectroscopy

Raman spectroscopy was carried out to follow the
secondary structure changes during α-lactalbumin
amyloid fibril formation. Raman spectroscopy mea-
sures vibrational transition in proteins, which mainly
originates from the CONH group of the amide bond.
The amide-I band from 1,600 to 1,700 cm�1 is most
commonly used to investigate the change in protein
secondary structure. It originates from in-plane vibra-
tion of C═O stretching and a very small contribution
from out of phase C─N stretching in the peptide bond.

The amide-I band has sub-band regions, which indicate
the specific secondary structure of the protein like
α-helix, β-sheet, and disordered region in Raman
spectrum.52,53

Raman spectra of monomer α-lactalbumin at pH 1.6
(Figure 6a) and matured amyloid fibrils at pH 1.6 and
65�C (Figure 6b) showed apparent differences in the
amide-I and amide-III region of the spectra. Amide-I
peaks do not overlap with other regions of the spectrum,
thus give direct information about secondary structure.
In the monomer, the amide-I region has two prominent
bands at 1,664 and 1,614 cm�1 (Figure 6a). Upon fibrilla-
tion, the band at 1,664 cm�1 shifted toward 1,671 cm�1,
which is an indication of conformational changes at the
secondary structure level and denotes the formation of
the β sheet structure.54 However, the aromatic peak
of monomer at 1,614 cm�1 has minor change and shifted
to 1,615 cm�1 in the fibril, which again shows slight reor-
ganization of aromatic residues in the amyloid fibrils. To
identify the sub-bands in the amide-I region, deconvolution
of monomer and fibril bands were carried out. Four sub-
bands were identified in the amide I region of the monomer
and amyloid fibrils, as shown in Table 2. In the monomer,
the major sub-band in the amide-I region is 1,665 cm�1

which shows the disordered region at acidic pH 1.6.55 The
sub-band at 1,680 cm�1 has been assigned as β-turn and
1,647 cm�1 as α-helix (Figure 6c). In the matured fibril, the
1,665 cm�1 band shifted to 1,673 cm�1 which indicates
the presence of β-sheet.56,57 Sub-band at 1654 cm�1 is the
indication of the disordered region and 1,690 cm�1 as
β-turn in the amyloid fibrils (Figure 6d). 52,58,59 Effect of pH
on α-lactalbumin by Raman spectroscopy was reported that
the major band in the amide-I region is 1,660 cm�1 at
pH 6.6. Upon decrease in pH to 2.1, this peak shifted to
1,664 cm�1, which indicates a disordered region.60,54 The
complex band of aromatic residues are lies in the range of
1,600–1,630 cm�1.61 The shift in the amide-I region has
been shown from 1,662 to 1,672 cm�1 when there is a con-
formational change from globular to amyloid fibrils in lyso-
zyme.62 Band at 1,664 cm�1 represents predominantly
disordered at acidic pH while 1,614 cm�1 band represents
the aromatic region of the protein.55 Amide III band is also
sensitive to conformational change in secondary structure

TABLE 1 MALDI-TOF suggested fragments and their theoretical molecular weight

S. no Fragment Suggested molecular weight (Da) Theoretical molecular weight (Da)

1 38–97 7,021/7,073 6,895

2 1–37 and 98–123 7,302/7,318/7,205/7,186 7,309

3 47–97 5,773/5,898/5,903/5,789/5,800 5,911

4 1–46 and 98–123 8,285 8,293

Abbreviation: MALDI-TOF, matrix-assisted laser desorption ionization-time of flight.
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and originates from in-phase C─N stretching and in-plane
N─H bending. It is very complex to elucidate the amide III
band because amide II and amide III bands are marginally
superimposed. That is why generally amide I is used to ana-
lyze the change in the secondary structure of the protein.
The amide III region is present in the range of 1,200–
1,340 cm�1.52 There are signature peak range associated
with secondary structure configuration like β-sheet in the
range of 1,230–1,240 cm�1, disorder 1,241–1,255 cm�1, and
α-helix 1,260–1,310 cm�1.63–66 Our results show a promi-
nent disorder region signature peak at 1243 cm�1 in the
case of monomer and a 1,239 cm�1 signature peak
corresponding to β-sheet in the fibril, which indicates the
rearrangement of peptide bonds to form β-sheet in
the amyloid fibrils (Figure 6a,b). Other peaks of this region,
could not be assigned.

2.6 | Kinetics of amyloid formation by
CD spectroscopy

While Raman spectroscopy is an excellent method to fol-
low the secondary structure for both soluble and insolu-
ble proteins, circular dichroism (CD) is more suitable for
soluble proteins. CD spectroscopy is a powerful technique
to study the molten globule state of α-lactalbumin.67 In
this work, α-lactalbumin fibrillation occurs at pH 1.6,
where it is known to adopt the molten globule-like struc-
ture in which secondary structure retains but tertiary
structure lost.67 Far-UV CD (200–250 nm) spectroscopy is
used to follow the change in the secondary structure dur-
ing α-lactalbumin amyloid formation at pH 1.6 and 65�C.
Samples were collected at different time intervals and
stored at 4�C. Since the fibrillation was carried out at

FIGURE 6 Raman spectra of (a) monomer and (b) fibrils acquired with excitation at 532 nm. Spectra were deconvoluted by fitting

Gaussian function in the amide-I region that is, 1,600–1,700 cm�1 of (c) monomer, and (d) fibrils

TABLE 2 Deconvolution of amide-I band of monomer α-lactalbumin and mature fibrils showing amide-I sub-band positions

Band number

Monomer Fibrils

Band position (cm�1) Area Width Band position (cm�1) Area Width

1 1,665 disordered 875 28 1,673 β sheet 1,146 21

2 1,647 α helical 304 22 1,654 disordered 715 29

3 1,615 aromatic 546 31 1,614 aromatic 444 24

4 1,680 β turn 708 31 1,690 β turn 188 14
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400 μM, therefore samples were diluted to 15 μM, and
spectra were collected at 25�C (Figure 7). CD spectrum of
α-lactalbumin at 0 hr shows a typical α-helical signature
having two prominent peaks at 208 and 222 nm. There
was a gradual loss of secondary structure over a period
from 8 to 72 hr where the negative peaks at 208 and
222 nm are decreasing. This time frame corresponds to
the lag phase of fibrillation, as shown by ThT fluores-
cence (Figure 2). At 108 hr, 222 nm peak is completely
lost while 208 nm peak shows decreased ellipticity and
loss of about 40% secondary structure. The decrease of
the CD bands at 208 and 222 nm points to a loss of solu-
ble α-helical protein content, thus indicating amyloid
fibril formation, which is evident by the ThT fluorescence
(Figure 2) and AFM data (Figure 3).

2.7 | Composition of amyloid fibrils

The amyloid fibrils were grown for 208 hr under the fibril
forming conditions, that is, at pH 1.6 and 65�C. These
fibrils were collected through centrifugation at 25,000 � g
for 90 min at 4�C. The pellet was washed three times by
dilute HCl (pH 1.6) containing 100 mM NaCl followed by
centrifugation to remove the soluble fraction. The pellet
containing fibrils were solubilized in 10 M urea for 3 days
at room temperature. The composition of the fibril was
analyzed by SDS-PAGE under non-reducing and reducing
conditions. SDS-PAGE (Figure 8) analysis shows that dis-
solved amyloid fibrils under non-reducing condition are
composed of the 14,175 Da monomer and two fragments
of less than 10 kDa (Figure 8). The solubilized fibril

fragments correspond to the approximately same molecu-
lar weight of the fragments observed during kinetics of
amyloid fibril formation at 48 hr. To know the nature of
monomeric species of solubilized fibrils, the sample was
reduced by β-mercaptoethanol. The reduced sample has
almost no monomer left and several fragments appeared
on the gel (Figure 8), which confirms nicking of the
monomer. This suggests that the mature amyloid fibrils
are composed of primarily the nicked monomer and two
major fragments.

3 | DISCUSSION

Amyloid fibrils can be formed from misfolded monomers,
cleaved peptides, or protein fragments. In this study,
model protein bovine α-lactalbumin is used to under-
stand the mechanism of α-lactalbumin amyloid fibril for-
mation at acidic pH and elevated temperature. At acidic
pH, it adopts the molten globule like structure, where
most of the secondary structure remains while the ter-
tiary structure is lost. The thermal transition curve of
α-lactalbumin at acidic pH shows non-cooperative behav-
iour.26 When it is incubated at pH 1.6 containing
100 mM NaCl and 65�C under static conditions, it forms
amyloid fibrils.

At pH 1.6, bovine α-lactalbumin becomes positively
charged. Due to the presence of positive charge, mono-
mers repel each other and do not associate thus prevent

FIGURE 7 Kinetics of amyloid fibril formation of bovine

α-lactalbumin monitored by far-UV circular dichroism (CD)

(200–250 nm) spectroscopy. Samples at different time points were

collected during fibrillation and measured at 25�C

FIGURE 8 Composition of the mature amyloid fibrils by

sodium dodecyl sulphate-poly acrylamide gel electrophoresis (SDS-

PAGE). The mature fibrils were prepared in 100 mM NaCl

pH 1.6 at 65�C for 208 hr. Fibrils were solubilized in 10 M urea

before loading on the SDS-PAGE gel under non-reducing (�βME)

and reducing (+βME) conditions. Samples collected after 48 hr of

fibrillation and control of 0 hr sample are also shown in the gel.

Red mark indicates the fragments

1928 RAHAMTULLAH AND MISHRA



amyloid fibril formation. However, addition of 100 mM
NaCl known to promote the amyloid fibril formation in
α-lactalbumin at low pH and elevated temperature.31

Addition of salt screens the positive charges and prevent
the repulsive electrostatic inter-molecular interaction and
promotes favorable interactions such as hydrophobic
interactions for the association to form amyloid fibrils in
β2-microglobulin. Therefore, a critical salt concentration
is essential to balance the favorable interactions during
amyloid fibril formation.68,69 Another related protein,
HEWL, under the same condition, forms amyloid fibrils
without addition of NaCl and a shorter lag phase of
40 hr.45 This could be due to the differences in their
amino acid sequence of the amyloidogenic region in
α-lactalbumin and HEWL.

Several studies have shown that the abundance of
aromatic amino acids, β-sheet forming residues, net
charge, and hydrophobicity plays an important role in
the amyloidogenicity of a protein.70–72 Loss of the second-
ary structure is gradual during amyloid fibril formation,
as evident by CD spectroscopy (Figure 7). A significant
amount of secondary structure is due to the soluble frac-
tion present during amyloid fibrillation, as evident by
SDS-PAGE (Figure 4). Our CD data confirm the previous
finding that the bovine α-lactalbumin in acidic condition
shows α- helical structure, which decreases during
fibrillation.39

In fibrillating condition at acidic pH (1.6) and 65�C,
side chains of Asp get protonated. The protonated side
chains of Asp catalyze the hydrolysis of peptide bonds.
During hydrolysis, an intermediate cyclic anhydride is
formed between the β-carboxylic group and the
amide terminus, causing cleavage of Asp-X peptide bond
or X-Asp bond.50,51 This leads to nicking and fragmenta-
tion, as shown by SDS-PAGE and MALDI-TOF
(Figures 4, 5). When nicking occurs, monomers are still
held by four disulfide bonds present in α-lactalbumin and
acts as a ready substrate for the fibrillation (Figure 4).
Under identical conditions, HEWL, which is similar to
α-lactalbumin in structure and having four disulfide
bonds, also shows nicking and fragmentation due to
hydrolysis of Asp-X leading to the fibril formation.45

While following the kinetics on SDS-PAGE, samples
were reduced by adding β-mercaptoethanol in the SDS-
PAGE sample buffer, which breaks the disulfide bonds
and monomer no longer hold as intact molecule. In the
reducing SDS-PAGE, the monomer lasts only up to 84 hr,
while in the non-reduced gel, the monomer is dominant
even at 132 hr (Figure 4). This confirms the nicking of
α-lactalbumin, which migrates as a monomer on SDS-
PAGE. Nicking is further confirmed on the gel as several
bands appear on reducing gel while only two prominent
bands are present in the non-reduced gel.

In order to identify the region produced by nicking
and fragmentation in bovine α-lactalbumin, we mapped
possible hydrolysis sites, analyzed the molecular mass,
and compared with SDS-PAGE and MALDI-TOF data. It
has a total of 13 Asp (Figure 1) which provides the site of
hydrolysis as Asp-X bond is most susceptible to acid
hydrolysis. In principle, nicking can occur at any Asp-X
peptide bond, which may be held by disulfide bonds and
still move as a monomer on non-reducing SDS-PAGE
(Figure 4a,b). Apart from a monomer, two fragments on
SDS-PAGE also started appearing from 24 hr onward
on the non-reducing gel. The origin of these two bands
can be traced by looking at the MALDI-TOF mass spec-
tra. Asp-X hydrolysis yields two major fragments of
approximately 6,900/7,300 and 5,800/5,900 and 8,285 Da,
as shown by MALDI-TOF (Figure 5). 6,900/7,300 Da frag-
ment is most likely originating from hydrolysis at
Asp37-38 and Asp97-98 sites containing 61–77 and 73–91
disulfide bonds. Out of 13 Asp, 11 Asp are present in the
37–97 region, making this region unstable and suscepti-
ble to further acid hydrolysis. The fragment 38–97 con-
tains full β-subdomain and almost complete α helix-3
(86–98) of the α domain. Structural analysis revealed
that the β-subdomain is more flexible compare to the
α-subdomain. In the acidic molten globule, it is the β
sub-domain that becomes disordered first.33 Alternative
hydrolysis at 46–47 and 97–98 positions, which contains
10 Asp, leads to 5,800/5,900 and 8,285 Da fragments as
shown by MALDI-TOF mass spectrometry (Figure 5).

The role of protein fragments in the α-lactalbumin
amyloid formation have been studied earlier also. Proteo-
lytically cleaved, nicked α-lactalbumin incorporates
into amyloid fibrils.35 The symmetrical peptide, identical
to 35–51 amino acid residue of human α-lactalbumin and
homologous peptide to β-domain of mammalian
α-lactalbumin can form amyloid fibrils in 0.5 M glycine-
HCl, pH 2.4 containing 100 mM NaCl at 55�C showing
the presence of amyloidogenic region in β-domain.28 Evi-
dence of seeding was observed by the addition of small
tetrapeptide (TDYG and TEYG), which drastically
increases the rate of fibrillogenesis of region corresponding
to 35–51 of β-domain of human α-lactalbumin.29 In HEWL,
it has been shown that the 49/53–101 fragment is
amyloidogenic, which is rate-determining for nucleation
and amyloid fibril formation.44,45

As shown in the SDS-PAGE (Figure 4), fragmentation
also coincides with AFM results where oligomerisation
also starts at 24 hr (Figure 3a). Therefore, it may be con-
cluded that the fragmentation of α-lactalbumin initiates
nucleation. However, at 24 hr, oligomers are not detected
due to the limitation of ThT fluorescence as it only
detects amyloid fibrils. CD spectroscopy confirms the sec-
ondary structure changes in the monomer leading to
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amyloid fibril formation. Raman spectroscopy data also
confirm the change in secondary structure and presence
of β-sheet, which is observed in mature fibrils (Figure 6).
The proposed mechanism of bovine α-lactalbumin amy-
loid fibril formation has been described in Figure 9.

4 | CONCLUSIONS

Given that bovine α-lactalbumin is highly abundant in
human food sources, it is of considerable interest to study
amyloid fibril formation of α-lactalbumin. While many
reports exist in the literature our study emphasizes the
role of specific hydrolytic fragmentation under acidic
conditions and elevated temperatures. By considering
amino acid sequence, location of disulfide bonds, non-
reduced and reduced SDS-PAGE, MALDI-TOF mass
spectrometry, it can be concluded that at acidic pH and
high-temperature, hydrolysis of peptide bonds causes
nicking and fragmentation of α-lactalbumin which initi-
ates nucleation and later both, nicked and fragmented
α-lactalbumin, participate in the amyloid fibril formation.
Formation of amyloid fibril formation is confirmed by
ThT fluorescence, AFM and secondary structure changes
were observed by CD and Raman spectroscopy. This
study may be helpful to understand the mechanism of
amyloid fibril formation in the acidic condition of the cellu-
lar environment as well as protease-induced fragmentation

and amyloid fibril formation in a number of amyloidogenic
proteins. These findings can also assist in identifying if
current practices in milk processing is associated with
α-lactalbumin fibril formation.

5 | MATERIALS AND METHODS

Bovine α-lactalbumin (L6010), NaCl, Tris, glycerol, sodium
phosphate dibasic and monobasic, SDS and Thioflavin-T
were purchased from Sigma–Aldrich (St. Louis, USA).
Tricine, Coomassie brilliant blue G-250, and R-250, poly-
acrylamide, bisacrylamide, β-mercaptoethanol were pur-
chased from BIO-RAD (California USA). Mica Sheet V1
grade (from TED PELLA Canada), Calcium Fluoride sub-
strate Raman Grade obtained from Crystran Ltd, Poole,
Dorset, UK. All other chemicals were of research-grade.

5.1 | α-Lactalbumin preparation

Lyophilized powder of bovine α-lactalbumin 10 mg/ml
was dissolved in 25 mM HCl containing 100 mM NaCl.
The dissolved protein solution was filtered through a
0.45 μm pore size filter (Millipore). The Protein concen-
tration was measured by diluting the stock solution and
taking the absorbance at 280 nm by using extinction coef-
ficient ε = 28,500 M�1 cm�1.73 The stock solution was

FIGURE 9 Proposed

schematic representation of the

mechanism of bovine

α-lactalbumin amyloid fibril

formation at acidic (pH 1.6) and

elevated temperature (65�C).
The two fragments are shown as

visible in sodium dodecyl

sulphate-poly acrylamide gel

electrophoresis (SDS-PAGE) gel.

In this experimental condition,

there are two possible pathways

to form amyloid fibrils. The one

pathway may be directly nicked

α-lactalbumin participates in

fibril formation and the second

pathway, after hydrolysis

fragment may initiate

nucleation which accelerate

fibrillation of nicked as well as

fragments
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kept at 4�C for a maximum of 3 days and diluted further
to make up 400 μM for fibrillation.

5.2 | Amyloid fibril formation assay by
Thioflavin-T

To follow the kinetics of α-lactalbumin amyloid fibril for-
mation, 400 μM protein in 25 mM HCl (pH 1.6) containing
100 mM NaCl was incubated at 65�C under the static con-
dition in a 1.5 ml microcentrifuge tube. The 20 μl sample
was collected every 8/12 hr by vortexing the incubated sam-
ple for 7 s and stored at 4�C. The stock solution of
Thioflavin-T (ThT) was prepared in water by using a molar
extinction coefficient 36,000 M�1 cm�1 at λ = 412 nm.74 To
detect the amyloid fibril formation, 10 μM, equimolar ratio
of both, ThT and α-lactalbumin, were taken. ThT and
α-lactalbumin were mixed in the 20 mM sodium phosphate
buffer (pH 7.0) to a final concentration of 10 μM monomer
equivalent in 500 μl. The emission spectra were recorded
from 450 to 600 nm by excitation at 440 nm using Cary
Eclipse fluorescence spectrophotometer. The slits width for
excitation and emission were 5 nm each. The seeding exper-
iments were performed by using preformed matured fibril
as a seed after the sonication.

The amyloid fibril formation is a nucleation-
dependent polymerization reaction in which monomer
unfolds or forms fragments that initiate the nucleus for-
mation, and finally, elongation occurs. The amyloid fibril
formation kinetics follow a sigmoidal curve in which a
lag phase, an elongation phase, and a stationary phase
occur. The ThT intensity of fluorescence measurement
was plotted as a function of time and fitted by sigmoidal
curve by the following equation:75

Y ¼ yiþmitþ
yf þmf t

1þ e� t�t1=2ð Þτ½ � ð1Þ

There are following denotation explain are given below:
Y =fluorescence intensity as a function of time t,

yi = initial intercept of baseline, yf the intercept of final
baseline with the y-axis, mi and mf are slope of the initial
and final baselines, respectively, t1=2 is the time required
to attain halfway through the elongation phase and τ is
the elongation time constant. The apparent rate constant,
kapp, for the growth of fibrils is given by 1/ τ, and the lag
time generally described as tlag= t1=2�2 τ.

5.3 | Atomic force microscopy

The protein samples collected at different time points
were diluted 40 times in 25 mM HCl (pH 1.6). A 15 μl

diluted sample was applied on freshly cleaved mica
sheets of the highest grade V1 (TED PELLA Inc., USA).
The samples were air-dried for 45 min at room tempera-
ture and then gently washed with filtered 2 ml double
distilled water and kept overnight for air-drying. The air-
dried samples were scanned to capture the image under
intermitted contact mode using Tips Nano NSG30 probe.
Au reflective coated total tip shape is tetrahedral. The last
500 nm tip shape is cylindrical with height 14–16 μm and
tip radius 6 nm with force constant 40 N/m. The resonate
frequency of 320 kHz, driving amplitude (Vpp) 0.450,
driving frequency (Hz) 285,973, point per line 256, line
per image 256 are used. The initial scan size was
10 μm � 10 μm with 1,290 � 1,290 pixel were collected.
The scan speed(s/line) were 0.500. WITec alpha 300 atomic
force microscope (WITec GmbH, Germany) was used for
imaging. Data were analyzed by Project 5 software, and
image backgrounds were subtracted by line subtraction
order of three. The height of the fibrils was measured after
background subtractions applying the method image cross-
section.

5.4 | Kinetics of α-lactalbumin amyloid
fibril characterized by SDS-PAGE

Kinetics of α-lactalbumin amyloid fibril formation was
monitored by Tris-Tricine SDS-PAGE (16.5% Acrylamide
wt/vol).76 The sample collected at the different time
points for ThT kinetics were mixed with sample buffer to
a final protein concentration of 18 μg/well. After the
mixing, the sample was heated at 95�C for 5 min and
loaded on the gel. Before staining the gel, it was fixed in
50% methanol and 10% glacial acetic acid for 1 hr, then
stained with 0.025% Coomassie brilliant blue (G-250).
After staining, the gels were destained in the destaining
solution (methanol: glacial acetic acid: water in the ratio
of 50:40:10, respectively). To analyze the α-lactalbumin
sample on reducing gel, 1 μl of β-mercaptoethanol was
added in the protein sample and kept at 4�C for 1 hr,
then heated to 95�C for 5 min and loaded on the gel.

5.5 | MALDI-TOF mass spectrometry

At different time points, samples were collected by
vortexing the sample then centrifuging it at 25000xg. The
matrix was prepared by mixing the 10 mg/ml sinapinic
acid in 70% acetonitrile and 0.1% Trifluoroacetic acid
(TFA) (vol/vol). The sample and the matrix were mixed
in the ratio of 1:10 (vol/vol). After the drying of the
matrix and sample, the measurements were run on a
SCIEX TOF/TOF 5800 mass spectrometer equipped with
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a 349 nm of nitrogen laser. Spectra were recorded in the
linear positive mode. Data were acquired by averaging
500 satisfactory shots.

5.6 | Raman spectroscopy

The native protein solution and amyloid fibril sample of
30 μl each were poured on the Calcium fluoride substrate.
The poured samples were left overnight for air drying. The
system was calibrated using a silicon substrate in order to
test the standard band position and the intensity. The spec-
tra were collected on WITec alpha 300 R confocal Raman
spectroscopy system (WITec GmbH Germany). A laser of
532 nm was excited on the sample with a power of
20.2 mW, 600 I/mm grating, and a 100 X plane Fluor objec-
tive with numerical aperture of 0.9 at a working distance of
4.7 mm, and data were collected over the range of 100–3,-
600 cm�1. Each spectrum consists of 20 accumulations with
an integration time of 2 s. After collecting the spectra, all
the data were analyzed in WITec project 5.0 software. All
the original spectra were smoothened by Savitzky–Golay
with order 4. Cosmic ray and background were removed by
filter size 1, dynamic factor 15, and for background
removal, shape size 300 and noise factor 100 were taken.
After the smoothness, cosmic ray removal, and background
subtraction, the spectra were deconvoluted by selecting the
Gaussian peak type option. Here we have taken the amide-I
(1,600–1,700 cm�1) region for deconvolution to see the sub-
band with respect to their conformational change during
amyloid fibril formation.

5.7 | CD spectroscopy

CD measurement of α-lactalbumin was done on a JASCO
J-815 CD Spectropolarimeter (Jasco, Japan) attached with
a peltier. The aliquots were taken by vortexing the sam-
ples, which were incubated in amyloidogenic condition
and diluted to 15 μM. Far-UV CD (200–250 nm) spectra
were recorded in a quartz cuvette of 1 mm path length.
The data were collected with the step size of 0.1 nm, the
bandwidth of 1 nm, and the scanning speed of 20 nm/
min. Total seven accumulations were collected and aver-
aged. All the data were subtracted with buffer as a
reference.
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